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SUMMARY

Pluripotent stem cell-derived organoids have transformed our ability to recreate complex three-dimensional models of human tissue.
However, the directed differentiation methods used to create them do not afford the ability to introduce cross-germ-layer cell types.
Here, we present a bottom-up engineering approach to building vascularized human tissue by combining genetic reprogramming
with chemically directed organoid differentiation. As a proof of concept, we created neuro-vascular and myo-vascular organoids via tran-
scription factor overexpression in vascular organoids. We comprehensively characterized neuro-vascular organoids in terms of marker
gene expression and composition, and demonstrated that the organoids maintain neural and vascular function for at least 45 days in
culture. Finally, we demonstrated chronic electrical stimulation of myo-vascular organoid aggregates as a potential path toward engineer-
ing mature and large-scale vascularized skeletal muscle tissue from organoids. Our approach offers a roadmap to build diverse vascularized

tissues of any type derived entirely from pluripotent stem cells.

INTRODUCTION

The ability to recapitulate organogenesis and create com-
plex human tissue in vitro has been a long-standing goal
for the stem cell and tissue engineering field. The advent
of organoid technology has recently made it possible to
create three-dimensional (3D), self-organized, pluripotent
stem cell (PSC)-derived tissues for in vitro developmental
and disease modeling that closely mimic the cellular,
spatial, and molecular architecture of endogenous human
tissue (Clevers, 2016; Lancaster and Knoblich, 2014).
These advances have enabled substantial progress in
building fully PSC-derived, functional human organs
in vitro (Takebe and Wells, 2019). However, the absence
of vasculature in most organoid techniques limits their
utility, principally in two ways. Firstly, it is widely
accepted that vasculature plays a crucial role in develop-
ment and disease (Daniel and Cleaver, 2019; Petrova
and Koh, 2018). Secondly, vasculature is necessary to pre-
vent necrosis in tissues that grow beyond 1 mm in size
(Grebenyuk and Ranga, 2019; Lancaster, 2018), which
deems vasculature critical for building large-scale tissue
models.

To address this, several groups have demonstrated prog-
ress on developing methods for vascularizing organoids
(Cakir et al., 2019; Garreta et al., 2019; Guye et al., 2016;
Homan et al., 2019; Low et al.,, 2019; Mansour et al.,
2018; Pham et al., 2018). Some groups have succeeded in
vascularizing organoids after transplanting them in vivo
(Mansour et al., 2018; Pham et al., 2018), but requiring
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an in vivo host limits experimental control, increases cost,
and diminishes its potential for clinical applications.
Others transiently overexpressed GATA6 to introduce a
nascent vascular network in liver-bud organoids (Guye
etal., 2016); however, there is no current evidence this sys-
tem can be translated to other organoids.

Organoid platforms leverage knowledge of development
to provide temporally appropriate chemical cues to self-
assembled PSC-derived embryoid bodies, modulating key
organogenesis-specific signaling pathways to drive the
directed differentiation of organ-specific cells in physiolog-
ically faithful architectures. Thus, cells that do not belong
to those specific organ compartments or arise from
different germ layers are absent from the final organoid.
To introduce cell types outside of those available from
directed differentiation, a promising strategy is to combine
genetic overexpression with directed differentiation.
Recently, vascularization of cerebral organoids has been re-
ported, in which PSCs were engineered to ectopically ex-
press human ETS variant 2 (ETV2) (Cakir et al., 2019), a
known driver of differentiation to endothelial cells from
PSCs (Lindgren et al., 2015; Parekh et al., 2018). Although
this method has exciting potential, it suffers from two lim-
itations: one, it induces only a low degree of vasculariza-
tion, and, two, it does not induce the full panoply of
vascular lineages, such as smooth muscle cells (SMCs)
and mesenchymal stem cells (MSCs), which are critical
for blood vessel development and function (Ferland-
McCollough et al., 2017). Thus, there is a need to explore
alternative methods.
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Figure 1. Construction and characterization of inducible cell lines

(A) Schematic of PiggyBac transposon-based inducible overexpression vector.

(B) Schematic of cell line generation and validation process.

(C) Inducible NEUROD1 (iN) cell line validation at 3 weeks post induction via (1) qRT-PCR analysis of signature neuronal markers MAP2,
TUBB3, VGLUT2, and VGAT; data represent the mean + SD (n = 4 independent experiments); (2) immunofluorescence micrograph of MAP2+
cells (scale bars, 50 um); and (3) representative spike plots from MEA measurements of spontaneously firing iN cells.

(D) Inducible ASCL1+DLX2 (iAD) cell line validation at 3 weeks post induction via (1) gRT-PCR analysis of signature neuronal markers MAP2,
TUBB3, VGLUT2, and VGAT; data represent the mean + SD (n = 4 independent experiments); (2) immunofluorescence micrograph of MAP2+
cells (scale bars, 50 um); and (3) representative spike plots from MEA measurements of spontaneously firing iAD cells.

(legend continued on next page)
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A recently described vascular organoid (VO) differentia-
tion approach (Wimmer et al., 2019) yields complete blood
vessel networks, including SMCs, MSCs, and endothelial
cells, but these organoids lack organ-specific parenchymal
cells, limiting their utility for broader disease modeling
and regenerative medicine. Here, we overlay reprogram-
ming with the directed differentiation of VOs to derive
cross-germ-layer and cross-lineage organoids with complete
vascular networks. We introduce a parenchymal cell compo-
nent into VOs via transcription factor (TF) overexpression
and demonstrate this approach by building neuro-vascular
and myo-vascular organoids. This is done by the induced
overexpression, in developing vascular organoids, of
NEUROD1 (iN) to form neuro-vascular organoids (iN-VOs),
and the induced overexpression of MYODI1 plus BAF60C
(iMB) to form myo-vascular organoids (iMB-VOs).

This yields a facile method for co-differentiation of tis-
sue-specific parenchymal cells and the entire blood vessel
lineage from a single PSC line. We present this approach
as a proof of concept for the introduction of other paren-
chymal cell types, via the overexpression of lineage-speci-
fying TFs, in the context of a VO scaffold.

RESULTS

Inducible cell line construction and validation
For the inducible expression of TFs, we designed a PiggyBac
transposon-based overexpression vector that allowed a sin-
gle vector to package the complete Tet-On system for doxy-
cycline inducible expression, along with one or more TFs to
be overexpressed in conjunction with a reporter fluorescent
protein (Figure 1A). To establish the utility of our PiggyBac
overexpression platform, we constructed an array of cell
lines and validated their ability to differentiate into func-
tional tissue upon adding doxycycline. For neural differen-
tiation, we chose to overexpress NEUROD1 to generate glu-
tamatergic excitatory neurons (Parekh et al., 2018; Zhang
et al., 2013), and ASCLI+DLX2 for GABAergic inhibitory
neuron differentiation (Yang et al., 2017). For mesodermal
tissue differentiation, we chose to overexpress MYOD1+
BAF60C (Albini et al., 2013) for skeletal muscle differentia-
tion. Stable, dox-inducible NEUROD1 (iN), ASCL1+DLX2
(iAD), and MYODI1+BAF60C (iMB) human embryonic
stem cell (hESC) lines were generated by nucleofecting
hESCs with the respective overexpression vector, along
with a hyperactive PiggyBac transposase (Yusa et al., 2011).
For validation of neural differentiation of iN and iAD
lines, gqRT-PCR analysis demonstrated upregulation of

neuronal markers MAP2 and TUBB3 for both iN and iAD
cells (Figures 1C and 1D) compared with undifferentiated
hESCs. iN neurons were confirmed to be glutamatergic via
upregulation of excitatory marker VGLUTZ2 with no detect-
able expression of the inhibitory marker VGAT (Figure 1C),
while iAD neurons were confirmed to be GABAergic, via up-
regulation of VGAT with minimal expression of VGLUT2
(Figure 1D). MAP2+ cells with classic neuronal morphology
were confirmed by immunofluorescence for both iN and
iAD cells (Figures 1C and 1D). Finally, iN and iAD neurons
were confirmed to be functional by detection of sponta-
neous firing when co-cultured with glia and measured on
a microelectrode array (MEA) at 3-5 weeks post induction
(Figures 1C and 1D).

Skeletal muscle differentiation of iMB cells was validated
by gene expression and immunofluorescence assays (Fig-
ure 1E). qRT-PCR analysis confirmed upregulation of skeletal
muscle markers MYHS8, TNNC1, and RYR. Immunofluores-
cence confirmed the presence of characteristic spindle-
shaped MYH+ and SAA+ skeletal muscle morphology, along
with MYOG+ nuclei.

Constructing neuro-vascular and myo-vascular
organoids

After clonal hESC lines were established, we developed a
modular, generalizable, TF overexpression-based strategy
to differentiate parenchymal cell types in VOs (Figure 2A).
We conducted an optimization experiment (Note S1) to
determine if wild-type ESCs are required for maintaining
the vascular compartment in our organoids (Figure S1A).
Given the higher expression of MAP2 and comparable
expression of CDHS, subsequent experiments were con-
ducted with iN-VOs formed from 100% iN cells (Fig-
ure S1B). Immunostaining was performed on both induced
(+dox, iN-VOs) and uninduced (—dox, iN-VOs) organoids,
confirming MAP2+ cells forming into bundle-like struc-
tures of neurons only in induced organoids, along with
dense, interpenetrating CDH5+ vascular networks in both
conditions (Figure 2C). Furthermore, pan-organoid
confocal images show that endothelial networks span all
layers of the organoid, as do neurons, although they are
not uniformly distributed and form clusters and bundles
of cells (Figures 2G and S1C; Videos S1 and S3). Further
analysis via QRT-PCR showed an upregulation of the excit-
atory marker VGLUT2, along with cortical neuron markers
BRN2 and FOXG1 (Zhang et al., 2013) in day 15 iN-VOs
(Figure 2D). Moreover, we observed expression levels com-
parable with uninduced organoids of the endothelial

(E) Inducible MYOD1+BAF60C (iMB) cell line validation at 2 weeks post induction via (1) gRT-PCR analysis of signature skeletal muscle
markers MYH8, TNNC1, and RYR; data represent the mean + SD (n = 3 independent experiments); and (2) immunofluorescence micrograph
of MYH+-, MYOG+-, and SAA+-labeled cells (scale bars, 50 pm). (C-E) **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant.
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markers CDHS5 and VEPTP, along with the smooth muscle
marker SMA (Figure 2D).

Once the formation of neuro-vascular organoids was
established, we then sought to demonstrate if our system
was compatible with other germ-layer or cross-lineage cell
types. Using 100% iMB cells and the same protocol used to
generate neuro-vascular organoids, we grew iMB-VOs (Fig-
ure 2B). iMB-VOs had MYH+ spindle-shaped cells (Fig-
ure 2E), along with expression of skeletal muscle marker
genes MYOG, MYHS, TNNC1, and RYR (Figure 2F), con-
firming that our platform could also be used to grow
vascularized tissue of mesodermal origin, specifically
skeletal muscle. Pan-organoid tile-scan confocal images
demonstrated MYH+ skeletal muscle cells present in
many layers of the myo-vascular organoid, albeit not
uniformly distributed throughout the organoid (Figures
2H and S1D; Videos S2 and S4).

Comprehensive characterization of neuro-vascular
organoids

We then sought to enable further long-term culture of the
neuro-vascular organoids beyond the initial 15 days (Fig-
ure S1E). Media optimization experiments (Note S2) re-
vealed that brain-derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT-3) supplementation from day 15
ensured long-term survival of neurons with reliable main-
tenance of vascular lineages (Figure S1F).

Upon determining an optimized protocol for long-term
growth of iN-VOs, we comprehensively characterized these
long-term cultured neuro-vascular organoids (Figure 3A).
gRT-PCR analysis showed an upregulation of the neuronal
markers MAP2, VGLUTZ2, BRN2, and FOXG1 in day 30 iN-
VOs (Figure 3B), while maintaining the expression level
of endothelial markers CDHS and VEPTP, and smooth mus-
cle marker SMA (Figure 3B). Immunofluorescence imaging

confirmed the presence of MAP2+ neurons displaying
robust neurite growth, along with interpenetrating
CDHS5+ vascular networks through 30 days in culture (Fig-
ure 3C). These organoids formed capillary networks that
consisted of lumen-forming endothelial cells (Figure S3A)
that were tightly associated with pericytes (Figure 3D).

To characterize the cell-type composition of iN-VOs
cultured for up to 45 days, we assayed them using single-
cell RNA-sequencing (scRNA-seq). We assayed 26,959 cells
across day 45 organoids grown under three conditions:
15 days of NEUROD1 overexpression (iN-VO, 15 days in-
duction), 45 days of NEURODI overexpression (iN-VO,
45 days induction), and without overexpression (iN-VO,
no induction). Using the Seurat pipeline (Butler et al.,
2018), we identified that PRRX1+ mesenchymal progeni-
tors, MEOX2+ differentiating pericytes, and cycling cells
were present in all three types of organoids and constituted
amajority of each of the organoids (Figures 3E, 3F, S2A, and
$2B). Importantly, functional vascular cell types PDGFRG+
pericytes and PECAM1+ endothelial cells were present in
all types of organoids and constituted 16%-22% and
2.5%-6% of cells respectively (Figures 3E, 3F, S2A, and
$2B). Endothelial and neural cells mapped with high fidel-
ity to the endothelium and neurons from the Mouse Cell
Atlas, respectively (Figure S2C). To further validate their
identity, neurons from the neuro-vascular organoids were
mapped to DCX+ neuronal clusters from a reference dataset
profiling two-dimensional (2D) differentiation of neurons
from hPSCs by NGN2 overexpression (Schornig et al.,
2021) (Figures S2D and S2E). After molecular characteristics
of the iN-VOs were assayed, we assessed the functionality
of both neural and vascular cell types in the organoid. First
we assessed endothelial function in vitro by confirming up-
take of acetylated low-density lipoprotein by endothelial
cells in the organoids (Figure S3B). Further, we assayed

Figure 2. Generation of iN-VOs and iMB-VOs

(A) General strategy for the generation of vascularized organ tissues via introduction of parenchymal cell types in VOs.

(B) Schematic of iN-VO and iMB-VO culture protocol.

(C) Immunofluorescence 100-pm z stack, maximum projection, confocal micrographs of MAP2- and CDH5-labeled uninduced (iN-VO, —Dox)
and induced (iN-VO, +Dox) day 15 iN-VO organoids (scale bars, 50 pum).

(D) gRT-PCR analysis of signature endothelial genes CDH5 and VEPTP; signature smooth muscle gene SMA; and signature neuronal genes
MAP2, VGLUT2, BRN2, and FOXG1 at day 15 of culture for iN-VO organoids. Data represent the mean + SD (n = 7 organoids, from three
independent experiments).

(E) Immunofluorescence 100-um z stack, maximum projection, confocal micrographs of MYH- and CDH5-labeled uninduced (iMB-VO,
—Dox) and induced (iMB-VO, +Dox) day 15 iMB-VO organoids (scale bars, 50 um).

(F) qRT-PCR analysis of signature endothelial genes CDH5 and VEPTP; signature smooth muscle gene SMA; and signature skeletal muscle
genes MYOG, MYH8, TNNC1, and RYR at day 15 of culture for iMB-VO organoids. Data represent the mean + SD (n = 7 organoids, from three
independent experiments).

(G) Pan-organoid tile-scan immunofluorescence confocal micrograph of a CDH5- and MAP2-labeled day 15 neuro-vascular organoid (scale
bars, 500 um). Image is a 200-um z stack maximum intensity projection.

(H) Pan-organoid tile-scan immunofluorescence confocal micrograph of COH5- and MYH-labeled day 15 myo-vascular organoid (scale bars,
500 um). Image is a 200-pm z stack maximum intensity projection. (D and F) **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not
significant.
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the ability of the vascular networks to form perfusable
blood vessels when implanted into mice. Specifically, iN-
VOs were grown till day 30 in vitro, and then subcutane-
ously implanted in Rag2~/~;yc™/~ immunodeficient mice.
Thirty and 90 days post implantation, intravenous (IV) in-
jection of a Texas red dye followed by organoid extraction,
fixation, and immunofluorescence staining showed co-
localization of the dye with human CDHS5+ vascular cells
and PDGFR+ pericytes in the iN-VO (Figures 3G and S3C).
Endothelium function in vivo was sustained for at least
90 days post implantation, as demonstrated by confocal
imaging of lumenized and perfused CDH5+ vessels (Fig-
mouse kidneys stained with human-specific anti-CDH5
demonstrates the human specificity of the antibody (Fig-
ure S3D), confirming that the perfused CDH5+ vessels in
the organoids are of human origin.

To assess functionality of neurons in the iN-VOs, we as-
sayed the organoids for spontaneous electrical activity us-
ing MEAs (Figures 4A and 4B). Strikingly, while uninduced
organoids displayed no spontaneous activity, spontaneous
firing was repeatedly observed in iN-VOs (Figure 4C),
confirming the presence of functional neurons. Taken
together, we demonstrate the formation of functional
neuro-vascular tissue with long-term culture capability.

In vitro maturation of myo-vascular organoids

Finally, while our iMB-VO platform was able to differentiate
vascularized skeletal muscle, maturation of this lineage
in vitro is a long-standing challenge. To further mature the
differentiated skeletal muscle, we applied chronic electrical
stimulation (Khodabukus et al., 2019; Rao et al., 2018).

To subject organoids to stimulation, we encapsulated
them in a fibrin and Matrigel blend, and placed them in a
custom chip between two graphite rods. A pulsed con-
stant-voltage stimulation was then applied for a week after
encapsulation to drive maturation (Figure 4D). Organoids
were then assayed for gene expression of muscle and cal-
cium-handling genes (Figure 4E). In stimulated organoids,
embryonic skeletal muscle myosin (MYH3) was upregu-
lated, along with a small increase in expression of adult
fast skeletal muscle myosin (MYHZ2). Additionally, the cal-
cium-handling genes CASQ2 and SERCA2 were also highly

upregulated. In summary, our iMB-VO approach is a prom-
ising method to generate mature, vascularized skeletal
muscle tissue in vitro.

DISCUSSION

In this work, we have demonstrated that a combination of
directed differentiation and the overexpression of a line-
age-specific reprogramming factor can build cross-lineage
and cross-germ-layer organoid systems. We used this
approach to introduce neurons and skeletal muscle into
VOs, as a proof of principle of such an approach. We then
assayed these mixed-lineage organoids to demonstrate that
this combined approach yielded neurons only upon induc-
tion of NEUROD1 overexpression, and skeletal muscle only
upon induction of MYOD1+BAF60C overexpression, while
retaining the architecture of the VO. The neuro-vascular
organoids thus generated were further optimized for long-
term culture, and comprehensively characterized for
composition and to confirm function of both lineage
branches. Finally, for the myo-vascular organoids, we
demonstrated the maturation of these organoids via chronic
electrical stimulation, which enhanced the expression of
skeletal muscle myosins and calcium-handling genes.

While providing a modular and powerful approach to en-
gineer vascularized multi-lineage organoids, several chal-
lenges still remain to be solved. While we have taken advan-
tage of known reprogramming factors to differentiate
neurons and skeletal muscle, such recipes are not known
for all cell types and will have to be discovered. Known
overexpression recipes may also need to be modified for
organoid culture conditions, since recipes are typically opti-
mized and validated only for specific 2D culture and media
conditions. While we have restricted the current study to
overexpression, knockdown approaches (Qian et al., 2020)
may also be important tools in these engineering efforts.
Additionally, improved control of this spatial organization
will be critical for accurate tissue engineering, especially as
reprogrammed cells transition directly from initial to final
lineage states, and one may need to incorporate novel stra-
tegies like optogenetic control of gene expression (Nihon-
gaki et al, 2015, 2017; Polstein and Gersbach, 2015) or
synthetic biology approaches (Toda et al., 2018).

(C) Immunofluorescence 100-pum z stack, maximum projection, confocal micrographs of MAP2+- and CDH5+-induced day 30 iN-VOs

(scale bars, 100 um).

(D) Immunofluorescence100-pm z stack, maximum projection, confocal micrographs of PDGFR+-and CDH5+-induced day 30 iN-VOs

(scale bars, 50 um).

(E) Uniform manifold approximation and projection (UMAP) visualization of cell types from day 45 iN-VOs. Two independent induction

conditions, along with one non-induction condition.
(F) Cluster-specific expression of marker genes in day 45 iN-VOs.

(G) Experimental validation of iN-VO perfusibility in vivo by subcutaneous implantation of iN-VO, showing immunofluorescence
micrographs of intravital Dextran, CDH5, and overlay (scale bar, 25 um). Representative image from two independent experiments.
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In summary, our demonstrated approach provides a blue-
print for complete bottom-up engineering of vascularized or-
ganoids, where genetic perturbation methods for cell reprog-
ramming can be overlaid onto our core protocol to introduce
additional cell types. This framework could be a powerful
platform to generate diverse vascularized organoids, thus
laying the foundation for completely in vitro-derived, large-
scale tissue systems for regenerative medicine purposes.

EXPERIMENTAL PROCEDURES

Detailed methods are provided in the supplemental experimental
procedures.

iMB-VO and iN-VO generation
To generate iMB-VOs or iN-VOs, 9,000 iMB or iN cells, respectively,
were seeded in ULA 96 well plates for embryoid body (EB) formation.

T
SERCA1 SERCA2

EBs were grown in EB media (DMEM/F12 + 20% KOSR + 50 uM
Y-27632) for 2 days and then transferred into an ULA 6-well plate,
with about 8-12 EBs/well. This media was then replaced with 2 mL
of Mesoderm Induction Media (N2/B27 + BMP4 + CHIR), with the
addition of doxycycline to introduce either the muscle or neural
compartment for iMB-VOs or iN-VOs, respectively. Doxycycline
was spiked into the media for every media change onwards. Organo-
ids were then cultured at 37°C, 5% CO, for 3 days. Three days later,
the medium was replaced with 2 mL of Vascular Induction Media
(N2/B27 + VEGF + FSK) per well and cultured at 37°C, 5% COs,.
This media was replaced 24 hours later and cultured at 37°C, 5%
CO, for24 h. Onday 7 of organoid formation, organoids were encap-
sulated in a blend of matrigel and collagen and then cultured in
Vascular Maturation Media (StemPro + 15% FBS + VEGF + bFGF). Or-
ganoids were cultured at 37°C, 5% CO, and Vascular Maturation Me-
dia was replaced every 3 days. For long-term growth of iN-VOs,
Vascular Maturation Media was supplemented with BDNF and NT-
3 from day 15 and onwards.
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Data and code availability
All scRNA-seq data can be accessed via GEO (GEO: GSE164268).
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