SCIENCE ADVANCES | RESEARCH ARTICLE

STEM CELLS

Generation of vascularized retinal organoids containing
microglia based on a PDMS microwell platform

Hang Chen't, Yuqin Liang??t, Xihao Sun®>*t, Wei Xiong®, Tingting Yang®, Yuan Liang’,
Xiuhong Ye', Xiaoxue Li3, Wenxuan Wangﬁ, Jianing Gu3, Jun Zhang7, Liqun Chen?,

Hon Fai Chan®'%#, Jiansu Chen®3%*

Retinal organoids (ROs) offer a biomimetic in vitro model for investigating human retinal development and dis-
ease. However, current ROs face several limitations, such as the absence of vascular networks and microglial cells
(MGs). Here, we developed a vascularized retinal organoids (vROs) model by coculturing vascular organoids (VOs)
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with ROs in a V-bottom polydimethylsiloxane (PDMS) microwell platform. Through coculturing for 30 to 120 days,
we observed the presence of tubular blood vessels at the center of vROs. Transcriptomic analysis revealed that the
vascularization in ROs was associated with angiogenesis and immune response. Furthermore, we observed that
MGs in VOs migrated and integrated into the vROs as VOs and ROs fused, with the vROs exhibiting responsiveness
to inflammatory stimuli. The vROs expressed tight junction protein claudin-5 and displayed similar characteristics
to the inner blood-retinal barrier (iBRB). These VRO models, which incorporate vascular structures and MGs, pro-
vide an alternate avenue for retinal vascular disease research and hold promise for future clinical applications.

INTRODUCTION

The research into human retinal development and disease mecha-
nisms is hampered by challenges such as the limited availability of
human retinal tissue (1). Current models used in retinal studies in-
clude animal models, two-dimensional (2D) monolayer cell culture,
retinal explants, and retinal organoids (ROs) (2). However, animal
models are limited by species differences between animals and hu-
mans (3, 4), while the 2D monolayer cell culture lacks cell-cell and
cell-matrix interactions present in 3D tissue (5). The emergence of
ROs has provided a valuable in vitro model to overcome those limi-
tations (6, 7). These ROs exhibit remarkable structural, molecular,
and functional similarities to the human retina (8, 9). However, the
lack of blood vessels and microglial cells (MGs) in ROs has limited
their ability to faithfully recapitulate the complexity of in vivo or-
gans (10). Therefore, the introduction of vascularization and MGs
into ROs is essential for understanding retinal development and the
pathogenesis of neurovascular diseases (11).

Neural organoids, such as ROs and brain organoids (BOs), derive
from the ectoderm, whereas blood vessels develop from the meso-
derm (12). The lack of blood vessels in ROs can be explained by the
distinct embryonic origins of blood vessels and retinal tissue (13).
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Previously, attempts have been made to address this challenge by co-
culturing blood vessel cells and BOs. For instance, researchers estab-
lished blood vessel networks in human BOs by embedding them in
Matrigel mixed with endothelial cells (ECs) derived from the same
induced pluripotent stem (iPS) cell source (14). Similarly, Shi and
their team (15) developed a synchronous differentiation protocol to
generate vascularized BOs by coculturing embryonic stem cells or
iPS cells with human umbilical vein ECs (HUVECs). However, these
vessels were simple endothelial tube structures without recapitulat-
ing the complex architecture of the vasculature, which consists of
ECs, pericytes, and basement membrane components (16).

Recently, Wimmer et al. (17). successfully differentiated iPS cells
into 3D human vascular organoids (VOs). These VOs comprise ECs
and pericytes that can self-assemble into a functional capillary net-
work. This in vitro blood vessel model provides a new model for
blood vessel disease research and drug development (18). Further-
more, Sun et al. (19) and Kong et al. (20) developed vascularized
BOs and cortical organoids (COs) by fusing BOs and COs with
VOs. They discovered the presence of MGs in VOs and introduced
MGs into BOs and COs. Recently, Inagaki et al. (21) used dissoci-
ated vascular cells derived from mature VOs and cocultured with
iPS cells to generate vascularized ROs (VROs) in about 60 days.
However, MGs were not observed in their vROs. They also embed-
ded the VOs and ROs (day 30) in Matrigel and cocultured them in a
96-well U-bottom plate, but they failed to generate vROs. Therefore,
obtaining vROs containing MGs may require referencing the strat-
egy of developing vascularized BOs, the characteristics of RO devel-
opment, and other technologies.

Usually, VOs were generated by human pluripotent stem cells
(hPSCs) suspension culture, forming aggregates in low-attachment
six-well plates (17). However, hPSCs exhibited heterogeneity in ag-
gregate size in suspension culture differentiation (22). Recently,
some researchers fused VOs with tissue organoids in parafilm, low-
adhesion plates, or organoids on chip to generate vascularized or-
ganoids (19, 20, 23). In our approach, we applied a 26-well V-bottom
polydimethylsiloxane (PDMS) microwell platform to generate VOs
to reduce organoid heterogeneity. Subsequently, using the same
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mold, we placed ROs above VOs for fusion. Our results showed that
the V-bottom PDMS microwell is very effective in promoting the
generation of vROs.

To construct vVROs with biomimetic characteristics, we fused ROs
and VOs in a V-bottom PDMS microwell. First, we generated ROs
and VOs derived from iPS cells separately. After coculturing ROs and
VOs for 30 to 120 days, we observed RO vascularization in vROs.
Second, we unraveled the cellular molecular mechanism in vROs by
transcriptomic analysis and validation assay. Third, we identified
MGs in the VOs and vROs and explored the response of vROs
containing MGs to lipopolysaccharide (LPS) stimulation. Last, we
assessed the characteristics of the vROs, especially the structural fea-
tures of the inner blood-retinal barrier (iBRB). This study demon-
strated the generation of a VRO model containing vascular structures
and MGs, which opens up new possibilities for disease modeling and
drug discovery.

RESULTS

Generation and characterization of VOs

We generated VOs by modifying a previously established differentia-
tion protocol (17). The preparation of the PDMS microwell platform
and the differentiation process of the VOs are illustrated in Fig. 1A and
fig. S1A. The coeflicient variation (CV) of VOs diameters was mea-
sured at 7.322 + 1.119 for 96-well V-bottom plates, 11.980 + 2.770 for
the PDMS microwell platform, and 39.650 + 2.208 for six-well plates.
Both the PDMS microwell platform and 96-well V-bottom plates dem-
onstrated lower CV compared to the six-well plates, with a statistically
significant difference observed between these groups (P < 0.05)
(fig. S1B). There was no significant statistical difference found between
the PDMS microwell platform and the 96-well V-bottom plates
(P> 0.05) (fig. S1B). The V-bottom 96-well is approximately 11 mm
deep and 8 mm wide, whereas the diameter of the PDMS microwell
platform is 35 mm and consists of 26 V-bottom microwells, with each
V-bottom microwell 3 mm in height and 2 mm in diameter. The depth
of the 96-well makes it difficult for researchers to perform the fusion of
organoids under a microscope (fig. S1C). To ensure consistent forma-
tion of vascular aggregates and generate vROs, iPS cells were seeded in
the V-bottom PDMS microwell platform (about 1000 cells per micro-
cavity) to facilitate cell spheroid formation (Fig. 1B). Under the stimu-
lation by vascular endothelial growth factor-A (VEGF-A) and
fibroblast growth factor-2 (FGEF-2), we observed vascular sprouting
and the gradual formation of vascular networks. Between days 12 and
15, the vascular networks were isolated from the gel and cultured in
96-well low-adhesion plates, allowing for self-assembly into VOs
(Fig. 1B). To assess vascular development, we conducted a reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR) analysis
of VOs at various time points. The results reveal a progressively in-
creased expression of vascular-related genes such as CD31, PDGF,
and CDH5 (Fig. 1C). Immunofluorescence staining showed that
CD31-labeled blood vessel networks wrapped around by platelet-
derived growth factor-f (PDGFp)-labeled pericytes on VOs of day 25
(Fig. 1D). Furthermore, the quantitative vascular analysis tool (An-
giotool) was used to evaluate vascular-related metrics (24). On day 25,
the average vessel area was measured at 37.450 + 5.490%, with an aver-
age vessel length of approximately 24.850 + 7.881 mm and a mean
Euclidean (E) lacunarity of 0.280 + 0.096 (Fig. 1, E to G). We also
generated VOs from iPS cells expressing green fluorescent protein
(GFP; fig. S2A). Immunofluorescence staining showed that GFP-VOs
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contained CD31-labeled blood vessels, covered with PDGFp-labeled
pericytes and collagen IV (COL IV)-labeled basement membrane
(Fig. 1, H and I). To evaluate ECs functionality within VOs, we assessed
Dil-acetylated low-density lipoprotein (Dil-Ac-LDL) uptake following
previous research (25). VOs on day 15 demonstrated efficient Dil-Ac-
LDL uptake (Fig. 1J). In summary, we generated a fully struc-
tured VO model.

Establishment of vROs using a V-bottom PDMS

microwell platform

In this study, we adopted a multistep strategy for generating vROs.
First, we generated ROs and performed immunofluorescence stain-
ing on ROs at different developmental stages. Immunofluorescence
staining revealed positive staining of retinal progenitor cell marker
RX, neuroretinal markers PAX6 and CHX10, retinal ganglion cells
marker BRN3A, amacrine cells marker AP2q, photoreceptor precur-
sor cells marker OTX2, rod cells marker Rhodopsin, and cone cells
marker M/L opsin (fig. S2, B and C). These results indicated the suc-
cessful generation of ROs. To generate vVROs, we used a V-bottom
PDMS microwell platform to fuse ROs and VOs in a microwell
(Fig. 2A). On day 5 of VO generation, VO was embedded in a 1:1
mixture of Matrigel and collagen I. Subsequently, RO at day 60 was
added above the VO and cultured in a retinal maturation medium
(RMM) containing VEGF-A (20 ng/ml; Fig. 2B). To verify whether
the vROs exhibited blood vessel structures, we used CD31 as a mark-
er to detect vVROs vascularization. On days 30 and 60 of coculturing,
we found the presence of CD31-positive tube-like blood vessel struc-
tures at the center of vROs (Fig. 2, C and D). We also detected neural
retina labeled by CHX10, photoreceptor precursor cells labeled by
CRX and OTX2, and amacrine cells labeled by AP2a (Fig. 2, C and
D). In contrast, no blood vessel structures were observed in the ROs
(Fig. 2C). In addition, we observed that the CD31-labeled endothelial-
like tubes were covered by PDGFp-labeled pericytes of vROs at
30 days of coculture (Fig. 2E). Notably, the vascular structures of vROs
on day 30 of coculturing displayed a diameter of 6.36 + 1.51 pm
(Fig. 2F). Since photoreceptor cells are a crucial component of vROs,
we also detected the presence of photoreceptor cells in late-stage
vROs. Bright-field imaging revealed the presence of photoreceptor
outer segment (OS) in VROs at day 180 (Fig. 3A). Immunofluores-
cence staining results indicated that both blood vessels and photore-
ceptor cells were observed in vROs at day 180 (Fig. 3B). In some
cases, blood vessels were located in the deeper layer, while the rod
cells and cone cells were located in the superficial layer, resembling
the deep capillaries found in the human retina in vivo (Fig. 3C). Fur-
thermore, confocal 3D imaging confirmed that blood vessels were
located underneath the photoreceptor cells (Fig. 3, D and E). In sum-
mary, we constructed vROs that exhibited typical blood vessels and
could be maintained in vitro for 120 days.

Transcriptomic analysis of vROs and ROs

To investigate the transcriptomic differences between ROs and
vROs, we collected RNA from vROs cocultured for 30 days and RO
samples and performed bulk RNA sequencing. The Principal com-
ponents analysis showed obvious differences between the two
groups (Fig. 4A). To identify differentially expressed genes (DEGs),
we set the thresholds of |log,(fold change) > 1| and Q value <0.05.
We found 736 up-regulated genes and 102 down-regulated genes
(Fig. 4B). Gene ontology (GO) analysis demonstrated that up-
regulated DEGs were significantly enriched in biological processes
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Fig. 1. Generation and characterization of VOs. (A) Schematic illustrating the process of generating VOs. (B) Bright-field images of VOs at various time points. Scale bars,
200 pm. (C) RT-gPCR analysis showed gene expression levels of vascular markers CD31, PDGFp, and CDH5 at days 0, 5, 12, and 30. (D) Immunofluorescence staining of
CD31-positive blood vessels, PDGFf-positive pericytes of VOs. Scale bars, 100 um. (E to G) Results from Angiotool analysis of vascular networks at day 25 (n = 14 organ-
oids). (H and 1) Immunofluorescence staining of CD31-positive blood vessels, PDGFp-positive pericytes, and COL IV-positive basement membrane in GFP-labeled VOs.
Scale bars, 50 um. (J) Living image of uptaking of Dil-Ac-LDL in VOs at day 15. Scale bars, 50 pm.
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Fig. 2. Characterization of early coculture vROs. (A) Schematic illustrating the generation of vROs. (B) Bright-field images of coculture vROs at day 0. Scale bar, 200 pm.
(C) At 30 days of coculture, immunofluorescence staining results of CD31-positive blood vessels, CHX10-positive neural retinal markers, CRX-positive photoreceptor pre-
cursor cells, and AP2a-positive amacrine cells. Scale bars, 50 pm. (D) At 60 days of coculture, immunofluorescence staining results of CD31-positive blood vessels and
OTX2-positive photoreceptor precursor cells. Scale bars, (left) 100 pm and (right) 50 pm. (E) Immunofluorescence staining results of CD31-positive blood vessels and
PDGFp-positive pericytes of vROs at 30 days of coculture. Scale bars, (left) 20 pm and (right) 10 pm. (F) Vessel diameters of vROs at cocultured day 30 (n = 10 organoids, 2

to 4 vessels were measured per organoid).

(BP) related to angiogenesis, positive regulation of angiogenesis,
and immune response (Fig. 4C). DEGs in the immune response,
angiogenesis, and microglia were obtained from RNA sequencing
data and presented in the form of heat maps (Fig. 4, D to F). The
RT-qPCR validated that the expression levels of genes involved in
immune response (CIQC, CD22, TLR2, TLR4, and IRFS8), angio-
genesis (TIE1, ANGPTI, ANGPT2, and ECSCR), and microglia
(AIF1, TMEMI19, SPI1, and CSFIR) were significantly higher in
the vROs than the ROs (P < 0.05) (Fig. 4, G to I). Furthermore,

Chenetal, Sci. Adv. 11, eady6410 (2025) 10 October 2025

we also found that the expression levels of genes associated with
blood vessel (CD31, PDGFp, and CDHS5), retinal homeostasis
(DCN, HSD17B2, and PPARG), retinal metabolic processes
(CYPIBI,ALDHI1A3, and ALDH1A?2), and response to retinoic acid
(RA) (GATAS6, GJAI, LRAT, and ADH1B) were up-regulated in the
vROs, which was consistent with transcriptomic data (P < 0.05)
(fig. S3, A to E). These transcriptomic analyses and qPCR valida-
tion results suggested that vROs displayed angiogenesis and im-
mune response signatures.
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Fig. 3. Characterization of late coculture vROs. (A) Bright-field images of vROs at 180 days. Scale bar, 100 pm. (B) Immunofluorescence staining results of CD31-positive
blood vessels and rhodopsin-positive rod cells. Scale bars, 100 pm. (C) Immunofluorescence staining results of CD31-positive blood vessels, Rhodopsin-positive rod cells,
and M/L opsin—-positive cone cells. Arrow: blood vessels. Scale bars, (left) 100 pm and (right) 20 pm. (D and E) Confocal 3D imaging of M/L opsin—positive cone cells in
GFP-labeled vROs showed blood vessels inside the photoreceptor cells. Arrow, blood vessels. Scale bar, 50 pm.

Generation of VOs containing MGs

MGs originate from primitive macrophages in the mesoderm, which
enter the central nervous system from the meninges during embryonic
development and colonize within the retina (26). In our study, we ob-
served that VOs contain MGs. We found that the expression of MG
marker AIFI in VOs gradually increased over time (Fig. 5A). Further-
more, we found that about 86% IBA1-labeled MGs with an amoeboid
morphology were located around the blood vessel, which is reminiscent
of MGs surrounding retinal blood vessels in vivo (Fig. 5, B and C). To
determine whether VEGF-A is required for MGs generation, we per-
formed VOs cultures with and without VEGF-A. Immunofluorescence
staining revealed that IBA1-positive MGs were detected in D15 VO cul-
tured with or without VEGF-A (fig. S4A). The qPCR results showed
that the expression level of MG-related gene AIFI was increased in the
VOs treated with VEGF-A on day 15 compared with the control group,
but there was no statistical difference between the two groups (P > 0.05)
(fig. S4B). PLX5622, a colony-stimulating factor 1 receptor (CSF1R) in-
hibitor, has been shown to eliminate MGs (27). To further validate the

Chenetal, Sci. Adv. 11, eady6410 (2025) 10 October 2025

identity of MGs, we treated VOs with 2 pM PLX5622 on day 23. After
7 days of treatment, most of the IBA1-labeled cells were absent com-
pared to VOs treated with dimethyl sulfoxide (DMSO; Fig. 5D). The
quantitative results of MGs showed that the amount of MGs in VOs +
DMSO was 531.5 + 167.0/mm” and that in VOs + PLX5622 was 22.15 +
7.984/mm? (P < 0.05) (Fig. 5E). In addition, we treated VOs at day 27
with LPS (0.5 pg/ml) for 72 hours to induce an inflammatory response.
The qPCR results showed that LPS stimulation caused a significant in-
crease in the expression of the inflammatory cytokines TNF-«, IL-8,
and MG marker AIF1 (P < 0.05) (Fig. 5F). The expression levels of TNF-
a and IL-8 were reduced in PLX5622-treated VOs, suggesting that MGs
in the VOs were involved in the LPS-induced immune response (P <
0.05) (Fig. 5F). These results confirmed the generation of MGs in VOs.

Generation of MGs in vROs that can respond to
inflammatory stimuli

VOs immunofluorescence staining indicated the presence of MGs in
VOs. Immunofluorescence staining showed that the blood vessels and
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Fig. 4. Transcriptome characterization of vROs. (A) Principal components analysis diagram of the vRO groups and RO groups. (B) The volcano plots showed the DEGs
between the vRO groups and the RO groups. (C) The top five up-regulated GO-enriched BPs and down-regulated GO-enriched BPs. (D to F) Heatmaps revealed DEGs as-
sociated with immune response, angiogenesis, and microglia. (G to I) RT-qPCR analysis showed the levels of genes related to immune response, angiogenesis, and microg-

lia. Statistical method: unpaired two-tailed t tests. *P < 0.05, **P < 0.01, and ***P <

MGs gradually migrated and integrated into the ROs as vROs generat-
ed (Fig. 6A and fig. S5A). To determine whether these MGs originated
from VOs or ROs, we used immunofluorescence staining on vROs
containing VOs derived from iPS cells expressing GFP. The results re-
vealed IBA1-positive cells on the surface of vROs, while no IBAI-
positive cells were found on the surface of ROs (Fig. 6B). Furthermore,
about 96% of the GFP-positive cells were IBA1-labeled MGs in vROs
(Fig. 6B and fig. S5B), indicating that the MGs in vROs originated from
VOs. IBA1-positive MGs, as well as CHX10-labeled neuroretinal cells,
OTX2-labeled photoreceptor precursor cells, and Rhodopsin-labeled
rod cells, were detected in the cocultured vROs (Fig. 6C, and fig. S5, C
and D). MGs attached to the surface of vVROs and formed branches

Chenetal, Sci. Adv. 11, eady6410 (2025) 10 October 2025

0.001.

(Fig. 6C). This typical branching morphology suggested that they have
further differentiated into resident-like MGs. In addition, there were
blood vessels labeled with CD31 in the central region of vROs and
GFP-positive MGs on the vROs (Fig. 6D). To investigate whether vROs
containing MGs exhibit immune responses, we treated vROs and ROs
with LPS (0.5 pg/ml) at day 90. Compared with ROs cultured alone,
after 72 hours of stimulation, we found that the gene expression of cy-
tokines was up-regulated, including pro-inflammatory markers such as
TNF-a, IL-8, and anti-inflammatory markers IL-10 and IL-13 (P < 0.05)
(Fig. 6E). Our results demonstrated that we have generated an in vitro
VRO model containing both blood vessel structures and MGs and
could respond to inflammatory stimuli.
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of the IBA1-positive cell number (n = 6 to 9 organoids). Statistical method: unpaired two-tailed t tests. ***P < 0.001. (F) RT-qPCR analysis of the gene expression of TNF-a,
IL-8, and AIF1 in VOs at day 30 treated with LPS (0.5 pg/ml) without or with PLX5622 treatment and using DMSO as a control. Statistical method: One-way ANOVA, ns indi-

cates P> 0.05, *P < 0.05, and ***P < 0.001.

VvROs exhibiting similar characteristics to iBRB

IBRB is essential for maintaining the homeostasis of the retinal mi-
croenvironment (28). The tight junctions between retinal microvas-
cular ECs (RMECs) are a crucial characteristic of the iBRB. To
further investigate whether our vROs exhibited structural features
akin to those of the iBRB, we assessed the expression of tight junc-
tion protein claudin-5 and the endothelial window marker plasma-
lemma vesicle-associated protein (PLVAP). We found that in vROs
at 30 days of coculture, CD31-labeled blood vessels expressed
claudin-5 but did not express PLVAP (Fig. 7A). In contrast, ROs lacked
claudin-5 expression (Fig. 7B). Further examination indicated that
the blood vessels within VOs also expressed claudin-5 (Fig. 7C).
Relative fluorescence density demonstrated that the expression of
claudin-5 in VOs was lower than that in vROs (P < 0.05) (Fig. 7D).
In addition, immunofluorescence staining results demonstrated
that the CD31-labeled vascular structures in vROs at 30 days of co-
culture were surrounded by PDGEFf-labeled pericytes (Fig. 7E),
while vascular structures were enveloped by IBA1-labeled MGs in
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vROs forming a neurovascular unit-like structure composed of
ECs, pericytes, and MGs (Fig. 7, F and G). These structural features
collectively suggested that the cellular composition and architecture
of VROs exhibited similar characteristics to the iBRB in the hu-
man retina.

DISCUSSION

In recent years, the importance of constructing vascularized organ-
oids for disease modeling and drug discovery has garnered increas-
ing attention (29-32). Developing an appropriate in vitro model for
the study of retinal vascular diseases remains a challenge (10, 13).
This study constructed vROs by generating VOs in a V-bottom
PDMS microwell platform and then fusing them with ROs for co-
culture using the platform. Notably, we generated vROs that con-
tained both blood vessel structures and MGs. Further research
revealed that vROs exhibited an immune response in situ and simi-
lar characteristics to the iBRB of the human retina. Our vRO
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Fig. 6. An MGs-containing VRO model could respond to inflammatory triggers. (A) Whole-mount immunofluorescence staining results of IBA1-positive MGs in VROs.
Scale bars, (left) 100 pm and (right) 50 pm. (B) Immunofluorescence staining results of IBA1-positive MGs colocalized with GFP-positive cells. Scale bars, 50 pm. (C) Im-
munofluorescence staining results of IBAT-positive MGs and rhodopsin-positive rod cells at 60 days of vROs. Arrow: rod cells. Scale bars, (left) 50 pm and (right) 5 pm.
(D) Immunofluorescence staining results of GFP-positive cells, CD31-labeled blood vessels, and recoverin-positive photoreceptor precursor cells at coculture 40 days of
VROs. REC, recoverin. Scale bars, 100 pm. (E) RT-qPCR analysis of the gene expression of TNF-a, IL-8, IL-10, and IL-13 in vROs and ROs at day 90 treated with LPS (0.5 pg/ml).

Statistical method: unpaired two-tailed t tests. *P < 0.05 and **P < 0.01.

model provides a new tool for retinal vascular disease research and
clinical applications.

During the early incubation period, after fusing VOs with ROs
for about 30 days, we observed CD31-labeled tubular blood vessel
structures at the center of vROs. These blood vessel structures coex-
isted with neural retina cells and photoreceptor precursor cells. In
contrast, ROs cultured in isolation showed a lack of vascular struc-
tures. The blood vessels’ diameter was observed to fall within the
typical range observed in human retinal capillaries (33). Therefore,
our research confirmed that coculturing VOs with ROs resulted in
the vascularization of ROs, consistent with findings for other vascu-
larized BOs models (19, 20, 34, 35). In vivo, ECs are the primary cell
type in the inner layer of blood vessels, and pericytes are located
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outside the ECs and support and stabilize the vascular structures
(36). Compared with previous studies of generating vascularized or-
ganoids by coculturing organoids with HUVEC:s or iPS cell-derived
ECs (37, 38), our study used VOs and detected CD31-labeled
endothelial-like blood vessels covered by pericytes, which is consis-
tent with findings reported previously (19, 20).

It is well known that ROs induce the formation of mature photo-
receptor cells at the late stage, which is a key feature of the func-
tional retina (39). During the late stage of culture, ROs were observed
to express photoreceptor OS. Previous studies reported that the
cultivation time for vROs or vascularized BOs was approximately
60 days (19-21, 34). However, in this study, even after 120 days of
fusion and coculture of VOs and ROs, the vROs still contained rod
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Fig. 7. vROs exhibited similar structural features to iBRB. (A) Inmunofluorescence staining results of CD31, claudin-5, and PLVAP in vROs. Scale bars, 20 pm. (B) Im-
munofluorescence staining results of claudin-5 in ROs. Scale bars, 50 pm. (C) Immunofluorescence staining results of claudin-5 in VOs. Scale bars, 50 pm. (D) Relative fluo-
rescence intensity of claudin-5 in VOs and vROs (n = 7 organoids). Statistical method: unpaired two-tailed t tests. *P < 0.05. (E) Immunofluorescence staining results of
CD31-positive blood vessels and PDGFp-positive pericytes. Scale bars, 20 pm. (F) Immunofluorescence staining results showed colocalization of IBA1-labeled MGs with
CD31-labeled blood vessels. Scale bars, 20 um. (G) Immunofluorescence staining results showed colocalization of IBA1-labeled MGs, GFP-labeled blood vessels, and CRX-

labeled photoreceptor precursor cells. Scale bars, 50 pm.

and cone cells and blood vessels, suggesting the long-term and stable
culture of vascularized RO in vitro. We also observed that blood ves-
sels in late-stage VROs were mostly located at the center of the vROs,
similar to early-stage VROs. These results suggested that the vRO
model could be highly valuable for the study of retinal vascular dis-
eases in long-term culture.

Besides, IBA1-positive MG cells with amoeboid morphology
were frequently found surrounding the blood vessels in VOs. MGs
are resident immune cells in the human retina, playing crucial roles
in synapse formation, remodeling, and vascular development (40).
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Sun et al. (19) observed that the MGs induced by VOs could respond
to LPS stimulation and be inhibited by the PLX5622 reagent. Such
findings were similar to the results of this study. The emergence of
MGs was also inhibited by PLX5622, and MGs exhibited inflamma-
tory responses to LPS stimulation. Costaining of markers of retinal
development and MGs revealed interactions between MGs and reti-
nal neural cells in the vROs. To determine the location of MGs, we
used iPS cells expressing GFP to generate VOs before fusing VOs
with ROs. Our results indicated that MGs were derived from VOs
rather than ROs. Moreover, CD31-labeled tubular blood vessel
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structures were identified at the center of the vROs. In contrast, con-
ventional ROs typically lack both blood vessel structures and MG
populations. Recently, Inagaki et al. (21) established a human vRO
model by incorporating VO-derived ECs and pericytes in ROs, but
MGs were absent. They also embedded the VOs and ROs (day 30) in
Matrigel and cocultured them in a 96-well U-bottom plate. However,
they failed to generate vROs. We attempted to use V-bottom 96-well
plates for coculture and found that the depth of the 96-well makes it
challenging to perform the fusion of organoids under a microscope.
To overcome this, the V-bottom PDMS microwell platform was used
to fuse VOs with ROs and generate vROs containing both blood ves-
sels and MGs. Our study illuminated that an in vitro vVRO model con-
taining both blood vessels and MGs can facilitate research into MGs,
retinal neurons, and vascular interactions, providing a more physio-
logically relevant platform for studying retinal development, disease
pathology, and potential therapeutic interventions.

Recently, researchers found that organoids exhibited an immune
response in situ after coculturing with iPS cell-derived MGs (41-
43). Our transcriptome sequencing results indicated that DEGs of
vROs were associated with the immune response BP. This is consis-
tent with the results of Sabate et al. (44), which showed that the im-
mune response BP was enhanced in midbrain organoids cocultured
with iPS cell-derived MGs. Furthermore, we found that the gene
expression levels of pro-inflammatory cytokines, such as TNF-o and
IL-8, were significantly up-regulated in VROs compared to ROs
alone following LPS treatment. An increase in the gene expression
levels of anti-inflammatory cytokines, including IL-10 and IL-13,
was also observed. Chichagova et al. (43) have previously shown
that both pro-inflammatory and anti-inflammatory cytokines were
significantly up-regulated in ROs cocultured with MGs in response
to LPS stimulation. Therefore, our results suggested that vROs con-
taining MGs were immune-active and could serve as an in vitro
model of functional retinas with immunocompetence.

The blood vessels in the inner retina have a continuous endothelium
with a barrier function (45). Claudin-5 is one of the notable molecular
markers of iBRB and the blood-brain barrier (BBB) (46). We observed
that vROs expressed claudin-5, consistent with findings from previous
studies (19, 29, 34). In contrast, we detected the absence of PLVAP,
which is widely expressed in capillary and venous vessels but not in the
BRB and BBB (47). In addition, the fluorescence intensity of claudin-5
in vROs was higher than that in VOs, indicating enhanced formation of
tight junctions following the coculture of VOs with ROs. The neurovas-
cular unit, consisting of CD31-labeled tubular blood vessel structures,
pericytes, and MGs, was also detected in vVROs (48), which is consistent
with the findings of vascularized BOs (19). Our results suggested that
vROs exhibited structural features similar to those of iBRB, which can
provide a new avenue for in vitro studies of the retinal barrier.

In summary, we generated vVROs containing both blood vessels
and MGs via the V-bottom PDMS microwell. Moreover, we generated
vROs with the structure of the iBRB. The vascular structures envel-
oped by IBA1-labeled MGs in vROs formed a neurovascular unit-like
structure composed of ECs, pericytes, and MGs. Last, we successfully
generated vVROs with the structure of photoreceptor cells and blood
vessels after long-term culture. These suggested that we could gener-
ate mature vROs via the V-bottom PDMS microwell platform.

Despite the above-mentioned advantages of our vROs, there are
still some limitations that need to be addressed. For example, the
detailed molecular mechanisms involving retinal development and
vascularization of ROs remain to be uncovered. In addition, advanced
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chip design and fabrication for perfusion culture of vROs will be the
focus of our next study. Moreover, we will explore the therapeutic
potential of vROs for retinal transplantation for the treatment of
retinal diseases.

MATERIALS AND METHODS

Preparation of V-bottom PDMS microwell platform

In our previous research, we successfully generated a V-bottom
PDMS microwell platform via 3D printing (49). In this study, we
developed a modified version of the 26-well V-bottom PDMS mi-
crowell platform. A mixture of 10 parts base material and 1 part
curing agent (DowCorning, United States) was prepared and sub-
jected to agitation in a magnetic stirrer at 500 RPM for 20 min to
ensure adequate mixing. After mixing, the mixture was placed in a
vacuum dryer to eliminate air bubbles. Next, the 3D-printed posi-
tive mold was positioned within a six-well plate, and 5 ml of the
PDMS prepolymer was added. The six-well plate was then placed in
an oven set at 70°C for 3 to 5 hours to ensure complete hardening of
the PDMS microwell platform. Afterward, the PDMS microwell was
carefully detached from the 3D-printed positive mold, and the
PDMS microwell was autoclaved at 121°C for 30 min before being
placed back into the six-well plate.

Maintenance of human iPS cells

We used three independent iPS cell lines in our experiments. Two
blood-derived iPS cell lines were reported in our previous research
(49). GFP-iPS cell line (CA4020106) was purchased from Cellapy
Biotechnology (Beijing, China). In brief, iPS cells were maintained in
mTeSR Plus medium (STEMCELL Technologies) in six-well plates
(Corning, USA) coated with Matrigel (Corning, USA) at 37°C in 5%
CO; in a humidified incubator. When iPS cells were approximately
85% confluent, they were passaged using 0.5 mM EDTA (Cellapy
Biotechnology, Beijing, China) at split ratios from 1:8 to 1:10.

Generation of human VOs

VOs were differentiated following the method established by
Wimmer et al. (17) with some modifications. iPS cells were dissoci-
ated into single cells using Accutase (STEMCELL Technologies).
Then, the dissociated cells were resuspended in mTeSR Plus medi-
um supplemented with 50 pM Y27632 and seeded into a V-bottom
PDMS microwell platform. The plates were centrifuged at 50g for
8 min to form cell spheroids. On day 0, the medium was replaced
with N2B27 medium containing BMP4 (30 ng/ml; MCE, HY-P7007)
and 12 pM CHIR99021 (MCE, HY-10182). On day 3, the medium
was replaced with N2B27 medium supplemented with VEGF-A
(100 ng/ml; Peprotech 100-20) and 2 pM forskolin (Peprotech
6652995). On day 5, vascular aggregates were embedded in a 1:1
mixture of Matrigel:collagen I (Guangzhou Trauer Biotechnology,
China). The aggregates were then cultured in a vascular endothelial
cell medium (Sciencell) containing 15% fetal bovine serum (FBS;
Gibco), VEGF-A (100 ng/ml), and FGF-2 (100 ng/ml; Peprotech
100-18B). The medium was changed every 48 hours. In addition, we
also applied low-attachment V-bottom 96-well plates and six-well
plates to generate VOs as compared study based on the above method.

Generation of ROs
Differentiation of ROs was performed as previously described with
some modifications (50). On day 0, iPS cells were dissociated into
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single cells using Accutase and suspended in a T25 bottle containing
20 pM Y27632 in mTeSR Plus medium. On days 1 to 3, to induce
embryoid body (EB) formation, aggregates were cultured in a mix-
ture of mTeSR Plus and neural induction medium (NIM) containing
Dulbeccos modified Eagle’s medium (DMEM)/F12 (Gibco), 1% N,
supplement (Thermo Fisher Scientific, 17502048) and 1% nonessen-
tial amino acids (NEAA; Thermo Fisher Scientific, 11140035), hep-
arin (2 pg/ml; STEMCELL Technologies), and the medium was
changed at 3:1, 1:1, and 1:3 ratios of mTeSR Plus medium and NIM.
On day 4, the medium comprised NIM only. On day 6, EBs were
inoculated in Matrigel-coated 60-mm dishes and incubated with
NIM until day 13, with the medium changed every other day. On
day 14, the medium was changed to retinal differentiation medium
containing DMEM/F12 (3:1), 2% B27 supplement (Thermo Fisher
Scientific, 17504044), 1% NEAA, 1% GlutaMAX (Gibco), and
penicillin/streptomycin (Gibco). Between days 25 and 28, neuroretinal
domains showing the appearance of gold rings were isolated using a
10-pl pipette tip, and these isolated domains were self-organized
into 3D ROs. On day 42, the medium was replaced with RMM con-
taining DMEM/F12 (3:1), 10% FBS (Gibco), 2% B27 supplement,
1% GlutaMAX, 1% NEAA, 100 mM taurine (Sigma-Aldrich), 1 pM
RA (Sigma-Aldrich), and penicillin/streptomycin. On day 90, the
components of the RMM were changed to include DMEM/F12
(1:1), 10% FBS (Gibco), 1% N, supplement, 1% GlutaMAX, 1%
NEAA, 100 mM taurine, 0.5 pM RA, and penicillin/streptomycin.
On day 120, the RA was removed, after which the retinal organoids
were cultured for an extended period.

Generation of vROs

To generate vVROs, we fused VOs and ROs in a microwell of the 26-
well V-bottom PDMS microwell platform. On day 5 of VO forma-
tion, the VO was embedded in a 1:1 mixture of Matrigel:collagen
I. Then, RO at day 60 was positioned above the VO. Under a micro-
scope, the positioning of the ROs relative to the VO was carefully
adjusted to position the VOs beneath the ROs. After coculturing for
1 week, ROs and VOs gradually fused before they were transferred
to low-adhesion 24-well plates for long-term incubation. During the
coculture period, we used a coculture medium [RMM containing
VEGEF-A (20 ng/ml)]. The coculture medium was changed every 2 to
3 days. Following 2 months of coculture, the medium was switched to
a VEGF-free RMM.

LDL-uptake assay

VOs on day 15 were washed three times with phosphate-buffered
saline (PBS). Subsequently, VOs were incubated with Dil-Ac-LDL
(10 pg/ml; Yiyuan Biotechnology, YB-0013) in vascular endothelial
medium for 4 hours at 37°C. After incubation, the VOs were washed
three times with vascular endothelial medium and then photo-
graphed using a Zeiss microscope.

Immunofluorescence

Organoids sectioned slices were fixed in 4% paraformaldehyde (PFA)
at room temperature for 30 min, followed by three washes with PBS.
They were then incubated in 0.1% Triton X-100 in PBS for 10 min
and blocked with 3% bovine serum albumin in PBS for 1 hour at
room temperature. The samples were subsequently incubated with
the primary antibody overnight at 4°C. After being washed three
times with PBS, they were stained with an Alexa Fluor-conjugated
secondary antibody (Thermo Fisher Scientific, 1:1000) for 1 hour at
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room temperature. Following washes with PBS, they were stained
with 4',6-diamidino-2-phenylindole (DAPI; Solarbio C0060) (1 pg/
ml) for 5 min. They were photographed and analyzed using a Zeiss
microscope or Zeiss confocal microscope.

For whole-mount staining, the organoids were similarly fixed in
4% PFA for 30 min at room temperature and washed three times
with PBS. They were treated with a permeabilization-blocking solu-
tion for 2 hours at room temperature; the composition of this solu-
tion was reported in previous studies (17). Following this step, the
organoids were incubated with the primary antibody at 4°C for over
18 hours and then incubated for 1 hour at room temperature. After
being washed three times with PBS with Tween 20 (PBST), they
were stained with an Alexa Fluor-conjugated secondary antibody
(Thermo Fisher Scientific, 1:1000) at room temperature for 2 hours
and incubated with DAPI for 1 hour. After three final washes with
PBST, the organoids were photographed and analyzed using a Zeiss
microscope or Zeiss confocal microscope. Details about the primary
antibodies can be found in Table S1.

Reverse transcription and quantitative polymerase

chain reaction

Total RNA was extracted using the Total RNA Extraction Kit (Pro-
mega) and dissolved in ribonuclease-free water. The RNA samples
were quantified by measuring the optical density (OD) value at 260 nm,
and the OD 260/280 ratios for all RNA samples fell within the range
of 1.8 to 2.1. The RNA reverse transcription was performed using
HiScript II Q RT SuperMix (Vazyme), following the manufacturer’s
guidelines. Primer pairs were synthesized by Sangon Biotech (China).
RT-qPCR was performed with the SYBR qPCR Master Mix (Vazyme)
on a Roche LightCycler. The results of all samples were normalized
to the housekeeping gene glyceraldehyde 3-phosphate dehydroge-
nase. The relative gene expression was calculated using the 2724t
method. All primer sequences used in the qPCR are provided
in table S2.

RNA-sequencing analysis

vROs and ROs cultured with coculture medium at day 90 were sus-
pended in 1 ml of TRIzol and stored at —80°C. Samples were di-
vided into RO and vRO groups, with three biological replicates per
group. RNA extraction, library construction, and RNA sequencing
were conducted by BGI Tech Solutions Co. Ltd. (Shenzhen, China)
on the BGISEQ platform, using paired-end sequencing with a
length of 150. Following the filtration of raw data, clean reads were
generated and aligned with the human genome assembly. The qual-
ified reads were then normalized and quantified using transcripts
per kilobase million values. DEGs between the two groups were
screened by significance defined by | logy(fold change) > 1 | and Q
value <0.05. Further analysis was conducted through GO term en-
richment and Kyoto Encyclopedia of Genes and Genomes enrich-
ment analysis.

Statistical analysis

The data are presented as means + SD. The number of replicates is
indicated in the figure legends. GraphPad Prism 8.0 (GraphPad Soft-
ware, San Diego, CA, USA) and FIJI version 1.49 software (National
Institutes of Health, Bethesda, MD, USA) were used for data analysis.
Statistical significance of the data was analyzed by an unpaired two-
tailed t test for comparisons between two groups. One-way analysis
of variance (ANOVA) was used to determine the differences among
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the three groups. P < 0.05 was considered statistically significant. ns
indicates P > 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001.

Supplementary Materials
This PDF file includes:

Figs.S1to S5

Tables S1 and S2
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