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SUMMARY
Human periimplantation development requires the transformation of the naive pluripotent epiblast into a polarized epithelium. Lume-

nogenesis plays a critical role in this process, as the epiblast undergoes rosette formation and lumen expansion to form the amniotic cav-

ity. Here, we present a high-throughput in vitromodel for epiblastmorphogenesis.We established amicrofluidic workflow to encapsulate

human pluripotent stem cells (hPSCs) into monodisperse agarose microgels. Strikingly, hPSCs self-organized into polarized epiblast

spheroids that could bemaintained in self-renewing and differentiating conditions. Encapsulated primed hPSCs required Rho-associated

kinase inhibition, in contrast to naive hPSCs. We applied microgel suspension culture to examine the lumen-forming capacity of hPSCs

and reveal an increase in lumenogenesis during the naive-to-primed transition. Finally, we demonstrate the feasibility of co-encapsu-

lating cell types across different lineages and species. Our work provides a foundation for stem cell-based embryo models to interrogate

the critical components of human epiblast self-organization and morphogenesis.
INTRODUCTION

The ability of individual cells to amalgamate into an epithe-

lium and undergo lumenogenesis is of central importance

for the formation of multicellular organisms. A prominent

example in human development is amniotic cavity forma-

tion, where pluripotent epiblast cells form a polarized

rosette and subsequently open a central lumen. This process

requires the establishment of apical-basal polarity, forma-

tion of tight junctions for epithelialization, and lumen

expansion. Human embryo culture to postimplantation

stages has demonstrated that epiblast lumenogenesis occurs

in the absence ofmaternal tissues, highlighting the intrinsic

capacity of self-organization in early embryonic cells (De-

glincerti et al., 2016; Shahbazi et al., 2016).

Self-organizing properties extend to embryo-derived and

induced pluripotent stem cells (PSCs) (Shahbazi et al.,

2017; Simunovic et al., 2019; Taniguchi et al., 2015;Warm-

flash et al., 2014). PSCs can be captured in naive and

primed states of pluripotency, corresponding to the pre-

and postimplantation epiblast, respectively (Boroviak

et al., 2014; Boroviak and Nichols, 2017; Nakamura et al.,

2016; Nichols and Smith, 2009; Takashima et al., 2014;

Ying et al., 2008). The preimplantation epiblast is an unpo-

larized aggregate of cells (Bedzhov and Zernicka-Goetz,

2014; Enders et al., 1986), which is preserved in the charac-

teristic dome-shape morphology of naive PSC colonies (Ta-

kashima et al., 2014; Theunissen et al., 2014; Ying et al.,
This is an open access article under the C
2008). In contrast, primed human PSCs (hPSCs) grow as

flat epithelial colonies, thereby recapitulating the tissue ar-

chitecture of the postimplantation embryo (Brons et al.,

2007; Krtolica et al., 2007; Tesar et al., 2007). The develop-

mental stage of pluripotent cells is a critical parameter for

self-organization and lumenogenesis. In the human em-

bryo, the naive epiblast undergoes rosette formation and

lumen expansion at the peri-implantation stage, giving

rise to the embryonic disk and nascent amnion (Boroviak

and Nichols, 2017; Enders et al., 1986; Hertig et al., 1956;

Ross and Boroviak, 2020; Rossant and Tam, 2018). While

naive hPSCs cultured in self-renewing conditions

(including MEK inhibition with PD035901) are capable of

transient polarization and rosette formation in three-

dimensional (3D) cultures, hPSCs must exit naive pluripo-

tency for successful lumen expansion (Shahbazi et al.,

2017). This is in contrast to primed hPSCs, which readily

undergo lumenogenesis in self-renewing conditions (fibro-

blast growth factor [FGF] and transforming growth factor b

[TGF-b]/NODAL stimulation) within 48 h (Shahbazi et al.,

2017). Primed hPSCs have the potential of giving rise to

embryonic disk-like structures and amnion in vitro (Shao

et al, 2017a, 2017b; Zheng et al., 2019), despite their post-

implantation epiblast identity (Nakamura et al., 2016).

However, the dynamic changes in lumenogenesis between

naive and primed pluripotent states have remained unre-

solved due to the lack of a scalable and robust 3D-culture

system for hPSCs.
Stem Cell Reports j Vol. 16 j 1347–1362 j May 11, 2021 j ª 2021 1347
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:fh111@cam.ac.uk
mailto:teb45@cam.ac.uk
https://doi.org/10.1016/j.stemcr.2021.04.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2021.04.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Encapsulation of hPSCs in agarose microgels
(A) Workflow for encapsulating hPSCs into agarose microgels.
(B) Schematic of microgel suspension culture with short-term (solid arrow) versus constant (dashed arrow) ROCK inhibition. MEF, mouse
embryonic fibroblasts used as feeder cells.
(C) Quantitative distribution of cell numbers per microgel using 7.53 106 cells/mL directly after encapsulation (n = 3). Error bars represent
mean + SD.
(D) Brightfield and confocal images of laminin in empty microgels incubated for 2 days with or without Matrigel.
(E) Phase-contrast images of structures from primed hPSCs in microgels developing over time.

(legend continued on next page)
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Primed hPSCs establish apical-basal polarity through the

formation of an internal perinuclear membrane, the apico-

some (Taniguchi et al., 2015, 2017). During mitosis, the

apicosome relocates to the cytokinetic plane, where it es-

tablishes a fully polarized lumen between the two dividing

cells (Taniguchi et al., 2017). This microcyst soon collapses

in conventional two-dimensional (2D) monolayer cul-

tures; however, cyst formation and lumenogenesis can be

stabilized in 3D cultures of primed hPSCs with Matrigel

(Shahbazi et al., 2016, 2017) or Geltrex (Taniguchi et al.,

2015). Matrigel is a tumor extract from Engelbreth-Holm-

Swarm sarcoma cells that contains basement membrane

components and growth factors (Kleinman and Martin,

2005). While Matrigel has enabled a myriad of cell-culture

applications, including organoid (Clevers, 2016) and em-

bryo culture (Xiang et al., 2020), its ill-defined and variable

composition presents a current limitation for many culture

regimes (Aisenbrey and Murphy, 2020). The establishment

of synthetic 3D-culture systems will be an important step

in delineating the essential extracellular matrix compo-

nents for lumen formation in the human epiblast.

Survival and proliferation of cells in an epithelium is

tightly controlled, which renders primed PSCs vulnerable

to programmed cell death after single-cell dissociation (Oh-

gushi et al., 2010), in contrast to naive cultures (Shahbazi

et al., 2017; Takashima et al., 2014; Theunissen et al.,

2014). Rho-associated kinase (ROCK) inhibition with

Y-27632 restores single-cell survival in primed PSCs (Chen

et al., 2010;Watanabe et al., 2007).Moreover, ROCK inhibi-

tion promotes lumen formation in hPSCs (Taniguchi et al.,

2015; Yu et al., 2008) and Madin-Darby canine kidney

(MDCK) cells through inhibition of actin-myosin contrac-

tions (Bryant et al., 2014; O’Brien et al., 2001; Yu et al.,

2008). Similar to MDCK cells, short-term (<24 h) ROCK

inhibition increases the levels of Ezrin in primed hPSCs

(Taniguchi et al., 2015). However, little is known about

the long-termeffects of ROCK inhibitionon lumenogenesis

in self-renewing and differentiating hPSCs.

Microfluidic devices have been extensively used for the

generation of monodisperse hydrogel microdroplets to

compartmentalize biological and chemical reactions (Fis-

chlechner et al., 2014; Huebner et al, 2007, 2008; Theberge

et al., 2010). Recent applications include the encapsulation

of dissociated mouse PSCs in agarose microgels to combine

live imagingwith precise cell retrieval for endpoint analysis

(Kleine-Brüggeney et al., 2019; Mulas et al., 2020). Micro-
(F) Phase-contrast images of primed hPSCs in microgels with (top) a
(G) Quantification of cell survival of primed hPSCs in microgels with 1
reduced Matrigel (n = 2 hPSC encapsulation experiments) on day 3.
calculated between pooled samples containing Matrigel ROCKi 24 h,
ROCKi 72 h using ANOVA followed by Tukey-Kramer analysis. Additiona
using ANOVA followed by Tukey-Kramer analysis. Error bars represent
gels provide a scalable platform from which to study PSCs

in the context of a synthetic 3D matrix and represent an

exciting avenue to combine embryonic and extraembry-

onic lineages for stem cell-based embryomodels. Neverthe-

less, protocols for hPSC encapsulation and subsequent

microgel suspension culture have remained elusive.

Here, we set out to investigate the self-organizing proper-

ties of naive and primed hPSCs in hydrogel droplets.We es-

tablished a microfluidic platform to encapsulate small

populations of hPSCs in agarose microgels in a high-

throughput fashion. This approach allowed us to assess

self-organization of naive and primed hPSCs into spherical

3D structures under self-renewing and differentiating con-

ditions. We demonstrate that prolonged ROCK inhibition

compromises the formation of spheres with one central

lumen in differentiating conditions and reveal an increase

in the lumen-forming capacity in primed versus naive

hPSCs. Finally, we show the versatility of agarose microgel

suspension culture by co-encapsulating hPSCs with mouse

extraembryonic endoderm (mXEN) cells. Our work pro-

vides a powerful experimental framework with which to

interrogate self-organization of embryo-derived cells and

their responses to physical and chemical stimuli.
RESULTS

hPSCs form 3D structures in agarose microgels

We encapsulated hPSCs in agarose microgels to investigate

epiblastmorphogenesis in a chemically defined 3D scaffold

(Kleine-Brüggeney et al., 2019; Mulas et al., 2020) (Fig-

ure 1A). Primed hPSCs cultured in self-renewing conditions

(Essential 8 medium [E8]) (Chen et al., 2011) were

dissociated to single-cell suspension and mixed with a

low-melting-point agarose solution. Monodisperse water-

in-oil emulsion droplets were formed in microfluidic poly-

dimethylsiloxane devices (>200 droplets per second) from

two streams of aqueous and oil phases by break-off flow

(Video S1 and experimental procedures). After polymeriza-

tion, the resulting cell-containing microgels were trans-

ferred into conventional tissue-culture plates for further

culture (Figure 1B). hPSC encapsulation dynamics followed

a Poisson distribution (Huebner et al., 2007) (Figure S1A),

which enables tight control over the number of cells

per microgel over a wide range of concentrations (Fig-

ure S1B). We optimized the concentration of hPSCs in
nd without (bottom) constant ROCK inhibition at day 3.
% Matrigel (n = 3 hPSC encapsulation experiments) or growth factor
GFred Matrigel, growth factor reduced Matrigel. Significance was
Matrigel ROCKi 72 h, GFred Matrigel ROCKi 24 h, or GFred Matrigel
l comparisons were conducted between NGF and all other conditions
mean + SD (*p < 0.05, **p < 0.01, ***p < 0.001).
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medium/agarose solution to 7.53 106 cells/mL for efficient

cell encapsulation and survival, resulting in 4–6 cells per

microgel on average (Figure 1C). Agarose microgels were

monodisperse with a uniform diameter of 100 mm, stable

to mechanical manipulation, and could be handled by

either conventional or mouth pipetting for subsequent

experimental procedures.

Agarose is biologically inert and therefore unable to sup-

port cell adhesions. Primed hPSCs exhibit apical-basal po-

larity and integrin-dependent matrix adhesion (Krtolica

et al., 2007; Shahbazi et al., 2017), similar to the columnar

epithelium of the human embryonic disk (Boroviak and

Nichols, 2017). To facilitate 3D-structure formation of

encapsulated hPSCs, we supplemented the medium with

low concentrations of Matrigel (Figures S1C and S1D). We

confirmed efficient perfusion of 1% Matrigel by laminin

immunofluorescence in empty agarose microgels (Fig-

ure 1D). hPSCs aggregated and formed radial structures af-

ter 24 h in self-renewing culture conditions (E8) (Figure 1E).

At day 4, the structures began to escape from the agarose

microgels due to their size and attached to the bottom of

the dish (Figure 1E).We therefore examined hPSC-contain-

ing microgels primarily before day 4. To optimize 3D-struc-

ture formation as a model for epiblast lumenogenesis, we

screened multiple culture regimes and assessed hPSC-

derived structures at day 3. Experimental conditions

included serum-free self-renewing (E8) and differentia-

tion-permissive conditions (N2B27 medium), short-term

(24 h) versus constant (72 h) ROCK inhibition (ROCK in-

hibitor Y-27632), and the presence or absence of a layer

of mitotically inactivated mouse embryonic fibroblasts

(MEFs) at the bottom of the dish (Figures 1E, 1G, S1, and

S2). Image quantification showed robust 3D-structure for-

mation (>50%) in E8 and N2B27, either with or without

MEFs (Figure 1G). However, 3D-structure formation of

encapsulated primed hPSCs was consistently higher with

constant (72 h) ROCK inhibition, compared with short-

term (24 h) ROCK inhibition (Figures 1F, 1G, S1C, S2A,

and S2B).

Prolonged ROCK inhibition has been reported to affect

the metabolism, pluripotency, and cytoskeleton in hPSCs

(Gao et al., 2019; Vernardis et al., 2017). To evaluate any po-

tential side effects in encapsulated hPSCs, we aimed to

establish microgel culture conditions permitting 3D-struc-

ture formation without constant ROCK inhibition. We

found that replacing 1% conventional Matrigel in N2B27

with growth factor reduced Matrigel could partially rescue

cell survival (>20%) in microgel cultures with brief ROCK

inhibition (NGF: N2B27, growth factor reduced Matrigel,

and feeder-free microgel suspension culture; Figure 1G).

However, growth factor reduced Matrigel did not improve

survival in E8 (Figure 1G).We conclude that agarose micro-

gels accommodate primed hPSCs to form 3D structures in
1350 Stem Cell Reports j Vol. 16 j 1347–1362 j May 11, 2021
self-renewing and differentiating conditions, providing a

high-throughput platform for morphological analysis.

Lumen formation is a hallmark of hPSC microgel

suspension culture

hPSC-derived 3D structures appeared radial and homoge-

neous in agarose microgels (Figure 1E). To determine the

cellular architecture of the encapsulated 3D structures, we

performed whole-mount confocal immunofluorescence

staining with the pluripotency marker OCT4, the apical

tight junction protein ZO-1 (Bryant and Mostov, 2008),

and b-catenin to highlight adherens junctions (Figures 2A

and S3). Themajority of encapsulated hPSCs formed polar-

ized spheroids with a ZO1-positive lumen (Figure 2A). In

self-renewing culture conditions, the pluripotency marker

OCT4 was robustly expressed but downregulated in differ-

entiation-permissive N2B27 medium (Figures 2A and 2B).

Fluorescence quantification showed that OCT4 levels

were further reduced on day 4. Matrigel versus growth fac-

tor reduced Matrigel did not change this pattern (Figures

2A, 2B, and S3). Collectively, these observations suggest

that agarose-encapsulated primed hPSCs self-organize

into spheroids and undergo lumen expansion in self-re-

newing and differentiating conditions.

Constant ROCK inhibition compromises single lumen

formation in differentiating conditions

Image analysis based on the localization of the apical polar-

ity marker ZO-1 (Figure 3A) confirmed spheroid formation

in the majority of agarose microgels cultured in self-renew-

ing (E8) and differentiating (N2B27) conditions (>68%,

n = 965 across nine experimental conditions, Figure 3B).

The abundant formation of ZO-1-positive lumen demon-

strates that long-term (96 h) ROCK inhibition did not inter-

fere with lumenogenesis (Figure 3B). However, prolonged

ROCK inhibition has been reported to induce cytoskeletal

aberrations (Chen et al., 2010; Gao et al., 2019), so we per-

formed quantitative image analysis to examine lumen

morphology in greater detail. We categorized spheroids

into (1) single lumen and (2) multiple lumina structures

(Figure 3C). All self-renewing conditions (E8 ±MEFs,Matri-

gel, or GF RedMatrigel) required constant ROCK inhibition

and gave rise to predominantly single polarized lumina,

but also some structures with multiple lumina (Figure 3D).

In differentiating conditions (N2B27 ± MEFs, Matrigel, or

GF RedMatrigel) with constant ROCK inhibition, 3D struc-

tures showed a mixture of single and multiple lumina,

particularly in the presence of MEFs. However, microgel

cultures without constant ROCK inhibition exclusively

formed structures with a single polarized lumen in NGF

conditions (Figure 3D; see also Figure 1E). A subset of spher-

oids gave rise to hollow structures in the absence of apical

polarity marker ZO-1 (Figure 3E). The formation of these



Figure 2. Self-organization of encapsulated hPSCs into spheroids
(A) Immunofluorescence images of primed hPSC-derived cultured in agarose microgels with Matrigel or growth factor reduced Matrigel on
day 4.
(B) Quantification of OCT4 fluorescence intensity after 3 and 4 days of microgel suspension culture. Figures below plot indicate the
numbers of structures measured for each condition. Significance level between days 3 and 4 was calculated using Welch’s t test (*p < 0.05,
**p < 0.01, ***p < 0.001). Statistics were calculated using ANOVA followed by Tukey-Kramer analysis (samples with the same letter
assigned show no significant difference of p % 0.01).
disorganized cavities was highest in differentiating condi-

tions with MEFs and absent in NGF spheroids (Figure 3F).

Intrigued by the uniform morphology of hPSCs in NGF,

we decided to further characterize NGF spheroids at day 4

(Figure 4A). NGF spheroids expressed the pluripotency fac-

torsOCT4 and SOX2 (Figure 4B), suggesting epiblast, rather

than amnion, identity (Sasaki et al., 2016). This was consis-

tent with the columnar epithelial architecture of NGF

spheroids. Cell membranes at the inside of the central

lumen were positive for the apical polarity proteins PAR6

and Ezrin (Figure 4B). Quantification of nuclear orientation

showed substantial differences betweenNGF spheroids and
structures grown in feeder-free culture regimes with con-

stant ROCK inhibition (Figure 4C). NGF structures formed

single-layered columnar epithelia with more consistent

nuclear orientation toward the center of the lumen. This

demonstrates that constant ROCK inhibition affects the

formationof a central polarized lumenof epiblast spheroids

in agarose microgels under differentiating conditions.

Resetting to naive pluripotency enhances cell survival

in agarose microgels

Naive hPSCs correspond to the preimplantation epiblast

prior to epithelial formation. We hypothesized that naive
Stem Cell Reports j Vol. 16 j 1347–1362 j May 11, 2021 1351



Figure 3. Prolonged ROCK inhibition affects lumen formation
(A) Immunofluorescence images of structures with (top) or without (bottom) lumen formed by encapsulated hPSCs in E8 with MEF and
constant ROCK inhibition.
(B) Quantification of lumen formation by structures from primed hPSCs on day 4 (n = 2 hPSC encapsulation experiments).
(C and D) Representative images (C) and quantification (D) of structures with single or multiple lumen formed by primed hPSCs in microgels
at day 4 (n = 2 hPSC encapsulation experiments).

(legend continued on next page)
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Figure 4. hPSCs form highly organized spheroids in agarose microgels
(A) Schematic of NGF (N2B27, growth factor reduced Matrigel, feeder-free) microgel suspension culture.
(B) Immunofluorescence images of encapsulated primed hPSCs cultured for 4 days in NGF conditions and 24-h ROCK inhibition.
(C) Quantification of nuclear orientation in structures from primed hPSCs (n = 2 hPSC encapsulation experiments). GFred Matrigel, growth
factor reduced Matrigel. Statistics were calculated using ANOVA followed by Tukey-Kramer analysis (**p < 0.01, ***p < 0.001). Numbers
below the scatterplot represent the number of nuclei/structures quantified in each condition.
hPSCs would readily survive in agarose microgels without

the need for constant ROCK inhibition and may provide

a developmentally earlier model for lumenogenesis. We
(E and F) Representative images (E) and quantification (F) of structure
at day 4 (n = 2 hPSC encapsulation experiments). Numbers below the
GFred Matrigel, growth factor reduced Matrigel.
Statistical analysis used pairwise Fisher’s tests (*p < 0.05, **p < 0.0
assigned show no significant difference of p % 0.05).
generated naive hPSCs by chemical resetting using PXGL

(PD0325901, XAV939, Gö6983, human leukemia inhibi-

tory factor [LIF]) in N2B27 on MEFs (Bredenkamp et al.,
s with cavities (ZO-1 negative) formed by primed hPSCs in microgels
plots represent numbers of structures quantified in each condition.

1, ***p < 0.001; ns, not significant; samples with the same letter
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Figure 5. Naive hPSCs robustly survive in agarose microgels and undergo lumenogenesis in differentiating conditions
(A) Immunofluorescence images of naive and primed hPSCs for the lineage markers indicated.
(B) Relative mRNA levels as determined by quantitative RT-PCR of primed and naive hPSCs treated with or without ROCK inhibitor (ROCKi)
during the first 10 days of resetting. VTN, vitronectin; MEF, mouse embryonic fibroblasts (n = 2 hPSC encapsulation experiments). Naive
cells were reset with and without ROCKi.
(C and D) Phase-contrast images (C) and quantification (D) of survival of naive (n = 2 hPSC encapsulation experiments) and primed (n = 3
hPSC encapsulation experiments) hPSCs in microgels in different conditions supplemented with regular Matrigel on day 3. Significance was
calculated between pooled naive hPSCs 24-h ROCKi, primed hPSCs 24-h ROCKi, and primed hPSCs 72-h ROCKi samples using ANOVA followed
by Tukey-Kramer analysis (**p < 0.01, ***p < 0.001).

(legend continued on next page)
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2019; Guo et al., 2017). Naive hPSCs exhibited a dome-

shaped morphology one to two passages after resetting.

Immunofluorescence in naive and primed hPSCs showed

robust expression of the core pluripotency factors OCT4,

NANOG, and SOX2 (Nichols and Smith, 2009), but only

naive hPSCs expressed the naive marker KLF17 (Blakeley

et al., 2015; Boroviak et al., 2018; Stirparo et al., 2018) (Fig-

ure 5A). Quantitative RT-PCR confirmed upregulation of

naive pluripotency markers TFCP2L1, TFAP2C, and

NODAL (Boroviak et al., 2018;Nakamura et al., 2016; Pastor

et al., 2018) in chemically reset hPSCs generated with and

without ROCK inhibition (Figure 5B). Extraembryonic

lineage specifiers were lowly expressed in comparison

with random embryoid body differentiation, although we

detected an increase in GATA3 levels, consistent with the

recently reported trophoblast potential of naive hPSCs

(Dong et al., 2020; Guo et al., 2020) (Figure 5B).

To examine lumenogenesis in the context of naive plu-

ripotency, we encapsulated naive hPSCs into agarose mi-

crogels and cultured them for 3 days in self-renewing

(PXGL medium) and differentiating (N2B27) conditions

in the presence and absence of MEFs (Figures 5C, 5D,

S4A, and S5B). Naive hPSCs in self-renewing conditions ex-

hibited survival rates similar to those of primed cells with

constant ROCK inhibition (Figures 5C and 5D). We as-

sessed lumen formation by confocal immunofluorescence

of ZO-1 and OCT4 and observed either small or no lumina

in the 3D structures (Figure 5E). Encapsulated naive hPSCs

cultured in self-renewing conditions exhibited the least

number of structures with lumen, followed by naive hPSCs

in differentiating conditions. Interestingly, primed hPSCs

exhibited the highest percentage of lumen formation (Fig-

ures 5F and S4B). These findings are consistent with mouse

and human PSCs embedded in Matrigel, where lumen

expansion was only observed after exit from naive pluripo-

tency (Shahbazi et al., 2017). We conclude that microgel

spheroids from naive hPSCs do not require constant

ROCK inhibition and are capable of lumenogenesis in

differentiating conditions.

Naive and primed epiblast spheroids differ in lineage

potential

We investigated the developmental capacity of epiblast

spheroids from naive and primed hPSCs by lineage marker

analysis in self-renewing and differentiating conditions.

Spheroids from naive hPSCs exhibited OCT4 expression

across conditions (Figures 6A and S4C–S4E), consistent

with epiblast identity. Immunofluorescence intensity
(E) Immunofluorescence images of spheroids from naive hPSCs in PXG
(F) Quantification of lumen formation in spheroids from naive hPSC
experiments). Figures below each bar indicate the total number of sp
tests (samples with the same letter assigned show no significant diff
quantification revealed that OCT4 levels decreased in the

presence of MEFs (Figure S4C), and the naive pluripotency

factor KLF17 showed a downward trend in N2B27 with

MEFs (Figures 6A and S4E). Epiblast spheroids in differenti-

ating conditions with feeders, but not self-renewing condi-

tions, upregulated the early mesoderm marker TBXT (Fig-

ures 6A and S4D), which is expressed in the primate

amnion and embryonic disk during gastrulation (Naka-

mura et al., 2016; Sasaki et al., 2016). We performed time-

course analysis for naive hPSCs in agarose microgels at

day 2 and day 3 after encapsulation and examined SOX2,

ZO-1, TBXT, and the naive pluripotency and amnion

marker TFAP2C (AP2-g) (Figures S5A–S5C).We consistently

found that naive hPSCs in self-renewing conditions

(PXGL) form polarized rosettes but do not undergo lumen

expansion. Naive hPSCs expressed lower levels of SOX2 but

higher levels of TFAP2C compared with primed hPSCs. At

day 2, there was a trend toward higher TFAP2C levels in

self-renewing versus differentiating conditions, which led

to a significant increase at day 3. Together with the

morphological feature of an unopened lumen and KLF17

expression, this suggests that naive hPSC-derived struc-

tures in PXGLmaintain their naive pluripotent state rather

than undergoing amnion differentiation.

Naive hPSC-derived 3D structures exclusively expressed

TBXT in differentiating conditions in the presence of

feeders (N2B27/24-h ROCK inhibition/1% growth factor

reduced Matrigel) (Figures 6A and S5A–S5C). This led us

to examine microgel cultures from primed hPSCs cultured

in the same conditions. Epiblast spheroids from primed

hPSCs exhibited robust SOX2 expression, low levels of

TFAP2C, and complete absence of TBXT (Figure 6B). To

assess whether primed hPSCs were capable of mesodermal

lineage entry in agarose microgels, we pulsed suspension

cultures for the first 24 h with the WNT agonist

CHIR99021. WNT signaling is critical for mouse and hu-

man mesoderm induction and primitive streak formation

in the posterior epiblast (Arnold and Robertson, 2009;Mar-

tyn et al., 2019; Moris et al., 2020; Nakamura et al., 2016).

Confocal imaging and fluorescence intensity quantifica-

tion showed that CHIR99021 treatment led to a dramatic

upregulation of TBXT in encapsulated primed hPSCs (Fig-

ures S6A and S6D). Extending CHIR99021 treatment to

72 h further increased TBXT expression (Figures S6A and

S6C). TBXT-positive 3D structures from CHIR99021-

induced primed hPSCs did not undergo lumenogenesis

and grew as cell aggregates, consistent with mesodermal

lineage entry. In contrast, CHIR99021-treated naive
L without MEFs on day 3.
s from two encapsulation experiments (n = 2 hPSC encapsulation
heroids analyzed. Statistics were calculated using pairwise Fisher’s
erence of p % 0.05). Error bars represent mean + SD.
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(legend on next page)
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hPSCs did not survive (Figures S6A–S6D). Collectively, the

observed differences in lineage marker acquisition demon-

strate profound divergence in the developmental potential

of naive and primed hPSC-derived microgel cultures.

Lumen expansion increases in the naive-to-primed

transition

To determine the lumen-forming capacity of naive and

primed hPSCs, we compared hPSCs from both develop-

mental states (Figures 6C and 6D). Microgel 3D structures

were cultured in self-renewing (PXGL for naive, E8 for

primed) and differentiating (N2B27) conditions in the

presence and absence ofMEFs.Wemeasured the total struc-

ture area of confocal mid-sections of the relevant 3D struc-

tures and found no differences between experimental con-

ditions (Figure 6C). This suggested that the size of microgel

3D structures was independent of the pluripotency state.

We then examined the ratio of lumen area to total struc-

ture area for those 3D structures that had undergone lumen

expansion. Encapsulated naive hPSCs in self-renewing

conditions produced hardly any lumen (Figure 6C, <0.8%

of the total area). Switching from naive to differentiating

N2B27 conditions allowed the rosettes to open and led to

increased lumen formation (�4%), particularly in the pres-

ence of MEFs (�6%, Figure 6C). Strikingly, the capacity for

lumenogenesis was largest in 3D structures obtained from

primed hPSCs. Self-renewing and differentiating condi-

tions in primed hPSCs exhibited high lumen-to-structure-

area ratios (�5%–8%) in general, but the largest lumina

were generated from primed hPSCs in E8 without MEFs

(�11%) (Figure 6C). This demonstrates a substantial in-

crease in the lumen-forming capacity during the naive-to-

primed transition in hPSCs.

Co-encapsulations across lineage and species

boundaries

Embryogenesis is orchestrated through dynamic signals at

the interface of embryonic and extraembryonic tissues. In

the peri-implantation embryo, the epiblast compartment

is partially surrounded by extraembryonic endoderm.

Droplet microfluidics presents an exciting opportunity to

develop scalable co-cultures of cell types from different lin-

eages or species. To demonstrate the flexibility of our mi-

crofluidic system, we co-encapsulated primed hPSCs with

GFP-labeled mXEN cells (Figure 7A). We screened self-re-
Figure 6. Lumen formation increases in the naive-to-primed tran
(A) Immunofluorescence images of encapsulated naive hPSCs at day
(B) Immunofluorescence images of encapsulated primed hPSCs at day
(C and D) Quantification of total spheroid area (C) and relative lume
sulations (shown from n = 1 hPSC encapsulation experiments). Statis
analysis (samples with the same letter assigned show no significant dif
3D structures quantified in each condition.
newing and differentiating culture conditions, with and

without 20% fetal bovine serum and 24 h versus constant

ROCK inhibition (Figures 1B, 7A, 7B, and S7). mXEN cells

survived in all experimental conditions (Figure 7B). Co-

encapsulated hPSCs required constant ROCK inhibition

(Figure 7B), in accordancewith our previous results (Figures

1F and 1G). We robustly obtained chimeric structures in

serum-free E8 and N2B27 with constant ROCK inhibition

(Figures 7A and 7B). This provides a proof of principle for

the efficient generation of compartmentalized embryonic

and extraembryonic co-cultures in agarosemicrogels across

species boundaries.
DISCUSSION

This work establishes a high-throughput microfluidic plat-

form to encapsulate hPSCs for agarosemicrogel suspension

culture (Figure 7C). Our approach has provided insights

into the lumen-forming potential of naive and primed

pluripotent states and provides a versatile experimental

system to identify the critical components of human

epiblast self-organization. Nevertheless, semi-automated

image acquisition and quantification still presents a hurdle

to realizing the full high-throughput potential of microgel

suspension cultures. Possible solutions could include mi-

crofluidic platforms for live-cell imaging combined with

microgel retrieval for molecular endpoint analysis (Mulas

et al., 2020) or machine-learning algorithms for automated

image quantification (Tokuoka et al., 2020).

Lumenogenesis of mouse PSCs or hPSCs has previously

relied on the presence of polymerized Matrigel (Bedzhov

and Zernicka-Goetz, 2014; Deglincerti et al., 2016; Shao

et al., 2017b; Taniguchi et al, 2015, 2017; Zheng et al.,

2019). Matrigel is limited in its applicability to study

epiblast morphogenesis, due to its complex, ill-defined,

and variable composition (Aisenbrey and Murphy, 2020).

We obtained better cell survival and 3D-structure forma-

tion with growth factor reducedMatrigel. This is surprising

and may be caused by batch-to-batch variation or incom-

patible signaling crosstalk with an unidentified growth fac-

tor. In contrast, agarose microgels consist of biologically

inert hydrogels. The agarose pore diameter of 200 nm en-

sures efficient perfusion of culture medium and extracel-

lular matrix components, which we have leveraged to
sition
3.
3.

n size (D) of spheroids in naive and primed hPSCs from two encap-
tics were calculated using an ANOVA test followed by Tukey-Kramer
ference of p% 0.05). Numbers below the plots represent numbers of
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Figure 7. Agarose microgels as a platform for epiblast morphogenesis
(A) Immunofluorescence images of co-encapsulated primed hPSCs and GFP-labeled mXEN after 3 days of co-culture.
(B) Quantification of mXEN, hPSC, and hPSCs + mXEN co-cultures at day 3. Numbers below the plots indicate numbers of structures
quantified in each condition (n = 1 hPSC encapsulation experiment).
(C) Schematic summary of co-encapsulations and 3D structures obtained from hPSCs cultured in microgels in the experimental conditions
examined in this study. Maintenance and differentiation conditions correspond to PXGL (naive)/E8 (primed) and N2B27, respectively. Red
inner linings demarcate the apical lumen.
substantially reduce the amount of Matrigel required for

robust epiblast 3D culture. Future avenues toward a biomi-

metic 3D platform to delineate developmental processes

may include the addition of defined extracellular matrix

components into the culture medium or the generation

of agarose conjugates with extracellular matrix proteins.

Supplementing Matrigel in the medium also allowed us

to start to deconvolute physical and biochemical effects,

e.g., matrix adhesion-dependent and -independent effects.

Soluble Matrigel components inside the microgel are un-

able to bind to chemically inert agarose. hPSCs bind toMa-

trigel but not agarose. Thus, the formation of epiblast

spheroids did not depend on tension through adhesion
1358 Stem Cell Reports j Vol. 16 j 1347–1362 j May 11, 2021
to the gelmatrix, i.e., ‘‘pulling’’ on the agarose. This conclu-

sion could have not been drawn from 3D cultures

embedded in pure Matrigel, where all extracellular matrix

components are linked together.

Our current microgel suspension culture heavily relies

on ROCK inhibition for robust cell survival of primed

hPSCs. Prolonged ROCK inhibition has been reported to

reduce key metabolic functions, including glycolysis and

the citric acid cycle, as well as the metabolic regulator

mTORC1 (Vernardis et al., 2017) and human blastoid for-

mation (Yu et al., 2021). Moreover, ROCK inhibition pro-

foundly impacts the cytoskeletal architecture of the cell

and may substantially reduce the stiffness of the cell



cortex (Srinivasan et al., 2017). The establishment of an

optimized and fully defined agarose microgel culture sys-

tem may eliminate the need for prolonged ROCK inhibi-

tion and will provide a scalable platform for genome-

wide interrogation of the regulatory networks controlling

epiblast lumenogenesis.

Naive and primed hPSCswere able to undergo lumen for-

mation and exit pluripotency dependent on the culture

environment (Figure 7C). Apical-basal polarity and rosette

formation were frequently observed in naive self-renewing

conditions, but in the absence of lumen expansion. This is

consistent with a previous report using a Matrigel-based

3D-culture system (Shahbazi et al., 2016, 2017) and high-

lights the functional importance of naive pluripotency in

preventing lumenogenesis. Primed hPSCs showed the

greatest capacity for lumenogenesis. This inherent capacity

of primed hPSCs for lumen formation is consistent with

the massive expansion of the amniotic cavity in the first

week of human postimplantation development (Boroviak

and Nichols, 2017; Luckett, 1978; Rock and Hertig, 1948).

Epiblast spheroids expressed the pluripotency regulators

OCT4 and SOX2, pointing toward embryonic disk identity

(Nakamura et al., 2016; Tyser et al., 2020). Notably, both

self-renewing and differentiating conditions were permis-

sive for spheroid formation. This demonstrates that FGF

and TGF-b/NODAL stimulation are compatible with lume-

nogenesis. The physiological relevance of these pathways is

underlined by the pronounced expression of NODAL and

FGF4 in the embryonic disk of human (Tyser et al., 2020)

and non-human primate (Nakamura et al., 2016) embryos.

Future studies will be required to elucidate the downstream

targets of FGF and TGF-b/NODAL in the context of lumen

expansion.

Encapsulating hPSCs in agarose microgels presents new

opportunities for the emerging field of stem cell-based

embryology. Currently, the majority of in vitro models for

human embryogenesis are based on embedding cells in

polymerized Matrigel (Moris et al., 2020; Shao et al,

2017a, 2017b; Simunovic et al., 2019). The modularity of

agarose microgels, which can be handled and analyzed

individually, is a key advantage for the controlled assembly

of integrated stem cell-based embryo models. We demon-

strated the flexibility of our agarose microgel suspension

culture regime by co-encapsulation of hPSCs with mXEN

cells. In the future, encapsulated epiblast spheroids could

be co-cultured with various extraembryonic stem cell lines,

either within the same microgel to investigate direct cell-

to-cell interactions or in separate microgels to examine

the paracrine signals controlling lineage decisions. Agarose

microgels could be readily immobilized in microdevices

(Kleine-Brüggeney et al., 2019) or by embedding into

defined matrices and exposed to signaling gradients to

model gastrulation and amnion formation. This approach
will be particularly powerful when combined with live-

cell imaging and single-cell transcriptome analysis.

Collectively, we have established the requisite technical

protocols for the high-throughput generation of the hu-

man peri-implantation epiblast compartment in monodis-

perse microgels. This experimental platform will provide a

versatile system for the functional interrogation of epiblast

morphogenesis, lineage acquisition, and self-organization.
EXPERIMENTAL PROCEDURES

Pluripotent stem cell culture
All hPSC experiments were approved by the UK Stem Cell Bank

Steering Committee and comply with the regulations of the UK

Code of Practice for the Use of Human Stem Cell Lines. Conven-

tional SHEF6 (International Stem Cell et al., 2007), RUES2, and

RUES-GLR (obtained with kind permission from the A.H. Brivan-

lou laboratory, Rockefeller University) were cultured on vitronec-

tin-coated dishes (10 mg/mL; Thermo Fisher Scientific) in E8 me-

dium (Thermo Fisher Scientific) under hypoxic conditions (37�C,
5% CO2, 5% O2). Cells were routinely passaged in clumps using

50 mM EDTA.

Naive cells were maintained in PXGL (1 mM PD0325901, 2 mM

XAV939, 2 mM Gö6983, and 10 ng/mL human LIF in N2B27) on

mitomycin C (Sigma) inactivated MEFs (Cambridge Stem Cell

Institute) and passaged with Accutase (Thermo Fisher Scientific).

Y-27632 (10 mM) was supplemented during the first 24 h after pas-

sage. PD0325901, basic FGF, XAV939, Gö6983, and human LIF

were obtained from the Cambridge Stem Cell Institute.

Cell encapsulation
Cells were encapsulated as previously described (Kleine-Brüggeney

et al., 2019). In brief, flow focusing in a microfluidic device was

used to achieve agarose droplet formation (Anna et al., 2003). Mi-

crofluidic devices were made from polydimethylsiloxane and had

two inlets for an aqueous phase (agarose + cells) and a continuous

oil phase, as well as one outlet for the emulsified droplets. Before

encapsulations, cells were single-cell dissociated with Accutase or

0.5 mM EDTA. Cells were resuspended and diluted to 1.5 3 106

cells/100 mL. The cell suspension was mixed 1:1 with a low-

melting-point agarose solution at 37�C (3% in PBS; SeaPrep ultra-

low-melting-point agarose by Lonza). HFE-7500 (Fluorochem) sup-

plemented with surfactant (0.3%; Pico-Surf by Sphere Fluidics) was

used as the continuous oil phase. Syringes (SGE Analytical Science)

controlled by automated pumps (CETONI, neMYSIS) were used to

inject the agarose-cell suspension separately from the oil-surfac-

tant solution into the microfluidic chips for emulsification.

Agarose droplets left the microfluidic chip through the outlet

and were collected on ice for polymerization. Microgels were

then demulsified through liquid-liquid extractionwith cultureme-

dium and perfluoro-octanol (AlfaAesar). For some experiments,

microgels were pooled from three rounds of encapsulations and

distributed to the different culture conditions (�5 conditions per

encapsulation): E8, N2B27, or PXGL supplemented with 2.5%

chemically defined lipids (Thermo Fisher Scientific), 1% peni-

cillin-streptomycin (Thermo Fisher Scientific), 1% Matrigel
Stem Cell Reports j Vol. 16 j 1347–1362 j May 11, 2021 1359



(Corning), or growth factor reducedMatrigel (Corning), and 10 mM

Y-27632 as indicated with or without MEFs at the bottom of the

culture plate. Microgel suspension cultures were cultured at 37�C
under hypoxic conditions (5% CO2). Please refer to supplemental

information for co-encapsulation experiments and further experi-

mental procedures.
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