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In brief

The extracellular matrix (ECM)
microenvironment is emerging as a player
in early human development. Cesare et al.
demonstrate that naive hiPSCs exhibit a
self-organized ECM-rich
microenvironment in vitro, which sustains
their identity. They developed a 3D ECM-
rich feeder-free culture system that
supports naive hiPSC self-renewal or
timely developmental morphogenesis.

¢ CellP’ress


mailto:n.elvassore@ucl.ac.�uk
https://doi.org/10.1016/j.stem.2022.11.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stem.2022.11.011&domain=pdf

Cell Stem Cell ¢? CellP’ress

3D ECM-rich environment sustains
the identity of naive human iPSCs

Elisa Cesare,’-%1° Anna Urciuolo,®59 Hannah T. Stuart,'-2:5.7.1° Erika Torchio,? Alessia Gesualdo,! Cecilia Laterza,’-?
Onelia Gagliano,'-? Sebastian Martewicz,® Meihua Cui,® Anna Manfredi,®'° Lucio Di Filippo,®'° Patrizia Sabatelli," -2
Stefano Squarzoni,'’'2 Irene Zorzan,'2 Riccardo M. Betto,> Graziano Martello,'* Davide Cacchiarelli,® 516

Camilla Luni,®'7” and Nicola Elvassore!-2:3:18.*

1Department of Industrial Engineering, University of Padova, 6/a Via Gradenigo, Padova 35131, Italy

2Veneto Institute of Molecular Medicine, 2 Via Orus, Padova 35131, Italy

3University College London Great Ormond Street Institute of Child Health, 30 Guilford Street, London WC1N 1EH, UK

4Institute of Pediatric Research IRP, Corso Stati Uniti, Padova 35127, Italy

5Department of Molecular Medicine, University of Padova, Via G. Colombo 3, 35131 Padova, Italy

6The Francis Crick Institute, 1 Midland Road, London NW1 1AT, UK

7Research Institute of Molecular Pathology (IMP), Vienna BioCenter (VBC), Campus-Vienna-BioCenter 1, 1030 Vienna, Austria
8Shanghai Institute for Advanced Immunochemical Studies (SIAIS), ShanghaiTech University, 393 Middle Huaxia Road, Pudong, Shanghai
201210, China

9Telethon Institute of Genetics and Medicine (TIGEM), Armenise/Harvard Laboratory of Integrative Genomics, Pozzuoli, Italy

19Next Generation Diagnostic srl, Pozzuoli, Italy

MCNR - Institute of Molecular Genetics “Luigi Luca Cavalli-Sforza” - Unit of Bologna, Bologna, Italy

12|RCCS-lIstituto Ortopedico Rizzoli, Bologna, Italy

13Epigenetics Programme, Babraham Institute, CB22 3AT Cambridge, UK

14Department of Biology, University of Padova, Via G. Colombo 3, Padova 35131, Italy

15Department of Translational Medicine, University of Naples “Federico II”, Naples, Italy

16School for Advanced Studies, Genomics and Experimental Medicine Program, University of Naples “Federico II”, Naples, Italy
17Department of Civil, Chemical, Environmental, and Materials Engineering (DICAM), University of Bologna, Via Terracini 28, Bologna
40131, ltaly

18] ead contact

19These authors contributed equally

*Correspondence: n.elvassore@ucl.ac.uk

https://doi.org/10.1016/j.stem.2022.11.011

SUMMARY

The establishment of in vitro naive human pluripotent stem cell cultures opened new perspectives for the
study of early events in human development. The role of several transcription factors and signaling pathways
have been characterized during maintenance of human naive pluripotency. However, little is known about the
role exerted by the extracellular matrix (ECM) and its three-dimensional (3D) organization. Here, using an un-
biased and integrated approach combining microfluidic cultures with transcriptional, proteomic, and secre-
tome analyses, we found that naive, but not primed, hiPSC colonies are characterized by a self-organized
ECM-rich microenvironment. Based on this, we developed a 3D culture system that supports robust long-
term feeder-free self-renewal of naive hiPSCs and also allows direct and timely developmental morphogen-
esis simply by modulating the signaling environment. Our study opens new perspectives for future applica-
tions of naive hiPSCs to study critical stages of human development in 3D starting from a single cell.

INTRODUCTION

Human pluripotent stem cells (hPSCs), including human embry-
onic stem cells (hESCs) and human induced pluripotent stem
cells (hiPSCs), can self-renew indefinitely in culture while main-
taining the ability to give rise to all lineages of the human
body." When cultured in vitro, hPSCs can be captured within
two distinct pluripotent stages,” named naive and primed, which
in vivo correspond to the pre-implantation and the post-implan-
tation pluripotent epiblast cells, respectively.®* Compared to
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primed hPSCs, and in light of their earlier developmental identity,
naive hPSCs are of great interest since they open new opportu-
nities to study pre- and peri-implantation human develop-
ment,>© as well as offering an epigenetic tabula rasa.”®

Naive hPSCs in vitro show an intrinsic tendency to organize
into compact dome-shaped three-dimensional (3D) colonies,”*
mimicking the spatial organization of the pre-implantation
epiblast in vivo."® In the naive epiblast, the three-dimensionality
is provided by the surrounding primitive endoderm and tro-
phectoderm, which contribute to embryonic development by
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secreting morphogens, but also through the deposition and re-
modeling of the extracellular matrix (ECM)."""'2

Efforts have been made to understand the network of
signaling cues in vivo to inform the induction, stabilization, and
maintenance of naive hPSCs in vitro.'®> Based on knowledge
derived from mouse naive PSC cultures'*'® and transcriptomic
analyses of pre-implantation human and primate embryos,*"°
various culture conditions have been optimized by testing
soluble signals associated with the naive pluripotent gene regu-
latory network. These culture regimes allowed the in vitro cap-
ture of naive hPSC states in two-dimensional (2D) culture
platforms.?5:13:17-20

Concerning the ECM, however, little is known about the depo-
sition and remodeling of its components in the 3D environment of
naive hPSCs. In early mammalian development, an endogenous
basement membrane lines the boundary of the epiblast and
primitive endoderm and has been shown to have a role in guiding
epiblast and embryo early morphogenesis.' ' Thus, ECM compo-
nents are likely to contribute to shaping the dynamic environ-
ment that influences and guides cell morphology, survival, prolif-
eration, and differentiation. Naive hPSCs in vitro are routinely
cultured on a feeder layer of mitotically inactivated murine em-
bryonic fibroblasts (MEFs) for long-term maintenance of their
phenotype. It has been shown that MEFs produce and secrete
ECM proteins and ECM remodeling enzymes in human primed
PSC cultures.?’ This supports the hypothesis that MEFs might
contribute to the maintenance of naive 3D dome-shaped
morphology and thus naive phenotype by secreting and remod-
eling ECM proteins.

Since the use of MEFs has many limitations for the application
of naive hPSCs both in basic research and with clinical outlook, it
is important to replace MEFs and develop feeder-free culture
regimes. For primed hPSC in vitro cultures, the use of single
ECM proteins as culture coating has been successfully estab-
lished.?>**> On the contrary, few naive hPSC feeder-free culture
conditions have been published, which rely on coating with gel
mixtures, high concentrations of ECM proteins such as laminins,
or addition of gel mixtures to the media.'®?*

We reasoned that by first characterizing the ECM microenvi-
ronment of naive hiPSCs, we will better understand how to ratio-
nally support them in their naive state in vitro and better recapit-
ulate the 3D environment experienced by the pre-implantation
epiblast in vivo.

Here, we take an unbiased integrative approach including mi-
crofluidic cell cultures, proteomic analyses of secretome and
lysate, transcriptomics, electron microscopy, and immunofluo-
rescence to characterize the ECM expressed and deposited
around naive hiPSC colonies. Then, we apply this knowledge
to create a robust, feeder-free 3D culture system based on
ECM-rich hydrogels that can sustain naive identity long-term
or permit timely 3D developmental morphogenesis in response
to signaling cues.

RESULTS

Naive hiPSC colonies are surrounded by a 3D ECM-rich
microenvironment

To ascertain whether morphological features are correlated with
the pluripotency state of hiPSCs, we evaluated colony architec-

1704 Cell Stem Cell 29, 1703-1717, December 1, 2022

Cell Stem Cell

ture, cell morphology, and ECM deposition by electron micro-
scopy. Scanning electron microscopy (SEM) revealed a flat
epithelial morphology of primed colonies, in which single cells
and their boundaries are clearly visible with no distinguishable
ECM deposition (Figure 1A). Conversely, naive compact dome-
shaped 3D colonies presented a layer of ECM on their surface,
precluding visualization of individual cells within a colony (Fig-
ure 1A). To confirm these findings, colonies were embedded in
resin, and ultrathin sections were analyzed by transmission elec-
tron microscopy (TEM). In agreement with SEM results, we
observed a filamentous network, consistent with ECM protein
deposition, present at the external surface of naive colonies
but absent from primed hiPSCs (Figure 1B, black stars). For
both primed and naive colonies, ECM deposition was not evident
in the intercellular space (Figure 1B, black arrows). In sum, these
data indicated that, unlike primed hiPSCs, naive hiPSCs orga-
nize into dome-shaped 3D colonies surrounded by an ECM-
rich microenvironment.

To better characterize the composition of this ECM microenvi-
ronment, we applied an integrative approach that allowed us to
investigate transcriptomic, proteomic, and secretome profiles of
naive hiPSCs. Microfluidic culture platforms were used to reach
high sensitivity for capturing differential secreted proteins
together with transcriptomic analyses. Indeed, microfluidic cul-
ture systems are known to enhance the accumulation of cell-
secreted signals and soluble factors within the confined volume
of the device, thus better mimicking autocrine and paracrine sig-
nals that exist in the interstitial spaces in vivo and resulting in
enhanced ECM deposition and remodeling.?>2%

To allow comparison unconfounded by parental line vari-
ability, we derived isogenic primed hiPSCs from HPDO6 naive
hiPSCs (Figure S1A). Appropriate naive or primed identities of
isogenic hiPSCs were confirmed by immunofluorescence for
specific markers: KLF17 (naive), TFE3 (naive), SSEA4 (primed),
and OCT4 (shared) (Figure S1A). We confirmed that naive and
primed hiPSCs maintain their respective identities when
cultured in microfluidic platforms by bulk RNA-sequencing
and immunofluorescence (Figures 1C, 1D, S1B, and S1C;
Table S1). Together with cell identity maintenance, microfluidic
devices also preserved cell morphology and ECM deposition
(Figure S1D).

Transcriptome comparison between isogenic naive hiPSCs,
primed hiPSCs, or parental fibroblasts showed that each cell
type has a distinctive expression of ECM genes (Figure S1E).
Cell-type-specific ECM expression profiles were also observed
by hierarchical clustering analysis of published RNA-seq data-
sets (Figure S1F). However, transcription of ECM-coding genes
does not guarantee ECM protein production, secretion, and
deposition in the extracellular space. Since we also observed dif-
ferences by electron microscopy analysis, we performed immu-
nostaining on naive and primed hiPSCs to evaluate protein pro-
duction and deposition of specific ECM components known to
be abundant in tissues, such as basement lamina constituents
(laminins and collagen type IV)>° and other components
belonging to the reticular lamina (collagen type | and type
VI).292% Interestingly, strong deposition and 3D organization of
the investigated ECM proteins were observed only around naive
colonies, but not primed (Figures 1E and 1F). In particular,
collagen type IV and laminins were deposited on the surface of
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Figure 1. Characterization of naive and
primed hiPSCs cultured in microfluidic or
conventional devices

(A) Representative scanning electron microscopy
(SEM) images showing primed (upper panel) or
naive (lower panel) hiPSC colonies. Scale bars,
100 pm.

(B) Representative transmission electron micro-
scopy (TEM) images showing primed (upper panel)
or naive (lower panel) hiPSCs. The asterisks indi-
cate ECM deposited at the external surface of cell
aggregates. Arrows indicate intercellular spaces.
Scale bars, 1 um.

(C) Principal component analysis (PCA) of isogenic
primed (cyan) and naive hiPSCs (green) and fibro-
blasts (gray) cultured in conventional (well) or mi-
crofluidic (uF) devices.

(D) PCA of samples shown in (C), except for fibro-
blasts, highlighting differences between time points
after 1, 4, or 7 days from seeding.

Fibroblast ;iF 120 :; Bg;l ] (E) Representative z stack confocal images of

100 e Fibroblast well H@®Day 7 oG isogenic primed (upper panel) or naive (lower panel)

T Nzaw@l-e Primed uF T 50 4 hiPSCs immunostained for laminins (LAM, green),

P ®  Primed well i! collagen type IV (COLIV, green), collagen type VI

= 0 '. Naive uF & " (COLVI, green), or collagen type | (COLI, green) and

Qo Naive well g v F-actin (magenta). Nuclei were stained with

100 50 ot ;VO Hoechst (blue). Scale bars, 50 um (upper panels) or
100 pum (lower panels).

-100 100 '10,(1)00 50 0 50 100 (F) Representative 3D reconstruction of naive
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Primed hiPSCs

Naive hiPSCs

naive colonies. In contrast, collagen type VI and collagen type |
were organized in microfilaments and mostly deposited around
and between colonies, with collagen type | showing a reduced
network deposition compared to collagen type VI (Figures 1E
and 1F). In accordance with SEM and TEM analysis, all the
analyzed ECM proteins were scarcely detected on isogenic
primed hiPSCs, and when secreted, they were organized in iso-
lated spots (Figure 1E, upper panels).

PC1 (42.2%)

hiPSC cultures immunostained for laminins (LAM,
green), collagen type IV (COLIV, green), collagen
type VI (COLVI, green), or collagen type | (COLI,
green). Nuclei were stained with Hoechst (blue).
Scale bars, 25 pm.

Taken together, these data demonstrate
that naive and primed pluripotent states
are characterized by different expression,
production, and deposition of ECM com-
ponents. Surprisingly, only naive hiPSC
colonies exhibited a 3D ECM-rich micro-
environment. However, whether this is
formed solely by production and deposi-
tion of ECM proteins by the naive cells
themselves is still unclear due to the pres-
ence of MEF feeders in their culture.

Transcriptomic and proteomic
analyses reveal that naive cells have
a specific ECM fingerprint

To ascertain whether naive cells are
themselves able to produce the observed
ECM proteins, we transiently cultured
naive hiPSCs without MEF feeders in microfluidic devices
coated with recombinant Vitronectin (VTN) to clearly distinguish
endogenously produced ECM from exogenous single-protein
coating. After setting up optimal culture conditions (Fig-
ures S2A-S2C), we confirmed ECM production and deposition
by immunofluorescent analysis in feeder-free naive hiPSC cul-
tures (Figure 2A). The investigated ECM proteins were detect-
able from the first days of culture, although less extracellular
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Figure 2. Characterization of a naive hiPSC
feeder-free culture and ECM transcriptomic
analysis

(A) Representative z stack (upper panels) and 3D
reconstruction (lower panels) of naive hiPSC cul-
tures without MEF in microfluidics and immuno-
stained for laminins (LAM, green), collagen type IV
(COLIV, green), collagen type VI (COLVI, green), or
collagen type | (COLI, green). Nuclei were stained
with Hoechst (blue). Scale bars, 25 um.

(B) Experimental design included three culture
conditions in microfluidics: MEF cultured alone on
VTN, naive hiPSCs cultured on an MEF feeder layer
(mixed cell population), and naive hiPSCs cultured
alone on VTN (feeder-free culture). Total RNA and
protein lysate were collected at day 3 for RNA-seq
analysis and proteomic analysis, respectively.
Conditioned media were also collected 2 and
3 days after seeding for proteomic analysis.

| (C) PCA of samples shown in Figure 1C, also
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ECM-related genes, including collagens
and laminins (Figure 2E). These ECM
genes were not significantly differentially
expressed between the two culture con-
ditions. Thus, we confirmed that naive
hiPSCs express ECM genes indepen-

W Lo, (CPM+1)
0 2

deposition was observed in this culture regime compared to
naive hiPSCs on MEFs (Figures 2A, S2D, and S2E).

We performed transcriptomic and proteomic analyses
comparing 3 different cultures: MEF only, naive hiPSCs on
MEF, and naive hiPSCs on VTN. Transcriptional profiling and
cell lysate proteomic analyses were conducted 3 days after
cell seeding, and conditioned media for secreted protein anal-
ysis was collected throughout the culture time (Figure 2B).

Since we aimed to compare the transcriptomic profiles of
naive hiPSCs cultured in the presence or absence of MEFs, we
confirmed that we could distinguish between human and murine
transcripts (Figures S2F and S2G) to focus the subsequent anal-
ysis only on human gene expression. PCA analysis (Figure 2C) as
well as Volcano plot (Figure 2D) demonstrated strong transcrip-
tional similarity between naive hiPSCs cultured in the presence
or absence of MEFs. Interestingly, naive cells expressed several
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dently of the presence or absence of co-
cultured MEFs.

Proteomic analyses were performed
by tandem mass spectrometry using
isobaric tag labeling of an equal amount
of protein for each sample to permit a relative quantification of
protein production among MEF-only, hiPSCs on MEF, and
hiPSCs on VTN samples (Figures S3A-S3D). We identified
2,216 proteins in the cell lysates (Table S2). The majority of differ-
entially abundant proteins (DAPs) were upregulated in naive-
containing samples compared to MEF-only culture (Figures 3A
and S3E). Enrichment analysis within both Reactome and
Gene Ontology - Biological Processes (GO-BP) databases
highlighted that cell cycle and protein translation were upregu-
lated in naive hiPSC cultures when compared to MEF-only cul-
tures, consistent with the active proliferation state of naive cells
compared to mitotically inactivated MEFs (Figure 3A; Table S2).
Independently of the presence or absence of MEFs, naive
hiPSCs cultured in microfluidics exhibit a similar proteomic
signature (Figure 3B) and, importantly, produce proteins known
to build the core ECM (Figures 3C and S3F).*'

COL14A
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Figure 3. Proteomic analysis highlights the different contributions to ECM environment by MEF and naive pluripotent stem cells

(A and B) Proteomic analysis of lysate samples.

(A) The log2-fold change (log2[FC]) of protein expression in MEF versus naive on MEF (left) and MEF versus naive on VTN (right) is shown as a function of average
expression in log-scale in the samples compared. Differentially abundant proteins are marked with higher expression in MEF (red) or in naive samples (blue).
Adjacent text shows Gene Ontology enrichment main categories of differentially abundant proteins. Differentially abundant proteins were identified by ANOVA
uncorrected p value < 0.05 and Tukey’s post-hoc test with p value < 0.05 (n = 3).

(B) The log2(FC) of protein expression in naive on MEF versus naive on VTN samples is shown as a function of average expression in log-scale in the samples
compared. Differentially abundant proteins with higher expression in naive on MEF (red) or in naive on VTN samples (blue) are labeled and were identified by

ANOVA uncorrected p value < 0.05 and Tukey’s post-hoc test with p value <

0.05 (n = 3).

(C) Heatmap showing the relative expression of core ECM proteins in MEF, naive on MEF, and naive on VTN samples (n = 3). Each protein expression was mean
centered individually according to the color bar. Proteins detected in sample number n < 3 have their names written in gray. Undetected proteins are colored gray

on the heatmap.

(D) Proteomic analysis of soluble proteins accumulated in media. Heatmap showing core ECM proteins detected in RSeT medium, MEF, naive on MEF, or naive
on VTN conditioned media after 2 and 3 days of culture. Heatmap color scale is the same as in (C).

(E) Proteomic analysis of soluble proteins accumulated in media collected after 2 and 3 days in culture. Average Tandem Mass Tag (TMT) levels of proteins
previously investigated in this work. Data are shown as mean + SD; n =4 or 5.

Then, we analyzed the soluble fraction of proteins present
within the media collected from the different cell cultures
(Table S3). We identified 443 proteins that are accumulated in
the media of cells cultured in RSeT™. By differential analysis,
we could distinguish cell-secreted proteins from those present
in RSeT media such as albumin, transferrin, and insulin
(Table S8). In accordance with our previous results (Figures 1E,
1F, and 2A), we confirmed the presence of secreted ECM pro-
teins in naive hiPSC cultures independently of the presence or
absence of MEFs (Figure 3D). In particular, the quantification of
the level of secreted ECM proteins showed that laminins are en-
riched in the media of naive hiPSC cultures (Figure 3E). In agree-
ment with transcriptomic analyses, these data demonstrated
that naive cells produce and secrete ECM components, espe-
cially laminins, even in the absence of feeders. It is important

to mention that MEFs, which also produce ECM components
(Figures 3A-3C), contribute to the deposition and organization
of ECM when co-cultured with naive hiPSCs, with basement
membrane component laminins organized in a shell over the
3D naive colony surface (Figure 1E).

Based on these data, we hypothesized that the ECM could
have a functional role in the maintenance of the hiPSC naive
state. To test this hypothesis, we disrupted the interaction be-
tween naive hiPSCs and the ECM during cell culture with small
molecules or antibodies directed against specific integrins or
ECM proteins (Figure 4A). The performed treatments included
a blocking antibody for integrin p1,°? the non-arginyl-glycyl-as-
partic acid (RGD)-based antagonist ATN-161%*7° to inhibit
a5B1 integrins, and polyclonal antibodies that bind ECM pro-
teins, laminins, collagen IV, and collagen VI that we found to
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Figure 4. Disruption of naive hiPSC interaction with laminins functionally impairs the maintenance of pluripotency

(A) Experimental design: single naive hiPSCs were seeded in microfluidics on feeders. After 24 h, cells were fed either with RSeT medium (control condition) or
with RSeT supplemented with antibodies against laminins, collagen type IV, collagen type VI, or Integrin p1 or with ATN161 (treatment condition, light blue). Cells
were fixed at day 5 for immunofluorescence analysis and passaged as single cells to perform a clonogenicity assay.

(B) Quantification of SUSD2 mean fluorescence intensity of untreated control (CTRL), anti-integrin 1, ATN-161-, anti-laminins-, anti-collagen IV-, and anti-
collagen Vi-treated samples. Each dot represents an entire microfluidic channel. n = 4-7. Data are shown as mean + SD; unequal variance Student’s t test. p =
0.0006, p = 0.0012; n.s., not significant.

(C) Quantification of SUSD2 mean fluorescence intensity of untreated control and anti-laminin antibody-treated samples. Dots represent an entire microfluidic
device (HPDOS3 cell line, left part of the graph) or entire microfluidic channels (HPDO6 line, right part of the graph). n = 3-4. Data are shown as mean + SD; unequal
variance Student’s t test. p = 0.0016, p = 0.0030; n.s., not significant.

(D) Representative z-stacks of naive hiPSCs cultured in microfluidics, untreated (left panels) or treated with anti-laminins (middle panels) and anti-collagen VI (right
panels) antibodies. Samples were immunostained for SUSD2 (red). Nuclei were stained with Hoechst (blue). Scale bars, 50 um.

(legend continued on next page)
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be enriched around naive colonies (Figures 4 and S3G). For this
set of experiments, naive hiPSCs were cultured on MEFs in mi-
crofluidics and treated for 4 days, and then quantification of
SUSD2 fluorescence intensity was used as a proxy for naive plu-
ripotency.'” Among all the different compounds used, a signifi-
cant reduction in SUSD2 fluorescence intensity was observed
only for the samples treated with anti-laminins and anti-collagen
type VI antibodies when compared to their relative untreated
controls (Figures 4B-4D). We also observed that upon anti-lam-
inins treatment, naive hiPSC colonies appeared visibly smaller
and flatter in their morphology compared to untreated, mock-
treated, and anti-collagen type VI-treated samples (Figure S3G).
Therefore, we investigated whether anti-laminins and anti-
collagen type VI treatments functionally impaired the mainte-
nance of naive hiPSC pluripotency by performing a clonogenicity
assay followed by staining for NANOG and KLF17. Importantly, a
statistically significant reduction in the number of naive colonies
was observed in anti-laminins-treated naive hiPSCs when
compared to untreated, mock-treated, and anti-collagen type
Vl-treated cells (Figure 4E). Interestingly, anti-laminins-treated
samples showed scattered and poorly organized laminins depo-
sition in the proximity of naive hiPSCs (Figure 4F, lower panel)
when compared to untreated controls (Figures 4F, upper panel,
and 1E).

Overall, we showed that anti-laminin antibody treatment of
naive hiPSCs reduced naive marker expression and functionally
reduced the clonogenicity of the cells after only 4 days of
treatment. Our data, together with reported evidence, '® strongly
suggest that laminins might have a direct role in supporting plu-
ripotency maintenance of naive hiPSCs.

3D ECM-rich environment supports long-term feeder-
free culture of naive hiPSCs
Our data demonstrate that naive hiPSCs are capable of tran-
scribing and secreting ECM proteins and that these proteins, in
particular basement membrane component laminins, are orga-
nized in a shell over the 3D colony surface (Figures 1E and 2A).
Moreover, we demonstrated that by blocking the interaction of
naive hiPSCs with laminins, there is a reduction in their clonoge-
nicity (Figure 4E). Therefore, we hypothesized that the presence
and 3D organization of ECM proteins may be instrumental for the
robust expansion of naive hiPSCs and related to their intrinsic
tendency to organize into 3D domed colonies despite culture
on 2D surfaces. Thus, we functionally tested whether providing
a 3D ECM-rich environment could support long-term feeder-
free self-renewal of naive hiPSCs by embedding naive cells in
3D Matrigel or Geltrex, known to be rich in basement membrane
components including laminins (Figure 5A).%°

Naive hiPSCs embedded as single cells in 3D ECM-rich gels
were able to survive, grow, and form 3D colonies (Figure 5B).
Passaging of these colonies by single-cell dissociation and re-
embedding demonstrated the long-term ability of this 3D envi-
ronment to support naive hiPSC self-renewal (Figures 5C and
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S4A) without any overt difference in split ratio or clonogenicity
compared to standard 2D MEF culture system (Figure S4B).
We confirmed naive identity maintenance after 14 passages in
3D by immunostaining for KLF17, OCT4, and SUSD2 and by
gRT-PCR analyses for naive (TFCP2L1, KLF4, KLF17, and
DPPAS), core (OCT4 and NANOG), and primed (ZIC2) pluripo-
tency markers (Figures 5D, 5E, and S4C). We also confirmed
that naive hiPSCs cultured in our 3D ECM-rich environment are
similar to 2D-cultured naive hiPSCs through transcriptomic and
principal component analyses (Figure 5F), even after prolonged
passaging. At the time of submission, we have robustly
expanded naive hiPSCs in 3D feeder-free culture conditions
continuously for >50 passages (>250 days).

After each 3D passage, cells grew clonally, forming compact
colonies without visual evidence of a lumen, as characteristic
of the naive state both in vitro and in vivo (Figures 5C and
S4A)."%°7:38 Immunostaining of 3D colonies revealed further de-
tails of their morphological organization, confirming the absence
of lumen and confirming apolar positioning of mitotic nuclei
within the compact cell mass (Figure 5G).

Pluripotent stem cells are functionally defined not only by their
ability to self-renew but also by their potential to differentiate into
all embryonic lineages. Additionally, human naive PSCs have
recently been shown to retain the potential to differentiate into
extra-embryonic lineages and are thus considered totipo-
tent.*>*®* We confirmed that long-term 3D-cultured naive
hiPSCs also maintained these functional properties, differenti-
ating into embryonic lineages (ectoderm, mesoderm and endo-
derm, Figure S4D) and into extra-embryonic lineages (tropho-
blast stem cells, Figure S4E, and primitive endoderm,
Figure S4F) when subjected to the corresponding differentiation
conditions. #4445

To further confirm the totipotency of our 3D-cultured naive
hiPSCs, we tested their potential to form blastoids, an in vitro
model that mimics pre-implantation blastocysts.*®™*® We disag-
gregated our 3D naive colonies, then followed a protocol
recently published by Yanagida and colleagues, reaggregating
the cells in U-bottom wells (Figure S4G). Blastoids were gener-
ated after 4-5 days in culture, exhibiting extra-embryonic
trophoblast (GATA3+) properly segregated from the naive
epiblast (KLF17+) (Figure S4H).

Together, these results demonstrate robust long-term culture
of naive hiPSCs in 3D, including maintenance of their identity
signature, self-renewal and clonogenicity properties, morpho-
logical hallmarks, and their potency to differentiate into all em-
bryonic and extra-embryonic lineages.

Next, we characterized ECM organization in 3D naive hiPSC
cultures and blastoids by immunostaining. To allow the clear
visualization of different ECM proteins, 3D colonies were cryo-
sectioned (Figures 5H and S5A). In general, ECM protein depo-
sition around 3D colonies was similar to that observed in 2D
cultures on MEFs (Figures 1 and 2), with clear organization of
collagen type IV and laminins around the colony edges, modest

(E) Clonal assay performed on naive hiPSCs previously cultured in microfluidics in RSeT (control) or in RSeT supplemented with mock, anti-laminins, or anti-
collagen type VI antibodies. Scoring of double NANOG+ KLF17+ positive colonies. Data are shown as mean + SD; one-way ANOVA with Tukey’s multiple
comparisons test. n = 6. p value (**) = 0.0059. p value (***) = 0.0001. p value (****) = < 0.0001.

(F) Representative z-stacks of naive hiPSCs cultured in microfluidics in RSeT (control, upper panels) or RSeT supplemented with anti-laminins antibody (lower
panels). Cells were immunostained for laminins (green). Nuclei were stained with Hoechst (blue). Scale bars, 50 um.
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extracellular organization of collagen type |, and lack of collagen
type VI in the vicinity of naive colonies (Figures 5H and S5A). We
directly compared collagen type IV organization in 3D versus 2D
cultures by wholemount staining. This revealed a marked layer of
collagen type IV organized around naive colonies, thicker
and more homogeneous in 3D compared to 2D cultures
(Figures S5B and S5C), suggestive of basement membrane for-
mation in 3D. Analysis of 3D-cultured naive hiPSCs with TEM
confirmed the presence of a layer of basement membrane on
the surface of the colonies (Figure 51, black arrows). While we
cannot distinguish the proportions of ECM proteins originating
from the gel versus from cellular secretion, the extracellular orga-
nization of this layer must be naive-cell-autonomous given the
absence of other cell types in this feeder-free culture regime.

The blastoids generated from 3D-cultured naive hiPSCs
(Figures S4G and S4H) allowed us to investigate, in a model
that mimics the pre-implantation blastocyst, the production
and localization of ECM proteins identified in our work as
secreted by naive hiPSCs (Figures 1, 2, and 3). In blastoids, we
observed production and organization mainly of laminins (Fig-
ure S5D, upper panel) and some collagen type IV (Figure S5D,
lower panel), whereas we did not detect collagen type | and VI
(data not shown). Laminins were found within the epiblast cell
cluster with a distribution like that observed in naive cultures in
3D and on MEF (Figures 5H, 1E, and S5E). In blastoids, laminins
also seemed to be produced by naive-derived trophoblast cells,
as revealed by the presence of the protein in correspondence
with the trophoblast squamous epithelium (Figure S5F).

3D-cultured naive hiPSCs undergo timely

developmental morphogenesis in response to

signal cues

In vivo, naive cells do not directly enter into germ lineage differ-
entiation.'®“? Instead, the key function of the naive epiblast is to
undergo timely identity progression from naive towards primed
pluripotency as the embryo implants, with concurrent lumeno-
genesis and transition from an apolar cell mass into a polarized
epithelium, thus preparing the post-implantation epiblast for
body axis formation and gastrulation.'®*® To challenge whether
our 3D-cultured naive hiPSCs can recapitulate this coupling of
identity progression with tissue morphogenesis, after 14 naive
maintenance passages in 3D, we again passaged single cells
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into 3D as usual. However, instead of providing naive mainte-
nance media, we stimulated them with signals to promote exit
from naive state and transition towards primed pluripotent iden-
tity (Figure 6A). After 5 days in FGF2-containing medium, immu-
nostaining showed downregulation of naive marker KLF17, upre-
gulation of primed marker OTX2, continued expression of core
pluripotency markers OCT4 and NANOG, and formation of an
apical lumen within an epithelium (Figure 6B). After further cul-
ture in E8 primed media from day 5 to day 9, KLF17 expression
became undetectable, while OTX2, OCT4, and NANOG expres-
sion persisted (Figures 6B and S6A), consistent with acquisition
of primed pluripotent identity in a timely manner. Time course
gRT-PCR analyses confirmed our immunostaining observations,
demonstrating the transition of naive hiPSCs towards the primed
state in 3D (Figure S6B). We confirmed that cells obtained after
the 3D priming process were functionally pluripotent, with the
potential to differentiate into embryonic lineages ectoderm,
mesoderm, or endoderm when subjected to corresponding
primed hiPSC differentiation conditions (Figure S6C).°%°?

To characterize the gene expression dynamics of naive hiPSC
priming in 3D, we performed RNA-seq atdays 0, 2, 4, 6, 8,and 10
of the transition and of isogenic primed hiPSCs in 3D culture
(Figures 6C, 6D, and S6D-S6G). PCA for all genes shows a clear
trajectory from naive towards primed transcriptomic signature in
3D culture (Figure 6C), corroborated by an increasing number of
differentially expressed genes (DEGs) relative to naive starting
point and a decreasing number of DEGs relative to primed desti-
nation over time (Figure S6D). The progressive transition away
from naive and towards primed signature during the time course
is further supported by comparing DEG lists to assess their de-
gree of overlap. We plotted Venn diagrams to find the numbers
of DEGs relative to naive or primed reference samples that are
unique to or shared between timepoints (Figure S6E). Relative
to naive, the proportion of DEGs shared between a given time-
point and primed hiPSCs increased over time, indicating that
3D priming hiPSCs progressively gain differences from naive
starting point that are in common with primed hiPSCs
(Figure S6E).

To examine the transition dynamics in more detail, we gener-
ated a list comprising all DEGs for all pairwise comparisons be-
tween any two timepoints (11,570 total). Clustering analysis on
this compiled DEGs list distinguished five major clusters,

Figure 5. 3D ECM-rich environment supports long-term self-renewal of naive hiPSCs
(A) Experimental design: single naive hiPSCs embedded in ECM-rich hydrogel drops (Matrigel or Geltrex). Colonies were passaged every 5 days.

(B) Representative bright field images showing the clonal growth of 3D naive colonies within a Matrigel drop. On the left, single cells soon after seeding, and on the
right, growing colonies 5 days after seeding. Scale bars, 250 um.

C) Representative bright field images showing in parallel 3D (top image) and 2D (bottom image) naive hiPSC cultures after 14 passages. Scale bars, 100 um.
D) Representative single confocal slices of 3D naive (upper panel) and 2D naive (middle panel) after 14 passages in parallel and control 2D isogenic primed
bottom panel) hiPSCs immunostained for KLF17 (green) and OCT4 (magenta). Nuclei were stained with Hoechst (blue). Scale bars, 10 um.

E) gRT-PCR for naive, primed, and core pluripotency markers, normalized to GAPDH then to highest, displayed as mean + SD. n = 3.

(F) PCA of naive hiPSCs (red) from 2D culture on feeders and 3D culture in Matrigel at different passage numbers (P6 and P10). Before the transcriptomic analysis,
live cells (bulk) and SUSD2-positive cells (SUSD2") were sorted. Human fibroblasts, primed hiPSCs, and naive hiPSCs from this and other studies were used as
controls. Names of the cell lines are reported in Table S6.

(G) Representative single confocal slices of 3D naive hiPSCs at P14 immunostained for F-actin (magenta) and naive-specific surface marker SUSD2 (green)
showing apolar mitotic nuclei localization. Nuclei were stained with Hoechst (gray). Scale bars, 10 um.

(H) Representative single confocal slice of a cryosectioned 3D naive hiPSC colony after 14 passages in Matrigel, immunostained for laminins (green) and F-actin
(magenta), showing the organization of the ECM around the 3D colony. Nuclei were stained with Hoechst (blue). Scale bar, 10 um.

(I) Representative TEM images showing 3D naive hiPSC colonies (left panels) and details of ECM organization at higher magnification (right panels). The black
arrows indicate basal membrane organization at the external surface of cell aggregates. Red arrows indicate discontinuity in the basal membrane layer. Scale
bars of left panels, 5 um; right panels, 500 nm.
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identified by minimizing total variation within each cluster: 1, late
down (868); 2, early down (4,455); 3, up-then-down (928); 4, early
up (1,334); and 5, late up (3,985) (Figure S6F). We compiled gene
lists characteristic of the naive-to-primed transition from
KEGG pathways and published literature,**“°>® plotted their
expression in heatmaps, and examined the contribution of
each cluster to their dynamics (Figures 6D and S6G). The major-
ity of genes related to naive pluripotency (100%) and shared be-
tween naive and formative pluripotency (86%) are downregu-
lated (clusters 1 and 2), with the exception of GBX2 and DLL3
that show the expected up-then-down (cluster 3) profile associ-
ated with the transition from naive through formative pluripo-
tency in the primate embryo (Figure 6D).*° In contrast, genes
related to primed pluripotency mostly fit to upregulated clusters
(85%, clusters 4 and 5), while core pluripotency genes are ex-
pressed throughout, either not classifying as DEGs (e.g.,
SALL4 and TDGF1) or fitting to DEG clusters with least steep
rates of change (2 and 5) (Figure 6D). We noted that genes
related to oxidative phosphorylation are mostly downregulated
(75%, clusters 1 and 2), whereas those associated with glycol-
ysis are mostly upregulated (70%, clusters 4 and 5), consistent
with the expected metabolic switch from naive to primed plurip-
otency (Figure S6G). Interestingly, genes related to tight junc-
tions, cell polarity, integrins, and cadherins were predominant
in the upregulated clusters (Figure S6G), suggestive of changes
in tissue architecture such as epithelialization and lumenogene-
sis concomitant with the naive-to-primed identity transition.
Indeed, by immunofluorescence we observe a dynamic overlap
of morphogenetic changes and lumenogenesis during the prim-
ing transition from naive hiPSCs in a 3D environment (Figures 6B,
6E, and 6F).

Morphologically, by day 9, the 3D epithelial cysts formed dur-
ing priming in 3D from single naive hiPSCs developed into
pseudostratified epithelia with correct apical-basal geometry
(Figures 6B, 6E, and 6F). This corresponded with a growth in
cyst diameter from day 5 to day 9 and an increase in thickness
of the epithelial layer (Figure 6E). On day 9, mitotic nuclei were
found at the F-Actin-rich apical domain adjacent to the lumen,
whereas the majority of other nuclei were aligned around the
basal edge adjacent to the well-organized collagen type IV
indicative of basement membrane (Figure 6F). The stratification
index of day 9 epithelia was between 2 and 3 (i.e., 2-3 rows of
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nuclei). The dramatic increase in cyst size from day 5 to day 9
(Figures 6E and 6F, images presented at identical scale) sug-
gests rapid remodeling of the collagen type IV layer to accom-
modate growth.

In sum, these data show that culture in a 3D ECM-rich environ-
ment supports single naive hiPSCs to undergo both long-term
self-renewal and timely developmental morphogenesis in
response to signaling cues.

DISCUSSION

Growth in compact, dome-shaped colonies is considered a hall-
mark of naive hiPSCs, acknowledging their characteristic ten-
dency to form 3D colonies despite the conventionally used 2D
culture platforms. Interestingly, we found that the surface of
these domed colonies is covered by a layer of ECM proteins
that outlines their characteristic shape. While substantial efforts
have been made to unravel the cell signaling pathways support-
ing naive hiPSC self-renewal, until now little consideration has
been given to characterization of the ECM in their colony envi-
ronment and its role in naive hiPSC identity maintenance.

Our results show that naive hiPSCs in standard 2D in vitro cul-
ture express and produce ECM proteins, which are organized in
the cellular microenvironment as the colony forms and grows.
We observed that some of these proteins, which are also com-
ponents of in vivo basement membranes like collagen type IV
and laminins, are deposited and organized on the surface of
naive colonies, forming a “coat-like” layer that outlines the char-
acteristic dome shape of naive colonies.

By integrating microfluidic, proteomic, and transcriptomic
technologies, we were able to identify ECM species transcribed,
translated, and secreted by naive hiPSCs and/or their supporting
MEF feeder layer. We concluded that MEF-only cultures express
proteins involved in ECM organization, which can contribute to
the increased deposition of some ECM proteins observed
when hiPSCs are cultured on feeders (Figures 1E, 1F, and 2A).
Whether this MEF contribution in ECM protein production and
remodeling affects naive cell maintenance in 2D in vitro cultures
is still an open question. To date, feeder-free naive culture con-
ditions have been reported in only a few works,'®'%?* and in
these 2D systems, the addition of large amounts of ECM proteins
like laminins or gel mixtures was necessary. Starting from these

Figure 6. 3D ECM-rich environment supports developmental morphogenesis of naive hiPSCs

(A) Experimental design: single naive hiPSCs embedded in Matrigel drops were induced to exit from the naive state. Cells were fixed at day 5 and day 9 for
immunofluorescence characterization of pluripotent identity and morphogenesis.

(B) Panels showing identity transition in the 3D environment. In the left panel, representative single confocal slices of day 5 3D naive (left), day 5 priming (middle),
and day 9 3D priming (right) immunostained for KLF17 (green) and OCT4 (magenta). In the right panel, representative single confocal slices of the same conditions
immunostained for OTX2 (magenta) and NANOG (green). Nuclei were stained with Hoechst (blue). Scale bars, 10 um.

(C) PCA of bulk RNA-seq of 3D naive hiPSCs, naive hiPSCs at days 2, 4, 6, 8, and 10 days of priming in 3D, and isogenic 2D and 3D primed showing the trajectory
(gray arrow) of cell identity transition.

(D) Heatmap showing the median-centered expression of selected genes, ordered by their belonging to the clusters shown in Figure S6F. The related pie charts
represent the percentage of genes that belong to each of clusters 1-5. Only DEGs are presented, except for SALL4 and TDGF1 that did not meet the thresholds to
be assigned as differentially expressed, but are presented since they are informative markers of core pluripotent identity. Gene lists were compiled from KEGG
pathways and published literature,**°->

(E) Boxplots of mean diameter and mean epithelial thickness for day 5 and day 9 cysts. Each dot represents a cyst. 224 (day 5) and 89 (day 9) cysts counted across
3 20x confocal images from three technical replicates (diameter). 161 (day 5) and 60 (day 9) cysts counted across 3 20x confocal images from two technical
replicates (thickness). Unequal variance Student’s t test, p (***) < 0.0001.

(F) Representative single confocal slices of day 5 3D priming (left panel) and day 9 3D priming (right panel) immunostained for F-actin (magenta) and collagen type
IV (COLIV, green), showing the morphological process of lumenogenesis and epithelialization. Nuclei were stained with Hoechst (gray). Day 5 and day 9 images
are presented at the same scale to appreciate cyst growth. Scale bars, 20 um.
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considerations and our observations regarding the presence of
ECM proteins around the domed naive colony microenvironment
and the requirement of deposited laminins for hiPSC clonogenic-
ity (Figure 4), we tested whether 3D provision of exogenous ECM
components could sustain naive identity.

Our work shows that encapsulation in 3D hydrogels rich in
basement-membrane components supports robust feeder-free
naive hiPSC culture over many passages (>50 so far). As well
as maintenance of naive identity signature and morphology,
functional characteristics such as clonal self-renewal or multili-
neage embryonic and extra-embryonic differentiation potential
are preserved. During 3D naive colony growth, collagen type IV
and laminins are strongly organized around the colonies. While
these basement membrane proteins likely originate from the
gel as well as possibly from naive cellular production, it will be
of future interest to understand how the naive cells themselves
direct ECM remodeling around the colonies. The omics data re-
ported in this manuscript, including proteomics of naive hiPSC
secretome, constitute a valuable community resource, opening
a window into future identification of candidate mechanisms
for how naive hiPSCs sculpt their microenvironment.

Within the same 3D ECM-rich environment, we demonstrate
that single naive hiPSCs can be directed to undergo identity tran-
sition towards primed state, coupled with lumenogenesis and
tissue morphogenesis into pseudostratified epithelium. Often,
in vitro stem cell differentiation protocols entail transfer from a
maintenance platform into a different environment; an artificially
abrupt change compared to the embryo, which progresses
continually along its developmental trajectory. In contrast, we
show that the same 3D ECM-rich environment supports both
naive hiPSC self-renewal and developmental identity progres-
sion, i.e., both critical aspects of naive stem cell functionality.
We speculate that this may be due to the more embryo-typic
niche provided: the strong 3D organization of collagen type IV
we observe is reminiscent of the basement membrane experi-
enced between the embryonic epiblast and primitive endoderm
in vivo."? In the future, it will be interesting to compare the gene
regulatory network and epigenetic transitions between 2D
versus 3D naive state exit and onward development, both in
terms of the sequence and tempo of events, and to compare
which one better matches embryonic processes.

Consistent with our observation, the tendency of naive human
PSCs to undergo lumenogenesis in response to priming signals in
3D has been reported recently.®® There, after 48 h exposed to
priming signals, Shahbazi and colleagues observed apical
domain formation and initiation of lumenogenesis. Here, we
take this further: after 5 days we reach the formation of a large
lumen (Figure 6F, left panel), then by day 9 the surrounding epithe-
lium has grown remarkably, thickening and becoming pseudos-
tratified (Figures 6E and 6F, right panel). This shows an advanced
degree of 3D morphogenesis occurring directly from a single
naive hiPSC. Meanwhile, the dramatic increase we observe in
cyst size, and the corresponding increase in diameter of the basal
collagen type IV layer from days 5-9 (Figures 6E and 6F), forms an
intriguing parallel with a recent report’ " that basement membrane
remodeling is critical during mouse embryonic growth and
morphogenesis during the naive-to-primed transition.

Our findings open the realistic possibility of modeling key
stages of human development in 3D starting from a single cell.
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The clonal nature of our system, in contrast to strategies
involving aggregation of 100s-1,000s of primed hiPSCs, may
permit the study of symmetry breaking and tissue patterning un-
confounded by pre-existing heterogeneity. Starting from the
naive state, we may also gain access to earlier state transitions
relevant for healthy human embryogenesis during the critical
period of implantation. Intriguingly, recent reports suggest that,
unlike mouse naive PSCs, human naive PSCs have not yet
restricted access to extra-embryonic primitive endoderm®® and
trophectoderm”® lineages, at least at the population level. Our
clonal 3D system for developmental morphogenesis from a sin-
gle naive hiPSC offers the fascinating future possibility to chal-
lenge whether a single naive hiPSC does indeed possess the
totipotency to form all embryonic and extra-embryonic lineages
and to challenge to what extent their spatial self-organization is
an intrinsic, regulative property.

Limitations of the study

Although we used commercially available ECM-rich hydrogels,
which represent the gold standard for organoid 3D cultures (Ma-
trigel or Geltrex), we are aware that these products are extracted
from tissues and are thus neither synthetic nor chemically
defined. Indeed, they show some degree of batch-to-batch vari-
ability that must be kept in mind when standardizing 3D naive
hiPSC culture. The undefined nature of Matrigel or Geltrex also
challenged our ability to dissect which specific ECM-associated
cellular interactions and ECM downstream signaling pathways
are instrumental for supporting the naive state of pluripotency
and the mechanism by which this is achieved. Further advances
toward chemically and mechanically defined synthetic hydrogels
remain a future goal to fully unlock naive hiPSC potential ranging
from developmental and disease modeling to translational
applications.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti OCT-3/4

Mouse monoclonal anti SSEA-4

Rabbit polyclonal Anti-KLF17

Rabbit polyclonal Anti-TFE3

Mouse monoclonal anti-SUSD2

Mouse monoclonal anti-SUSD2-PE

Goat polyclonal anti-GATA-3

Goat polyclonal anti-SOX1

Goat polyclonal anti-SOX17

Goat polyclonal anti-Brachyury

Goat polyclonal anti-OTX2

Rabbit monoclonal anti-NANOG

Rabbit monoclonal anti-FOXA2

Rabbit polyclonal Anti-SOX2

Rabbit polyclonal Anti-FOXG1

Rabbit polyclonal Anti-COLLAGEN Type |
Rabbit polyclonal Anti-COLLAGEN Type IV
Rabbit polyclonal Anti-COLLAGEN Type VI
Rat monoclonal anti-INTEGRIN B1

Rabbit polyclonal Anti-LAMININS

Rabbit polyclonal Anti-VIMENTIN

Donkey anti-Rabbit IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody
Alexa Fluor 488

Donkey anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody
Alexa Fluor 647

Donkey anti-Mouse IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody
Alexa Fluor 594

Donkey anti-Goat IgG (H + L) Cross-
Adsorbed Secondary Antibody Alexa
Fluor 488

Donkey anti-Goat IgG (H + L) Cross-
Adsorbed Secondary Antibody Alexa
Fluor 647

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Atlas Antibodies

Atlas Antibodies
BioLegend

BioLegend

R&D Systems

R&D Systems

R&D Systems

R&D Systems

R&D Systems

Cell Signaling Technology
Cell Signaling Technology
Novus Biologicals

Abcam

Abcam

Abcam

Fitzgerald

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

Cat# sc-5279; RRID: AB_628051
Cat# sc-21704; RRID: AB_628289
Cat# HPA024629; RRID: AB_1668927
Cat# HPA023881

Cat# 327401

Cat# 327406

Cat# AF2605

Cat# AF3369

Cat# AF1924

Cat# AF2085

Cat# AF1979

Cat# 4903S

Cat# D56D6; RRID: AB_10891055
Cat# NB110- 37,235; RRID: AB_792070
Cat# Ab18259; RRID: AB_732415
Cat# Ab34710; RRID: AB_731684
Cat# Ab6586; RRID: AB_305584
Cat# 70R-CR009x; RRID: AB_1283876
Cat# MABT821; RRID: AB_2891299
Cat# 1L9393; RRID: AB_477163

Cat# SAB1305445

Cat# A-21206; RRID: AB_2535792

Cat# A-31573; RRID: AB_2536183

Cat# A-21203; RRID: AB_141633

Cat# A-11055; RRID: AB_2534102

Cat# A-21447; RRID: AB_2535864

Chemicals, peptides, and recombinant proteins

Non-RGD-based antagonist ATN-161
Human FGF basic (154 aa)

Vitronectin (VTN-N) Recombinant Human
Protein, Truncated

Matrigel
Matrigel growth factor reduced

MS-SAFE Protease and Phosphatase
Inhibitor

SDS solution (10% in H20)

Sigma-Aldrich
Peprotech
ThermoFisher Scientific

Corning
Corning
Sigma-Aldrich

Sigma-Aldrich
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Cat# SML2079
Cat# 100-18B
Cat# A14700

Cati# 354234
Cat# 354230
Cat# MSSAFE-1VL

Cat# 71736-100ML
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
1M Triethylammonium bicarbonate (TEAB) ThermoFisher Scientific Cat# 90114

for TMT experiments

DL-Dithiothreitol solution Sigma-Aldrich Cat# 43816-10ML
Sequencing grade modified trypsin Promega Cat# V5111
Pierce™ Trifluoroacetic Acid (TFA), ThermoFisher Scientific Cati# 28904
Sequencing grade

Critical commercial assays

RNeasy Plus Micro Kit QIAGEN Cat# 74034
RNeasy mini kit QIAGEN Cat# 74104
RNase-Free DNase Set QIAGEN Cat# 79254
SuperScriptTM VILO™ cDNA Synthesis kit ThermoFisher Scientific Cat# 11754250
Total RNA Purification kit Norgen Biotek Corp. N/A

M-MLV Reverse Transcriptase

SYBR Green Master mix

Pierce™ BCA Protein Assay Kit

HiPPR Detergent Removal Kit
TMTsixplex™ Isobaric Label Reagent Set
TMT10plex™ Isobaric Label Reagent Set

ThermoFisher Scientific
Bioline

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

Cat# 28025013
Cat# BIO-94020
Cat# 23227
Cat# 88305
Cat# 90061
Cat# 90110

Deposited data

Proteomic data
RNA-seq data

This paper
This paper

MassIVE: MSV000086068, MSV000086069

GEO: GSE161717, GSE161371,
GSE196050, GSE196157, GSE213024

Experimental models: Cell lines

Human naive iPSCs HPD06 and HPDO3
Human primed iPSCs HPD0OO

Human primed iPSCs Clone 7

Human primed iPSCs HPD06

Human fibroblasts HFF-1

Mouse embryonic fibroblasts MEF DR4

Giulitti et al., 2018**
Giulitti et al., 2018*
Luni et al., 2016°°
This paper

ATCC

ATCC

N/A
N/A
N/A
N/A
Cat# SCRC-1041™
Cat# SCRC-1045™

Oligonucleotides

Primers for qRT-PCR, see Table S5 ThermoFisher Scientific and N/A
Laboratory of Graziano Martello

Software and algorithms

ImagedJ (open-source GNU GPL v.3 license) N/A N/A
GraphPad prism 6 Dotmatics N/A
MaxQuant v. 1.6.10.43 Wisnhiewski et al., 2009°* N/A
MATLAB R2017a The MathWorks N/A
MATLAB R2019b The MathWorks N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nicola

Elvassore (n.elvassore@ucl.ac.uk).

Materials availability

The reagents described in this manuscript are available; requests for materials should be addressed to the lead contact.

Data and code availability

The authors declare that all data supporting the findings of this study are available within the article, its supplementary information,

attached files, and online deposited data or from the authors upon reasonable request.
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® Proteomic data have been deposited at MassIVE and are publicy available as of the date of publication. Bulk RNA-seq data
have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in the
key resources table and below. Microscopy data reported in this paper will be shared by the lead contact upon request.
MassIVE: MSV000086068, MSV000086069. GEO: GSE161717, GSE161371, GSE196050, GSE196157, GSE213024.

® This paper does not report original code.

@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Human naive induced pluripotent stem cells (naive hiPSCs, HPD06 and HPD03),** primed induced pluripotent stem cells (hiPSCs;
Clone7,?® HPD06 and HPD0O0* lines), fibroblasts (HFF-1, ATCC) and mouse embryonic fibroblasts (MEF, DR4, ATCC) were em-
ployed for this study. The transcriptomic, metabolic and epigenetic profiles of naive lines were extensively characterized in Giulitti
et al. to confirm their similarity to other naive cell lines. The human primed HPDO6 line was specifically generated for this study as
detailed below. Key findings were confirmed in both HPDO6 naive vs induced primed (isogenic, HFF-derived), and in HPDO3 naive
vs HPDOO primed (isogenic, BJ-derived).

Cell culture in 2D
Pluripotent cell lines were cultured at 37°C, 5% CO, and 5% O2 atmosphere, fibroblast at 37°C and 5% CO, atmosphere. Cell lines
were routinely tested and confirmed negative for mycoplasma.

Naive hiPSCs were cultured on a confluent layer of mitotically inactive MEFs (DR4, ATCC) in RSeT™ medium (Stemcell Technol-
ogies). Cells were passaged every 4-5 days with TrypLE Select Enzyme (Life Technologies) as previously described.** Primed hiPSCs
were expanded in wells (Corning) coated with 0.5% Matrigel growth factor reduced (MRF, Corning), cultured in Essential 8 medium
(E8, Stemcell Technologies) and passaged every 4-5 days with EDTA (ThermoFisher Scientific). Medium change was performed
every 24h for both naive and primed hiPSCs. HFF cells were cultured on 100 mm Petri dishes (Falcon) in High Glucose Dulbecco’s
modified Eagle Medium (DMEM, ThermoFisher Scientific) supplemented with 10% Fetal Bovine Serum (FBS, ThermoFisher Scien-
tific). Medium was changed every second day.

Cell short-term cultures in microfluidic devices

Microfluidic chips were produced as previously described.** Each microfluidic chip was placed in a 100 mm Petri dish with 1%
Penicillin/Streptomycin in phosphate buffer without Ca2+/Mg2+ (PBS) (ThermoFisher Scientific) to maintain sterility and controlled
humidity. Each channel was washed once with PBS to remove any possible debris and coated with 0.5% MRF (Corning) or 50/
100 pg/mL vitronectin (VTN, ThermoFisher Scientific) for 1 h at room temperature. Naive hiPSCs optimal seeding density was defined
as 400 cells/mm?. A standard seeding volume of 12 pL was necessary to ensure a homogeneous cell seeding through the inlet and
along the culture chamber. Medium change was performed every 12 h.

Cell expansion in 3D

Naive cells were switched from 2D to 3D culture by detaching naive colonies from 2D MEF, dissociating the colonies as single cells with
TrypLE and then embedding them in 100% Matrigel (Corning) drops as described below. Optimal cell density was defined as 2k cells/
ul, and 25uL of this was spread on tissue culture treated multiwell plates (Falcon) for maintenance. Medium change was performed
every 24 h and cells were passaged every 4 - 5 days. After 2 passages in 3D, we confirmed the absence of MEF contamination.

To passage 3D cultured cells, we developed the following protocol: Matrigel drops were washed once with cold PBS without cal-
cium or magnesium to destabilize the gel. Then, TrypLE was added, and drops were mechanically broken by pipetting 3-4 times,
followed by incubation for a total of 12 min at 37°C. At minute 8, more pipetting helped to break leftover Matrigel clumps. TrypLE
was inactivated by adding cold 20% KSR in DMEM/F12. A single cell solution was obtained by pipetting and cells were collected
in cold falcon tubes. Cells were counted and centrifuged at 1800 rpm, for 5 min at +4°C. Supernatant was discarded and cells
were resuspended with Matrigel at the density of 2k cells/ul. Seeding volumes were chosen according to experimental necessity,
for high volume drops it was essential to spread slightly the Matrigel to increase volume/surface ratio thus avoiding cells in the center
of the drop to suffer from nutrient shortage. Plates with drops were kept at 37°C for 5-10 min (according to drop dimension) to let the
Matrigel jellify, then warm (37°C) RSeT supplemented with 10 uM StemMACS Y27632 ROCK Inhibitor (Ri, Miltenyi Biotech) was
added to the cells. For smaller drops, adding PBS in the closest wells during jellification was beneficial to control humidity thus pre-
venting drops from drying.

METHOD DETAILS
ECM treatments and clonogenicity assay

Naive hiPSCs were seeded in microfluidic devices, on feeders, at the density of 400 cells/mm?, in RSeT media and in hypoxic con-
ditions. One day after seeding, the following media were used: RSeT medium (control); RSeT medium supplemented with /) 100 png/uL
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non-RGD-based antagonist ATN-161 (Sigma, SML2079); ii) 50 ng/mL blocking antibody anti-integrin p1 (Sigma, MABT821), iii)
2 ng/mL antibody anti-laminins (Sigma, L9393); iv) 1 ng/mL antibody anti-collagen IV (Abcam, ab6586); v) 4 ng/mL antibody anti-
collagen VI (Fitzgerald, 70R-CR009x); vi) an antibody that doesn’t target ECM components (mock Ab, 2 ng/mL antibody anti-
FOXG1, Abcam, ab18259). For anti-ECM antibody treatments, we extended already reported protocols that target ECM components
by administering antibodies in living systems.*>°” Used antibodies are listed in Table S4. Media was changed every 12 h, and cells
were cultured for 5 days in total. Samples were monitored during culture with brightfield imaging, fixed after 5 days and SUSD2 immu-
nostained for mean fluorescence intensity quantification (details are reported in the section “imaging analysis and quantification”).

Clonogenicity assay was performed for untreated samples and cells treated with anti-laminins or anti-collagen VI or anti-mock
antibodies, cultured as described above. Naive hiPSCs were collected as single cells from the microfluidic devices, counted, resus-
pended in RSeT and seeded at clonal density (95 cells/well) in 384 well plates (PerkinElmer). Cells were cultured in RSeT supple-
mented with 10 uM StemMACS Y27632 ROCK Inhibitor (Ri, Miltenyi Biotech) for the first 2 days, and then cultured in RSeT for other
3 days. To quantify naive hiPSCs clonogenicity, cells were fixed (5 days of culture), immunostained for NANOG and KLF17, and
imaged to quantify double-positive NANOG + KLF17 + colonies.

Naive to primed conversion in 2D

HPDO06 Naive cells were converted into an isogenic primed line with the following protocol. Cells have been cultured in 12-well multi-
well (Falcon) on MEF in RSeT medium. The day before passaging, considered as the first day of transition, medium was changed to
N2B27 medium (DMEM/F12-Neurobasal medium 1:1, ThermoFisher Scientific, 1% B-27 Supplement, ThermoFisher Scientific, 0.5%
N-2 Supplement, ThermoFisher Scientific, 1% GlutaMAX Supplement, Life Technologies, 1% MEM Non-Essential Amino Acids So-
lution 100x, Life Technologies, 0.01% 2-Mercaptoethanol, Life Technologies, and 0.25% Insulin 1.72 mM, Sigma-Aldrich). Then cells
were dissociated at single-cell with TrypLE for 5 min at room temperature, inactivated with equal volume of 0.5 mg/mL Soybean
Trypsin Inhibitor (ThermoFisher Scientific) and centrifuged at 300 g for 5 min. Cells were seeded on 0.5% MRF coating in N2B27 me-
dium supplemented with 10 uM Ri. From the day after, medium was gradually switched from N2B27 to E8, following this gradient: day
375% N2B27 + 25% ES8; day 4 50% N2B27 + 50% E8; day 5 25% N2B27 + 75% E8 and day 6 100% E8. When colonies with primed-
like, flat morphology appeared cells were passaged with 0.5 mM EDTA on 6-well multiwell (Falcon) coated with 0.5% MRF, in E8
medium, and passaged until stable.

Naive to primed conversion in 3D

Toinduce naive iPSCs toward a primed identity in 3D Matrigel, we developed the following protocol. Naive cells previously cultured in
3D Matrigel were dissociated to single-cell with TrypLE following the passaging procedure described above, and seeded at the same
2k/ul density as for 3D cell maintenance. Once jellified, Matrigel-embedded cells were instead fed with E6 (Gibco) + FGF2 (20 ng/mL,
PeproTech) supplemented with Ri. After 24h Ri was withdrawn and, 5 days after seeding, E6 + FGF2 medium was replaced with E8.

Extra-embryonic multilineage differentiation in 2D
Naive cells coming from 3D culture systems were induced toward Primitive endoderm differentiation following the protocol previously
described.*? Conversion of human naive PSCs into trophoblast stem cells (TSCs) was obtained by pre-treating cells, cultured on
MEFs, with trophoblast stem cell (TS)** medium for 24 h. Then naive hiPSCs were single-cell dissociated and replated on 12-well
plates, pre-coated with 5 ug/mL of Collagen IV (Corning), at the density of 0.25-0.5 x 10° cells/well and cultured in TS medium. hTSCs
were then cultured as previously described in Okae et al.

Multilineage differentiation in 2D

Naive cells coming from 3D culture systems were induced toward germ layer differentiation as previously described.** Cells obtained
after the 3D priming were induced toward definitive mesoderm,®’ definitive endoderm® and neuroectoderm®® germ layer differen-
tiation as previously described.

Blastoid generation
Naive cells coming from 3D culture systems were passaged as single cells and seeded in low adhesion U-bottom culture plates to
induce blastoid formation following the protocol previously published.*®

Electron microscopy imaging

Naive and primed lines were cultured both on glass coverslips and microfluidic devices and fixed 4 days after seeding for the analysis.
Naive cells were cultured on MEF feeder layer while primed cells were cultured on 2.5% MRF. Cells undergoing SEM observation
were first washed with PBS, then fixed with Glutaraldehyde 2.5% in Cacodylate buffer 0.1 M pH 7.4 (both Sigma-Aldrich), rinsed
with Cacodylate buffer 0.1 M pH 7.4, post-fixed with OsO4 1% in Cacodylate buffer 0.1 M pH 7.4, dehydrated in an ethanol series,
dried by critical point drying (Balzers CPD 030, Balzers A.G., CH), mounted on aluminum stubs, sputtered with gold in an Edwards
S150B apparatus (Edwards Vacuum Italy) and observed with a Zeiss EVO MA10 SEM (Carl Zeiss Oberkochen, Germany) at 20 kV. For
TEM imaging cells were washed once with PBS, fixed with Glutaraldehyde 2.5% in cacodylate buffer 0.1 M pH 7.4 and 1% osmium
tetroxide in cacodylate buffer 0.1M, and embedded in Epon812. Ultrathin sections were stained with lead citrate and uranyl acetate
and observed with a Philips EM400 electron microscope operating at 100 kV.
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Immunohistochemistry
Naive, primed, MEF only and HFF cells were cultured on glass coverslips and in microfluidic chips and fixed 4 days after seeding for
immunofluorescence characterization. Naive cells were seeded on MEF and primed cells on 2.5% MRF. MEF and HFF were cultured
on 25 ug/mL VTN. Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) in PBS™~, 10 min at room temperature. Permeabi-
lization and blocking were performed simultaneously by incubating samples with 10% FBS in PBS™~ with 0.1% (v/v) Triton X-100
(Sigma-Aldrich) for 1 h at room temperature. Then cells were incubated over-night at +4°C with primary antibodies, diluted in blocking
solution. The day after, samples were washed with PBS —/— three times for 5 min and then incubated with secondary antibodies,
diluted in blocking solution. Incubation was performed for 45 min at 37°C. Samples were washed again with PBS, three times for
5 min, and then mounted with 80% glycerol (Sigma-Aldrich) in PBS —/—.

3D cultured cells and blastoids were fixed with 2% paraformaldehyde in PBS™~, 45 min at room temperature. Permeabilization
and blocking were performed simultaneously by incubating samples with 1% BSA (Sigma Aldrich) in PBS ™~ with 0.5% (v/v) Triton
X-100 for 3 h at room temperature. Then samples were incubated 24 h at +4°C with primary antibodies, diluted in blocking solution.
The day after, samples were washed with blocking solution three times for 15 min and then incubated 24 h at +4°C with secondary
antibodies, diluted in blocking solution. Samples were then washed once with blocking solution for 15 min, then with PBS —/— two
times for 15 min. Samples were adapted to and then mounted in Fluoromount-G (Southern Biotech). Blastoids were imaged in PBS
—/— in multiwell plates with glass bottom. All primary and secondary antibodies used are listed in Table S4. Nuclei were stained with
Hoechst 33,342 (Thermo Scientific) and F-Actin with Phalloidin 488 or 647 (Invitrogen). Confocal fluorescence images were acquired
using a TCS SP5 microscope (Leica Microsystems). 2D monolayer differentiation widefield fluorescence images were acquired using
a DM IL LED microscope (Leica Microsystems).

Imaging analysis and quantification

We used ImagedJ software for adjustments of levels and contrast, maximum and SD intensity projections, 3D reconstructions and
thresholding to create binary masks used for quantification of SUSD2 immunostained samples. To quantify the mean fluorescence
intensity of SUSD2 at least 3 imaged channels per microfluidic device of independent biological triplicates for each sample were con-
verted in binary masks and used for analysis with Imaged software (open-source GNU GPL v.3 license). For clonogenicity assay, dou-
ble-positive NANOG + KLF17 + colonies were manually counted from 6 independent biological replicates.

RNA sequencing and transcriptomic analysis

We performed bulk-RNA sequencing of samples extracted from HFF fibroblasts, HPD06 primed and HPDO6 naive cells, all cultured in
normoxic conditions both on glass coverslips and in microfluidic devices. Samples were collected at day 1, 4 and 7 after seeding.
Fibroblasts were seeded on 25 ug/mL VTN, primed iPSCs on 2.5% MRF and naive iPSCs on MEFs. RNA was extracted with RNeasy
Plus Micro Kit (Qiagen) following manufacturer instructions.

We also performed bulk-RNA sequencing of samples collected from microfluidic culture of HPD0O6 naive cells on MEFs, naive
seeded on 50 pg/mL VTN and MEF feeders alone seeded on 50 pg/mL VTN, all in RSeT media in hypoxic conditions. RNA was
collected with RLT lysis buffer. RNA extraction from microfluidic channels was performed in triplicates from each condition, each
replicate made by pooling together the lysates obtained from 3 channels.

We performed bulk-RNA sequencing of HPDO3 naive hiPSCs collected from 3D feeder-free culture or 2D culture on feeders. Cells
were cultured in both conditions in parallel, always at the same passage number, and were harvested as described in the cell expan-
sion in 3D section. Prior to lysis, cells were live-stained with anti-SUSD2 antibody (Table S4) and sorted by fluorescence-activated
cell sorting (FACS). Briefly, cells were centrifuged and resuspended with PBS™~ supplemented with 10 pM StemMACS Y27632
ROCK Inhibitor and with/without the SUSD2 antibody (used according to manufacturer’s recommendation). Cells were stained for
10 min at room temperature in the dark, then washed and resuspended with 20% KSR in DMEM/F12 supplemented with 10 uM
StemMACS Y27632 ROCK Inhibitor to sustain cell viability. FACS was performed with the BD FACSAria™ lllu (BD biosciences),
excluding dead cells by adding DAPI (ThermoFisher Scientific) at 0.05 ug/ml. Samples were collected sorting for DAPI negative cells
(Bulk) and DAPI negative and SUSD2 positive (SUSD2+) cells. Samples were collected in quadruplicates for each culture condition
and each sorted population, at passage 6 and passage 10 of culture, lysed with RLT buffer and then RNA was extracted using
RNeasy Plus Micro Kit (Qiagen).

We also performed bulk-RNA sequencing of 3D naive hiPSCs, naive priming in 3D Matrigel at 2, 4, 6, 8 and 10 days of differenti-
ation, and isogenic primed hiPSCs cultured in 3D for 4 days in their standard E8 maintenance media. 3D priming was performed as
described in the related section. Four replicates were collected for each sample type. To collect the RNA samples, naive colonies,
primed and priming cysts were extracted from the Matrigel drops then lysed with RLT buffer. RNA was extracted using RNeasy Plus
Micro Kit (Qiagen).

Total RNA was quantified using the Qubit 2.0 fluorometric Assay (Thermo Fisher Scientific). Libraries were prepared from 100 ng of
total RNA using the NEGEDIA Digital mMRNA-seq research grade sequencing service (Next Generation Diagnostic srl)®® (which
included library preparation, quality assessment and sequencing on a NovaSeq 6000 sequencing system using a single-end, 100
cycle strategy (lllumina Inc.). lllumina NovaSeq base call (BCL) files were converted into fastq files through bcl2fastq (2019) (version
v2.20.0.422). The raw data were analyzed by NEGEDIA Digital mRNA-seq pipeline (v1.0) which involves a cleaning step by quality
filtering and trimming, alignment to the reference genome and counting by gene (BBMap - Bushnell B. — sourceforge.net/pro-
jects/bbmap/;°°°). The raw counts obtained were subsequently expressed as counts per million (CPM). After that the genes that
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did not have at least 2 CPM in one or more samples were filtered out. For the hypoxia samples, the alignment was performed using a
hybrid hg38/mm10 genome obtained by combining the two single genomes (NCBI Annotation release 93). The expression levels of
genes were expressed as CPM. Only human genes that had 2 or more CPM in at least one of the samples were considered. Differ-
entially expressed genes (DE-Gs) were computed with edgeR starting from raw count data (Robinson et al., 2009), using a mixed
criterion based on p value, after false discovery rate (FDR) correction by Benjamini Hochberg method, lower than 0.05 and absolute
log2(fold change) higher than 2.

PCA was performed by Singular Value Decomposition (SVD) on log2(CPM+1) data, after centering, using MATLAB R2017a (The
MathWorks). Naive gene selection was taken from previously published works.'®?° MEF identity genes were randomly selected
from those reported in Schiebinger et al. (2019),°" we also manually added Thy1 and Cdh2 as well-recognized typical fibroblast
markers. Enrichment analyses within Gene Ontology-Biological Process (GO-BP) and Reactome databases were performed in R
(v. 4.0.3) using clusterProfiler®® (v. 3.18.0) and ReactomePA®* (v. 1.34.0) Bioconductor packages, respectively, with FDR-corrected
p value lower than 0.01. Hierarchical clustering with heatmap data visualization was performed using Euclidean distance and com-
plete linkage. ECM genes were classified according to the annotations in Hynes and colleagues (2012).%"

For RNA-seq from HPDO3 naive hiPSCs collected from 3D feeder-free culture or 2D culture on feeders, alignment, quantification,
normalization, and gene selection was performed as in Figure 3C in Giulitti et al. (2018), to allow direct comparison with published
RNA-seq data in the same Principal Component Analysis (PCA). List of all the cell lines showed in the resultant PCA (Figure 5F)
can be found in Table S6.

For RNA-seq from 3D priming samples, total RNA was quantified using the Qubit 2.0 fluorometric Assay (Thermo Fisher Scientific).
Libraries were prepared from 600 to 1000 pg of total RNA using the SMART-Seq v4 Ultra Low Input Kit (Takara Bio) followed by
Nextera XT DNA Library Preparation kit (Illumina). Libraries were sequenced on a NovaSeq 6000 sequencing system using a
paired-end, 100 cycle strategy (lllumina Inc.). lllumina NovaSeq 6000 base call (BCL) files were converted in fastq file through
bcl2fastg. Alignment was performed with STAR 2.6.0a%° using hg38 reference genome and the expression levels of genes were
determined with RSEM 1.3.0.

Genes were annotated with the Ensemble database and raw counts were expressed as counts per million (CPM). Data was filtered
to keep only genes with more than 10/min (library size*10A-6) count per million (CPM) in more than three replicates in at least one
sample and normalized by negative binomial distribution (TMM) with EdgeR. PCA was performed on log2(CPM+1) data using R
(v. 4.1.3). Differentially expressed genes (DE-Gs) analysis was performed using edgeR on processed data, using a p value, after
FDR correction by Benjamini Hochberg method, lower than 0.01 and absolute log2 (fold change) higher than 2 as thresholds. This
analysis was applied on every paired combination of samples from the timecourse. The union of all found DE-Gs was used for further
analyses. DE-Gs were assigned to five clusters, as in Rostovskaya et al., (2019), using k-means algorithm implemented in MATLAB
R2019b (The MathWorks) and the genes temporal profiles for each of the clusters were represented. A comparison between the DE-
Gs found for each paired combination of samples was performed graphically with Venn diagrams using R Eulerr (v. 6.1.1) package.
Heatmap data visualization was performed using lists of selected genes compiled from KEGG pathways and published
literature. #4953

Quantitative reverse transcriptase PCR

Total RNA was extracted using RNeasy mini kit, according to manufacturer’s spin protocol (QIAGEN) including the RNase-free
DNase (QIAGEN) step to digest contaminant DNA. cDNA was produced from <300 ng RNA using SuperScript™ VILO™ cDNA Syn-
thesis kit, following the recommended protocol (Invitrogen). gRT-PCR reactions were performed using the Tagman Gene Expression
Master Mix (Thermo Fisher Scientific). Gene expression relative to GAPDH in each well was determined using VIC-labelled GAPDH
probe together with FAM-labelled TagMan assay probe (Applied Biosystems) which are listed in Table S5.

For trophoblast stem cell (TSC) differentiation analysis, total RNA was isolated using a Total RNA Purification kit (Norgen Biotek),
and cDNA was made from 500 ng using M-MLV Reverse Transcriptase (Invitrogen) and dN6 primers. For real-time PCR, SYBR Green
Master mix (Bioline, BIO-94020) was used. Primers are detailed in Table S5. Three technical replicates were performed for all gRT-
PCR experiments. GAPDH was used as the endogenous control to normalize expression.

Conditioned medium, total lysates and decellularization for proteomic analysis

Naive hiPSCs were purified from MEF contaminants by multiple passages on ECM coated plates. Cells were then dissociated as
single cells and seeded in microfluidic devices at the density of 400 cells/mm? on MEFs, and on 50 pg/mL VTN. In parallel, MEF
feeders alone were seeded on 50 pg/mL VTN in RSeT medium. Conditioned media were collected every 12h for 3 days, in triplicates
for each condition. Each replicate was constituted by the media from 10 microfluidic channels pulled together. To each replicate MS-
SAFE Protease and Phosphatase Inhibitor was added according to manufacturer’s instruction (Sigma Aldrich). Total lysates were
collected at day 3 from each condition, three replicates were made from the lysates of 10 channels pooled together. Lysates
were collected by washing first the channels with PBS™~ then by removing the PBS, cutting the roof of each microfluidic channel
and scratching with 20 L of 4% SDS in Ultrapure distilled water (ThermoFisher scientific). To the lysis buffer MS-SAFE Protease
and Phosphatase Inhibitor was added according to manufacturer’s instruction. All samples for the proteomic analysis were stored
at —80°C prior to the analysis.
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Proteomic sample pre-processing

Before BCA protein quantification (Thermo Fisher Scientific), centrifuge-aided filtration in Amicon-Ultra 10 kDa cut-off spin-column
(Millipore) was performed for buffer-exchange to 8 M urea (Sigma-Aldrich) in 50 mM TEAB buffer (Thermo Fisher Scientific). Centri-
fugation was performed at room temperature for 10 min at 14,0009 with freshly prepare urea buffer with 4 rounds of 1:5 dilution of the
protein concentrate.

Standard samples were prepared for normalization purposes and quality control of technical variability.® The first batch of stan-
dard samples was composed by an equal amount of all lysate samples and added in duplicate into the TMT6 sample described
below. The second batch of standard samples was composed of an equal amount of all conditioned media samples and added
in duplicate into the TMT10 samples described below. All samples for total lysates (30 pg of input protein per condition), conditioned
media (40 pg of input protein per condition) and relative standards were subsequently processed identically.>* Briefly, protein reduc-
tion with 5 mM DTT (Sigma-Aldrich) was carried out in 50 pL of 50 mM TEAB for 60 min at 37°C with 800 rpm shaking, followed by
alkylation with 20 mM iodoacetamide (Sigma-Aldrich) for 30 min at 25°C protected from light. After diluting the samples 1:10 with
50 mM TEAB, tryptic digestion was carried out with 2 pg of trypsin (Promega) per reaction for 20 h at 37°C with 800 rpm shaking
and supplemented with TFA to a final 0.2% concentration to stop the reaction. Samples were desalted with MonoSpin C-18 columns
(GL Sciences) and speed-vacuum evaporated over-night. After reconstituting the peptides in 100 uL of 50 mM TEAB, TMT-conjuga-
tion was performed according to the supplier’s instructions (one TMT 6-plex for “total lysate” samples, and three TMT 10-plex for
“conditioned media” samples, both from Thermo Fisher Scientific), speed-vacuum evaporated over-night, desalted and speed-vac-
uum evaporated once again. In order further reduce detergent contamination, all samples were reconstituted in 100 mM ammonium
bicarbonate (Sigma-Aldrich) and processed with HiPPR Detergent Removal Kit (Thermo Fisher Scientific) twice, before liquid chro-
matography fractionation (16 fractions per sample) and mass spectrometry analyses.

Protein identification by liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed using Thermo Fusion
Mass Spectrometer with Thermo Easy-nLC1000 Liquid Chromatography. 130 min of LC-MS gradients were performed by increasing
organic proportion. The first level of MS was detected by Orbitrap with parameter of Resolution at 120 K, Scan Range at 300-1800
m/z, Mass Tolerance at 10 ppm. The second level of MS was isolated by Quadrupole, activated by HCD and detected by Orbitrap.
The Orbitrap Resolution for the second level of MS was 30 K.

Proteomic bioinformatics analysis

Peak list files were searched against UniProt human reference proteome (UP000005640) by MaxQuant v. 1.6.10.43%¢, TMT6 or
TMT10 modifications and carbamidomethyl on cysteine were set as fixed modifications. The oxidation of methionine and acetylation
of protein N-terminus were set as variable modifications. Peptide-spectrum matches (PSMs) were adjusted to 1% and then assem-
bled further to a final protein-level false discovery rate (FDR) of 1%. Reverse proteins and contaminants, proteins not quantified in any
sample, proteins identified without unique peptides in any sample or with a g-value > 0.01 were filtered out. TMT6 intensities, i.e.
lysate samples, were normalized within the same TMT sample by scaling the median of each sub-sample (Figures S3A-S3D).
TMT10 intensities, i.e. media samples, were normalized only between different TMT samples according to Plubell and colleagues®®
(Figures S3A-S3D).

Bioinformatic analysis was performed in MATLAB R2017a (The MathWorks) using normalized log2 (TMT intensities). Hierarchical
clustering with heatmap data visualization was performed using Euclidean distance and complete linkage. ECM genes were classi-
fied according to the annotations in Hynes and colleagues.®' Functional enrichment analysis of Reactome pathways and GO-BP cat-
egories was performed using ReactomePA®® and ClusterProfiler®® Bioconductor packages, respectively. Differentially accumulated
proteins in conditioned media were identified by ANOVA with FDR-corrected p value < 0.05, followed by Tukey’s post-hoc test with
p value < 0.05. Proteins identified as accumulated in MEF, Naive on VTN and Naive on MEF at day 2 or 3 respect to RSeT samples
were classified as secreted by MEF, naive or both cell types, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS
All analyses were performed with GraphPad prism 6. We expressed data as mean + SD of multiple biological replicates (as indicated

in the figure legend). We determined statistical significance by unequal variance Student’s t test, one-way ANOVA and Tukey’s mul-
tiple comparison test. A p value of less than 0.05 was considered statistically significant.
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