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“Sometimes, immersed in his books, there would come to him the awareness of all that he
did not know, of all that he had not read; and the serenity for which he labored was shattered

as he realized the little time he had in life to read so much, to learn what he had to know.”

— John Williams, Stoner
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RESUMO

No decorrer da embriogénese, o figado fetal (FF) serve transitoriamente de nicho
as células hematopoiéticas recém-formadas, proporcionando as condi¢cdes necessarias a
maturagao, expansao e diferenciagdo de progenitores hematopoiéticos, nomeadamente
células estaminais hematopoiéticas (CEHs). Apesar do papel preponderante do nicho
hematopoiético do FF, este permanece pouco explorado.

Nesse ambito, o presente projeto seguiu uma abordagem abrangente e minuciosa
de caracterizagao do compartimento ndo-hematopoiético do FF durante o desenvolvimento
embrionario. Esta incluiu a utilizagado de citometria de fluxo espectral aliada a analise de
perfis de assinatura transcricional e mapeamento da localizagdo de populagdes celulares
in situ. O elevado numero e qualidade de imagens de imunofluorescéncia geradas
impulsionou a implementagdo de uma pipeline de deep learning personalizada (Pyxidis), a
qual permitiu identificar padrées de distribuicao celular e composicao de redes celulares
vizinhas com resolug&o ao nivel da célula individual.

Os resultados obtidos sugerem uma contribuicdo multicelular das populagbes
estromais para a produgao de fatores hematopoiéticos, uma distribuicdo ndo aleatéria de
progenitores hematopoiéticos na periferia do figado, e uma forte dependéncia de contacto
direto entre populacdes de progenitores hematopoiéticos com hepatoblastos, os principais
produtores de citocinas no FF. Identificamos ainda um papel até entdo nao descrito das
células mesoteliais na producéo de citocinas hematopoiéticas.

Em suma, o trabalho realizado nesta tese contribuiu para uma melhor compreensao
da composigao celular do nicho hematopoiético do FF, bem como da sua topografia e
interacdes celulares. Aprofundar este conhecimento podera impulsionar a formulagao de
condigbes de cultura para a diferenciagao de células estaminais pluripotentes (CEPs) em
CEHs e para a manutencao e/ou expansao das mesmas ex vivo, 0 que, por sua vez, se

traduzira em avangos significativos nas aplicagdes clinicas destas células.

Palavras-chave: Hematopoiese, Figado Fetal, Células Estaminais Hematopoiéticas,
Nicho, Desenvolvimento, Citometria de Fluxo Espectral, Imagem 3D, Analise de Imagem,

Deep Learning






ABSTRACT

During embryogenesis, the fetal liver (FL) transiently serves as a niche for the newly
generated hematopoietic cells, providing conducive conditions for the maturation,
expansion and differentiation of hematopoietic progenitors, namely hematopoietic stem
cells (HSCs). Despite the prominent role of the hematopoietic niche in the FL, it remains
largely unexplored.

Within this context, this project adopted a comprehensive approach to thoroughly
characterize the FL non-hematopoietic compartment during embryonic development. This
involved the use of spectral flow cytometry, combined with transcriptional signature analysis
and the mapping of the location of these populations in situ. The high quantity and quality
of immunofluorescence images generated led to the implementation of a customized deep
learning pipeline (Pyxidis), which allowed for the identification of cellular distribution
patterns and the composition of neighboring cellular networks at the single-cell level.

The results obtained suggest a multicellular contribution of stromal populations to
hematopoietic factors production, a non-random distribution of hematopoietic progenitors
at the liver's periphery, and a strong dependence on direct contact between hematopoietic
progenitor populations and hepatoblasts, the primary cytokine producers in the FL.
Additionally, we identified a previously undescribed role of mesothelial cells in
hematopoietic cytokine production.

In summary, the work conducted in this thesis has contributed to a better
understanding of the cellular composition of the hematopoietic niche in the FL, as well as
its topography and cellular interactions. Deepening this knowledge may drive the
formulation of culture conditions for the differentiation of pluripotent stem cells (PSCs) into
HSCs and for their maintenance and/or expansion ex vivo, ultimately leading to significant

advancements in the clinical applications of these cells.

Keywords: Hematopoiesis, Fetal Liver, Hematopoietic Stem Cells, Niche, Development,

Spectral Flow Cytometry, 3D Imaging, Image Analysis, Deep Learning
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PREFACE

Hematopoietic stem cells (HSCs) are multipotent cells capable of generating a
diverse repertoire of blood and immune cells. These cells were the first tissue-specific stem
cells identified, in the early 60s. Remarkably, shortly after, in 1968, 3 patients with severe
combined immunodeficiency syndromes were successfully treated after hematopoietic cell
transplantation. 40 years later, more than 800.000 patients worldwide had been treated
using this procedure?.

Many scientists have been intensely dedicated to the study of the hematopoietic
system (HS) for the past 6 decades. This intricate and complex system is established
through multiple waves of hematopoietic emergence during embryonic development and a
residence stage in the fetal liver (FL), before ultimately migrating to the bone marrow (BM),
that will function as a main hematopoietic hub throughout life. Adult hematopoiesis and the
BM microenvironment have been a major focus to study HSC biology. Countless studies
have identified and characterized BM cell types, reporting some as key hematopoietic
regulators.

The adult HSC compartment must be tightly regulated to ensure continuous
production of mature blood cells while safeguarding its maintenance. However, despite
maijor efforts, isolated and cultured HSCs rapidly lose their stemness properties, which limits
their ex vivo manipulation. Being able to maintain and manipulate HSCs outside their native
environment holds the potential to address and surpass certain limitations in the clinical
application of these cells. However, the mechanisms that drive the stem cell fate choices
towards self-renewal, differentiation and expansion remain largely unknown.

Our understanding of the HS is in constant remodeling. Established dogmas are
regularly challenged, and subject to revision and reformulation. While the adult BM is widely
accepted as a “maintenance” niche, during embryonic development the HSC compartment
is thought to go through an expansion phase, most pronounced during the FL stage.
Although the dogma concerning FL as an expansion niche can be questioned, as it will be
discussed later in the introduction, the need to dissect the FL microenvironment, the major
hematopoietic site during embryonic development, is of an unaltered urgency. Yet, only a

few studies have addressed the FL to screen for putative hematopoietic niches.

2Milestones in Hematopoietic Cell Transplantation, 50 Years in Hematology: Research That
Revolutionized Patient Care, American Society of Hematology (2008)



Preface

Understanding the role of the FL microenvironment in hematopoietic development
is a long-lasting joint ambition of Perpétua Pinto-do-O and Ana Cumano labs. In previous
work, Francisca Soares-da-Silva optimized the isolation of FL cell types and identified major
hematopoietic cytokine producers in the FL at midgestation. My Ph.D. stands as a follow-
up of this work, in collaboration with Soares-da-Silva. We improved the flow cytometric
characterization of FL cell types, ascertaining the transcriptional signature of major non-
hematopoietic populations and their in-situ localization at various stages of liver
development. For the latter, we created a high-definition imaging dataset of hematopoietic
and non-hematopoietic cell types.

Another key collaboration was established later in my Ph.D. with Charles Baroud’s
lab, initially through Gustave Ronteix and continued with Valentin Bonnet, to develop a
pipeline to extract biological relevant data from our microscopy images. Together, we
explored the FL, by quantifying the organs’ composition, and by identifying patterns of cell
distributions and the neighbor composition at the single-cell resolution. “Has a cell type a
higher propensity to be closer to another given cell type?” is the type of question that we
can address by our image analysis approach, while easily escaping the eye.

This thesis compiles this cooperative work as follows. This manuscript is organized
in four chapters. Chapter | introduces relevant topics to contextualize this thesis work. It
starts by exploring historical and up to date knowledge on the HS, and the evolving
paradigm of hematopoiesis in a hierarchical tree structure. To understand how the adult HS
is established, its embryonic development is described following the chronology of
discoveries and controversies on the multiple and overlapping waves of hematopoietic cell
generation. An effort to compile studies that aimed to quantify the HSC compartment during
development was done to revisit the magnitude of expansion that putatively occurs in the
FL. The FL development, composition and contribution to the embryonic HS were
extensively addressed. Other hematopoietic niches were briefly revisited and efforts to
localize HSCs in situ were identified and examined. When relevant, cited papers were
extensively dissected and discussed. Unless explicitly specified, the referenced papers
primarily center around the mouse model. The introduction ends with a brief description of
the project outline, the initial aims and the experimental setup defined to address the
underlying questions.

For a better follow-up and more detailed exploration of the experiments performed
to dissect the FL hematopoietic microenvironment, the work enclosed in the publications [3]
and [5] (see list below) was deconstructed and re-organized here in 3 sections of results
(Chapter II-IV). Chapter Il includes and integrates results from both publications, focusing
on characterizing the FL non-hematopoietic compartment. Chapter lll presents and

describes step-by-step the image analysis pipeline adapted to FL sections [5].
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As our attempts to develop a staining method specifically targeting HSCs did not
yield successful results, we shifted our attention towards a simplified staining approach.
This approach enabled the differentiation of two distinct progenitor populations, along with
more mature hematopoietic cells. In Chapter IV we then applied the image analysis pipeline
to characterize the distribution of these cell types during FL development and their
relationship with the stromal® populations [5]. The efforts and difficulties faced to identify
HSCs in situ are also discussed here.

Epilog is a general discussion of this thesis work, integrating all chapters, and
pointing major conclusions, unresolved points, and future perspectives.

References from all sections are compiled at the end of the manuscript, followed by
annexes. Annex | offers a concise overview of mouse development, as | deemed it
necessary to have in mind some aspects related to mouse embryogenesis and anatomy to
understand the emergence of the HS at different locations within the embryo. The remaining
annexes comprise the publications in which | contributed during the course of this thesis,

as detailed below.

LIST OF PUBLICATIONS

*These authors contributed equally, #senior authorship, $corresponding authors

[1] Soares-da-Silva, F.*, Peixoto, M.*, Cumano, A., Pinto-do-O, P. (2020) “Crosstalk
between the hepatic and hematopoietic systems during embryonic development”. Front.
Cell Dev. Biol. doi: 10.3389/fcell.2020.00612. (Annex IlI)

This review focused on the interplay between the developing hepatic and hematopoietic
tissues, detailing the ontogenic development of both systems, and discussing the role of the

FL non-hematopoietic subsets and its molecular milieu in fetal hematopoiesis.

[2] Elsaid, R.*; Soares-da-Silva, F.*; Peixoto, M.; Amiri, D.; Mackowski, N.; Pereira, P.;
Bandeira, A.; Cumano, A. (2020) “Hematopoiesis: a layered organization across chordate
species”. Front. Cell Dev. Biol. doi: 10.3389/fcell.2020.606642. (Annex Ill)

This review revisited the hematopoietic/lymphoid development in key animal models, namely
mouse, human, zebrafish, axolotl, Xenopus, and chicken, presenting evidence for an

evolutionary conserved layered hematopoietic system spanning chordate species.

3 Throughout this manuscript, the terms "niche" and "stroma" will be recurrently employed. While
these terms are often used interchangeably in the existing literature, in the context of this manuscript,
| will designate "stroma/l" to encompass the non-hematopoietic compartment or any non-
hematopoietic population of the respective organ, and "niche cells/niche” to refer to any cell with
hematopoietic regulatory functions (e.g., cytokine secretion).
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[3] Peixoto, M.*; Soares-da-Silva, F.*; Schmutz, S.; Mailhe, M.P.; Novault, S.; Cumano, A;;
Ait-Mansour, C. (2021) “Identification of fetal liver stromal subsets in spectral cytometry
using the parameter autofluorescence”. Cytometry: Part A. doi: org/10.1002/cyto.a.24567.
(Annex IV)

Using the SONY ID7000 spectral analyzer we identified two distinct autofluorescence
emission spectra within the FL non-hematopoietic compartment that were uniquely
associated with specific cell types. This work reinforced the advantage of considering
intrinsic autofluorescence properties of cells as additional parameters that herein allowed to
refine the analysis of the FL stromal compartment and improve a sorting strategy by

conventional cytometry.

[4] Soares-da-Silva, F.*; Elsaid R.*, Peixoto, M.*; Nogueira G.*, Bandeira A., Pereira P.,
Cumano A. (2021) “Assembling the layers of the hematopoietic system: a window of
opportunity for thymopoiesis in the embryo”. Immunological Reviews. doi:
10.1111/imr.13187. (Annex V)

This review centered on the emergence of the HS during embryonic development in the
mouse model, detailing the several independent waves of generation of hematopoietic cells,
with an emphasis on lymphoid subsets and its impact on thymic development. Additionally,
the establishment of the HSC compartment was revisited by compiling studies that aimed to
quantify HSCs along development, and the dogma of HSC embryonic expansion re-analyzed
and discussed.

[5] Peixoto, M.*; Soares-da-Silva, F.*; Bonnet, V.*; Ronteix, G.*; Faria, M.R.; Mailhe, M.P;
Feng, X.; Pereira, J.P.; Azzoni, E.; Giorgi, A.; de Bruijn, M.; Baroud, C.*; Pinto-do-O, P.*;
Cumano, A.*® (2023) “Spatiotemporal dynamics of cytokines expression dictate fetal liver
hematopoiesis”. BioRxiv. doi: https://doi.org/10.1101/2023.08.24.554612 (Manuscript
under review) (Annex VI)

This work compiled an extensive characterization of the FL non-hematopoietic populations,
achieved through a multi-faceted approach that involved imaging, flow cytometry and
transcriptional signature profiling of the murine FL. A costume-designed image analysis
pipeline, Pyxidis, was described and implemented for the analysis of a high-definition
imaging dataset to quantify and characterize the distribution of hematopoietic and stromal

cell types, with single-cell resolution.
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INTRODUCTION

Part of the section “HSC expansion — a dogma revisited” was published as part of the following paper:

Soares-da-Silva, F*; Elsaid R*, Peixoto, M*; Nogueira G*, Bandeira A, Pereira P, Cumano A.,

(2022) “Assembling the layers of the hematopoietic system: a window of opportunity for

thymopoiesis in the embryo”. Immunological Reviews. doi: 10.1111/imr.13187. *These

authors contributed equally (Annex V)
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THE HEMATOPOIETIC SYSTEM

An integrative view on hematopoiesis — old and new approaches

The organization of the hematopoietic system (HS) is classically viewed as a
hierarchical tree, with hematopoietic stem cells (HSCs) sitting at the top and continuously
generating all mature blood lineages — myeloid and lymphoid cells, erythrocytes, and
megakaryocytes (Mks) — throughout life (Figure 1). In humans, hematopoietic cells
comprise ~85% of the daily cell production, with an estimated turnover of 2.8x10"
hematopoietic cells per day (Sender & Milo, 2021). Considering the proportions of the
different mature hematopoietic compartments, all with different turnover rates, the flux into
each compartment must be tightly regulated, specially at the apex of the tree, to ensure

continuous and balanced blood production, according to the organism’s needs.
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Figure 1. The hematopoietic tree model.

In a classical view of hematopoiesis, the HSC generates the mature blood lineages through a
stepwise differentiation program of cells with increasingly limited lineage potential, from multi- to -bi,
and ultimately unipotent progenitors. Cell numbers relative to 1 HSC were estimated based on
(Cosgrove et al., 2021), considering main hematopoietic organs in 12-week-old, 22g female
C57BL/6J mice.

CLP — common lymphoid progenitor; CMP — common myeloid progenitor; DCs — dendritic cells; Ery —
erythrocytes; GMP — granulocyte-monocyte progenitor; ILCs — innate lymphoid cells; LMPP — lympho-myeloid
progenitor; Lym — lymphoid cells; MEP — megakaryocyte/erythroid progenitor; Mk — megakaryocytes; MPP —
multipotent progenitor cell; My — myeloid cells; NK — natural-killer cells; Plt — platelets; RPP — restricted potential
progenitors (includes CMPs, CLPs, GMPs, MEPs and Mk progenitors).

HSCs were first identified in a series of seminal studies by Till and McCulloch in the

'60s which were the foundation of the HSC concept: a cell with multilineage potential,
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capable of continuously generating all blood cell types while maintaining its self-renewal
ability. These studies showed that: 1. Transplanted bone marrow (BM) hematopoietic cells
into sub-lethally irradiated mice had multilineage differentiation potential (generating
granulocytes, macrophages, erythrocytes, and Mks) in spleen nodules, designated as
colony-forming units-spleen (CFU-S) (Becker et al., 1963; Till & McCulloch, 1961); 2. The
number of transplanted cells correlated with the number of CFU-S (Till & McCulloch,
1961); 3. Radiation-induced clonal markers allowed the tracing of transplanted cells,
proving the clonality of each CFU-S (Becker et al., 1963) and its multipotent potential (A.
M. Wu et al., 1967); 4. Cells isolated from CFU-S and re-injected could also form CFU-S,
suggesting that some of the cells possess the capacity to self-renew (Siminovitch et al.,
1963); 5. Common chromosomal abnormalities in lymphoid cells and cells from CFU-S were
found, revealing that lymphoid cells can also be generated from CFU-S or that they share
a common progenitor (A. M. Wu et al., 1968). BM transplantation into irradiated recipients
and the CFU-S assay were then the first functional assays to evaluate stemness for the HS,
pioneering the stem cell biology field. However, only the transplantation itself can fully
ascertain a cell as a bona fide stem cell, as the long-term reconstitution (LTR) capacity can
be demonstrated by assessing the reconstitution potential of the donor cells after a
minimum of 16 weeks post-transplantation or after secondary transplantation (Purton &
Scadden, 2007). These and additional in vitro and in vivo functional assays to screen
putative HSCs are detailed in (Eaves, 2015; Purton & Scadden, 2007; Rodriguez y Baena
et al., 2021; van Os et al., 2004).

Advances in flow cytometry (FC) and monoclonal antibodies availability, started by
Weissman’s lab, opened doors to prospectively isolate and purify HSCs (Spangrude et al.,
1988; Weissman & Shizuru, 2008). Combining fluorescence-activated cell sorting (FACS)
with in vitro clonal assays and in vivo reconstitution analysis, phenotypic characterization of
cell surface markers for the HS was subsequently refined and compartmentalized, which
ultimately led to the tree model (Figure 1). It is well established that HSCs lack lineage
markers (that identify erythrocytes, granulocytes, macrophages, B and T cells), but express
Sca-1 and c-Kit (KIT) (Okada et al., 1992). However, multipotent progenitors (MPPs)
downstream of HSCs with different reconstitution capacities and tendencies to generate
differentiated output (balanced or lineage-biased) are also included in the Lin"Sca-1"KIT*
(LSK) compartment. Considering CD34 expression, HSCs were classified as long-term (LT,
LSK CD34°) or short-term (ST, LSK CD34%), depending on the longevity of their
reconstitution capacity (Yang et al., 2005). Currently, the most common strategy to isolate
a population enriched in LT-HSCs is to select cells with an LSK CD150" CD48" phenotype.

Approximately 1 out of 2 cells of this population was shown to successfully engraft and
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reconstitute the HS in single-cell transplantation assays (at least up to 6 months) (Kiel et
al., 2005), being the biggest enrichment reported so far.

The high complexity of the differentiation roadmap of HSCs makes the
hematopoietic tree a paradigm still under construction. From its original version, in the early
2000s, the branching point between lymphoid and myeloid fates has been reformulated
(Adolfsson et al., 2005), early Mk branching has been proposed (Sanjuan-Pla et al., 2013;
Yamamoto et al., 2013), and the stem cell and downstream MPP compartments
extensively sub-categorized (Cabezas-Wallscheid et al., 2014; Dykstra et al., 2007;
Pietras et al., 2015). In consequence, different groups have been using different
nomenclatures and gating strategies to isolate these cells (extensively reviewed by (Cheng
et al., 2020; Laurenti & Gottgens, 2018) and summarized in Table 1).

Table 1. Molecular signatures enriched with hematopoietic stem and/or progenitor cells in the

adult mice.

CLP — common lymphoid progenitor; CMP — common myeloid progenitor; GMP — granulocyte/monocyte
progenitor; Lin"Sca-1*KIT*; LT — long-term; MPP — multipotent progenitor cell; MEP — megakaryocyte/erythroid
progenitor; ST — short term.

LINEAGE
POPULATION POTENTIAL PHENOTYPE REFERENCE
g . LSK CD135 CD34- CD150* CD48" (Kiel et al., 2005; Yang et
HSC/LT-HSC All lineages (CD244- CD41") al., 2005)
MPP1/ST- . 5 . ) : (Kiel et al., 2005; Yang et
HSC All lineages LSK CD135 CD34* CD150 CD48 al., 2005)
All lineages, . . . . (Cabezas-Wallscheid et al.,
MPP2 MEP-biased LSK CD135"CD34" CD150" CD48 2014, Pietras et al., 2015)
All lineages, i . | . (Cabezas-Wallscheid et al.,
MPP3 Myeloid-biased ~ -SK CD135"CD34"CD150"CD48 2014; Pietras et al., 2015)
Alllineages, (Cabezas-Wallscheid et al
MPP4/LMPP Lymph0|d- LSK CD135* CD34* CD150- CD48 2014; Pietras et al., 2015)
biased
CLP Lymphoid Lin" IL7ra* KIT" Sca-1'° (Kondo et al., 1997)
. Lin" IL7ro KIT* Sca-1- .
CMP Myeloid CD34* CD16/32- (Akashi et al., 2000)
Granulocytes Lin" IL7ror KIT* Sca-1- .
GMP Monocytes CD34* CD16/32* (Akashi et al., 2000)
Megakaryocytes Lin- IL7rar KIT* Sca-1- .
MEP Erythrocytes CD34- CD16/32- (Akashi et al., 2000)

It is worth noting that the HSC concept only has an “ex vivo” validity, as it requires
a retrospective assessment of the two hallmarks of stemness — self-renewal and
multipotency — upon isolation and transplantation into myeloablated recipients, which might
not reflect the native fate of the cells in vivo. In recent years, different lineage-tracing mouse

models, genetic barcoding technologies, and RNA sequencing have been increasingly
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implemented to analyze the HS in unperturbed settings (reviewed in (Pucella et al., 2020;
Rodriguez-Fraticelli & Camargo, 2021)). These studies have shed light on the
physiological hematopoietic flow throughout its hierarchical structure, questioning the
validity of a discrete differentiation model in physiological conditions (Pei et al., 2017;
Rodriguez-Fraticelli et al., 2018; Sun et al., 2014) (Figure 2).

Camargo’s lab used a doxycycline-induced Sleeping Beauty transposon tagging
system to follow the output of hematopoietic progenitors in native conditions. They showed
that over one year, only rare clones were found simultaneously in phenotypic HSCs and
mature lineages, suggesting a minimal contribution of HSCs to blood production, which
would instead be ensured by MPPs (Sun et al., 2014). They additionally found that the Mks
arise largely independent from other lineages, and it is the predominant fate of HSCs in situ
(Rodriguez-Fraticelli et al., 2018). Using two different approaches, Tie2-driven lineage
tracing and Polylox barcoding, Rodewald’s lab showed that adult hematopoiesis is also
largely HSC-independent, while HSCs are actively contributing to the establishment of the
immune and blood system in fetal and early postnatal life (Busch et al., 2015; Pei et al.,
2017). In contrast to these works, Sawai et al. claimed a substantial HSC output in the adult
by following the progeny of Pdzk1ip1-CreER (Sawai et al., 2016). However, the same fate
mapping approach, combined with DNA barcoding revealed a low frequency of shared
barcodes between HSCs and mature cells over a 6 month period (Feng et al., 2022). The
disparities between the different studies are likely to arise from the inherent caveats of the
respective methodologies employed (e.g., single-color fate mapping unspecific Cre drivers;
leaky transposase expression after induction; low labeling efficiencies). A low influx from
HSCs into downstream compartments is consistent with the prevailing notion that the adult
stem cell compartment remains predominantly quiescent at steady state (Cheshier et al.,
1999; Pietras et al., 2011). However, substantial evidence is still needed to disclose the
extent of HSCs’ contribution to active blood production.

Although downstream MPPs might have robust in vivo self-renewability, sustaining
adult hematopoiesis (Sun et al., 2014), when transplanted, their repopulating ability is
limited, and exhausted after a few weeks (Harrison & Zhong, 1992). Therefore, they are
not sufficient for LTR therapies. The mechanisms regulating the cell fate decision between
self-renewal or differentiation are still largely unknown and their understanding is expected
to open doors to the development of efficient HSC manipulation and expansion protocols
ex vivo. To unravel the mysteries of HSC biology, it is fundamental to understand how the
adult HS is established. As such, its cross-tissue embryonic development will be revisited

next.
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LT-HSC
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/ MPP2
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Mk Ery Gr Monocytes Lym

Figure 2. Model of lineage fate landscape in physiological hematopoiesis.

Recent studies indicate that LT-HSCs have low input in daily blood production and preferentially
contribute to the Mk lineage. By contrast, the heterogenous pool of MPPs ensures the production of
all mature lineages. Recent single-cell studies suggest that progenitors do not go through stable,
discrete intermediate stages, but gradually acquire lineage-committed states in a continuous
manner. Different MPP sorting gates enrich for different lineage-primed cell states, which results in
differentiation bias.

Ery — erythrocytes; Gr — granulocytes; LT — long term; Lym — lymphoid cells; Mk — megakaryocytes; MPP —
multipotent progenitor cell.
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ONTOGENY OF THE HEMATOPOIETIC SYSTEM

Although an HSC can generate a plethora of hematopoietic cell types, the first
hematopoietic cells to appear during development are not HSCs, but rather committed
erythroid progenitors, which originated extra-embryonically. These quickly differentiate to
ensure rapid oxygenation of the developing embryo. It is only three days later that fated
HSCs start to arise in large arterial vessels of the embryo. By this time, the embryo is
already full of multiple hematopoietic lineages that can ensure the survival of the embryo
until the end of gestation, even in the absence of HSCs (Palis, 2016). This section focuses
on the embryonic hematopoietic locations, the lineage potential of each hematopoietic wave

(“layers”), and how they contribute to the adult HS.

The different starting points*

Yolk Sac

During embryonic development, the onset of hematopoiesis is marked by the
emergence of clusters of primitive erythroid progenitor cells (EryPs) enveloped by
endothelial precursors within structures known as blood islands, in the inner (mesodermal)
layer of the proximal yolk sac (YS) (Moore & Metcalf, 1970) (Figure 3A). Cells with
primitive erythroid potential in clonal assays (EryP-CFCs, CFCs — colony forming cells) were
detected as early as E7.0, peaked at E8.25 and were barely detectable by E9 (Palis et al.,
1999). Two other lineages were recognized in blood islands by clonal assays, although to
a much lesser extent: bipotent erythroid/Mk (Tober et al., 2007; M. Xu et al., 2001) and
macrophage progenitors (Palis et al., 1999).

This first hematopoietic wave is commonly designated as primitive since it
comprises a transient cohort of cells with distinct characteristics from their adult
counterparts: 1. EryPs are larger, have increased capacity to transport oxygen, express
both embryonic (BH1 and gy) and adult hemoglobin chains, mature semi-synchronously in
circulation, and remain nucleated for several days (Baron et al., 2012); 2. Primitive Mks are
smaller, can generate platelets faster in culture, and have lower ploidy class (Tober et al.,
2007; M. Xu et al., 2001); 3. Primitive macrophages are recognized as large cells (larger
than EryPs) with a macrophage morphology, lack detectable phagocytic activity and do not
differentiate through a monocyte stage (Takahashi et al., 1989). The prime role of primitive

hematopoiesis is to promptly fulfill the developing embryo's demands. EryPs are essential

4 This section is solely focused on the hematopoietic emergence at different embryonic locations.
For a deeper understanding of mouse development and the organization of each hematopoietic site,
a concise overview is provided in Annex I.
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for rapid oxygenation, macrophages facilitate early tissue remodeling and defense, and Mks
contribute to maintaining vascular integrity.

Given that the first hematopoietic cells appear concomitantly with endothelial cells
in the blood islands, and both are mesoderm-derived, a common origin for the two lineages
would not be surprising and was first proposed nearly one century ago, introducing the term
“hemangioblast” (Murray & Wilson, 1997). However, clonal analysis of the blood islands
failed to find a common progenitor (Ueno & Weissman, 2006). This distinguishes the first
hematopoietic wave from subsequent ones, which are now consensually accepted to arise
from endothelial cells through an endothelial-to-hematopoietic (EHT) transition.

A second hematopoietic wave also arises in the YS, one day later (E8.25-E8.5), now
generating less committed erythro-myeloid progenitors (EMPs) from the recently remodeled
vascular plexus of the YS (larger and small vessels), with hemogenic endothelium (HE)
potential (Figure 3A, B), in a time-window that lasts around 3 days (Frame et al., 2016;
Kasaai et al., 2017; McGrath et al., 2015). EMPs can generate definitive erythroid
progenitors (burst forming unit-erythroid — BFU-E and colony forming unit-erythroid — CFU-
E colonies), bi-potent macrophage-granulocyte progenitors, mast cells and Mks (Palis et
al., 1999, 2001; Perdiguero et al., 2015). Even though it represents a transient population,
the characteristics of the erythroid output led to the classification of these cells/wave as
“definitive”. Namely, the erythroid progenitors are smaller in size (comparable with adult
ones), mature extravascularly in the FL, enucleate shortly after formation, and before re-
entering circulation, and express adult-type globins exclusively (B1 and 2) (Palis, 2014).

Both waves can generate macrophages and Mks in clonal assays. However, by the
time the first Mks/macrophages are found in the blood islands, at E8.5 and E9.0,
respectively (Takahashi et al., 1989; M. Xu et al., 2001), the second wave has already
started, hindering a clear identification of its source.

With the onset of cardiac function as early as E8.25, the first EryPs enter the embryo
proper (McGrath et al., 2003). EMPs expand considerably in situ, before being massively
released into circulation (Palis et al., 1999, 2001). Remarkably, YS-derived macrophages
enter circulation and colonize all tissues from E8.5 to E12.5, contributing to a pool of tissue-
resident macrophages that will acquire specific signatures and functions and can self-renew
and persist throughout life (Ajami et al., 2007; Jenkins et al., 2011; Merad et al., 2002;
Perdiguero et al., 2015; Stremmel et al., 2018).

At E12.5, EryPs start to enucleate and overall decline in the bloodstream. This
coincides with the first appearance of enucleated definitive erythrocytes, which already
represent more than half of all circulating cells by E13.5. By E16.5, circulating erythrocytes

are virtually all enucleated, with a minor proportion of EryPs. EryPs continue to decrease to
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residual levels, persisting for some days after birth (Fraser et al., 2007; Kingsley et al.,
2004).
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Figure 3. YS hematopoietic waves: blood islands and hemogenic vascular plexus.

(A) At E8.0, the YS is a simple bilayer of inner mesoderm and outer visceral endoderm above the
embryo. Hematopoietic cells are first observed during development within blood islands (a’) —
clusters mainly composed of EryPs, with sparse endothelial cells that form a complete band in the
proximal YS. Concurrently, vasculogenesis starts to occur without visible hematopoiesis within the
distal YS. Blood islands start to develop as early as E7.0 and become dispersed into circulation after
E8.5. (B) At E9.5, the embryo is involved in the amniotic and YS membranes. Arterial specification
has occurred, and YS circulation is connected to the embryo. Numerous clusters containing EMPs
are emerging and expanding from arterial and venous HE of the YS. For simplification purposes, the
remodeled vascular plexus of the YS is only shown in the zoom-in (b’) and cells in circulation are
omitted.

EC — endothelial cell; EMPs — erythron-myeloid progenitors; EryPs — primitive erythroid progenitors; HE —
hemogenic endothelium; VA - vitelline artery; VV — vitelline vein.

The YS was initially thought to be the source of HSCs, as CFU-S activity was first
identified in the YS at E8 (Moore & Metcalf, 1970). The first evidence for intra-embryonic
(IE) generation of cells with lymphoid potential came from chick-quail and chick-chick
chimeras (Dieterlen-Lievre, 1975; Lassila et al., 1978). In these studies, the central area
(that gives rise to the embryo proper, amnion and allantois) of a quail blastoderm was
grafted in a chick area opaca (giving rise to the YS). The result was that only cells of quail
origin (identifiable by the nuclear marker) were represented in the lymphoid organs of the
chimeras, while the majority of erythrocytes in circulation were of chick origin. The YS was
then considered to be an unlikely source of multipotent cells with lymphoid potential
(Dieterlen-Lievre, 1975). Experiments in mice then focused on evaluating if the embryo

proper could also generate hematopoietic progenitors.

AGM
Throughout the two decades at the turning of the century, there was a fervent effort
to pinpoint the precise emergence site of HSCs. Because hematopoietic cells are formed

at different locations, in overlapping time windows, and rapidly change location through
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circulation, the task was a challenging pursuit. Cumulative evidence supported an IE origin
of HSCs, from the aorta-gonads-mesonephros (AGM) region of the embryo: 1. The AGM
contains significant numbers of CFU-S beginning at E9.5, in higher numbers than the YS
(A. L. Medvinsky et al., 1993), and LTR-HSCs have only been found in the AGM at E10,
slightly earlier than the YS and FL (Miiller et al., 1994); 2. Before the establishment of
circulation, the YS lacks lymphoid potential. However, the para-aortic splanchnopleure (P-
Sp) that will originate the AGM can develop multilineage progenitors in vitro and in vivo
when isolated as early as E7.5 (Cumano et al., 1996, 2001); 3. Only the P-Sp/AGM can
autonomously generate HSCs in in vitro culture systems (Godin et al., 1999; A. Medvinsky
& Dzierzak, 1996).

The first observation of hematopoietic clusters adhering to the endothelial layer of
the aorta was made over a century ago in the avian model (Jordan, 1917) and confirmed
in multiple later studies, including in the mouse and human (Garcia-Porrero et al., 1995;
Jaffredo et al., 2000; Tavian et al., 1996). However, robust direct visual evidence for
hematopoietic generation from the aorta arose much later in zebrafish from three
independent studies, revealing the EHT (Bertrand et al., 2010; Kissa & Herbomel, 2010;
Lam et al., 2010). These studies reported the budding of endothelial cells from the dorsal
aorta (DA) floor into the sub-aortic space and subsequent migration toward the caudal vein
(Figure 4A). In mice embryos, the emergence of intra-aortic hematopoietic clusters (IAHCs)
from the endothelium could also be visualized using non-fixed E10 embryo slices (Boisset
et al., 2010). Contrarily to the zebrafish, the nascent hematopoietic cells budded directly
into aortic circulation (Yokomizo et al., 2011, 2012) (Figure 4B). IAHCs were first detected
in the DA at E9.5, peaked at E10.5 and decreased thereafter. Additionally, the umbilical
(UA) and vitelline arteries (VA), that branch from the posterior DA, were also identified as
potent sources of HSCs starting at E10.5 (de Bruijn, 2000).

The EHT process varies among different animal models. IACHs in zebrafish,
chicken and humans were only found on the ventral floor of the DA (Bertrand et al., 2010;
Ivanovs et al., 2017; Kissa & Herbomel, 2010; Mascarenhas et al., 2009; Tavian et al.,
1996; Yvernogeau & Robin, 2017). In contrast, in the mouse, IACHs were also found in
the lateral and dorsal luminal surfaces of the DA. However, LTR activity was exclusively
found in the explant cultures of the ventral domain, whereas CFC activity was observed in
both (Taoudi & Medvinsky, 2007). In the avian model, the DA was shown to have a dual
origin — the floor from the splanchnic mesoderm and the roof from the somites (Sato, 2013)
(Annex I) — which might explain the ventral polarity of the this vessel regarding its HE
potential.

Therefore, a third hematopoietic wave occurs at the major arteries of the mouse

embryo, generating multipotent cells (Godin et al., 1999), some of which will acquire LTR
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and contribute to the pool of adult HSCs. It is only in the FL, presumably due to a maturation
requirement and upregulation of MHC class | molecules, that these cells transition into an
adult HSC phenotype (LSK CD150*CD48") and gain LTR activity in Rag2™ or conventional

mice (Kieusseian et al., 2012).
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Figure 4. Hematopoietic cell emergence at the major arteries in zebrafish and mouse.

The first definitive multipotent blood cells arise from endothelial cells through an EHT. (A) In
zebrafish, HE cells start to bud from the ventral wall of the DA into the sub-aortic space, joining the
adjacent endothelial cells to close the gap. They acquire a round shape and hematopoietic markers
(e.g., cd41) and migrate into the caudal vena, entering circulation. (B) In mice, endothelial cells also
bud from the wall of the aorta (dorsal and ventral) and other major arterial vessels (VA and UA), and
cluster adherently to the endothelium, before entering into circulation. Restricted to the ventral aspect
of the aorta, sub-aortic patches of hematopoietic cells can be found from E10.5-E12.5.

CV - caudal vena; CHT — caudal hematopoietic tissue; D — dorsal; DA — dorsal aorta; EC — endothelial cell;
IAHCs — intra-aortic hematopoietic clusters. HC — hematopoietic cell; HE — hemogenic endothelium; hpf — hours
post fertilization; LUA — left UA; RUA — right UA; V — ventral; VA — vitelline artery; UA — umbilical artery.

Although adult HSCs produce all major blood cell types, some specific lymphoid
lineages are only produced during embryonic development, namely dendritic epidermal T
cells Vy5* (Ikuta et al., 1990), lymphoid tissue inducer (LTi) cells (Eberl et al., 2004), and
a subset of IL-17-producing yd T cells (Vy6*) (Haas et al., 2012). Multipotent cells with a
lymphoid bias can be hypothesized to also be generated within this wave, uncoupled from

HSCs, and will be further discussed later on.

Placenta?
Early multipotent clonogenic progenitors were found in the placenta at E10.5, one

day earlier than in the FL (Alvarez-Silva et al., 2003). Two groups have further shown that
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the placenta harbors a considerable pool of LTR hematopoietic progenitors (KIT" CD34")
during midgestation (Gekas et al., 2005; Ottersbach & Dzierzak, 2005), with a sharp
increase in the detected numbers between E11.5 and E12.5 (Gekas et al., 2005). Sca7-
GFP" placental cells were found to contain all HSC activity and to cluster in placental
vascular beds (Ottersbach & Dzierzak, 2005). Rare multipotent cells were still found in the
placenta of Ncx1”~ mouse embryos, with impaired heartbeat and consequently defects in
blood circulation, suggesting de novo generation in situ (Rhodes et al., 2008). However,
Ncx 1" placenta explant cultures failed to autonomously generate HSCs (Robin et al.,
2006). Whether the placenta is a reservoir of transient circulating HSCs or sustains de novo

generation is yet to be clarified.

Convergence point — the FL

The outcomes of the multiple hematopoietic waves eventually migrate to the FL. In
grafting experiments, the hepatic primordium, prior to the emergence of hematopoietic cells,
proves insufficient to support hematopoietic development unless supplemented with
exogenous hematopoietic cells (Houssaint, 1981; Johnson & Moore, 1975). This
underscores its role as a recipient rather than an inducer of hematopoietic cells.

After E10.5, EMPs are reduced in circulation, as they ingress into the FL. By E11.5,
myelopoiesis is already evident in the FL, with Mks and macrophages compromising the
maijority of non-erythroid hematopoietic cells. Macrophage progenitors expand considerably
in the FL between E10.5 and E11.5 (Palis et al., 1999). However, it is not clear whether
these cells result from the differentiation of EMPs or if they derive from the primitive wave.
After E12.5 and at least until E16.5, EMPs produce monocytes in the FL and release them
into circulation, which leads to the colonization of all tissues but the brain (Hoeffel et al.,
2012, 2015; Perdiguero et al., 2015). Interestingly, while EMPs exhibit broad granulocytic
potential in clonal assays, only neutrophils are found in early stages, appearing by E11.5in
the FL and bloodstream, and rapidly expanding in both places (McGrath et al., 2015).
Contrary to EryPs, EMP-derived erythrocyte progenitors do not mature in the bloodstream,
and cells at the different stages of maturation are found in the FL, surrounding a central
macrophage, in structures known as erythroblastic islands (Palis et al., 1999). Their
maturation occurs through a similar process as their BM counterparts, culminating with the
nuclei being expelled and engulfed by the macrophage (Mohandas & Prenant, 1978).
EryPs were initially thought to only mature in circulation without losing their nuclei. However,
using a reporter mice model for embryonic globins (only expressed by EryPs), these cells

were also found to mature in FL erythroblastic islands and to enucleate (Isern et al., 2008;
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Kingsley et al., 2004). Nucleated EryPs accumulate in the FL until E14.5, but by E15.5
nearly all have undergone enucleation and reentered the circulation (Isern et al., 2008).
No CFU-S or LTR activity is detected in the FL until E11 (Dzierzak et al., 1997;
Miuller et al., 1994), increasing substantially thereafter (H. Ema & Nakauchi, 2000). The
FL is a place for maturation (Kieusseian et al., 2012) and eventual expansion of HSCs.
The extent to which HSCs differentiate in the FL is still unclear and will be explored in more

detail below.

Settling down

The BM is the ultimate destination of the HS journey in the embryo, being the
production hub for blood cells throughout life. LSK cell homing and colonization of mouse
BM was reported at E15.5-E16.5, coinciding with the fetal BM vascularization (Cao et al.,
2019; Coskun et al., 2014; Gekas et al., 2005; Hall et al., 2022). Yet, LT-HSC activity
cannot be detected before E17.5 (Christensen et al., 2004). HSCs migrating out of the FL
also seed the spleen, starting at E15.5. Although HSC activity remains detectable for a few
weeks after birth (Bertrand et al., 2006; Christensen et al., 2004; Wolber et al., 2002),
there is limited evidence of substantial expansion, and these cells primarily differentiate into

the macrophage lineage (Bertrand et al., 2006).

A layered organization

As described, the formation of the HS unfolds through multiple steps, each
generating a cohort of hematopoietic cells with distinct characteristics. A development
based on layers of increasingly sophisticated cell populations that tailor themselves to the
demands of advancing immune functions was first proposed by the Herzenbergs
(Herzenberg & Herzenberg, 1989). Remarkably, multiple fetal immune cells, including
macrophages, mast cells, some y3 T cells, B-1 B cells, and innate lymphoid cells, play not
only a pivotal role in orchestrating the proper development of the organs they populate but
also ensure life-long tissue homeostasis and immune protection. To this day, substantial
evidence supports a layer organization, and this strategy appears to stand out as
evolutionarily effective, being highly conserved across chordate species (extensively
explored in (Elsaid et al., 2020), Annex Ill). Tissue-resident macrophages, a diverse family
of innate immune cells found in all organs and body cavities (e.g., liver Kupffer cells, brain
microglia, splenic red pulp macrophages and epidermal Langerhans cells) are a remarkable
example. The current paradigm states a sequential tissue colonization through three layers
of macrophages: 1. YS-derived Myb-independent macrophages (Hoeffel et al., 2015;
Perdiguero et al., 2015); 2. FL EMP-derived monocytes (Hoeffel et al., 2012, 2015); 3.
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HSC-derived monocytes that seed tissues postnatally and throughout life, in steady-state
or after tissue inflammation (Boyer et al., 2011). However, it remains to be addressed
whether the YS-derived macrophages are of primitive, EMP, or mixed origin, and at which
point monocytes derived from HSC arise and colonize the tissues. Surprisingly, YS tissue-
resident macrophages can self-renew locally throughout life (Ajami et al., 2007; Jenkins
et al., 2011; Merad et al., 2002). YS-derived hematopoiesis has proven to also have a
higher relevance than initially thought regarding other blood populations. Such is the case
for mast cells, which are predominantly YS-derived in the embryo and at perinatal stages
in most connective tissues (Gentek et al., 2018). Furthermore, recent evidence showed
that, until birth, red blood cell production is maintained by YS EMPs with minimal
contribution from HSCs (Soares-da-Silva et al., 2021).

So far, three waves of hematopoietic generation were described: YS primitive, YS-
definitive, and |E-definitive. The first two possess erythroid and myeloid potential. The first
emergence of cells with lymphoid potential is still under intense debate, as some studies
suggest a late YS progenitor (EMP-independent) and others an early IE progenitor (HSC-
independent) (reviewed in (Soares-da-Silva et al., 2023), Annex V). Genetic fate mapping
has been the standard technique to track each wave. However, it is strongly limited by the
waves’ temporal/spatial overlap and lack of specificity and labeling efficiency of the Cre-
driven targets, precluding robust conclusions.

While it is not possible to completely rule out a YS origin for a first wave of lymphoid
progenitors, there is growing support for heterogeneity within the IE definitive wave, giving
rise to additional developmentally restricted MPPs (drMPPs) independent of HSCs, with a
bias toward lymphoid differentiation. Notably, Beaudin and colleagues used the FlkSwitch
model and described a drMPP with higher lymphoid production (namely tissue-resident
innate-like lymphocytes) and greater capacity to generate innate-like B and T cells in LTR
assays, but that did not persist throughout life in vivo (Beaudin et al., 2014). Innate-
lymphoid cells (Vy5" T cells and LTi) were labeled to the same extent as HSCs in the
Csf1MERCMER ‘mouse model, but not in the Cdh5°F"™ model, when induced at E10.5,
suggesting that its specification from HE occurs before HSCs (Elsaid et al., 2021). More
recently, Patel et al. combined cellular barcoding with a Flk2-Cre fate mapping model, and
they also identified a drMPP population, specified within IAHCs, slightly earlier than HSCs.
One year after transposon induction, drMPP clones showed a reduced myeloid output, but
an extremely high contribution to the B cell compartment, revealing that they are
contributing towards adult hematopoiesis for at least one year. Similar to barcoding studies
in the adult, fetal HSCs had few common barcodes with mature lineages, suggesting that
HSCs are not differentiating robustly within the FL (Patel et al., 2022). Yokomizo et al.
showed that the hepatic leukemic factor (HIf) is specifically expressed in KIT" cells within
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IACHs in the DA, but not endothelial cells, nor EMPs. Using a HIF*tR™ mouse model
induced at E9.0-E10.25, they also found a higher labeling frequency in the MPP
compartments than in HSCs. They additionally showed that the input of HSCs into ST-HSCs
is considerably low, suggesting a minimal contribution to the generation of downstream
progenitors and a negligible role to fetal blood production (Yokomizo et al., 2022). HSC-
independent progenitors and differentiation latency of HSCs have also been reported in the
zebrafish (Ulloa et al., 2021).

These studies have challenged the dogma by which HSCs assume blood production
from the moment they are generated and are the source of all hematopoietic lineages in the
adult, thus providing evidence for the existence of a developmentally regulated “layered”
HS (Figure 5). It is tempting to propose that the intricacy observed in the adult HS,
characterized by significant heterogeneity within the progenitor compartment both in terms
of phenotype and function (lineage-biases), may stem from distinct developmental origins,
resulting also in a mosaic of layers at the progenitors’ level.

Interestingly, Soares-da-Silva et al. showed that erythroid progenitors of YS origin
(EMP-derived) require a 10-fold lower concentration of erythropoietin (EPO) compared to
HSC-derived counterparts to efficiently support erythroid production (Soares-da-Silva et
al., 2021). Progenitors that respond to lower concentrations of chemokines and cytokines,
such as YS progenitors will have a selective advantage over HSC and their progeny
(Berthault et al., 2017; Soares-da-Silva et al., 2021; Wong et al., 2019). One can
speculate that, by taking over the production of mature cells throughout embryonic
development, the YS-derived and other transient progenitors, are liberating the HSCs from

fulfilling the needs of the embryo, allowing them to set up the stem cell pool.

19



Chapter Il — Introduction

A D\
My g ,/"‘
)
Mk Lym @ Moy
Ery N

y N

YS Primitive

My

Mk@ Lym

Ery

YS Definitive

My

jLym | (
?
Ery

IE HSC-independent
My
Mk /Lym
< HSC

IE HSC-dependent

E7 E8 E9 E10 E11 E12 E14 PO 1y 2y
4
[
>
©
-
T T e
Circulation FL colonization BM colonization
begins

Figure 5. Model of hematopoietic progenitor emergence in the embryo: sequential but
overlapping waves.

The first blood progenitors are found in the YS blood islands at E7.5 and generate mostly primitive
erythrocytes and low numbers of Mks and macrophages. Whether these primitive cells arise from a
common progenitor is currently unknown. Primitive erythrocytes can still be found at a low frequency
around birth (blue). At E8.5, in the YS vascular plexus, EMPs emerge through EHT and generate
erythrocytes, myeloid cells and Mks, but not lymphocytes. EMP-derived hematopoietic cells can
persist until adulthood (microglia and other tissue-resident macrophages) or until perinatal stages
(erythrocytes and mast cells) (orange). EMP-derived myelopoiesis seems to be restricted to
neutrophils. Starting at E9.5, within the AGM, VA and UA of the embryo, a heterogeneous population
of multipotent cells arises through EHT, some of them fated to become HSCs (pre-HSCs). drMPP
(green) with a lymphoid bias can also be detected and seem to appear slightly earlier than pre-HSCs.
Their contribution to hematopoiesis is not yet fully established. Pre-HSCs with multipotent potential
but lacking LTR migrate to the FL where they mature into functional HSCs and contribute to the adult
HSC pool (purple).

AGM - aorta-gonads-mesonephros; drMPPs — developmental restricted multipotent progenitors; EMPs —
erythro-myeloid progenitors; EHT — endothelial-to-hematopoietic transition; Ery — erythroid; EryP — primitive
erythroid progenitor; IE — intra-embryonic; LTR — long term reconstitution; Lym — lymphocytes; Mo — primitive
macrophages; MEP - megakaryocytic-erythroid progenitors; Mks — megakaryocytes; My — myeloid; MyP —
myeloid progenitor; TRM — tissue-resident macrophages; UA — umbilical artery; VA — vitelline artery.
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HSC EXPANSION — A DOGMA REVISITED

In contrast to the adult system, it has been widely accepted that HSCs are highly
proliferative during embryonic development, expanding massively in the FL (H. Ema &
Nakauchi, 2000), thus rendering this organ an ideal site to study the mechanisms driving
HSC proliferation. However, this dogma was recently challenged (Ganuza, Hall, et al.,
2017; Ganuza et al., 2022). To dissect how the adult HSC pool is established, from its
generation at the AGM and major vessels region, until its settlement in the BM, reports that

aimed to quantify HSCs throughout development are revisited here.

The establishment of the HSC compartment

Only 1-2 HSCs (cells with LTR potential) were detected in the AGM at E10.5-E11.5
(A. Medvinsky & Dzierzak, 1996; Muller et al., 1994). Given the extremely low
reconstitution activity of the emerging hematopoietic cells in this region, the term pre-HSC
was introduced to identify immature precursors that acquired LTR potential after ex vivo
cultures (Rybtsov et al., 2016). Using this system, Rybtsov and colleagues identified
around 20 pre-HSCs in E10.5 AGM, peaking at E11.5 (40-60 cells). They further showed
that the number of pre-HSCs in E11.5 AGM matched the number of mature HSCs in E12.5
FL (~60 cells), suggesting that maturation, rather than proliferation, takes place during the
migration of cells from the AGM to the FL. This latter value compares well with the ~50
repopulating units (RU) described by Ema and Nakauchi in E12.5 FL (H. Ema & Nakauchi,
2000).

The notion that the FL is a site of significant HSC expansion comes mainly from the
work of Ema and Nakauchi who quantified LTR potential from FL cells at different
developmental stages. They showed a 33-fold expansion from E12.5 (50 RUs) to E16.5
(1626 RUs), corresponding to about 5 rounds of symmetric division. Despite variable
estimates in the number of RUs in E14 FL between different studies, ranging from 440 to
2000 (Table 2), most studies converge to the conclusion that the FL contributes to the
generation of 1000-2000 HSCs. These numbers represent about 10% of the estimated
number of HSCs in the adult (Table 2). Accordingly, 3 additional rounds of symmetric
division should take place after HSCs leave the FL.

Recent reports not only questioned the concept that the FL is a privileged niche for
active HSC expansion without differentiation but also concluded that the estimated cohort
of HSCs generated in the AGM only doubles in size during fetal life. Using a multi-color
ROSA26-Confetti reporter system and based on mouse-to-mouse variance (MtMV) in the

composition of adult blood, Ganuza et al. traced back the hemopoietic hierarchical tree to
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~ 600 E7-E10.5 AGM precursors, a number 10-fold higher than the above-cited number of
pre-HSCs in E11.5 AGM. In Conf-UbigER™" mice treated with tamoxifen at different
stages, they further refined their estimations by showing that the HSC compartment in the
BM of 6-month-old mice derived from about 850 E8-E10 endothelial progenitors and 1.700
E12—-14 hematopoietic progenitors, with this number remaining constant up at least 9 days
postnatally. Altogether, these results indicate that the size of the embryonic pool of HSCs
is primarily determined by the very high number of pre-HSCs generated in the AGM, with
no more than 1 round of division occurring at a later stage during embryonic development,
eventually in the FL (Ganuza et al., 2022), not corroborating a FL massive HSC expansion.

Numerous studies showed that essentially all FL cells are in active division. Between
E12.5 and E14.5, all Sca-1*KIT* cells are in cycle, as demonstrated by BrdU uptake
analysis (Nygren et al., 2006). Notably, Ganuza et al. also estimated 4 rounds of division
of CD45"KIT"Lin" progenitors from E12.5 to E14.5 (Ganuza et al., 2022) in line with (H.
Ema & Nakauchi, 2000). Notwithstanding, an active cycling HSC population is not
necessarily in contradiction with a low net expansion, as asymmetric division or
differentiation might occur, preventing the duplicating of the stem cell pool at each division.
Ganuza et al. suggest that FL HSCs are actively dividing but most daughter cells are biased
for differentiation, implying that the FL is not a privileged niche for active HSC expansion
without differentiation. Contradictingly to this, others suggest that similarly to the adult,
embryonic HSCs are not actively contributing to blood production, while MPPs (originated
from HSC-independent waves) undergo the task (Freyer et al., 2020; Patel et al., 2022;
Soares-da-Silva et al., 2021).

Although HSCs migrate to the BM as early as E15.5, only minimal HSC activity can
be detected during fetal stages (Bowie et al., 2006; Hall et al., 2022; Qian, Georges-
Labouesse, et al., 2007). This might indicate that the migration from the FL to the BM
occurs progressively, or massively only after birth, or that the establishment in the new
niche might temporarily compromise their LTR potential. Although quantification of
transplantable HSCs throughout the first days after birth has not been performed, the entire
HSC population was reported to be in cycle during the first weeks after birth, switching to a
quiescence state that is fully acquired by the end of the fourth week (Bowie et al., 2006).
An increasing contribution of precursor cells to the adult BM pool could be estimated using
the Conf-UbigER™°" model, from ~2.000 around birth to ~5.700 at 3 weeks (Ganuza et al.,
2022). Overall, these results are also in line with the classical notion that, after birth, the
HSC compartment must expand about 10-fold (~3 rounds of symmetric division) to reach
the 10.000-20.000 HSCs in adult BM (Table 2).
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Table 2. Reports quantifying HSCs at different developmental stages.

Unless otherwise stated, cell numbers or frequencies are indicated as RUs relative to the respective
organ’s total cell number and some values were rounded for simplification. *Total cell number
estimated considering 2x108 total BM cells; **Total cell number estimated using the total cell number
per FL from (Ema & Nakauchi, 2000); ***ESLAM (CD45"EPCR*CD48 CD150") or SLAM (LSK

CD48-CD150%) cells with LTR potential.

CRU — competitive repopulating unit; LDA — limiting dilution assay; LTRA — long-term reconstitution assay
(transplantation assays) — reconstitution potential was considered for at least 16 weeks after transplantation.
n.d. - not detected. Pre. — precursors.

(Table previous page)

Discrepancies of estimated contributor cells to adult peripheral blood hematopoietic
cells using the Confetti-reporter model when analyzed at 2 or 6 months (higher numbers at
2 months) suggest transient contributors in early adult life. Although we cannot disregard
the fact that these values fall outside the window of precision (Ganuza et al., 2022), they

might represent drMPPs that are active only for a few months after birth (Patel et al., 2022).

A dogma on the edge?

Although there is some variability in the estimations of fetal HSCs numbers (Table
2), the most conflicting value that impacts the extent of embryonic HSC expansion is the
starting number of AGM progenitors: ~60 immature HSC precursors (Rybtsov et al., 2016)
vs. ~600 precursors fated to become HSCs (Ganuza, Hall, et al., 2017). Table 3
enumerates the major limitations of the main methods used to quantitatively assess HSCs.
Numbers based on transplantation systems are likely to be underestimations, as LTR ability
might be acquired only a few days after emergence. Also, it should be noted that the work
of Ema and Nakauchi is not informative as to whether the increase in RU they observed
was due to expansion of HSCs or to maturation of multipotent cells into cells with LTR
activity. While the strategy of Ganuza et al. is of considerable interest, it is also prone to
overestimations. Newly generated progenitors are actively cycling, and the progeny of
single cells can be marked more than once during the period of tamoxifen activity.
Furthermore, their view does not easily accommodate increasing evidence suggesting that,
similarly to adult HSCs, the bulk of embryonic HSCs are not actively contributing to blood
production (Patel et al., 2022; Soares-da-Silva, 2020; Yokomizo et al., 2022).

A precise quantification of the stem/progenitor cell compartments throughout
ontogeny, contemplating the layered organization, is still missing. Figuring out the kinetics
of the different waves and progenitors in the FL and fetal and neonatal BM will be
fundamental to understanding the establishment of the adult HS and the impact of different

niches in hematopoietic development.
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Table 3. A critical overview of the methodologies used to quantify HSC potential.

EHT - endothelial-to-hematopoietic transition; LTR — long term reconstitution; LTRA — LTR assay
(transplantation assays); MtMV — mouse-to-mouse variance.

METHODOLOGY ADVANTAGES DISADVANTAGES
Well-established Does not account for emerglng HSC pl’eCL.JrSOI'S that have not
yet acquired LTR potential
Simple and intuitive .
LTRA (freshly calculations Does not reflect the native cell fate

isolated cells)

Only functional
readout to prove
stemness

Overestimation when using neonatal recipients, suggesting a
miscalculation of embryonic HSCs due to the complexity of the
assay (cells must successfully engraft the adult marrow to be
accounted for)

Allows
quantification of

LTRA (cultured . Might represent or account for de novo EHT and/or ex vivo
immature HSC . .
explants) expansion rather than maturation
precursors before
the FL stage
Individual clones cannot be tracked

Accurate estimations limited to a range of 50-2500 cells

High intervals of confidence

Due to low labeling efficiency, cell number has to be

extrapolated proportionally, increasing error propagation
MtMV of Confetti- Reveals native Can lead to overestimation, if during the window where

reporter labeling

development

tamoxifen is still active, Confetti~ cells divide and both daughter
cells are labeled

Formulated in a system where cells are expected to divide at
similar rates, which cannot be assumed for the in vivo system

Does not necessarily reflect the size of the compartment at the
time point of labeling, but rather the size of the compartment
that originated the analyzed output
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FL — THE EMBRYONIC HEMATOPOIETIC HUB

The adult liver is a metabolic regulator organ, with major functions in blood
detoxification, protein synthesis and immune responses (Zorn, 2008). However, soon after
the emergence of the liver primordium, the developing liver is hijacked by the HS to host
the establishment and maturation of embryonic hematopoiesis, resulting from the
convergence of cells from multiple origins. To understand how the FL microenvironment
impacts hematopoietic development it is important to know the organ itself, its architecture
and cellular composition, and the molecular milieu that might impact and regulate

hematopoietic cell behavior (e.g., proliferation, fate choices, migration).

Liver development

A primitive gut tube is formed soon after gastrulation from the endoderm germ layer
and patterned into different regions: foregut, midgut, and hindgut (Figure 6A). The foregut,
positioned in the anterior endoderm, generates the esophagus, trachea, thyroid, stomach,
lungs, liver, biliary system, and pancreas. Gene expression patterns determine domains
along the gut tube in which some specific organs will form (Figure 6B), several of them
starting from an outgrowth of the endoderm epithelium into the surrounding mesenchyme,
followed by extensive proliferation (Zorn & Wells, 2009) (Figure 6C).

The liver development is initiated at around E8.5 with the specification of cells in the
midline of the ventral foregut endoderm towards a hepatic fate by the expression of
hematopoietically-expressed homeobox protein (Hhex) (Bogue et al., 2000) and prospero
homeobox protein 1 (Prox1) (Burke & Oliver, 2002), and the liver genes a-fetoprotein (Afp),
albumin (Alb) (Gualdi et al., 1996), and hepatic nuclear factor 4a. (Hnf4a) (Watt, 2003). By
E9, these cells protrude from the foregut, forming a liver diverticulum — a single layer of
cuboidal cells (Figure 6D) — that soon proliferates and switches into a pseudo-stratified
epithelial morphology (Bort et al., 2006). Juxtaposed hepatic progenitor cells
(hepatoblasts) downregulate E-Cadherin (E-Cadh), proliferate and delaminate into the
surrounding mesenchyme, disrupting a basal lamina in between (enriched in laminin,
collagen IV, and fibronectin), forming a growing liver bud (Figure 6E) (Zorn, 2008).

The evagination of the foregut takes place towards the adjacent septum
transversum mesenchyme (STM) and extends posteriorly to the cardiac mesoderm (Figure
6Aa’). Coordinated signaling from liver surroundings is critical for its development. Hepatic
induction is dependent on fibroblast growth factor (FGF) signaling from the pre-cardiac
mesoderm (Jung et al., 1999) while bone morphogenetic protein (BMP) signaling through

the STM is required to induce endodermal hepatic specification and to exclude a pancreatic
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fate (Rossi et al., 2001). Endothelial cells were found delimiting the STM, around the liver
diverticulum, at E8.5 (Figure 6D), resembling a “loose necklace” of cells. In Flk1-null
embryos (lacking endothelial cells), liver specification occurs, but subsequent
organogenesis is impaired, with no liver bud formation (Matsumoto et al., 2001).

It has been hypothesized that during early hepatoblast proliferation and
delamination from the foregut, STM’s mesenchymal and endothelial cells become
entrapped, integrating the liver bud, and contributing to the perivascular and vascular
systems of the FL’s parenchyma (Enzan et al., 1997; Zorn, 2008). At E10.5, the margins
of the liver are still poorly defined, but significant developments are observed in the liver
rudiment, as large sinusoids filled with hematopoietic cells are already present (Figure 6F).
Subsequently, within one day, a massive colonization of hematopoietic cells occurs,
substantially increasing the liver's volume, the hepatic lobes become distinct, with deep
fissures between them, and are demarcated by an epithelial layer (Kaufmann & Bard,
1999; Swartley et al., 2016). The development throughout gestation of each liver's

compartment is further explored below.
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Figure 6. Gut tube organogenesis and FL development.

Schemes (A-C) represent mouse embryos at different stages with the endoderm tissue in purple,
and schemes (D-F) show transverse sections of the gut tube at the level of the liver diverticulum at
different stages in liver bud formation. Major events in liver development are: (A) Soon after
gastrulation, the recently formed endoderm germ layer is patterned along the anterior-posterior (A-
P) axis into foregut, midgut, and hindgut domains, and undergoes morphogenesis, forming foregut
and hindgut pockets at its extremities. By E8.5, the hepatic fate is specified into a portion of the
ventral foregut adjacent to the heart and STM, receiving instructive FGF and BMP signals (a’); (B)
Along with the embryo turning, the endoderm undergoes ventral folding, being transformed into a gut
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tube. The foregut is already patterned along its A-P axis into organ specific-territories; (C) As an
internalized tube, outpocketings start to emerge from the gut tube, initiating tissue-specific
organogenesis programs; (D) Shortly after hepatic specification (E8.5-E9.0), marked by the
activation of liver-specific genes, the foregut epithelium thickens (as represented), and then
transitions to a pseudostratified columnar epithelium — the liver diverticulum; (E) Between E9.0-E9.5
the basal lamina (rich in ECM protein, namely laminin) that surrounds the liver diverticulum from the
adjacent mesenchyme breaks down and hepatoblasts delaminate, migrating into the STM, forming
the liver bud; (F) As the liver bud outgrows into the STM, mesenchymal and endothelial cells are
entrapped within the hepatic chords, and contribute to the formation of a vascular plexus, that is soon
colonized by hematopoietic cells, that will integrate into the liver's parenchyma, and establish a fetal
hematopoietic center until the end of gestation.

BMP — bone morphogenetic protein; ECs — endothelial cells; ECM — extracellular matrix; FGF — fibroblast growth
factor; HCs — hematopoietic cells; STM — septum transversum mesenchyme.

FL composition

Hepatic cells®

The liver parenchyma consists of two primary epithelial cell types: 1. Hepatocytes,
the main functional units of the liver, represent around 70% of the adult organ. These are
big polygonal cells that secrete serum albumin, bile, and blood clotting factors.; 2.
Cholangiocytes are specialized epithelial cells that line bile ducts, regulating bile
composition and transport. These originated from a common bi-potent progenitor, the
endoderm-derived hepatoblasts, as discussed above (Zorn, 2008).

Bipotent hepatoblasts express AFP and markers of hepatocytes (ALB, HNF4a,
keratin 18 (CK18)), and cholangiocytes (CK19). Delta-like non-canonical Notch ligand 1
(DLK1) was abundantly expressed in the E10.5 liver bud, and until E16.5, but
downregulated thereafter. DLK1" sorted cells expressed Alb and Ck19 and could
differentiate into hepatocytes and cholangiocytes in culture (Tanimizu et al., 2003). DLK1
has then been frequently used to identify and isolate hepatoblasts during liver development.
E-Cadh (Nitou et al., 2002) and Liv2 (Prior et al., 2019; Watanabe et al., 2002) were found
to specifically label hepatoblasts and epithelial cell adhesion molecule (EpCAM) expression
was reported in early hepatoblasts and differentiated cholangiocytes (Tanaka et al., 2009).
Combining lineage tracing, organoid cultures and single-cell RNA-sequencing (scRNA-seq)
analysis, Prior et al. revealed an heterogeneous population of hepatoblasts and identified
Lgr5* hepatoblasts at the apex of the hepatoblasts hierarchy (Prior et al., 2019).

During development, hepatoblasts that receive instructive signals from the portal
mesenchyme differentiate into cholangiocytes, following a well-orchestrated bile duct
morphogenesis, while the majority of parenchymal hepatoblasts differentiate into

hepatocytes, the default pathway (Figure 7) (Yang et al., 2017). Cholangiocyte

5 While any cell within the liver cell might be considered hepatic, here we restrict the term hepatic
cells for hepatoblasts and their progeny.
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specification occurs as early as E11.5 and is completed by E14.5 (Yang et al., 2017). The
formation of a ductal plate, a monolayer of cholangiocyte precursors CK19"e" around portal
veins is the first sign of bile duct development (Figure 7A). At around E16.5, the ductal
plate duplicates (Figure 7B), and luminal pockets start to arise in between the two layers
(Figure 7C). Some of these mature into functional cholangiocytes forming bile ducts, while
the remaining ductal plate regresses (Figure 7D). Hepatoblasts away from the portal
vessels mature into hepatocytes and downregulate CK19. Although hepatoblast
differentiation has been reported to start at E13.5 (Su et al., 2017; Yang et al., 2017), it is
not before late gestation that the FL starts to resemble its adult counterpart, with hepatocyte
chords juxtaposed in the parenchyma, and evident tubular structures around portal veins.
Bile duct development occurs first near the liver's hilum and progresses towards the
periphery of the lobes (Yang et al., 2017), with a continuous luminal network of intrahepatic
bile ducts being established only 1 week after birth (Ober & Lemaigre, 2018; Tanimizu et
al., 2016). Three-dimensional reconstructions of serial cross-sections/whole-mount
immunostained FL and carbon ink injection have been used to disclose the morphogenesis
of intrahepatic bile ducts (Takashima et al., 2015; Tanimizu et al., 2016; Vestentoft et al.,
2011).
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Figure 7. Hepatocytes and cholangiocytes lineage segregation.
(A) Hepatoblast-to-cholangiocyte specification occurs around the portal vessels by the acquisition of
a cuboidal shape, forming a monolayered ductal plate. (B) At around E16.5, the ductal plate becomes
bilayered. (C) Luminal dilations arise between the bilayered ductal plates. (D) Luminal dilations
evolve into bile duct structures in late gestation, that become surrounded by the portal mesenchyme,
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while the remaining bilayer cells regress. Hepatocytes in the parenchyma differentiate into
hepatocytes. (E) Liber lobule architecture. A lobule has an hexagonal structure, with portal triads at
the vertices, comprising a hepatic artery, a portal vein and a bile duct and a central vein in the center,
around which plates of hepatocytes, lined by sinusoids, converge.

BD - bile duct; CV — central vein; HA — hepatic artery; PV — portal vein.

Endothelial cells

The adult liver has two afferent vascular systems, the portal veins, and hepatic
arteries and one efferent system, the central veins. The portal vein drains nutrient-rich blood
from various abdominal organs while the hepatic artery delivers oxygenated blood from the
heart. The central veins then carry the deoxygenated blood and waste products directly into
the inferior vena cava, back to the heart. However, this vascular structure is only established
after birth with the ligation of the umbilical inlet. During embryonic development, the vitelline
veins (VVs) drain the YS at early stages of gestation, and the developing gut at later stages.
The umbilical veins (UVs) return oxygenated blood from the placenta, and the posterior
cardinal veins drain the lower limbs and the body wall below the heart.

At the onset of liver formation, left and right vitelline plexus develop in the STM and
connect to the VVs (Figure 8A). When the hepatoblasts invade the STM, the vitelline
venous plexus is disrupted and becomes intermingled with the liver bud. VVs continue to
branch within the liver bud, forming venous channels, clearly evident at E10, that will mature
into hepatic sinusoids (Swartley et al., 2016) (Figure 8B). In vitro cultures of FL cells
depleted of hepatoblasts had impaired endothelial growth and capillary formation,
suggesting a role of hepatoblasts in the stimulation of sinusoid morphogenesis (Takabe et
al., 2012). Liver sinusoidal endothelial cells (LSECs) start to express stabilin 2 (STAB-2)
and lymphatic vessel endothelial hyaluronic receptor 1 (LYVE-1) — hyaluronan receptors —
at E9.5 and E10.5, respectively, and continue to express them thereafter. CD31/PECAM1
and FLK1 (also known as VEGFR2/KDR) expression is strong in early stages of
development but is downregulated with time (Y. Sugiyama et al., 2010; Takabe et al.,
2012).

Between E11.5 and E12.5, the ductus venosus (DV) is formed from the left UV,
serving as an intrahepatic shunt to drain blood from the left UV directly to the caudal vena
cava, and subsequently to the heart, bypassing the liver (Swartley et al., 2016) (Figure
8C, D). After E14.5, the major vessels continue to grow in size, adapting by elongation and
increasing in diameter, but their fundamental structure and arrangement are already
established and remain largely unchanged until the end of gestation. After birth, the
umbilical vessels are closed, shutting down the flow to the DV, which soon constricts into
fibrous cords — the ligamentum teres hepatis and the ligamentum venosum (Kaufmann &
Bard, 1999).
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During embryonic liver development, portal vessels express the arterial markers
Ephrin-B2 and Neuropilin-1, but not the venular marker EphB4. This expression profile is
inverted at the end of gestation, with the transition into a venular phenotype (Khan et al.,
2016; Wang et al., 1998). Both portal and hepatic (central) veins strongly express CD31,
but only weakly FLK1 (Y. Sugiyama et al., 2010; Takabe et al., 2012). Although liver
endothelial cells are heterogeneous, and different markers can be used for their
identification, they are more easily identified by their spatial location and perivascular
constituents, as discussed below.
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Figure 8. Early developmental stages of FL venous drainage.
(A) By E9.5, the embryonic heart receives a continuous influx of blood through the convergence of
three symmetrical pairs of veins into the sinus venosus: the VVs, which drain the YS and gut (semi-
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oxygenated blood); the UVs, which drain the placenta (oxygenated blood); and the cardinal veins,
which drain the upper and lower body parts (venous blood). As the liver bud grows, the VVs ramify
within the STM, forming a venous plexus that later intermingles with the growing hepatic cords. (B)
The vitelline venous plexus continues to branch within the liver parenchyma, giving rise to primitive
liver sinusoids — large venous channels, blood-filled, capillary-like vessels throughout the liver.
Meanwhile, the two UVs give rise to both intra- and extra-hepatic branches. (C) Due to a marked
increase in placental circulation, the intra-hepatic left UV starts to form a large diameter channel, the
DV, bypassing the sinusoidal network of the liver, and delivering oxygenated blood from the placenta
directly into the right atrium. The proximal portions of both UVs regress. (D) Caudal to the liver, the
VV anastomotic network around the duodenum fuses to form a single trunk — the portal vein. The
right VV ultimately originates the superior mesenteric vein, which drains the primitive intestinal loop,
the left to right vitelline anastomoses originate the splenic vein and the inferior mesenteric vein, while
the left VV regresses. The remainder of the right UV (hepatic branch) also disappears, leaving the
UV as the sole conduit responsible for delivering reoxygenated blood to the embryo. At this stage, a
large intrahepatic structure, the portal sinus, transports blood from the left UV to the DV (now a
narrow, branchless, tubular structure, that ascends cranially toward the caudal vena cava) and into
the sinusoids through the portal system. Cranial to the liver, the left VV regresses with the left sinus
horn, and the right VV enlarges and becomes the hepatic portion of the inferior vena cava.

DV - ductus venosus; STM — septum transversum mesenchyme; UVs — umbilical veins; VVs — vitelline veins.

The morphology and topology of all functional important veins at midgestation in 3D
reconstructions can be visualized in (Geyer et al., 2022; Hikspoors et al., 2017). Of note,
the lymphatic vessels and hepatic artery only start to form after birth, in the vicinity of the

portal veins (Swartley et al., 2016).

Mesothelial cells

Mesothelial cells (MCs) form a single epithelial layer around the liver lobes — the
mesothelium — a serous membrane, easily recognized in microscopy by its squamous
morphology. While acting as a barrier surface, with lubricating properties, some studies
suggest a major role in liver development and injury (Lua & Asahina, 2016).

During development, the STM forms from the aggregation of mesenchymal tissue
(originated from the splanchnic mesoderm) (see Annex I) that develops within the caudal
part of the ventral mesentery of the foregut at around E8.5 (Figure 6a’) (Kaufmann & Bard,
1999). This mesenchyme is soon invaded by the liver bud and umbilical and vitelline venous
systems, contributing to the vascular and perivascular network of the FL (Kaufmann &
Bard, 1999). The STM expresses forkhead box F1 (FOXF1), GATA4, LIM homeobox
protein 2 (LHX2), heart and neural crest derivatives expressed transcript 1 (HAND1), H2.0-
like homeobox (HLX), mab-21-like 2 (MAB21L2), T-box transcription factor 18 (TBX18), zinc
finger protein multitype 2 (ZFPM2/FOG2), activated leukocyte cell adhesion molecule
(ALCAM/CD166), and Wilms' tumor gene 1 (WT1) (Lua & Asahina, 2016). Some of these
markers are also found in MCs and/or fibroblasts. Cell tracing of MesP1-Cre identified early
mesodermal cells as the source of STM cells, which in turn contribute to the liver's MCs and

fibroblasts. This finding was also corroborated using Wt1-Cre®®"? and STM-specific Gata4-
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Cre mice models (Asahina et al., 2011; Delgado et al., 2014; Rojas et al., 2005). The
STM also contributes towards heart development and diaphragm formation (Kaufmann &
Bard, 1999).

As the liver bud invades the STM, the surrounding mesenchyme becomes thinner.
A flat layer of MCs is only evident on the liver surface by E11.5. MCs express Mesothelin
(MSLN), CD200, Vimentin (VIM), ALCAM, and Podocalyxin-like protein 1 (PCLP1/PODXL),
glycoprotein M6A (GPM6A) and Podoplanin (Gp38/PDPN) in both embryonic and adult
stages (Asahina et al., 2009, 2011) (Table 4). PCLP1 was shown to be highly expressed
on the liver's surface at embryonic stages, but downregulated with time, while MSLN is
upregulated (Onitsuka et al., 2010). A basal lamina (enriched in type IV collagen) lays
adjacent to the mesothelium, separating it from underlying cells with a mesenchymal
phenotype, called sub-mesothelial cells (sub-MCs) or capsular fibroblasts. Sub-MCs also
express ALCAM and WT1, but have a typical mesenchymal transcriptional profile,
expressing platelet-derived growth factor receptor a (PDGFRa), Desmin, LHX2, and also
nerve growth factor receptor (NGFR/p75NTR) (Asahina, 2012). This suggests that this
population represents an intermediate cell type between MCs and hepatic fibroblasts. This
hypothesis is reinforced by lineage tracing studies, showing that WT1* MCs/sub-MCs or
MSLN* MCs migrate inward from the liver surface and give rise to mesenchymal cell types
through an epithelial-to-mesenchymal transition (EMT) (Asahina et al., 2011; Rinkevich
et al.,, 2012).

Different mouse models of depletion of MC-target genes, namely Wt1, Gata4, and
Hix, present impaired hematopoiesis and liver growth, revealing a major role of this
peripheral membrane in the organ’s development (Delgado et al., 2014; Hentsch et al.,
1996; ljpenberg et al., 2007; Onitsuka et al., 2010). MCs secrete hepatic growth factors,
such as pleiotrophin (PTN), hepatic growth factor (HGF), epidermal growth factor (EGF)
and Midkine (MDK). These factors are downregulated with time but can be activated after
injury, suggesting their role in liver organogenesis and regeneration by stimulating
hepatoblasts proliferation (Inagaki et al., 2015; Onitsuka et al., 2010).

MCs/sub-MCs are also documented to be a life-long source of mesenchymal cells
in other organs, namely the heart, lungs, and gut (Cano et al., 2013; Dixit et al., 2013; Que
et al., 2008; Rinkevich et al., 2012; Wilm et al., 2005), particularly active during

organogenesis and injury.

Mesenchymal cells
Four types of liver mesenchymal cells, here referred to as fibroblasts, can be
considered regarding their location: portal fibroblasts (PFs, around portal veins), fibroblasts
surrounding the central veins (second-layer cells, SLCs), capsular fibroblasts (sub-MCs),
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and perisinusoidal fibroblasts, commonly known as hepatic stellate cells (SCs). Although
some studies suggest different contributions to liver fibrosis (Bhunchet & Wake, 1992),
little is known about the functional differences between these cell types, and if they have
specific signatures.

SCs, the most abundant and well-studied, were first observed by Kupffer in the 19"
century, using a coloration method for vitamin A-containing droplets. The same cells were
later identified using multiple coloration methods, resulting in different nomenclatures:
hepatic pericytes, Ito cells or fat-storing cells, interstitial cells, lipocytes, and perisinusoidal
cells (Friedman, 2008; Wake, 1971). In the adult liver, these cells are located in the space
of Disse, between the basolateral surface of hepatocytes and the anti-luminal side of
LSECs, constituting the major mesenchymal compartment of the liver. When quiescent,
they act as a reservoir for vitamin A, stored in cytoplasmic lipid droplets. When activated
(e.g., during liver injury or infection) they transition into a myofibroblast-like phenotype,
proliferative and contractible, with up-regulation of alpha-smooth muscle actin (aSMA).
These cells become major regulators of liver fibrosis, by producing excessive amounts of
extracellular matrix (ECM) proteins, namely collagen, leading to the formation of fibrotic
scar tissue (Friedman, 2008).

Different markers have been described for hepatic fibroblasts, namely Desmin,
Fosf1, LHX2, and HLX (further detailed in Table 4). Notably, the markers listed should not
be interpreted as specific, as most studies were focusing on a specific population. Because
SCs also express Nestin, glial fibrillary acidic protein (GFAP), p75NTR, markers typically
associated with neural cells, a possibility was raised that SCs could have a neural crest
origin. However, a Wnt1-Cre lineage tracing model did not provide evidence for that
hypothesis (Cassiman et al., 2006). As mentioned before, the origin of SCs and other
mesenchymal cell types can be traced back to MCs originating from the STM (Asahina et
al., 2011; Rinkevich et al., 2012).

Lua and colleagues compared the contribution of SCs, PFs, and MCs to
myofibroblasts by inducing liver fibrosis in Col1a1°" mice, showing that PFs partly
participate in biliary fibrosis, but SCs are the dominant source of myofibroblasts in the liver
(Lua et al., 2016).

During development, and similarly to MCs, SCs also support the proliferation of
hepatoblasts by secretion of growth factors, such as HGF (Maher, 1993), PTN (Asahina et
al., 2002), Wnt family member 9a (Wnt9a) (Matsumoto et al., 2008), EGF and FGF10
(Berg et al., 2007).
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Table 4. Molecular signatures of mesothelial and major mesenchymal cells in the mouse FL.
When the study only reports the transcript, the marker is written in italics.
MCs — mesothelial cells, SCs — stellate cells, PFs — portal fibroblasts; Pop. - population.

Also expressed (Gene,

POP. STAGE ISOLATION PROTEIN): REFERENCE
Fetal - GATA4, WT1 (lipenberg et al., 2007)
E12.5 FLK1-PCLP1* Ptn, Mdk, Hgf, Wt1
E18.5 PCLP1* MSLN* wt1 (Onitsuka et al., 2010)
Adult MSLN* wt1
Fetal - Gp38, WT1, ALCAM (Asahina et al., 2009, 2011)
mes Adult Vit-A- Col1a1FP*  Upk1b, Enl, MSLN, Gp38
GFP = y ’ ’ ’
ffciﬁ 8 )1 GPM6A* KRT19, GPMBA (Luaetal., 2016)
Adult GPMBA* - (Li, Lua, et al., 2013)
N N Mdk, Ptn, NG2 (low), ITGAS,
Fetal ALCAM* Gp38 GPM6A, WT1, (Ogawa et al., 2018)
Fetal - GATA4, Desmin (lipenberg et al., 2007)
Sub- WT1, Desmin, ALCAM, .
MCs Fetal - p75NTR, PDGFRa (Asahina et al., 2009, 2011)
Fetal ALCAM* Gp38" Desmin, NGFR, ITGA8 (Ogawa et al., 2018)
Fetal - GATA4, Desmin (lipenberg et al., 2007)
Fetal - p75NTR, GFAP (Suzuki et al., 2008)
SCs Fetal - Desmin, p75NTR, aSMA (Asahina et al., 2009, 2011)
Adult Vit-A* Gfap, Lrat, Reln, RELN, (Lua et al., 2016)
Desmin,
Fetal ALCAM* Gp38" Desmin, NGFR, ITGA8 (Ogawa et al., 2018)
Fetal - p75NTR (Suzuki et al., 2008)
Vit-A- Col1a1¢fP* DES, ELN, THY1, ENTPD2,
Adult GPMBA- «SMA, (Lua et al., 2016)
PFs NG2, aSMA, CD105, CD106,
E14.5 Nestin* CD51, CD146, PDGFRa, (Khan et al., 2016)
PDGFRp, DLK1
Fetal - NG2 (Ogawa et al., 2018)

Between E9.5 to E15, the liver undergoes substantial growth and becomes the

maijor site of fetal hematopoiesis. Gene mutations affecting liver development often result

in impaired hematopoiesis, underscoring the pivotal role of the FL in supporting fetal blood

production. Next, the molecular and cellular constituents of the FL microenvironment that

might regulate the hematopoietic development will be discussed.

An hematopoietic niche?

Moore et al. generated over 200 immortalized stromal cell lines from the FL to

screen for their ability to support hematopoiesis in vitro. However, only a few clones were

able to maintain LTR activity over a 3-week period. These clones had in common the
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expression of DLK1, and overexpression of this factor was sufficient to enable
hematopoietic support (Moore et al., 1997). Moreover, DLK1 knockdown in human
hepatoblasts resulted in decreased hematopoietic support in vitro (Gerlach et al., 2019).
While DLK1 has been used to identify hepatoblasts in vivo, it is also expressed by the
majority of Nestin® PFs (Khan et al., 2016). Although FL cell lines can temporarily sustain
HSCs in vitro, they cannot significantly expand the HSC population.

The first indication that the FL microenvironment could sustain HSC expansion
came from primary cultures with isolated DLK1" cells, presumably hepatoblasts (Chou et
al., 2013; Chou & Lodish, 2010; Zhang & Lodish, 2004). These cells expressed
hematopoietic supportive factors, namely angiopoietin ligand 3 (Angptl3), KITL ligand (KITL
or Stem Cell Factor, SCF), C-X-C motif chemokine 12 (CXCL12 or Stromal cell-derived
factor 1, SDF-1), insulin growth factor (IGF)-2 and thrombopoietin (TPO) (Chou & Lodish,
2010; Zhang & Lodish, 2004). DLK1* cells were able to expand LT-HSCs around 20-fold
after a 3-week co-culture period, supplemented with hematopoietic cytokines (Chou et al.,
2013). This expansion was reliant on direct contact, as the conditioned medium alone was
unable to maintain LT-HSCs, and co-cultures in a Transwell system displayed only limited
expansion.

Hepatoblasts were also shown to support lineage differentiation and maturation.
They produce EPO, required for terminal proliferation and differentiation of erythroid
progenitors (Sugiyama et al., 2011). /n situ maps further confirmed that Kitl-expressing
hepatoblasts were usually near a Kit-positive erythroid progenitor (Gao et al., 2022).
Hepatoblasts also support B-lineage development and Mk production by secretion of
interleukin (IL)7 and TPO, respectively (Brouard et al., 2017; Tsuneto et al., 2013).

Nestin®* NG2* PFs were also proposed as a key niche population, tightly related to
the HSC compartment in the FL (Khan et al., 2016). Selective ablation of PFs (using NG2-
cre/iDTA mice) showed no developmental defects at E12.5, but a reduction (~30%) in HSCs
at E14.5, and a reduction in BrdU intake in the remaining HSC compartment, which can
reflect a defect on HSC expansion. However, as Nestin® cells are relevant producers of
Cxcl12 at E14.5, the reduction of FL HSCs could also be interpreted as a displacement of
cells into circulation. They additionally show that the HSC compartment grows (considering
estimations from (H. Ema & Nakauchi, 2000)) at the same rate as the Nestin® cells,
suggesting a dependency. However, for this observation to be conclusive, it would require
following the growth rate of the entire liver, to rule out the possibility of linear growth.

Hematopoietic stem and progenitor cells (HSPCs) expressing the Endothelial
Protein C Receptor (EPCR) were found to interact with LSECs, in both luminal and
parenchymal aspects (lwasaki et al., 2010). LSECs were shown to express /I7, Fit3] and

Scf and to promote B-cell lymphopoiesis in co-cultures with BM Lin™ cells (Wittig et al.,
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2010). A study in the zebrafish revealed a peculiar interaction between endothelial cells and
HSPCs: endothelial cells surrounding a single HSPC attached to a single mesenchymal
cell, resembling a pocket. Live imaging showed that the mesenchymal cell can anchor and
orient the division plane of the HSPC. A similar process was observed in mice live imaging
FL explants (Tamplin et al., 2015).

In addition to stromal populations, FL macrophages have also been indicated as
niche regulators (Gao et al., 2022; Kayvanjoo et al., 2023). Their role in erythropoiesis has
long been acknowledged (Palis et al., 1999), and more recently, a role in the HSC niche
has been proposed. Macrophages were shown to establish frequent interactions with KIT*
and CD150" progenitors. Moreover, the depletion of macrophages resulted in impaired
erythrocyte maturation and induced transcriptional changes in HSCs, leading to a biased
differentiation towards the granulocytic lineage, without affecting HSCPs numbers
(Kayvanjoo et al., 2023). In a spatial transcriptomics study, macrophages were also
suggested to localize close to HSPCs, in regions where growth factors were highly enriched,
including MDK and PTN (Gao et al., 2022).

Recently, the role of KITL in fetal hematopoiesis was investigated through
conditional depletion from various FL cell types, including hepatic, endothelial, perivascular,
and hematopoietic cells (Lee et al., 2021). By employing reporter mice for Cxcl/12 and Kitl,
the authors identified endothelial cells and SCs as the primary sources of Kitl, with SCs also
being major producers of Cxcl12. Intriguingly, depleting Kit/ from any of these cell types
before birth did not lead to any discernible hematopoietic defects. However, a severe
phenotype became evident postnatally when Kit/ was depleted from SCs, and the impact
was even more pronounced when endothelial cells were also depleted of Kitl (Lee et al.,
2021). SCs had been previously proposed as likely niche cells, as p75NTR" isolated cells
expressed a range of hematopoietic cytokines, namely colony stimulating factor 1 (Csf1),
Tpo, Kitl, Epo, Igf1, lI11, FLT3 ligand (FIt3l) and oncostatin M (Osm, involved in hepatic
maturation) and considerable high levels of /gf2 (Tan et al., 2017).

While the role of FL cells in fetal hematopoiesis requires further clarification, it is
also crucial to address other niche factors. For example, metabolism, endoplasmic
reticulum stress and oxidative stress can also be extrinsically regulated, impacting HSC
behavior. Liver’s bile acids, freely dispersed until the formation of the bile canaliculus, were
shown to regulate the numbers of HSPCs, functioning as chemical chaperones, critical to
sustaining the high protein synthesis rates, without triggering endoplasmic reticulum stress
(Sigurdsson et al., 2016). TPO, primarily produced by hepatocytes, while dispensable for
HSCs at E14.5, it is required from E16.5 onwards and was reported to regulate mTOR and
metabolism in HSCs (Lee et al., 2022).
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The temporary residence of the HS in the FL is intriguing, giving rise to numerous
questions about the FL microenvironment’s role and the mechanisms governing its
colonization and decolonization. To conclude this section, a closer look will be given at the
mouse embryonic development in an effort to understand the “choice” of the FL as the
embryonic hematopoietic host and why it eventually relinquishes its hematopoietic

functions.

Why the FL?

The cardiovascular system is the first to develop and function during
embryogenesis. The vascular network serves as a vital pathway for the transportation of
essential nutrients and oxygen to all parts of the body while removing metabolic waste
products. By the time the first blood islands become discernible in the YS mesoderm, the
heart has already started to take shape, circa E7.5 (Kaufmann & Bard, 1999). However, it
is only nearly one day later that a connection between the two is established and with the
onset of heartbeat, blood cells start to circulate through the body (McGrath et al., 2003).
From E8.25-E8.5, circulation is characterized by the movement of a few EryPs into the DA,
and an increase in blood flow thereafter (McGrath et al., 2003). Although EMPs arise from
HE of YS vasculature at E8.25 onwards, they do not promptly integrate into the
bloodstream. Instead, they undergo a phase of expansion in vascular beds, before
massively entering circulation around E10, reaching the embryo through the VVs (Kasaai
et al., 2017; McGrath et al., 2003, 2015; Palis et al., 2001). By this time, HSPCs start to
emerge in the major arteries of the embryo proper (DA, VA, UA), budding from arterial HE
into circulation (Boisset et al., 2010; de Bruijn, 2000), following two possible routes: the
VA to the YS vasculature, and back to the embryo through the VVs; or the UA to the
placenta, and back to the embryo through the UVs. In both cases, the first organ they
encounter is the FL. At this point, the liver vasculature consists of only a primitive vascular
plexus (filled with hematopoietic cells) formed from the VVs and connected to the UVs
(Figure 8B). The DV, which allows direct passage of oxygenated blood to the heart only
arises slightly later (Figure 8C, D). At this stage, cells from all hematopoietic waves can
be found in circulation. Within one day, a substantial influx of hematopoietic cells occurs
into the liver's parenchyma, and they become the predominant population, expanding
considerably and transforming the FL into a potent hematopoietic center until the end of
gestation.

Multiple factors might contribute to the colonization of the FL by hematopoietic cells,
namely: 1. The topology of fetal circulation. Semi-oxygenated blood from the YS,

oxygenated blood from the placenta, and venous blood from the gut meet in the intricate FL
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vascular plexus, before converging into the sinus venosus and directed to the heart. 2. The
distinctive characteristics of the FL sinusoidal network (reviewed in (Wake & Sato, 2015)).
In contrast with capillaries, liver sinusoids are large, particularly at early embryonic stages;
have lower and discontinuous connective tissue (perisinusoidal SCs) with minimal
basement membrane; are irregular, following the shape of the parenchymal tissue; and are
highly fenestrated, being highly permeable to small molecules. 3. Low blood pressure within
the FL sinusoids might facilitate the extravasation of circulating cells into the liver’s
parenchyma. Deletion of a floxed Gata4 allele in Stab2-Cre and Lyve1-Cre (targeting
LSECs) resulted in mutant embryos with hypoplastic livers, anemia, and prenatal lethality.
LSECs in the mutant embryos were not fenestrated, exhibited upregulation of CD31 and
VE-Cadh and a robust basement membrane. As a result, EMPs and HSPCs were markedly
reduced in the liver and increased in the blood. Curiously, HSPCs did not exhibit any
intrinsic defects, with similar LTR readouts as wild-type (Géraud et al., 2017). This study
suggests that discontinuous sinusoids allow and are necessary for the transmigration of
hematopoietic cells into the liver.

Liver colonization is also mediated by cell adhesion and chemoattraction (e.g.,
cytokines, chemokines, and growth factors) processes. Several cell adhesion molecules
have been identified in embryonic HSPCs, including integrins, selectins, cadherins, and
others, and some of their ligands can be found in liver cells and ECM components (reviewed
in (Hayashi et al., 2019; Soares-da-Silva et al., 2020, Annex Il). Variations in the
expression of adhesion molecules during development might correlate with the mobilization
of hematopoietic cells across various organs. For instance, HSPCs lacking 1 integrin had
a severely impaired colonization of the FL, but were still present in circulation and with no
differentiation defects, suggesting a role for integrin-mediated cell adhesion in FL

colonization (Hirsch et al., 1996).

Why no longer the FL?

In mid-gestation, the embryonic liver works as a “bag” accommodating the
expanding HS before BM development. From E12.5 to E16.5, the organ is essentially an
hematopoietic tissue, with a ratio of non-hematopoietic cells/total liver cells very low. During
this temporal window, the organ’s architecture is far less complex than that of its adult
counterpart. In the adult, hepatocytes are the main parenchymal cell type, organized in
cords interspaced by an intricate vascular and biliary system (Figure 7E). Concomitantly
with the start of the exodus of the HS from the FL and ingression in the developing BM
(~E16.5) (Christensen et al., 2004), there is an observable maturation of the hepatic

epithelium at a morphological level. This raises the possibility of a causal relationship
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between these events. Transcriptomic and proteomic analysis throughout FL development
identified E15.5 as the time of onset of metabolic, detoxification and immune programs
(Guo et al., 2009), revealing a shift into hepatic functions.

Kinoshita et al. showed that hematopoietic cells expanded when cultured in a
monolayer of primary fetal hepatic cells (in the presence of hematopoietic cytokines) and
that the addition of OSM suppressed in vitro hematopoiesis, by inducing the maturation of
the hepatic cells (Kinoshita et al., 1999). Since FL hematopoietic cells produce OSM, its
expansion increases the local OSM concentration, consequently promoting hepatic
development (Kamiya et al., 1999). In consequence, a metabolically active liver might no
longer support hematopoiesis (Miyajima et al., 2000). However, it is still not clear whether
the displacement of the hematopoietic cells out of the FL facilitates liver maturation or if the
changes in the microenvironment no longer support hematopoiesis and/or trigger its
migration.

The vasculature remodeling at the end of gestation was also correlated with the
rapid loss of HSCs in the postnatal liver. After birth, the portal vein no longer receives blood
from the VVs. It collects the blood from the gut, draining it to the central vein and the hepatic
artery starts to form. With the ligation of the umbilical inlet, the portal vessels acquire a vein
phenotype and lose the periportal pericytes (Khan et al., 2016).

The presence of fenestrated sinusoids exclusively in the liver, spleen, and BM, all
of which are hematopoietic organs, is unlikely to be coincidental (Griffin & Gao, 2017). As
soon as the BM vascularization is initiated, hematopoietic cells initiate their colonization
(Coskun et al., 2014). CXCL12-deficient mice revealed that CXCL12 is not fundamental
for early FL colonization, but it is required for the retention of hematopoietic cells in the FL
until the end of gestation and subsequent migration to the BM (Ara et al., 2003). Other
chemoattractive, adhesion molecules and ECM components that orchestrate the migration

of hematopoietic cells from the FL to the BM were reviewed by (Ciriza et al., 2013).
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AN OVERALL LOOK INTO HEMATOPOIETIC
MICROENVIRONMENTS

The challenge of fetal hematopoiesis is to quickly generate differentiated blood cells
required for embryo growth and development, while simultaneously establishing a reservoir
of conservatively self-renewing HSCs, before the development of its adult specialized
niches. An independent origin of mature blood lineages and HSCs, with a low input for fetal
blood production, might have arisen as an evolutionary advantage mechanism, as the
extensive blood production required for embryogenesis could be too demanding for HSCs,
leading to their exhaustion. The compartmentalization of fetal hematopoiesis into multiple
sites is conserved across species (Elsaid et al., 2020, Annex Il). Two initial distinct
locations are associated with hematopoietic cell emergence (YS, or equivalent, and major
arteries), followed by a temporary residence in a different location where all hematopoietic
waves converge and blood cell production co-exists with HSC maintenance and (putative)
expansion (the FL or caudal hematopoietic tissue, CHT, in the case of zebrafish), followed
by the colonization of the adult niche later in gestation (BM, or kidneys in zebrafish). Here,
aiming to identify common aspects shared among the diverse hematopoietic
microenvironments, they will be briefly revisited, except the FL, previously discussed. Table
5 summarizes the key hematopoietic factors and their respective sources throughout
development.

Our understanding of the niche properties within the YS and the specific local signals
that dictate hematopoietic specification and emergence remains limited. E9.5 YS-endoderm
and mesoderm-derived cell lines were shown to express features of normal YS cells and to
support the in vitro growth and differentiation of BM 5-Fluorouracil (5-FU) resistant
hematopoietic cells. These cell lines seemed to recapitulate the original microenvironment,
as they supported less neutrophil and greater macrophage differentiation than kidney and
BM stromal cell lines (Yoder et al., 1994).

Recently, a human YS cell atlas was generated using scRNA-seq, light-sheet
microscopy and RNAScope-based in situ hybridization (Goh et al., 2023). Beyond its role
as an hematopoietic site, the authors identified the YS as a major regulator of metabolism,
coagulation, and vascular development. They identified fibroblasts, smooth muscle cells,
mesothelial, endothelial, and endodermal cells as the major non-hematopoietic subsets of
the human YS. ACTA2" smooth muscle cells were visualized in situ forming a sub-layer
between the mesoderm and endoderm. Interestingly, they found EPO and TPO expression
in human and rabbit YS endodermal cells, but no expression in the murine YS (Goh et al.,

2023). This species-specific difference aligns with the relatively low requirement of EPO for
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pre-liver erythropoiesis in mice, as evidenced by the fact that Epo/Epor-deficient mice are
only lethal around E13.5 (Lin et al., 1996; H. Wu et al., 1995).

KITL is a critical niche factor, regulating hematopoiesis across its multiple locations
(Table 5). Using Kitl-tdTomato reporter mice, the sources of this cytokine were assessed in
situ during embryonic development. At E8.5, Kitl was strongly expressed in the P-Sp and
allantois (precursor structures of the AGM and umbilical vessels), and weakly expressed in
the YS blood islands (in endothelial cells surrounding EryPs and some perivascular cells).
Kitl-expressing endothelial cells near clusters of KIT* EMPs were still found at E10.5 in the
YS vasculature, a time were Kitl expression was already apparent in the FL and the
mesenchyme ventral to the DA (Azzoni et al., 2018). Endothelial-specific deletion of Kitl
using Tie2°"Kit/™* mice resulted in a reduction of EMPs/HSPCs in the YS and AGM,
respectively, but had a low impact on FL progenitor's numbers. The impact of lack of
endothelium-derived Kitl phenocopied the Kitl-mutant mice in the YS and AGM, but not in
the FL, suggesting that the requirements of endothelial Kit/ vary between niches, likely due
to compensatory effects in the FL (Azzoni et al., 2018). Kitl-producing endothelial cells
were also found in the placenta (Sasaki et al., 2010).

The labyrinth vessels, a complex vascular network within the placenta, have been
suggested as a unique hematopoietic niche conducive to HSPC proliferation (Rhodes et
al., 2008). Nevertheless, direct evidence supporting this hypothesis is currently lacking.
Furthermore, platelet-derived growth factor B (PDGFp) was identified as an EPO regulator
in the placenta, as its depletion induces trophoblast cells to upregulate Epo expression,
causing ectopic erythropoiesis (Chhabra et al., 2012).

More than 100 stromal cell lines were established from sub-compartments of the
AGM. HSC-supportive stromal clones were found in both the aorta-mesenchyme and
urogenital ridges, the latter being the source of the most supportive isolated clone
(Oostendorp et al., 2002). Tissues ventral to the AGM have been suggested as a
supportive niche for hematopoietic generation (Peeters et al., 2009; Taoudi & Medvinsky,
2007). Nerves of the central nervous system have been implicated as key components of
the AGM niche, as HSC generation seems to be dependent on catecholamines (Fitch et
al., 2012). Recently, YS-derived macrophages with a pro-inflammatory profile were shown
to be abundant in the AGM. Remarkably, AGM explants depleted of macrophages revealed
impaired HSC production, as cultured cells had little to no repopulation activity, revealing a
positive regulation of macrophages in HSC emergence (Mariani et al., 2019). Blood flow
was shown to be fundamental for a proper HSC emergence from the main arteries of the
embryo. Although HSC precursors still emerged in from HE in Ncx1”- embryos, they did not

develop into functional HSCs. In the mutant embryos, aSMA™ cells were lost, subaortic
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mesenchyme was thinner, macrophages were reduced and Kitl expression reduced in
endothelial cells, indicating a strong impact in the hematopoietic niche (Azzoni et al., 2021).

Hematopoietic cells arrive in the BM as soon as circulation starts to be established.
The BM is the most well-characterized hematopoietic niche. Extensive efforts to identify
niche cell types within the adult BM have involved the optimization of stromal isolation
protocols, gene expression analysis, conditional deletion studies targeting hematopoietic
factors, cell ablation techniques, and in situ cell mapping. As a result, innumerous cell types
were identified as positive/negative regulators of hematopoiesis, as reviewed by
(Comazzetto et al., 2021; Crane et al., 2017; Morrison & Scadden, 2014; Pinho &
Frenette, 2019).

In the adult BM, HSC niches are perisinusoidal (Table 6), with LepR* mesenchymal
cells and endothelial cells producing the main factors required for HSC maintenance (Table
5) (Ding et al., 2012; Ding & Morrison, 2013; Greenbaum et al., 2013; Oguro et al.,
2013). However, fetal and neonatal BM differ substantially from the adult, with regards to
cellular composition, gene expression and cell interactions (Hall et al., 2022; Helbling et
al., 2019; Liu et al., 2022). Some reports suggest that HSCs are still proliferative when they
arrive at the BM, and a shift to a quiescent state only occurs 3 weeks after birth (Bowie et
al., 2006; Coskun et al., 2014). This coincides with the time frame of intense bone
remodeling, suggesting that HSC cycling is dependent on the cellular composition of the
microenvironment. LSK cells isolated from Osx™ fetal BM (lacking osteolineage cells and
some mesenchymal populations (Mizoguchi et al., 2014; Nakashima et al., 2002)) form
multi-lineage colonies in vitro, but fail to repopulate transplanted recipients. LSK cells
exhibited dysregulated cell cycle progression and defective homing ability, suggesting that
osteolineage and/or mesenchymal cells are necessary to establish and sustain BM LT-
HSCs (Coskun et al., 2014). Additionally, E15.5 CD105"Thy1" mesenchymal progenitors
transplanted under the kidney capsule give rise to donor-derived chondrocytes and can
create an ectopic niche with the recruitment of host-derived marrow and HSCs, evidencing
the importance of endochondral ossification for HSC niche formation (Chan et al., 2009).

Combining scRNA-Seq, FC, imaging and tissue-specific genetic mouse models, a
recent study showed that the fetal BM is largely devoid of Leptin receptor (LepR)-expressing
cells, a major cytokine producer population in the adult, and a role of arterial endothelial
cells in HSPC expansion through Wnt signaling (Liu et al., 2022). A subset of osteochondro
progenitors also appears to contribute to the fetal/neonatal BM niche, providing growth
factors (e.g. IGF1/2) that regulate HSPC function (Hall et al., 2022).
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Table 5. Fundamental signaling axis regulating hematopoiesis throughout development.

AECs — arterial endothelial cells; Bls — blood islands; CAR — CXCL12-adundant reticular (cells); ECs —
endothelial cells; EryPs — primitive erythroid progenitors; HCs — hematopoietic cells; HE — hemogenic
endothelium; HSPC — hematopoietic stem or progenitor cell; IACHs — intra-aortic hematopoietic clusters; LSECs
— liver sinusoidal endothelial cells ; SCs — stellate cells; PFs — portal fibroblasts.

SIGNALING AXIS

SIGNAL’s SOURCE:
(FUNCTION) s SoU

YS:

ECs surrounding Bls (Azzoni et al., 2018; Isern et al.,
2011)

Perivascular cells (Azzoni et al., 2018)
Visceral endodermal cells (Isern et al., 2011)

AGM:
Para-aortic ECs,
Perivascular smooth muscle cells (Azzoni et al., 2018)

Placenta :

KITL - KIT (CD117) ECs (Sasaki et al., 2010)
FL:
HSC survival and self-renewal (Miller et al., ECs (Lee et al., 2021; D. Sugiyama et al., 2011)

1997
) . LSECs (Wittig et al., 2010)
Regulates erythropoiesis,
megakaryocytopoiesis, and mast cell AECs (Lu et al., 2021)

generation (Barker, 1994) Hepatoblasts (Chou & Lodish, 2010; Lu et al., 2021;
D. Sugiyama et al., 2011)

PFs (Khan et al., 2016)
SCs (Lee et al., 2021; Tan et al., 2017)
BM:
ECs (Ding et al., 2012); Arterial ECs (Xu et al., 2018)

CAR/LepR* perisinusoidal (Comazzetto et al., 2019;
Ding et al., 2012)

NG2* peri-arteriolar (Asada et al., 2017)
Nestin (Méndez-Ferrer et al., 2010)

YS:
AGM:
ECs, HE (Mariani et al., 2019)
FL:
Hepatoblasts (Chou & Lodish, 2010; Lu et al., 2021)
PFs (Khan et al., 2016)
SCs (Lee et al., 2021)

CXCL12 - CXCR4

Engraftment, trafficking, retention (Ara et al.,

2003) AECs/perivascular (Lu et al., 2021)
HSC maintenance (T. Sugiyama et al., 2006) BM:
Regulates mye|0poiesis and B cell ECS (Ding & Morrison, 2013), Arterial ECs (XU et al.,
development (Nagasawa et al., 1996) 2018)

CAR/LepR* perisinusoidal (Ding et al., 2012; Ding &
Morrison, 2013; T. Sugiyama et al., 2006)

NG2* peri-arteriolar (Asada et al., 2017)

Nestin perivascular (Greenbaum et al., 2013; Méndez-
Ferrer et al., 2010)

Osteoblasts (Ding & Morrison, 2013)
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FL:

Hepatoblasts (Brouard et al., 2017; Chou & Lodish,
2010; Sugiyama et al., 2011)
HSC survival and maintenance (Kimura et al., Hepatocytes (Lee et al., 2022)

1998; Qian et al., 2007) SCs (Tan et al., 2017)

Required for Mk and platelet production (de
Sachage et al. 1992_ Kausl?ansky ot a(l. Mesenchymal cells (Brouard et al., 2017)
1994, 1995) *Adult: liver hepatocytes (Decker et al., 2018; Sungaran

et al., 1997)

TPO — MPL (CD110)

Neural crest:
Neural Epo-producing cells (Suzuki et al., 2013)

EPO - EPOR Placenta:
Sinusoidal trophoblast giant cells (Chhabra et al.,
Regulates erythroid differentiation, maturation, 2012)
proliferation, and survival in a hypoxia- FL:
inducible manner (Lin et al., 1996; Watts et Hepatoblasts (D. Sugiyama et al., 2011)
al., 2020 Adult kidney:

Renal EPO-producing cells (Souma et al., 2015;
Suzuki et al., 2011)

FL:

CSF1-CSFIR SCs (Tan et al., 2017)
BM:
Commitment to myeloid lineage (Mossadegh- ECs
Keller et al., 2013) ’

Adipog-lineage progenitors (Inoue et al., 2023)

FL:

IL7 - IL7Ra LSECs (Wittig et al., 2010)
Hepatoblasts (Tsuneto et al., 2013)
Lymphocyte expansion, BM:
B and T cell development CAR/LepR* perisinusoidal (Cordeiro Gomes et al.,
(Peschon et al., 1994) 2016)

Nestin (Méndez-Ferrer et al., 2010)

FL:

FLT3L - FLT3/FLK2 (CD135) SCs (Tan et al., 2017)

LSECs (Wittig et al., 2010)
HSPC proliferation (Lyman et al., 1993) BM:
HCs (Tornack et al., 2017)

YS:
EryPs (Isern et al., 2011)
AGM:
ECs,
IGF2 — INSR/ Smooth muscle cells,
IGF1R/ IAHCs (Mascarenhas et al., 2009)
IGF2R Placenta:
Endocrine cells (Lopez-Tello et al., 2023)
HSC proliferation ECs,
(Zhang & Lodish, 2004) " Trophoblasts (Sandovici et al., 2022)

Hepatoblasts (Chou & Lodish, 2010; Zhang &
Lodish, 2004)

PFs (Khan et al., 2016)
SCs (Tan et al., 2017)
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TRACKING HSC LOCALIZATION IN THE NICHES

The understanding of where HSPCs are situated within their microenvironment and
how they interact with their surroundings has made huge advances in the last decade due
to improvements in imaging techniques. Histological techniques have been the standard
procedure to investigate tissues. However, a clear understanding of biological mechanisms
and tissue architecture requires an unbiased exploration of large specimens. For this,
increasingly sophisticated tissue clearing methodologies, coupled with the capabilities of
cutting-edge microscopes (such as confocal, multi-photon, and light-sheet) are currently on
the rise. Tissue clearing techniques aim to render biological specimens transparent to
mitigate light scattering and absorption, thereby facilitating in-depth acquisitions of large
volume samples (extensively reviewed in (Ariel, 2017; Ueda et al., 2020)).

Despite great advances, an accurate in situ identification of HSPCs in their
microenvironments is still limited by the requirement for intricate combinations of cell-
surface markers or the specificity of reporter mice and the lack of suitable tools for
automated and quantitative computation analysis of (often terabyte-scale) imaging data.
Table 6 presents a literature overview summarizing quantitative results concerning the
localization of HSCs in relation to BM niche populations. Some of these studies considered
only a limited number of quantified target cells, and different bone types were analyzed,
with contradictory results. Additionally, the quantification often relied on manual cell
classification and calculation of near distances, which introduces subjectivity. Nevertheless,
a recent study has shed light on the inconsistencies within the BM niche. Kokkaliaris and
colleagues imaged 152 full-bone (femur and sternum) sections in a multiparameter strategy
combining a total of 9 BM stromal cell types (4 simultaneous) and 3 HSC reporter lines
(Kokkaliaris et al., 2020). They localized HSCs (in both bone types) close to sinusoids,
CXCL12-expressing cells, Mks, and different combinations of these, but not to bone,
adipocyte, periarterial or Schwann cells. However, their distribution pattern resembled that
of random dots (RDs), reflecting the relative abundance of BM cell types rather than specific
enrichment near these cell types.

The localization of HSCs during development is far less explored, in part due to the
lack of understanding of the identity of the recently formed HSCs (or fated to be HSCs).
Although adult HSCs can be highly purified using SLAM markers, with 1 in every 2.2
CD150"CD48CD41" cells having LTR potential (Kiel et al., 2005), the phenotype of fetal
HSCs is less clear. The SLAM phenotype is not acquired immediately as LTR can be found
in CD150°CD48"" cells, which is also the case of other HSC typical markers, like Sca-1 and
CD45 (Table 7).
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Chapter Il — Introduction

Table 7 provides a summary of the phenotype of hematopoietic progenitors
originated during embryonic development. Recognizing the limitations of conventional
staining strategies, that require the combination of multiple markers to HSCs, there has
been a concerted effort to identify specific markers that could be traced using reporter
mouse models, offering a promising strategy for in situ cell tracking. Numerous reporter
lines are already accessible, facilitating HSC enrichment through a single-color staining
approach, and often further enhanced by the inclusion of few additional markers, such as
KIT (Acar et al., 2015). Key HSC reporter mouse models include a-catulin-GFP mice (Acar
et al., 2015), Evi1-GFP (Kataoka et al., 2011), Fgd5-ZSGreen (Gazit et al., 2014), HoxB4-
YFP (Hills et al., 2011), Hoxb5-tri-mCherry (Chen et al., 2016), Pdzk1ip1-GFP (Sawai et
al., 2016), Gprc5c-eGFP (Cabezas-Wallscheid et al., 2017), and HIf-tdTomato (Yokomizo
et al., 2019). The specificity of some of these lines at embryonic stages still requires
confirmation. Evi1- and Hlf-reporter mice are promising models to follow HSCs during
embryonic development, as HSC specification was shown to be regulated by the EVI1/HLF
axis. Hlif is exclusively expressed in KIT" cells within IAHCs, whereas Evi1 is also expressed
by endothelial cells. The level of expression of Evi1 seems to regulate the fate of pre-HSCs,
with Evi1"" preferentially generating HSCs (Yokomizo et al., 2019, 2022).

So far, only a few studies addressed the distribution of HSCs in the FL. Khan and
colleagues reported that at E14.5, ~40% HSCs (CD150"CD48CD417Lin") were at <20um
from Nestin® cells, and that there is a displacement of these cells away from portal vessels
around birth (Khan et al., 2016). This resulted from the quantification of 12 whole-mount
(not cleared) stained Nestin-GFP FLs, with a total of 105 cells classified as HSCs (at E14.5).
This yields an average of only around 9 HSCs per whole liver. In the same study, ~500
HSCs/FL were estimated by FC, at the same time point, raising some concerns regarding
the reliability of the staining method and consequent conclusions. Using the same staining
strategy, Lee et al. contradictingly reported that candidate HSCs were in close association
with Laminin* LSECs at E15.5 and PO (Lee et al., 2021). Therefore, the precise localization

of HSCs within the FL microenvironment remains to be determined.
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Chapter Il — Introduction

Table 7. Identification of hematopoietic progenitors during mouse ontogeny.
AGM - aorta-gonads-mesonephros; DA — dorsal aorta; EMP — erythro-myeloid progenitors; EryP — primitive
erythroid progenitor; HSPC — hematopoietic stem and progenitor cell; UA — umbilical artery; VA — vitelline artery.

Pre-

CELL EryP EMP HSC/HSPC HSC/HSPC
E Emergence E Maturati Maturati Steady
STAGE 70 ess  E825  Egserrs Ef05-Ef2s Ef25eies SO
’ ' E10.5 ’ ’ ’ ’ ’ ’ Adult
LOCATION Yiflfr!%zd Ysp‘l’:fjé"ar DA, VA, UA Circﬁft:\c/)lﬁ, FL FL BM
MARKERS
KIT low/+ () +(3,5.6) +(8.9.10) +(.10) +@ +07)
CD41 dim (.3 + 69 +64 +/-@ -(13) -7
CD34 +@ + @ +9) +9) + -
CD31 +@ + +®) + +(10,7) + ()
FLK1 + (123 +/- (10) -
TIE2 +(1.2)

VE-Cadh +(1,2) +/- 6 + (1) + (1) +/- (10,11) _ (11
CD45 +/- (6.6) - (8,4,10) +/- (4,10) + (1) +
AA4 1 + (5.6) + (8 + + (14,15, 25) R

CD16/32 +/- )

Csfir +©
Runx1 + @4 +(10) + (10) + (10) +
808-1 _ _/+ (10, 12) + (4,13, 15,16) + (17)
Endomucin - @ - @ + @) + @ + @ + @
Mac-1 -/+ ©) -+ ©) + (13.16) -flow (")
CD150 -+ (13,28) +(17)
CD48 - (13,28) -7
EVI1/MDS1 + (18,21) + (18,21) + (18,21) + (19,20)
HLF _ (@1 + (21) + (1) + (21 + (22,23)
EPCR + (26,28) + (27,28)
ESAM + (31 + + (29 + (30)
REFERENCES:

() (Isern et al., 2011), @ (Ema et al., 2006), ©) (Ferkowicz et al., 2003), *) (Matsubara et al., 2005), ®
(McGrath et al., 2015), © (Perdiguero et al., 2015), () (Baumann et al., 2004), ® (Bertrand et al., 2005),
) (Sanchez et al., 1996), (') (T. E. North et al., 2002), ('Y (Taoudi et al., 2005), ("2 (de Bruijn et al., 2002),
(3P (Kim et al., 2006), (') (C. T. Jordan et al., 1990), ("9 (C. T. Jordan et al., 1995), (1®) (Morrison et al.,
1995), (') (Kiel et al., 2005), ('® (Yokomizo et al., 2022), ('®) (Goyama et al., 2008), ?* (Kataoka et al.,
2011), @Y (Yokomizo et al., 2019), > (Komorowska et al., 2017), ?3 (Wahlestedt et al., 2017) @4 (T.
North et al., 1999), %% (Gao et al., 2022), *®) (lwasaki et al., 2010), ?") (Balazs et al., 2006), ?® (Kent et
al., 2009), *® (Ueda et al., 2019), G% (Lisa Ooi et al., 2009), @' (Melig et al., 2023)
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WRAP-UP, DISCUSSION AND OPEN QUESTIONS

The HS is the most rapidly regenerating system in homeostasis, ensuring immune
surveillance and responses, tissue oxygenation, and blood clotting, with millions of cells
being created and recycled every day to fulfill those functions. HSCs have been taking all
the credit for ensuring the right equilibrium between their maintenance and differentiation
into MPPs that can proliferate substantially and further differentiate into multiple lineages.
Recent studies indicate a significantly lower contribution of HSCs to active blood production
than previously believed (Busch et al., 2015; Sun et al., 2014). However, owing to the
inherent caveats of cutting-edge technologies used to study hematopoiesis in its native
conditions, namely barcoding and fate mapping, further research is warranted to elucidate
how much an HSC actually does.

During development, the role of HSCs also seems to be secondary to fulfilling the
developing embryo needs, as multiple mature lineages arise before the emergence of HSCs
and build up a self-sustaining HS until the end of gestation, with some populations persisting
throughout life (Palis, 2016). At which point in development do HSCs contribute to blood
production? An heterogeneous potential of HE cells of the major arteries and a subsequent
heterogeneity in generated multipotent cells has been proposed. From these multipotent
cells, only a fraction matures into LTR HSCs, contributing to the adult pool (Yokomizo et
al., 2022) and an additional layer of long-lived drMPPs with a lymphoid bias has been
proposed (Beaudin et al., 2016; Patel et al., 2022). /s the adult HSPC compartment a
mosaic of distinct developmental waves of multipotent cells?

To understand the establishment of the adult HSC compartment it would be
fundamental to precisely quantify how many cells are generated from the HE fated to
become HSCs. As the estimations from explant cultures (Rybtsov et al., 2016) and the
Confetti reporter system (Ganuza et al., 2017) differ in a big order of magnitude, it is not
possible to draw robust conclusions. This knowledge will affect our perception of the FL as
an hematopoietic niche. How many rounds of division lead to the adult HSC pool? Does the
FL microenvironment have a role in HSC proliferation?

HSCs were reported to be in a proliferative state until 3 weeks after birth, shifting
into quiescence thereafter (Bowie et al., 2006). Does the neonatal BM also sustain HSC
expansion? What contributes to the HSC shift into quiescence? Given that HSC expansion
only occurs during the initial stages of development, when the whole organism is growing,
the possibility that a general mechanism, rather than a local one is the key to the
conundrum, cannot be disregarded.

At mid-gestation, hepatic precursors protrude from the gut tube and expand in cords

delaminating through the surrounding STM’s cells, which became intermingled with the
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hepatoblasts, forming a liver bud, just below a beating heart. Within the liver bud, a vascular
plexus is established, connecting the heart to the major efferent vessel of the lower body.
At this stage, the diverse hematopoietic layers that arise during development converge into
the FL and extravasate into its parenchyma, where they meet conditions
supportive/permissive for their proliferation and differentiation. Shortly after, a layer of
epithelial cells from the STM surrounds the liver bud (~E11), forming its visceral serous
membrane. The liver continues to grow at a fast pace, becoming the major organ of the
embryo, easily identifiable by its large size and reddish color. Although the FL
microenvironment has received much less attention in research compared to the BM,
multiple FL cell types have been reported to play a regulatory role in fetal hematopoiesis at
the progenitors’ level (maintenance or expansion) and/or supporting the differentiation
towards distinct lineages. However, most of these studies have concentrated on analyzing
specific cell populations (Chou & Lodish, 2010; Khan et al., 2016) or identifying the role
of a particular cytokine (Lee et al., 2021), lacking a more comprehensive approach. As
such, a clear picture of the interplay of HS-FL stroma is still lacking.

The pioneer stem cell niche hypothesis introduced by Schofield suggested that a
stem cell’'s behavior is determined by its distinct spatial placement, effectively preventing its
maturation, and ensuring its continuous maintenance (Schofield, 1978). The posterior
extensive research dissecting hematopoietic microenvironments, especially the BM, has
gathered evidence that the reality is considerably more intricate. Gomes and colleagues
showed that HSCs and MPPs can be in contact or in a short distance from the same
mesenchymal progenitor (CAR cell). CAR cells are a potent source of multiple cytokines in
the BM: CXCL12 and KITL that regulate the number of HSCs and MPPs, and IL7 that acts
as a short-range signal for lymphoid differentiation, among others (Cordeiro Gomes et al.,
2016). The work of Gomes et al. suggests that different signals from the same stromal cell
can differentially impact fate decisions. Moreover, a recent study performed an extensive
and robust quantitative analysis regarding the location of HSCs in the adult BM in relation
to multiple stromal populations (Kokkaliaris et al., 2020). They found HSCs to be
close/direct contact with some populations, but not with others. However, for all cell types
assessed, the distribution of HSCs was comparable to the one of RDs. These studies
suggest that HSCs do not reside in specific niches within the BM and might co-localize with
other downstream progenitors. What determines fate decisions? Is it a cell intrinsic
mechanism? Miao and colleagues showed that HSC expansion correlated with increased
availability of membrane-bound KITL on stromal cell types after depletion of MPPs,
suggesting that cellular competition for limiting hematopoietic factors might be fundamental
to regulating cell fate (Miao et al., 2022). Should we redefine the concept of hematopoietic
niche?
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PROJECT DESCRIPTION

Multiple parameters of a hematopoietic organ can influence the behavior of its cells.

This includes not only cell communication but also physical properties, ECM composition

and stiffness, the soluble molecular environment, oxygen levels, and more. Given that the

FL cell composition has not been extensively studied, we aimed to dissect the FL

hematopoietic niche “from the ground up”, by focusing primarily on its cellular content, and

the molecular signaling that might be involved in the HS/stroma axis.

Our main aims and objectives were then:

Aim 1: Understand the spatial-temporal dynamics of the FL microenvironment during

development

Improve the discrimination of FL non-hematopoietic subsets by FC;
Confirm their affiliation by single cell multiplex gene expression;
Screen them for hematopoietic cytokines;

Identify and quantify their location in situ;

Aim 2: Reveal HSPC localization in the FL during development

Optimize a staining strategy robustly enriched for HSCs;
Identify the location of HSPCs in FL sections throughout development;

Identity and quantify patterns of cell distributions;

Aim 3: Understand the interaction HS/stromal compartment

Identify and quantify neighbor distributions and distance to specific targets;

53






CHAPTERIIL.

WHO, WHERE AND HOW:
CHARACTERIZATION OF THE KEY
PLAYERS IN THE FL
HEMATOPOIETIC NICHE

Part of the data in this chapter was published in the following papers:

— Peixoto, M.*; Soares-da-Silva, F.*; Schmutz, S.; Mailhe, M.P.; Novault, S.; Cumano, A.; Ait-

Mansour, C. (2021) “Identification of fetal liver stromal subsets in spectral cytometry using
the parameter autofluorescence”. Cytometry: Part A. doi: org/10.1002/cyto.a.24567 *these
authors contributed equally (Annex IV)

— Peixoto, M.*; Soares-da-Silva, F.*; Bonnet, V.*; Ronteix, G.*; Faria, M.R.; Mailhe, M.P.; Feng,
X.; Pereira, J.P.; Azzoni, E.; Giorgi, A.; de Bruijn, M.; Baroud, C.*; Pinto-do-O, P.*; Cumano, A *
(2023) “Spatiotemporal dynamics of cytokines expression dictate fetal liver
hematopoiesis”. BioRxiv. doi: https://doi.org/10.1101/2023.08.24.554612 (Manuscript under

review) *these authors contributed equally, #senior authorship (Annex VI)
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Chapter Il — Key players in the FL hematopoietic niche

PREAMBLE

A seminal study reported a massive expansion of the HSC compartment in the FL,
with a 33 fold increase in RUs from E12.5 to E16.5 (H. Ema & Nakauchi, 2000). However,
the extension of this expansion has been recently questioned, and it is still not clear how
much maturation (acquisition of LTR potential) rather expansion is the cause of the massive
RU increase during FL development. Understanding the contribution of the FL
microenvironment to the expansion and/or establishment of the HS is fundamental, as it
can enable the development of effective protocols for the HSC manipulation ex vivo,
providing major clinical advances in the Hematology field.

Key FL non-hematopoietic populations have been identified and proposed to act as
hematopoietic niche cells. Cells isolated as DLK1*SCF*, considered as hepatic progenitors
(Chou & Lodish, 2010), periportal Nestin"'NG2* (Khan et al., 2016), endothelial and SCs
(Lee et al., 2021) were shown to produce hematopoietic supporting factors. Hepatic
progenitor cells, endothelial and Nestin® cells were additionally studied in in vitro co-culture
systems with hematopoietic cells (Chou et al., 2013; Chou & Lodish, 2010; Iwasaki et al.,
2010; Khan et al., 2016). However, the in situ assessment of the distribution of
hematopoietic progenitor cells in the FL produced conflicting findings. One study proposed
a close proximity with Nestin® cells (periportal location) (Khan et al., 2016) while another
suggested an association with the sinusoidal vasculature (Lee et al., 2021). Because the
studies conducted so far were focused on single populations or specific time points, a clear
picture of how the different populations interact with the developing HS and their role is still
lacking. To tackle this, we aimed to perform an extensive characterization of the organ
during embryonic development, from early to late gestation, with robust isolation protocols
(identifying all non-hematopoietic FL subsets), ascertain their location in the tissue, and
screen them for cytokine production (multiple populations at multiple time points).

In previous work by our team, a protocol to isolate the FL stromal subsets was
optimized, allowing their identification and characterization in terms of cytokine production
(Soares-da-Silva, 2020). Soares-da-Silva et al. identified a population of erythroid
progenitors as KIT*Ter119°CD45", which constitutes a significant proportion of the Ter119
CD45 compartment in FL (>70% at E14.5) (Soares-da-Silva, 2020; Soares-da-Silva et
al., 2021). The additional use of CD24/CD71 identified an extra erythroid-committed
population, that hasn’t yet acquired Ter119 expression. These findings allowed to better
resolve the non-hematopoietic compartment in the FL, by excluding Ter119*, CD45", KIT",
CD71" cells.

Herein, we used spectral cytometry to refine the previous FC characterization of the

FL by considering the cells’ intrinsic autofluorescence (AF) properties. Spectral FC sets

56



Chapter Il — Key players in the FL hematopoietic niche

itself apart from conventional FC through its utilization of prisms to capture a full spectrum
of emitted light from laser-excited fluorophores across a range of detectors or channels,
rather than detecting individual emitted photons collected by separate detectors. In a
multiparametric staining, the resulting spectrum (as exemplified in Figure 9), corresponds
to the sum of the fluorescence spectrum of each excited fluorochrome. The spectrum can
then be deconvoluted, using a Weighted Least Squares Method (WLSM) (Futamura et al.,
2015), to extract the intensities of each fluorochrome. This allows us to consider the intrinsic
AF properties of cells, the baseline spectrum for unstained samples, and eliminate its signal
from the analysis (Schmutz et al., 2016) or consider it as an additional independent

fluorescent parameter (Valente et al., 2019; Wanner et al., 2022).

E3 355am E3 4050m E3 4s8om E3 s61nm 3 6370m
-
1

20 £ |

Figure 9. Full spectrum of FL stromal cells obtained by spectral FC.
The spectra of emission of E18.5 FL cells depleted of hematopoietic cells and gated on live single
cells.

Proteins, NAD(P)H, flavins, and vitamin A are prominent endogenous fluorophores
responsible for inducing AF in the adult liver (Croce et al., 2004, 2010, 2018).
Cytoplasmatic storage of vitamin A is a unique characteristic of hepatic SCs. In the FL,
vitamin A-specific autofluorescent cells were isolated when excited with ultraviolet light by
FC (Kubota et al., 2007). However, this strategy limits the use of ultraviolet-excited
fluorochromes. Here, we sought to analyze the AF properties of the FL non-hematopoietic
compartment to better discriminate and affiliate these cells. We conducted an extensive
spatial-temporal characterization of the FL stromal populations by FC, gene expression and

in situ localization.
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Chapter Il — Key players in the FL hematopoietic niche

WHO: DISSECTING THE FL NON-HEMATOPOIETIC
COMPARTMENT

To better resolve the FL non-hematopoietic compartment (Ter119°CD71°CD45KIT"
cells), hematopoietic cells, accounting for more than 90% of the total isolated FL cells were
magnetically depleted. The remaining fraction was analyzed using the 14-marker panel
described in Table 8, including endothelial, lymphatic, epithelial and mesenchymal markers,
by spectral FC, at different developmental stages (E12.5, E14.5 and E18.5) (Figure 10,
Supplementary Figure 1, Supplementary Table 1).

Table 8. FC panel assembled to discriminate the FL non-hematopoietic compartment.
MARKER MOLECULE NAME SPECTRUM TARGET CELLS

CD45, Ter119, CD71, KIT

SAV Streptavidin PE-Cy5 (hematopoietic cells) biotin

Hepatic epithelial cells
E-Cadh/CD324 Epithelial-Cadherin PE-Cy7 (hepatoblasts, hepatocytes and
cholangiocytes)

Platelet and endothelial cell

CD31/PECAM1 ; PerCP-Cy5.5 Endothelial cells
adhesion molecule
Activated leukocyte cell Hepatic epithelial cells and
ALCAM/CD166 adhesion molecule FITC stellate cells
Platelet derived growth factor
PDGFRa/CD140a receptor APC Mesenchymal cells
. Mesothelial cells and lymphatic
Gp38/PDPN Podoplanin APC-Cy7 endothelial cells
NG2/CSP4 Neural glial 2/Chondroitin PE A subset of perivascular cells
sulphate proteoglycan 4
Stem cell antigen 1/Lymphatic .
Sca-1/Ly6a antigen 6 family member A BV711 Endothelial cells
CD146/MCAM Melanoma cell adhesion BV510 Endothelial and mesenchymal
molecule cells
CD51/ITAV Integrin oV BV421 Mesenchymal and hepatic cells
EpCAM/CD326 Epithelial adhesion molecule BV605 Cholangiocytes
CD54/ICAM1 '1”tra°e"“'ar adhesion molecule g, ;\/395 Hepatic and endothelial cells
CD90/Thy1.2 Cluster of differentiation 90 AF700 Mesenchymal cells
PI Dead marker PI Dead cells

Figure 10 shows a representative gating strategy used to discriminate the FL non-
hematopoietic compartment at E18.5 (Figure 10A), the time point assessed where more
cell types were represented, and how these populations evolve with time (Figure 10B, C).
We categorized the different cell types here discriminated considering: 1. the markers

expressed at the surface level (Figure 10A, Supplementary Figure 1); 2. cells’ intrinsic AF
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properties (Figure 11, 12); 3. gene expression (Supplementary Figure 2, 3); 4. cell
localization in situ (section “Where — Mapping the FL”).
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Figure 10. Global discrimination of the FL non-hematopoietic compartment.

(A) Representative gating strategy used to identify and/or isolate the FL non-hematopoietic cell types
(Ter119°CD71°KIT-CD45 cells) at E18.5, obtained by spectral cytometry, using a 14-marker panel
(Table 8). The same strategy was applied to all time points (Supplementary Figure 1A, B). (B)
Stacked bar plots showing representative proportions of the different non-hematopoietic cell types
at E12.5, E14.5 and E18.5, as obtained by FC considering the gating strategy shown in (A). (C)
Representative UMAP representations of the FL non-hematopoietic compartment throughout
development (E12.5, E14.5, E18.5), obtained by spectral FC. Color code correlates to the gating
strategy shown in (A).

MCs — mesothelial cells; PFs — portal fibroblasts; SCs — stellate cells.

Endothelial cells, the most represented population, were identified as CD31*CD146"
cells, expressed high levels of endothelial transcripts Cdh, Tek, Kdr, Endoglin, and Efnb2,
and were heterogeneous considering Nestin and Lepr expression (Supplementary Figure
2A, 3). Minor sub-populations can be proposed as arterial-like (~10%) and lymphatic (~1-
2%), considering Sca-1 (Kunisaki et al., 2013) and Gp38 (Breiteneder-Geleff et al., 1999;
Saharinen et al., 2004) expression, respectively. Gp38* endothelial cells set themselves
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Chapter Il — Key players in the FL hematopoietic niche

apart from the remaining endothelial cells, being CD54 CD51*CD166*NG2%"
(Supplementary Figure 1C), and clustering separately at the transcriptional level, with
enrichment in the expression of DIk1, Wt1, Alcam, Krt18 and Krt19, and lower levels of
Endoglin, Cdh5 and Tek (Cluster I, Supplementary Figure 2A).

In non-endothelial cells, Gp38 and PDGFRo further defined two other main
populations: Gp38® MCs, expressing the lineage-specific transgenes Gpmé6a, Msin, Wt1,
Krt19; and PDGFRa" mesenchymal cells, expressing Desmin, Nestin, Pdgfrb, Vcam1,
Acta2, Lhx2, Ngfr (Supplementary Figure 2B, 3). We also found a CD31"Gp38*PDGFRa*
population, of unclear affiliation. These cells, with some degree of heterogeneity, expressed
transcripts of both mesothelial and mesenchymal (Supplementary Figure 2B, 3),
potentially representing cells undergoing EMT.

Interestingly, not only mesenchymal, as previously described (Khan et al., 2016),
but also lymphatic and MCs expressed high levels of the DIk1 transcript, a marker that has
been used for the identification and isolation of hepatoblasts (Chou et al., 2013; Chou &
Lodish, 2010; Tanaka et al., 2009; Tanimizu et al., 2003).

The FL mesenchymal compartment includes multiple fibroblast cell types, that can
be distinguished based on their spatial distribution within the tissue, sub-mesothelial or
perivascular, the latter putatively heterogeneous. However, the divergence of these cells at
the phenotypic and functional levels is not fully understood. To account for heterogenous
perivascular populations, we used two additional markers described for perivascular
populations in the FL, NG2 for PFs (Khan et al., 2016) and ALCAM for SCs (Asahina et
al., 2009). However, identifying distinct populations within the mesenchymal compartment
was not immediately evident. Nevertheless, as shown in detail below, considering the
characteristic AF properties of SCs, we were able to establish a more solid gating strategy.

In the remaining fraction, E-Cadh and EpCAM identified hepatoblasts (E-
Cadh""EpCAM"), hepatocytes (E-Cadh®™) and cholangiocytes (E-Cadh""EpCAM"). At
E12.5 and E14.5, hepatic cells consisted primarily of E-Cadh"EpCAM- hepatoblasts, that
expressed high levels of DIk1, Afp, Alb, Vcam1, Alcam and Hnf4a (Supplementary Figure
1, 2B). A sub-population of these cells expressed the progenitor marker Lgr5 and co-
expressed the proliferative marker ki67, potentially representing cells at the apex of the
hepatoblast pool, as suggested by Prior and colleagues (Prior et al., 2019).

With liver maturation, E-Cadh™ hepatoblasts start to differentiate into hepatocytes
and cholangiocytes. EpCAM is specifically expressed in cholangiocytes at late gestation
(Tanaka et al., 2009) allowing its clear discrimination in the E-Cadh* population. While we
observed a small fraction of cholangiocytes E14.5 onwards (Supplementary Figure 1), it
was only after E17.5 that a significant population became distinctly apparent.

Cholangiocytes lost expression of DIk1, and Lgr5, but kept high levels of Afp, Alb, Krt18,
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Prox1, Onecut1, and Alcam and upregulated the cholangiocyte transcripts Sox4, Sox9,
Krt19 and Spp1 (Supplementary Figure 2C, Cluster I). Conversely, the discrimination of
hepatocytes within the E-Cadh* compartment was more challenging and, once again, was

enhanced by incorporating an additional AF signal as a parameter.

Autofluorescence as a parameter

Using the “Autofluorescence Finder” analytical tool of SONY ID7000 spectral
cytometer, we found two major AF signals in FL stromal cells (Figure 11). One AF signal
(AF-1) showed an emission spectrum with 3 emission peaks detected in the 355 and 405
lasers (around 510, 590 and 655 nm) and 2 small emission peaks in the 488 laser (around
510 e 590 nm). The other AF signal (AF-2) had similar emission peaks to AF-1, but
additional peaks in the 488 (around 655nm) and 2 smaller peaks in the 561 laser (around
600 and 655 nm). While there was a significant overlap between the two spectra, they
exhibited distinct shapes, allowing a proper unmixing, and were used as independent

parameters to investigate whether they were specific of a given cell type.
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Figure 11. Identification of two AF profiles in FL stromal cells.

(A) AF is defined manually in the unstained sample, considering the lasers that allow better
discrimination of different AF profiles. (B) The spectra of emission of the two AF signals in different
lasers.

Figure 12 shows the gating strategy employed in Figure 10 to trace the affiliation
of AF1* and AF2" cells at E18.5. AF1* cells were mainly CD31°Gp38'PDGFRa*ALCAM*
NG2"°", which define, with a high degree of enrichment, SCs. On the other hand, AF2* cells
were mainly CD31"Gp38 PDGFRa 'E-Cadh™"EpCAM™".
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Figure 12. The distinct AF signals define specific FL stromal populations.

(A) Representative analysis of E18.5 FL live CD45Ter119°CD71°KIT" cells to identify AF-1* (top
panel), AF-2* (middle panel) and AF-1"AF-2" cells (lower panel) using the same gating strategy as
displayed in Figure 10. (B) Representative UMAP representation of the FL non-hematopoietic
compartment throughout development (E12.5, E14.5, E18.5), showing the overlap of cells that
present a specific AF profile (AF1 or AF2), identified by spectral cytometry. (C) Percentage of AF1/2*
cells in the cell type where they are mostly represented, PDGFRa*ALCAM*NG2"°" stellate and
putative CD324"S"EpCAM- hepatoblasts, respectively.

SCs AF is well-recognized to be due to the accumulation of vitamin A in
cytoplasmatic granules, a hallmark for quiescent mature cells (Friedman, 2008). The
percentage of AF-1" cells in the CD31Gp38PDGFRa*ALCAM'NG2™" increased
drastically during liver development, starting at around 10% at E12.5, reaching 70% at
E14.5 and surpassing 90% at E18.5 (Figure 12B, C), likely following the kinetics of
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maturation of SCs. AF-1 was also represented in endothelial cells, but to a low extent.
Considering AF-1, a phenotype for SCs was identified. A distinct population could then be
discriminated inside the PDGFRa* population, as NG2*ALCAM™" cells. These cells were
barely detectable at E12.5 and increased in frequency as development progressed (Figure
10, Supplementary Figure 1). Comparing the two mesenchymal populations at the
transcriptional level, we found a similar profile, considering the expression of Endoglin,
Nestin, Pdgfrb, Vcam1, Acta2, Desmin, Lhx2 and Ngfr (Supplementary Figure 2B, 3).

The proportion of AF-2 within E-Cadh™®"EpCAM- cell population consistently
exceeded 80%, reaching nearly 100% at E14.5 (Figure 12C). Conversely, E-Cadh®™ did
not exhibit AF-2, while cholangiocytes were all AF-2* (Figure 12A). Based on this, we
propose that AF-2 serves as a distinguishing feature of hepatoblasts, which is lost during
hepatocyte differentiation while remaining present in newly differentiated cholangiocytes.
Because we lack functional evidence for a hepatoblast affiliation of E-Cadh"EpCAM AF-2*
(e.g., bipotentiality), we thereby call these cells hepatoblast-like.

To further characterize the AF of FL cells and determine whether this is a cell-
intrinsic property, if it is induced by the enzymatic treatment or lost during manipulation we
analyzed the AF profiles of mechanical/enzymatic dissociated FL cells and re-analyzed
cells after sorting. The AF profiles were also detected after mechanical dissociation of the
cells, however, the frequencies and numbers of AF-1*, AF-2* and other stromal populations
were remarkably reduced (data not shown), consistent with the previous observation that
mechanical dissociation is not suited for FL viable stromal cell recovery (Soares-da-Silva,
2020). Re-analyzing cells after sorting, considering the gating strategy employed in Figure
10, we confirmed that the majority of sorted SCs were AF-1*, while E-Cadh®™ were AF-1-
AF-2" (Annex IV). As expected, because E-Cadh®™ and E-Cadh"" were not well separated,
the sorting purity of E-Cadh"9" was compromised (only around 70%), but 40% of the cells
retained AF-2 emission. These results indicated that AF in FL populations is a cell-intrinsic
property.

We analyzed postnatal livers to see if hepatoblast-like cells were still present after
birth. The previously detected AF signals remained present and specific to the same
populations. However, by P3, we observed a significant reduction in the proportion of E-
Cadh""EpCAM- cells, which, notwithstanding, kept the same proportion of AF-2* cells as
at E18.5 (Figure 13). Interestingly, the amount of AF-2* cells in the cholangiocytes
population was considerably reduced from ~95% at E18.5, to ~20% at P3, suggesting that
cholangiocytes lose the factors responsible for AF-2 during maturation. Considering the
absence of specific markers for adult hepatic progenitor cells, these findings present a
promising step toward enhancing their identification. However, further studies are warranted

to validate AF-2 as a consistent hallmark of hepatoblast-like cells throughout ontogeny.
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Figure 13. AF-2 defines hepatoblast-like cells after birth.
(A-B) Representative analysis of Lin (CD45, Ter119, KIT, CD71)CD31°Gp38 PDGFRa E18.5 (A)
and P3 (B) liver cells considering AF-2 emission.
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WHERE: MAPPING THE FL

The FL landscape is dominated by hematopoietic cells, mainly of erythroid affiliation

(Figure 14). The hematopoietic composition of the FL will be detailed in Chapter IV.

Figure 14. FL landscape is dominated by hematopoietic cells.
Single stack IF of E13.5 FL with Ter119 and CD71 (green), CD45 (red) and KIT (blue). Scale bar
200um.

Previously, we identified the distribution of FL stromal populations in situ, by
conventional IF in cryosections (7-10um) (Soares-da-Silva, 2020). However, the loose
structure of the FL posed a significant challenge in obtaining high-quality sections.
Additionally, we aimed to gain a deeper understanding of the intricate spatial organization
of the organ and identify the cellular interactions between the hematopoietic/stromal
compartments, to which we believed a good coverage of FL sections with 3D resolution was
fundamental. We then optimized an IF protocol for vibratome sections (100-200um) for
multiple hematopoietic and stromal markers and we used a simple and robust commercially
available clearing reagent (RapiClear®) to allow deep light penetration and good quality
multi-stack image acquisitions.

From early stages, major stromal populations were easily identified with a simple 3-
color staining strategy (Figure 15): hepatoblasts, evenly scattered throughout the
parenchyma, were recognized by their expression of HNF4q; the intricate vascular and
perivascular network of the FL, and additionally, the mesothelial layer at the periphery could
be mapped using CD146; and LHX2 additionally helped to identify the perivascular and sub-
mesothelial mesenchymal cells.

Except for the vascular network, which undergoes extensive remodeling during the
early stages (Crawford et al., 2010), no major morphological changes occur during the

organs’ fast growth until E16.5, when the liver shifts into metabolic functions.
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E12 DNA

Figure 15. LHX2, CD146 and HNF4a allow the discrimination of major FL stromal populations.
Single stack (left) or 3D view (15um, right) IF of a E12 FL section with DAPI (white), LHX2 (green),
CD146 (red), and HNF4q. (blue). Scale bar 100um.

At E11.5, the liver sinusoids appeared as large capillary-like channels (Figure 16A),
which subsequently matured into a smaller and well-organized sinusoidal network (Figure
16B). Interestingly, we often observed sinusoids of larger caliber near the periphery (Figure
16A, *), suggesting that these regions might contain more immature sinusoids.

Sca-1 is commonly used in the BM to identify small-caliber arterioles (Kunisaki et
al., 2013). We found a small fraction of endothelial cells expressing Sca-1 by FC, from early
stages (Figure 10, Supplementary Figure 1A, B), that were also identified in situ (Figure
16C).

The mesenchymal compartment of the FL, which can be broadly evaluated using
PDGFRa, exhibited two primary distribution patterns: perivascular and sub-capsular
(Figure 16B, D). LHX2 and Desmin were also mesenchymal-specific, covering the majority
of the compartment (Figure 16A, B, D-F, Supplementary Video 1). The expression of
these 3 markers was found across any type of vascular structure: sinusoids, and main
vessels. A distinguishing feature between the two was the expression of aSMA, only
expressed by the main vessels: central and portal veins, with the latter being surrounded
by a particular type of mesenchymal cells, the PFs, identified by the expression of NG2,
and at late stages by the appearance of bile ducts (EpCAM*) in their vicinity (Figure 16G).

Consistent with the FC data, during early stages, NG2 perivascular cells were relatively
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scarce, only found in the vicinity of the portal veins (portal sinus) in the center of the FL
sections (Figure 16H). As development progressed, these cells became more abundant,
and their spatial distribution expanded significantly, aligning with the growth of the portal
network (Figure 16G). ALCAM allowed the discrimination between mesenchymal sub-
compartments by FC, and we were able to assess its expression profile in the tissue (Figure
161). However, ALCAM is not specific, having a broad expression across other stroma
populations, namely hepatic (Supplementary Figure 1C, Figure 16l, Supplementary

Video 2), hindering a clear visual discrimination between perivascular populations.

Figure 16. Vascular and perivascular compartments along FL development.

(A) 3D view (20 um) IF of a E12 FL section with LHX2 (green) and CD146 (red). Asterisks represent
large sinusoids at the liver's periphery. (B) 3D view (25 um) IF of a E16.5 FL section with LHX2
(green) and CD146 (red) and PDGFRa (blue). (C) 3D view (50 um) IF of a E14.5 FL section with
Sca-1 (green). (D) 3D view (30 um) IF of a E13.5 FL section with LHX2 (green), CD146 (red) and
PDGFRa (blue). (E) 3D view (50 um) IF of a E16.5 FL section with Desmin (green) and CD146 (red).
(F) 3D view (50 um) IF of a E18.5 FL section with Desmin (green), CD146 (red) and PDGFRa (blue).
(G) 3D view (10 um) IF of a E18.5 FL section with DNA (white), NG2 (green), aSMA (red) and EpCAM
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(blue). The insert g' shows the channels separated for the selected region. (H) 3D view (20 um) IF
of a E12.5 FL section with DNA (white) and NG2 (green). (I) 3D view (50 um) IF of a E18.5 FL section

with ALCAM (green) and CD146 (red). Arrowheads indicate the mesothelium. Scale bars 100 um.
CV — central vein; PV — portal vein.

At the periphery of the liver, MCs were easily recognized by their flattened
morphology, forming a single epithelial layer, and expressing CD146, Gp38, and WT1
(Figure 17A, B). NG2 was commonly observed to be expressed in MCs (Figure 16H), as
previously reported (Ogawa et al., 2018). However, its expression was not uniformly
distributed throughout the entire area, with regions with low or no NG2 expression (data not
shown). As reported (Asahina et al., 2009), WT1 stains either mesothelial and sub-MCs.
We additionally found a few WT1* perivascular cells close to the periphery, but the intensity
of staining decreased with the distance from the periphery, suggesting that WT1 is
downregulated as sub-MCs migrate into the parenchyma (data not shown).

Interestingly, we often found at the tips of the liver lobes an accumulation of sub-
MCs, expressing PDGFRa, LHX2, CD146 and Gp38 (Figure 17C, D). These cells are likely
to represent the small population of Gp38"PDGFRa* cells we found by FC. Of note, at early
stages we found a thick multi-layer of sub-MCs in some peripheral regions (Figure 17E),
and the typical monolayer in others, once again, revealing some heterogeneity in the
composition of cells of the liver's outermost layers. At later stages, we continued to find an
accumulation of sub-MCs at the tips of the lobes, but no longer an organization in multi-

layers elsewhere (Figure 17F).

Latéra_l Vlew'

Figure 17. Mesothelium and sub-mesothelium.

(A) 3D view (50 um) IF of a E12.5 FL section with DNA (white), Gp38 (red) and CD146 (green). (B)
3D view (30 um) IF of a E14.5 FL section with CD146 (red), WT1 (green), and PDGFRa (blue). (C)
Single stack IF of a E13 FL section with DNA (white), LHX2 (green), CD146 (red) and PDGFRa
(blue). (D) Single stack IF of a E12.5 FL section with DNA (white), CD146 (red) and Gp38 (blue). (E)
3D view (50 um) IF of a E12.5 FL section with CD146 (red), LHX2 (green) and PDGFRa (blue). (F)
3D view (50 um) IF of a E16.5 FL section with CD146 (red), Desmin (green) and PDGFRa (blue).
Scale bars 100 pum.

68



Chapter Il — Key players in the FL hematopoietic niche

E16.5 marks a turning point in the liver’'s architecture: we observed a shift from a
heavy densely packed organ, mainly constituted by hematopoietic cells, with an even
distribution of hepatic cells (HNF4o*) (Figure 18A); to a less packed structure, with
increased representation of hepatic cells, namely hepatocytes, that became juxtaposed,
with a geometrical morphology (Figure 18B, C). Hepatocytes were identified as E-Cadh®™,
while E-Cadh™" cells were only observed around the vessels, where EpCAM*

cholangiocytes were starting to form.

A’ E12.5 DNA Fao "5 SR I f'B"E1_8.5DNA

Figure 18. Hepatic compartment along FL development.

(A) Single stack IF of E12.5 FL with DNA (white), and HNF4a (red). (B) Single stack IF of E18.5 FL
with DNA (white), and E-Cadh (red). (C) Single stack IF of E18.5 FL with DNA (white), aSMA (red),
NG2 (green) and EpCAM (blue). Scale bars 50 pum.

Although after E16.5 hepatocytes became the dominant liver population, the
recovered yield we obtained after cell suspension preparation was very low and varied

substantially between isolation (Figure 11, Supplementary Table 1).
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HOW: SCREENING FOR CYTOKINE PRODUCTION

Cytokines are instrumental in an hematopoietic microenvironment, as they regulate
cell behavior, namely its maintenance, proliferation, differentiation, mobilization, and cellular
interactions. We screened the expression of six relevant hematopoietic factors from the four
major FL stromal populations (CD31*CD146" endothelial, CD31"-Gp38'PDGFRo E-Cadh"d"
hepatic, CD31"-Gp38"PDGFRa mesothelial, and CD31-Gp38 PDGFRa" mesenchymal) at
multiple stages throughout liver development by bulk quantitative real-time polymerase
chain reaction (QRT-PCR) to identify which stromal populations might have a role in

hematopoietic development and the kinetics of cytokine expression (Figure 19A).
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Figure 19. Supportive hematopoietic cytokines are produced by multiple stromal populations.
(A) gRT-PCR analysis of the expression levels of the hematopoietic cytokines Cxcl/12, Kitl, Epo,
Thpo, II7, Csf1 in endothelial (Endo), hepatic (Hepa), mesothelial (Meso), and mesenchymal (Mesen)
cells throughout development (E11.5, E12.5, E14.5, E16.5, E18.5) (n=3). (B) 3D view (25 um) IF of
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E12.5 FL (Cxcl12-dsRed mice) with LHX2 (green), Cxcl12-dsRed (red) and CD146 (cyan). Red
arrowheads point to a periphery region with Cxc/12-dsRed?9" cells, while green arrowheads indicate
a region with Cxcl12-dsRed™ cells. Insert b' shows an enlarged single stack view of the selected
region. DNA is represented in white. Yellow arrowheads indicate cells with high expression of Cxc/12,
that co-stain LHX2. White arrowheads indicate cells with low expression of Cxcl/12, LHX2 . (C) Single
stack IF of E12.5 FL (Cxcl12-dsRed mice) with DNA (white), LHX2 (green), Cxcl12-dsRed (red) and
HNF4a (blue). (D) Single stack IF of E12.5 FL (Kit-tdTomato mice) with DNA (white), HNF4a (green),
Kitl-tdTomato (red) and CD146 (cyan). Inserts d' show an enlarged 3D view (20 um) of the selected
regions. (E) 3D view (15 um) IF of E12.5 FL (Kitl-tdTomato mice) with PDGFRa (green), Kitl-
tdTomato (red) and CD146 (cyan). Inserts e’ and e”” show an enlarged 3D view or single stack of the
selected regions, respectively. The dashed line in €’ represents the mesothelial layer. Scale bars 100
pum.

We found that hepatoblasts are major cytokine producers, expressing all cytokines
assessed, at all stages, being the biggest producers of Kitl at early stages and the only
producers of Epo and //7. Endothelial cells, key cytokine producers in multiple hematopoietic
microenvironments (Azzoni et al., 2018; Ding et al., 2012), expressed constant
intermediate levels of Kitl and Thpo, and low, but increasing levels of Csf1. /I7, only
expressed by hepatoblasts, was detected at very low levels, with a peak at E14.5. At early
stages, Cxcl12 was expressed by hepatoblasts and mesenchymal cells at similar levels,
but while levels from hepatoblasts did not change considerably with time, mesenchymal
cells strongly upregulated Cxcl/12 expression. Kitl, Csf1, and Thpo were expressed by the
four stromal populations. Remarkably, MCs, that have not yet been implicated as
hematopoietic regulators, expressed Kitl at comparable levels to endothelial cells at early
stages, and higher from E14.5 onwards.

Interestingly, Igf2, encoding an important growth factor during development
(Sélénou et al., 2022) was expressed at very high levels by nearly all FL stromal
populations (Supplementary Figure 2).

To assess how the expression of Cxcl12 and Kitl, major hematopoietic factors for
progenitors, correlates with the cellular distribution of the expressing cells, we analyzed two
reporter mice in situ, the Cxcl12-dsRed (Ding & Morrison, 2013) (Figure 19B, C,
Supplementary Video 3) and Kitl-tdTomato (Buono et al., 2016) (Figure 19D, E,
Supplementary Video 4).

Two levels of intensity were discriminated for Cxcl12. Cxcl12-dsRed™" cells co-
expressed LHX2 in perivascular cells and sub-mesothelial regions (Figure 19B). However,
the expression of Cxcl/12 in the sub-mesothelium was heterogeneous, with some regions
highly expressing Cxcl12 (Figure 19B, red arrowheads), while others appearing to express
low-to-no levels (Figure 19B, green arrowheads). Cells with a dull expression of Cxcl12

were evident in parenchymal cells (Figure 19Bb’, white arrowheads) co-expressing HNF4a
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(Figure 19C). In accordance with the single-cell gene expression analysis, all hepatoblasts
and most mesenchymal cells expressed Cxcl/12 (Supplementary Figure 4A).

Kitl expression in situ could also be attributed to multiple cell types. Virtually all
HNF4a" cells, distributed throughout the parenchyma, were Kitl-tdTomato® (Figure 19D).
As suggested by the single-cell data, a sub-population of MCs and a few mesenchymal
cells also expressed Kitl (Figure 19D, Ee’; Supplementary Figure 4A). However, despite
endothelial cells displaying a consistently high expression of Kitl, due to their flat
morphology, the specific cellular source of Kitl in the vicinity of endothelial cells remains
unclear in situ, as it often coincides with PDGFRa staining (Figure 19Ee”’, Supplementary
Video 4).

To understand how the FL cytokine levels compare to other hematopoietic
microenvironments, we additionally assessed cytokine expression in the BM, from two
major stromal populations: endothelial cells (CD31*) and a population enriched in
mesenchymal cells (CD51*CD106"), putatively CAR cells, the major cytokine producer in
the BM (Baryawno et al., 2019) (Figure 20A). Because BM development is only initiated
at the late stages of gestation and suffers major changes in the first weeks after birth, we
analyze multiple time points, from postnatal days 7, 14 and 21 (Figure 20B). Except for
Epo, which is expressed in the kidney from late gestation to adulthood (Suzuki et al., 2011),
and not in the BM, all other cytokines were expressed at significantly higher levels by the
CD106" BM cells. However, the levels of expression by FL cells were higher or similar to
BM endothelial cells (Figure 20B). These observations indicate that the FL stromal
populations are less proficient in cytokine production, which might result in a comparatively

lower cytokine-rich environment in the FL, as compared to the BM.
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Figure 20. The FL is a putative low cytokine environment.

(A) Gating strategy used for the analysis of the stroma of P7, P14 and P21 BM using the surface
markers CD51, CD31 and CD106. Representative profile of a P7 BM. The same strategy was applied
to all time points. (B) gRT-PCR analysis of the expression levels of the hematopoietic cytokines
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Cxcl12, Kitl, Epo, Thpo, Csf1 and lI7 in mesenchymal (pink) or hepatic (blue) cells of E12.5, E14.5
and E18.5 FL and endothelial (dark red) or CD51*CD106" (yellow) cells of P7, P14 and P21 BM. For
each cytokine, only the FL population with the highest expression level is represented: Mesen (pink)
for Cxcl12 and Csf1 and Hepa (blue) for Kitl, Epo, Thpo and II7 (n=3).
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DISCUSSION

In this study, we conducted a comprehensive analysis of the FL stromal
compartment over a significant embryonic time window, spanning from the early stages,
shortly after the arrival of hematopoietic cells, to late gestation. By FC, we identified 10 cell
types (some of which are specific to late stages) that could be classified into 4 major
populations: endothelial (CD31°CD146%), hepatic (CD31"Gp38'PDGFRaE-Cadh™),
mesenchymal (CD31"Gp38'PDGFRa.*) and mesothelial CD31°Gp38*PDGFRw).

The possibility of detecting specific AF profiles by using spectral FC enabled us to
enhance our existing 14-markers panel by incorporating two additional parameters. As a
result, we achieved a significant improvement in our ability to discern the FL stromal
compartment. The two independent AF signals detected differed in shape and intensity
along the spectrum and could be specifically assigned to different cell types.

Although lacking validation, as it was beyond this project’s scope, our results
suggest that AF-2 serves as a marker to identify hepatoblasts in adults. In accordance, we
only found E-Cadh"?" cells in the portal zone, coherently with the current belief that a hepatic
stem cell niche exists in the biliary tree at the level of the Canals of Hering (Darwiche &
Petersen, 2010).

We confirmed the affiliation of FC-resolved cell types by single-cell multiplexed gene
expression and were able to identify their location in situ using multiple markers. Overall, 3
markers were sufficient to simultaneously identify the majority of FL stromal cell types at
early stages by imaging: LHX2/Desmin/PDGFRa for the mesenchymal compartment;
HNF4o for hepatic cells, and CD146 for the vascular and perivascular network, and
additionally, the mesothelial layer.

The comparative analysis of all hematopoietic stromal subsets demonstrated that
these cell types constitute a multicellular niche network, with promiscuous expression of
hematopoietic factors. Hepatoblasts are major cytokine producers, being the most potent
source of Kitl, a unique source of //7 and Epo, and also expressing Cxcl/12, Thpo and Csf1.
Notably, Kitl is also expressed by a subset of MCs, and to a lower extent, by endothelial
and mesenchymal cells. At early stages, Cxcl12 is expressed at comparable levels by both
hepatoblasts and mesenchymal cells. While hepatoblasts maintain these levels nearly
constant until the end of gestation, mesenchymal cells exhibit a significant upregulation of
Cxcl12 expression throughout liver development. Using the reporter mice model Cxcl12-
dsRed (Ding & Morrison, 2013), we confirmed that Cxcl/12 is restricted to hepatoblasts and
mesenchymal populations (perivascular and sub-mesothelial). However, contrarily to what
we could anticipate from the gene expression data, we saw two levels of expression of
dsRed between cell types at E12.5: dsRed®™HNF40." and dsRed™"LHX2" cells. This is also
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not in agreement with the recent data from Hebling et al., which shows similar levels of
expression between the two cell types using a similar knock-in mice model (Cxcl12-GFP)
at E13.5 (Helbling et al., 2023, pre-print).

PFs Nestin"NG2* were identified as major players in the FL hematopoietic niche,
producing Cxcl12, Kitl, Igf2 and Angptl3 (Khan et al., 2016). This work, however, did not
compare this population with other stromal cell types, and the negative control used
(Ter119°CD45CD31'Nestin’) included a big population of erythroid committed progenitors,
as shown elsewhere (Soares-da-Silva et al., 2021), diluting the contribution of other
cytokine-expressing populations. In our data, Cxc/12 is mainly expressed by mesenchymal
cells, both PFs, SCs, and sub-MCs.

NG2 is also expressed in a subset of MCs, that we identify as a novel element of
the FL hematopoietic niche, as Kitl-, Csf1- and Thpo- expressing cells. NG2* cell depletion
might, therefore, result in unpredictable consequences for the integrity of the mesothelial
compartment and for the organ architecture and could also contribute to the modest
decrease in HSC observed by (Khan et al., 2016).

Cytokine/chemokine depletion in specific cell types is a widely employed approach
to functionally assess stromal populations within hematopoietic microenvironments,
particularly in the BM (reviewed by (Crane et al., 2017; Gao et al., 2018)). Following this
strategy, Lee and colleagues constitutively depleted Kitl (Scf) from hepatic, hematopoietic,
NG2* PFs, endothelial and SCs (Lee et al., 2021). At E15.5, depletion of Kit/ from any of
these FL populations demonstrated no discernible impact on the number or function of
HSCs. However, deletion of Kitl from SCs led to a loss of HSCs at PO, and this decline in
HSCs was strongly amplified when depleting Kit/ from both endothelial and SCs. Our
findings demonstrate that Kit/ is produced by multiple cell types during liver development.
Consequently, the depletion of Kit/ from one source is likely to be compensated for by other
cellular sources. Supporting this hypothesis is the observation that hepatoblasts function as
the main producers of Kitl until E16.5, after which they exhibit a notable downregulation in
Kitl expression. Thus, it is plausible that hepatoblasts alone may not be adequate to
compensate for the depletion of Kitl at birth from SCs, let alone from both endothelial and
SCs. This observation provides a valid explanation for the phenotypic outcomes reported
by Lee et al. Ezh2 inactivation in FL endothelial cells resulted in the overall depletion of the
membrane-bound form of KITL, through overexpression of metalloproteinase (MMP)9. This,
in turn, led to severe anemia and lethality at around E13.5 (Neo et al., 2018). These two
studies suggest that the source of KITL in the FL does not seem to be determinant to FL
hematopoiesis, as long as KITL availability is ensured.

Although the levels of II7 expression in hepatoblasts are very low, co-cultures with

hepatoblasts (but not other stromal populations) and LSK supported B lineage cell
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differentiation (Cumano’s lab, not published). Moreover, the low concentrations of IL7 in the
FL are pivotal for the generation of FL common lymphoid progenitors (FL CLPs), that will
originate the first wave of thymic seeding progenitors (Berthault et al., 2017); and for B1 B
cell selection for autoreactive specificities (Wong et al., 2019). YS-derived erythroid
progenitors were shown to have a lower threshold response to EPO, being able to
outcompete HSC-derived progenitors for access to low concentrations of EPO in the FL.

Using the reporter mice models, we showed here that Cxc/712 and Kitl are broadly
expressed throughout the FL. When comparing the levels of transcripts in sorted FL and
BM stromal populations, we saw a big disparity between the two niches. Although we cannot
directly infer the protein levels and availability of these factors, a relatively low cytokine
environment and a higher threshold for cytokine response in HSC could explain their limited
contribution to fetal hematopoiesis (Yokomizo et al., 2022). If this scenario holds true, a
cytokine-protected environment could be fundamental to prevent differentiation of HSCs.

DLK1 expression has been considered a reliable marker for hepatoblasts (Tanaka
et al., 2009; Tanimizu et al., 2003). However, the comparative analysis of all stromal
subsets indicates that DIk7 is also expressed in lymphatic endothelial cells, mesothelial and
mesenchymal cells. Consequently, relying solely on this marker for hepatoblast purification
could inadvertently include additional stromal components within the isolated population,
that also produce hematopoietic cytokines (Chou et al., 2013; Chou & Lodish, 2010).

The phenotype of a considerable proportion of FL stromal cells could not be
identified with the set of markers used (unaffiliated cells). Noteworthy, isolated CD31-Gp38-
PDGFRaE-Cadh- cells express little or no levels of genes characteristic of the other non-
hematopoietic or hematopoietic cell types and incorporate lower levels of Hoechst,
compared to the other cell types, suggesting they are no longer viable cells (Cumano’s lab,
not published).

In parallel to this project, Helbling and colleagues also conducted an extensive
characterization of the FL stroma (Helbling et al., 2023, pre-print). They employed
Cxcl12°FF and Kitl°" mouse models to screen for the expression of these cytokines in FL
cells, reaching a similar conclusion regarding the broad expression of supportive HSC niche
factors within FL stromal cells, and the downregulation of hematopoietic factors in hepatic

cells with maturation, from E16.5 onwards.
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MATERIALS AND METHODS

Mice

C57BL/6J mice were purchased from Envigo. Fixed Cxcl/12°$7¢%* (Ding & Morrison,
2013) and Kitl-tdTomato (Buono et al., 2016) embryo samples were kindly provided by J.
P. Pereira and M. FTR. de Bruijn, respectively. Timed pregnant females with vaginal plug
after overnight mating were considered to be E0.5. Pregnant females were sacrificed by
CO2 inhalation, and cervical dislocation as a confirmation method. For embryos older than
E15.5, decapitation was performed. All animal manipulations were performed according to
the ethics charter approved by the French Agriculture Ministry and to the European
Parliament Directive 2010/63/EU.

Isolation of FL non-hematopoietic cells

E11.5- E18.5 FLs were dissected under a binocular magnifying lens and recovered
in Hanks' balanced-salt solution (HBSS) supplemented with 1% fetal calf serum (FCS)
(Gibco), cut in 1 mm? pieces, and treated with 0.05 mg/mL Liberase TH (Roche) and 0.2
mg/mL DNase (Sigma) for 6-8 minutes at 37°C. Enzymatic treatment was stopped by the
addition of cold HBSS + 1%FCS followed by centrifugation. FLs were depleted of
hematopoietic cells (Ter119°CD45*KIT*CD71" cells) using MACS columns (Miltenyi Biotec)
according to manufacturer instructions. Briefly, cells were incubated with biotinylated
Ter119, CD45, Kit and CD71 antibodies for 20-30 min at 4°C, washed twice, incubated with
anti-biotin microbeads (Miltenyi Biotec) for 20 min at 4 °C and passed through a LS column
(Miltenyi Biotec). The flow-through was collected and used for cell surface staining, after
filtered in a 100 um cell strainer (BD). In an independent experiment, FL cells were analyzed

after mechanical dissociation (in two biological replicates; data not shown).

Isolation of BM non-hematopoietic cells

Femurs and tibias were isolated from P7, P14, and P21 mice and surrounding
tissues were removed. Bones were flushed using a syringe (26-G) with HBSS + 2% FCS
(Gibco). BM clumps were re-suspended by gentling aspirating with a 19-G needle, filtered
(100um) and kept on ice. Bones were crushed with a scissor in a way to maximize the
internal bone surface area exposition and incubated with a digestion buffer (1mg/mL
Collagenase VIl and 0.2 mg/mL DNase (Sigma) in HBSS with 2% FCS) for 15 min at 37°C
with rotation. Cell suspensions were collected, filtered (40um), and kept on ice. 3 rounds of
digestion were performed, and cell suspensions collected from each were pooled together

with the flushed ones.
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Enzymatic treatment was stopped by the addition of cold HBSS + 1%FCS followed
by centrifugation. Cell suspensions were depleted of hematopoietic cells using MACS
columns (Miltenyi Biotec) according to manufacturer instructions. Briefly, cells were
incubated with biotinylated Ter119, CD45, CD11b and B220 antibodies for 20-30 min at
4°C, washed twice, incubated with anti-biotin microbeads (Miltenyi Biotec) for 20 min at 4
°C and passed through a LS column (Miltenyi Biotec). The flow-through was collected and

used for cell surface staining, after filtered in a 100 um cell strainer.

FC and cell sorting

5% of the cells were not passed through the MACS column and were used as before
depletion control, 5% of the eluted cells were used as unstained control and the remaining
were incubated for 20-30 min at 4°C in the dark with directly labeled antibodies (and
streptavidin). Dead cells were excluded by incorporation of Propidium lodide (PlI).
Supplementary Table 2, 3 and 4 shows the antibody panels used for the spectral cytometry
analysis and cell sorting of FL and BM, respectively. FL stained cells were analyzed on an
ID7000 Spectral Analyzer (SONY) and FL/BM were sorted with a BD FACS Aria Ill (BD
Biosciences) according to the guidelines for the use of FC and cell sorting (Cossarizza et
al., 2019). Data were analyzed with SONY ID7000 Analyzer, FlowJo software (v.10.8.2, BD

Biosciences) and Jupyter Notebooks as described in ‘Cytometry Analysis’ below.

Cytometry Analysis

Acquired unstained samples (Ter119°CD71°CD45KIT" cells) were analyzed using
the AF finder function of the SONY ID7000 Analyzer. AF was defined manually in cells that
show fluorescence, considering the lasers that allow better discrimination (as shown in
Figure 11)). Once identified, the AF signals were incorporated in the unmixing matrix.
Acquired full spectra are analyzed with algorithms based on the WLSM as described
previously (Futamura et al., 2015). The accuracy of the unmixing is ensured by the analysis
of the single-stained samples. Further manual adjustments (usually not required) can be
done.

FC files were screened for abnormalities (flow rate, signal acquisitions, and dynamic
range) using a quality control plugin in FlowJo, FlowAl (Monaco et al., 2016). Only
"GoodEvents” were considered for analysis. UMAPs were performed to dimensionally
reduction of the FC data in FlowJo (Mclnnes et al., 2020), on gated single, live, non-
hematopoietic cells. For each stromal population defined, the corresponding channel values
for the UMAP parameters were saved as .csv and plotted using Jupyter Notebooks
(Kluyver et al., 2016).
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Gene expression by qRT-PCR

Cells were sorted directly into lysis buffer, and mRNA was extracted (RNeasy Micro
Kit Qiagen, Cat. 74004), reverse transcribed (PrimeScript RT Reagent Kit, Takara Bio, Cat.
RRO037A), and gPCR was performed with Power SYBR Green PCR Master Mix (Applied
Biosystems, Cat. 4304437) (see Supplementary Table 5). qPCR reactions were
performed on a Quantstudio3 thermocycler (Applied Biosystems). Gene expression was

272t method.

normalized to that of f-actin, and relative expression was calculated using the
FL sectioning, immunostaining, and optical clearing of thick sections
FLs from time-pregnant females were collected directly into freshly prepared 2%
paraformaldehyde (PFA) fixative buffer (Fischer Scientific) and kept at 4°C overnight under
rotation. After washing in PBS and removing surrounding tissues, FLs were immediately
sectioned or shortly stored at 4°C until sectioning. Following FLs embedding in 4% low-
melting agarose (Sigma), 150 ym frontal sections were performed using a Leica VT1200S
vibratome. Sections were permeabilized and blocked with PBS containing 0.05% Tween-
20 (AppliChem GmbH) [or 0.5% Triton-X 100 for nuclear staining] and 10% donkey serum
(Sigma-Aldrich) for 1-2 hours (h) at room temperature (RT). This solution was also used to
dilute primary and secondary antibodies. Sections were incubated with primary antibodies
for 2h at RT and overnight at 4°C, and secondary antibodies for 2h at RT, both in the dark
and with rotation (see Supplementary Table 6 and 7). Between incubations and after
secondary antibody incubation, sections were washed repeatedly with PBS containing
0.05% Tween-20 and 3% NaCl (minimum 4x, 15 min). Sections were counterstained with
DAPI (D9542, Sigma-Aldrich) for 2h at RT and kept overnight in RapiClear 1.52 (Sundin
Lab) for optical clearing. Sections were mounted in RapiClear and imaged on a Leica TCS
SP8 using a PL APO 63x /1.40 oil immersion lens or APO 40x /1.40 oil immersion lens.
Single stacks or multi-stacks tile scans were acquired at 200Hz or 400Hz, respectively, in
bidirectional mode, at 12-bits and 1024x1024 resolution. Multi-stacks were acquired with z

spacing of 0.3 um.
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SUPPLEMENTARY INFORMATION
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Supplementary Figure 1. FC profile of the FL non-hematopoietic compartment during
development.

(A, B) Representative gating strategy used to identify and/or isolate FL non-hematopoietic cell types
obtained by depletion of Ter119, CD71, KIT and CD45 cells at E12.5 (A) and E14.5 (B). (C)
Representative histogram representation for the expression of CD54, CD51, CD146, EpCAM,
ALCAM, NG2 and Thy1.2 for each gated population at E18.5.
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Supplementary Figure 2. Single-cell gene expression of FL non-hematopoietic populations.

(A-C) Heatmap of single cell multiplex gPCR in sorted endothelial (A), mesenchymal and MCs (B),
and hepatic cells (C) of E12.5 and E18.5 FLs. Each column represents a single cell, and it is color-
coded according to time point (E12.5, E18.5) and cell type. Gene expression was normalized to
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Actin and Gapdh, and unsupervised hierarchical clustering was performed. Experiments performed
and analyzed by Soares-da-Silva, F. For further details, see Annex V.

T T T T T T T T T T T T T T T T T T | I | | l

A P Qe O 2
0\* ?“\Q VX o&\ \e\({\b( \9‘0?’02}0@\(5\"\ ‘{‘ Q\> %0+ %0* QQQ

Hepatic Cholangiocyte

l T T | T T T

O @ @'b N & ‘\\ \<‘ N N \<‘ ‘\\
O\Q&g\ &N QéQ \* O 9,6‘(2 6é400‘(\><§{i(\e‘; EONY g@
Mesothelial Mesenchymal

Supplementary Figure 3. Single-cell gene expression of lineage-associated transcripts in FL
non-hematopoietic populations.

Violin plot representation of single-cell gPCR of sorted FL stromal populations at E12.5 and/or E18.5.
Except for the hepatic populations, E12.5 and E18.5 data were merged. Each dot represents a cell.
Gene expression was normalized to S-Actin and Gapdh. Experiments performed and analyzed by
Soares-da-Silva, F. For further details, see Annex V.
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Supplementary Figure 4. Single-cell gene expression of hematopoietic cytokines of FL major
non-hematopoietic populations.

Violin plot representation of single-cell gPCR of sorted major FL stromal populations at E12.5 and

E18.5. Each dot represents a cell. Gene expression was normalized to S-Actin and Gapdh.
Experiments performed and analyzed by Soares-da-Silva, F. For further details, see Annex V.
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Supplementary Video 1. The intricate vascular and perivascular network of the E18.5 FL.
Video of a multi-stack or a rotative 3D view (50 um) IF of a E18.5 FL section with Desmin (green),
CD146 (red) and PDGFRa (blue). Scale bar 100 um.

Supplementary Video 2. ALCAM displays a widely distributed expression pattern across FL
populations.

Video of a multi-stack and a rotative 3D view (50 um) IF of a E18.5 FL section with ALCAM (green),
CD146 (red) and NG2 (magenta). Scale bar 100 pum.

Supplementary Video 3. Pattern of expression of Cxc/12 in Cxcl12-dsRed reporter mice at
E12.5.

Video of a multi-stack and a rotative 3D view (25 um) IF of a E12.5 FL section with LHX2 (green),
Cxcl12-dsRed (red) and CD146 (cyan). Scale bar 100 um.

Supplementary Video 4. Pattern of expression of Kitl in Kitl-tdTomato reporter mice at E12.5.
Video of a multi-stack and a rotative 3D view (20 um) IF of a E12.5 FL section with LHX2/HNF4a
(green), Cxcl12-dsRed (red) and CD146 (cyan). Scale bar 100 um.
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Supplementary Table 1. Percentages of FL non-hematopoietic populations throughout
development.
Data from spectral cytometry (SONY ID7000) and sorting experiments were considered (FACS Aria),
following the gating strategy indicated in Figure 10 and Supplementary Figure 1. Data are
represented as mean + standard deviation percentages of single, live, Ter119-CD71°KIT-CD45" cells.
The number of independent experiments is indicated in between parentheses.
MCs — mesothelial cells; PFs — portal fibroblasts; SCs — stellate cells.

STAGE Endothelial Lymphatic Arterial-like Mesenchymal NG2 PFs SCs

E125 3393+3.92  033+010 621+105 2873+373 044:022 27.73+3.12
' @) ©) ©) @) @) ©)

E14.5 50.13+9,89  0.69+025 940+056  7.63+240 1.17+060 5.89+1.28
' (13) (13) (7) (13) (11) (1

62.05+10.09 1.12+0.51 8.46 £ 0.53 0.63+0.41 243+0.68
E18.5 3.23+0.64 (6
(6) ©) @ © e ©)
Gp38* . .
STAGE MCs CD140o+  Hepatoblasts Cholangiocytes  Hepatocytes  Unaffiliated
E125 557+093 2.00+£0.74 8.42+3.11 ) ) 14.07 £ 2.95
' 3) 3) 3) @)
3.05+1.51 0.81+0.35 2415+ 2.67 +£0.87 9.03+5.71
E14.5 (13) (13) 10.16 (13) 0.10 £ 0.09 (7) 7) (13)
5.83+4.05
E18.5 3.08+193 0.28+0.28 245+0.95 117 £ 0.66 (6) 17.44 + 8.55

(6) (6) (6) (6) ©)
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Supplementary Table 2. List of antibodies used for the analysis of FL stromal populations by

spectral FC.
SPECIFICITY CONJUGATION CLONE REFERENCE SUPPLIER
CD45 Biotin 30-F11 1115520 Sony Biotechnology Inc.
Ter119 Biotin TER-119 1181020 Sony Biotechnology Inc.
CD71 Biotin RI7217 1169015 Sony Biotechnology Inc.
KIT Biotin 2B8 1129020 Sony Biotechnology Inc.
E-Cadh PE-Cy7 DECMA-1 1336545 Sony Biotechnology Inc.
CD31 PerCP-Cy5.5 MEC13.3 1112610 Sony Biotechnology Inc.
CD166 FITC eBioALC48 11-1661-82 eBioscience
PDGFRa APC APA5 135908 BioLegend
Gp38 APC-Cy7 8.1.1 1237090 Sony Biotechnology Inc.
NG2/AN2 PE 1E6.4 130-100-468 Miltenyi Biotec
Sca-1 BV711 D7 1140655 Sony Biotechnology Inc.
CD146 BV510 ME-9F1 740200 BD Biosciences
CD51 BVv421 RMV-7 740062 BD Biosciences
EpCAM BV605 G8.8 740389 BD Biosciences
CD54 BUV395 3E2 740222 BD Biosciences
Thy1.2 AF700 30-H12 1126595 Sony Biotechnology Inc.
Streptavidin PE-Cy5 - 2626025 Sony Biotechnology Inc.

Supplementary Table 3. List of antibodies used for cell sorting of FL stromal populations.

SPECIFICITY CONJUGATION CLONE REFERENCE SUPPLIER
CD45 Biotin 30-F11 1115520 Sony Biotechnology Inc.
Ter119 Biotin TER-119 1181020 Sony Biotechnology Inc.
CD71 Biotin RI7217 1169015 Sony Biotechnology Inc.
KIT Biotin 2B8 1129020 Sony Biotechnology Inc.
E-Cadh AF488 DECMA-1 53-3249-82 eBioscience™
CD31 PerCP-Cy5.5 MEC13.3 1112610 Sony Biotechnology Inc.
CD166 APC eBioALC48 17-1661-82 eBioscience™
PDGFRa PE-Cy7 APA5 1279560 Sony Biotechnology Inc.
Gp38 APC-Cy7 8.1.1 1237090 Sony Biotechnology Inc.
NG2/AN2 PE 1E6.4 130-100-468 Miltenyi Biotec
Sca-1 BV711 D7 1140655 Sony Biotechnology Inc.
CD146 BV510 ME-9F1 740200 BD Biosciences
CD51 BVv421 RMV-7 740062 BD Biosciences
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BV605 G8.8
BUV395 3E2
BV785 -

740389
740222

2626245

BD Biosciences

BD Biosciences

Sony Biotechnology Inc.

Supplementary Table 4. List of antibodies used for cell sorting of BM stromal populations.

SPECIFICITY CONJUGATION CLONE REFERENCE SUPPLIER
CD45 Biotin 30-F11 1115520 Sony Biotechnology Inc.
Ter119 Biotin TER-119 1181020 Sony Biotechnology Inc.
CD11b Biotin M1/70 1106020 Sony Biotechnology Inc.
B220 Biotin RA3-6B2 1116020 Sony Biotechnology Inc.
CD31 AF488 MEC13.3 1112570 Sony Biotechnology Inc.
CD51 BVv421 RMV-7 740062 BD Biosciences
CD106 PE-Cy7 MVCAM.A 105720 BioLegend
Streptavidin BV785 - 2626245 Sony Biotechnology Inc.

Supplementary Table 5. List of primers used for qRT-PCR.

priver  CCNE - Fw seQuEncE (5-3) RV SEQUENCE (5™-3) PRIMERBANK
Actb 11461 GCTTCTTTGCAGCTCCTTCGT ATCGTCATCCATGGCGAACT 291045236¢3
Csf1 12977 GTGTCAGAACACTGTAGCCAC TCAAAGGCAATCTGGCATGAAG 166064045c1
Cxcl12 20315 TGCATCAGTGACGGTAAACCA TTCTTCAGCCGTGCAACAATC 7305465a1
Epo 13856 ACAAAGCCATCAGTGGTCTACG TCTGGAGGCGACATCAATTCC 113931667c2
17 16196 TTCCTCCACTGATCCTTGTTCT AGCAGCTTCCTTTGTATCATCAC 6680433a1
Kitl 17311 GAATCTCCGAAGAGGCCAGAA GCTGCAACAGGGGGTAACAT 198596a1
Thpo 21832 AACCCAGACGGAACAGAGC GTGCTGCCATCACTCCCTC 118130856¢2
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Supplementary Table 6. List of primary antibodies used for IF.

ANTIBODY SPECIES CLONE REFERENCE SUPPLIER
aSMA Mouse 1A4 A5228 Sigma-Aldrich
CD146 Sheep Poly AF6106 R&D
CD166 Rat eBioALC48 14-1661-82 Invitrogen
Desmin Rabbit Poly ab8592 abcam
DsRed Rabbit Poly 632496 TAKARA
E-Cadh Rabbit 24E10 3195S Cell Signaling

EpCAM-AF647 Rat G8.8R FAB8998R R&D

Gp38 Hamster 8.1.1 NB600-1015 Novus Biologicals

HNF4a Mouse K9218 MA1-199 ThermoFischer

LHX2 Rabbit Poly ABE1402 Sigma-Aldrich

NG2 Rabbit Poly AB5320 Sigma-Aldrich
PDGFRa Goat Poly AF1062 R&D
WT1 Rabbit CAN-R9(IHC)-56-2 ab89901 abcam
Supplementary Table 7. List of secondary antibodies used for IF.

ANTIBODY CONJUGATION REFERENCE SUPPLIER
Chicken anti-mouse AF647 A21463 Invitrogen
Donkey anti-mouse AF488 A21202 Invitrogen
Donkey anti-mouse AF568 A10037 Invitrogen

Donkey anti-goat AF488 A11055 Invitrogen

Donkey anti-goat AF568 A11057 Invitrogen

Donkey anti-goat AF647 A21447 Invitrogen

Donkey anti-rabbit AF488 A21206 Invitrogen

Donkey anti-rabbit AF568 A10042 Invitrogen

Donkey anti-rabbit AF647 A31573 Invitrogen

Donkey anti-rat AF488 A21208 Invitrogen
Donkey anti-rat AF594 A21209 Invitrogen
Donkey anti-rat AF647 A48272 Invitrogen
Donkey anti-sheep AF568 A21099 Invitrogen
Donkey anti-sheep AF647 A21488 Invitrogen
Rabbit anti-hamster AF594 307-585-003 Jackson ImmunoResearch
Goat anti-hamster AF647 107-605-142 Jackson ImmunoResearch
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DECODING THE VISUAL NARRATIVE:
THE FL IN A DATAFRAME

Part of the data in this chapter was published in the following paper:

— Peixoto, M.*; Soares-da-Silva, F.*; Bonnet, V.*; Ronteix, G.*; Faria, M.R.; Mailhe, M.P.; Feng,
X.; Pereira, J.P.; Azzoni, E.; Giorgi, A.; de Bruijn, M.; Baroud, C.*; Pinto-do-O, P.*; Cumano, A *
(2023) “Spatiotemporal dynamics of cytokines expression dictate fetal liver
hematopoiesis”. BioRxiv. doi: https://doi.org/10.1101/2023.08.24.554612 (Manuscript under

review) *these authors contributed equally, #senior authorship (Annex VI)
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PREAMBLE

To reveal an hematopoietic niche, we aimed to understand how the different cell
types (hematopoietic and stromal) position in the tissue, how they interact with each other,
and the molecular milieu involved in that communication. In the preceding chapter, we
conducted an identification process to determine the relevant stromal targets that warrant
further investigation. While live imaging of deep organs in physiological conditions remains
an elusive goal, we are limited to capturing tissue “snapshots” that give us a brief glimpse
of the in vivo dynamics. As described before, we implemented an imaging protocol of FL
thick sections to ensure tissue structure preservation and 3D resolution. Consequently, we
were able to pinpoint the cell types we identified by FC in situ and to observe the dynamic
remodeling of the tissue during development.

Although an image can be very informative per se, the cognitive task of drawing
conclusions from such an image must go beyond mere perception. For example, we can
visually search for hematopoietic progenitor cells and check if they neighbor a stromal
population, but in an image with 30.000 cells, determining an actual consistent tendency for
these two types of cells to be neighbors or close is not an intuitive task, and requires an
analysis via measurement and quantification.

With the emergence of spatial transcriptomics and multiplexed imaging, the need to
develop tools that can uncover the intricate cellular position and cell-cell interactions was
reinforced (Goltsev et al., 2018; Palla et al., 2022; Stoltzfus et al., 2020). Spatial analysis
of biological samples can elucidate physiological processes at both the cellular and tissue
level and must accompany the technological revolution. In an era of artificial intelligence,
deep learning has been revolutionizing bioimage analysis, holding great potential to handle
increasingly complex multimodal image data.

In collaboration with Charles Baroud’s lab, we implemented a multi-step image
analysis pipeline - Pyxidis - to understand patterns of cell distribution of FL populations and
identify potentially enriched neighbor pairs. The output of this pipeline is a dataframe with
information on cell spatial position and identity in a compact format that can be visualized
as a dot plot. This chapter focuses solely on the demonstration of the analysis workflow. Its
application to answer our biological question is addressed in the next chapter. For a step-
by-step demonstration, we will consider a single stack image of an E12.5 FL section, stained
with LHX2, CD45 and KIT.
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IMAGE ANALYSIS PIPELINE

The Pyxidis pipeline integrates 3 major steps: nuclei segmentation, cell

classification, and network analysis, compiling a series of published tools (Figure 21).

A Segmentation

Original image Saucisson: CellPose:
E12.5FL SN @) cuts an image into © segments (3 )
DNA smaller pieces nuclei channel

Saucisson:
reconstructs image

B Classification

Nuclear staining

YER Nucleus | o 107

1072
Griottes: J
0 o Threshold '
average 107 |
— signal intensity 0 20 40

Average signal intensity

Density (log)

_
2
o

Membranne staining

CD45 KIT . .
o o pos: 73% neg: 73%

Neural network: . .

E E pos: 99% neg: 93%

pos: 75% neg: 99%

CD45

E pos: 97% neg: 99%
o KIT*
C FL network generation and spatial analysis Final output
Coloriage: Griottes:
Interactive selection of regions Graph-based representation at

single-cell level

Periphery
® PS

Figure 21. Image analysis workflow.
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(A) Segmentation pipeline. FL multi-channel images are cut into small pieces using Saucisson (1).
Individual tiles are segmented based on DAPI signal using CellPose, and then reassembled into the
original shape (3). On the left, a representative single stack IF of E12.5 FL with DNA (white), LHX2
(green), KIT (blue) and CD45 (red) is shown to demonstrate the pipeline. Scale bar 200 um. (B) Cell
type classification pipeline. In the case of nuclear staining (e.g., LHX2, green), cells are classified
according to a threshold set on the average signal intensity inside the nuclei mask using Griottes (4).
For membrane staining (e.g., CD45/red, KIT/blue), cells are classified using a Neural Network (5). A
representative example of a small tile post-classification is presented, displaying positive cells for
DAPI, LHX2, CD45 and KIT. Scale bar 5 um (small tiles on the left), 10 um (on the tiles on the right).
(C) For FL network generation and spatial analysis, Coloriage is used to remove or highlight specific
regions of the FL sections (6). Griottes is used to represent the cells in a dot plot and to plot the

contacts between cells (7). Scale bar 10 um.
DP — double positive (KIT*CD45*); PS — portal sinus.

Nuclei segmentation

We analyzed both single stack (2D) and multi-stack (3D) image acquisitions, with
sizes ranging from 2682x2826 to 7686x8669x117 pixels (Annex VI — Supplementary
Table 2), corresponding to 60Mb up to 50Gb in memory needs. Because operations with
big files are not suitable on GPUs with 8GB RAM, a pre-processing step is performed to
reduce memory consumption and allow parallel computations. Each image is divided into
small tiles (3000x3000 pixels for 2D images and 600x600xZ-stacks for 3D) using the Python
module Saucisson (Figure 21A-1). For each piece, we segment the nuclei, considering the
DAPI signal, using CellPose (Stringer et al., 2021) (Figure 21A-2), on a GPU cluster®. The
segmented pieces are then reconstructed to the original shape with an additional channel,
with the mask for segmented nuclei (Figure 21A-3). At this point, we can generate a tabular
file with the position (x, y, and z coordinates) of each segmented cells and some attributes
(signal intensity of each channel inside the mask; area of the mask) using the package
Griottes (Ronteix et al., 2022). To reduce artifacts created by incorrect segmentation of
irregular nuclei, we filter out segmented objects whose area/volume is inferior to 50 pixels?

or 3000 pixels®, respectively. This segmentation limitation will be further discussed later on.

Cell classification

Knowing the position of each cell, the next step is to distinguish the cell type.
Therefore, we employed two different methods for cell classification depending on the type
of staining: nuclear or membrane. For nuclear staining, such as LHX2, HNF4a and FLK1,
a manual threshold is determined to distinguish between positive and negative cells, based
on the histogram of signal intensities inside the mask of the nuclei (Figure 21B-4), and its

accuracy is visually confirmed. Although false positives and false negatives are generally

8 GPU cluster is a high-performance computing infrastructure.
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low for this method, its precision depends on the quality of the original image and can be
compromised if the background levels are not uniform across the entire section.

For membrane staining, such as CD45 and KIT, the signal intensity inside the
segmented mask is very low and is not possible to robustly discriminate positive and
negative cells using the threshold method. We tried to circumvent this by enlarging the
nuclei mask, aiming to include the membrane staining. However, this approach often led to
the inclusion of signals from neighboring cells, thereby compromising the accuracy of cell
classification. Instead, the cells were classified using a deep learning-based Neural
Network” (Figure 21B-5), that learns the fluorescence pattern around each nucleus. For
that, the images were again deconstructed into small pieces, but now each one represents
a single cell. Individual square images (80x80 to 120x120 pixels) were generated for each
detected nucleus and centered around the geometric center of the nucleus.

The gray-scale pattern of the fluorescence inside this box was then analyzed by
SqueezeNet Networks* (landola et al., 2016), using the transfer learning approach® and
loaded pre-trained from PyTorch (Paszke et al., 2019). Training and validation datasets
were manually created for each staining, using data from different images. The training was
performed using a batch size of 32. An accuracy greater than 95% was achieved on
validation datasets for each membrane staining (Figure 22A, B). Some manual corrections
in the classification were performed for images with lower staining contrast. Manual
verification of classification performances was done on 400 cells randomly selected for each
membrane staining and each image (Annex VI - Supplementary Table 2). The percentage
of false negatives and positives for CD45 and KIT cells is given in Figure 22 (A” and B”).
The accuracy is larger than 96% for all verified sets of cells (Table 9).

We predefine corrections for misclassified cells that result in incompatible cell types,
prioritizing the result from the nuclear marker that is typically more reliable. For instance, if
a cell is classified as LHX2'CD45", it is corrected to LHX2'CD45. When dealing with
misclassifications considering multiple nuclear markers (e.g., LHX2"HNF4a*), we iteratively
readjust the thresholds until the most accurate classification is achieved. For a visual
confirmation of the cell classification in the entire image, we used the graphical interface
Napari, which allows us to overlay the original image with the resulting classifications

(Supplementary Video 5).

" Neural networks are a subset of machine learning models, inspired by the human’s brain neural
structure, designed to learn and make predictions from data. SqueezeNet Networks are a type of
neural network.

8 Transfer learning is a machine learning technique where a model developed for a task is reused as
a starting point for a different but related task.
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Figure 22. Validation and quality control of image analysis.

(A) Validation of KIT classification. Representative images of single cells classification and
respective classification confidence. (a’) Accuracy of the classification during network training on
training and validation datasets. (a’”’) Confusion matrix on the validation dataset. (B) Validation of
CD45 classification. Representative images of single cells post-classification and respective
classification confidence. (b’) Accuracy of the classification during network training on training and
validation datasets. (b”’) Confusion matrix on the validation dataset.

Spatial/network analysis

AF cells
Until E14.5, nucleated erythrocytes constitute a big population in the FL. They are
distributed across the parenchyma and inside the sinusoids. Those located inside the
sinusoids exhibit a prominent AF signal, characterized by an intense cytoplasmic signal in
one or more channels. Consequently, these cells can be incorrectly classified by the Neural
Network for the membrane staining (e.g., as KIT"), compromising its accuracy. To address
this issue, we employed the same Neural Network approach to identify and subsequently

exclude cells detected as AF * from the analysis (Figure 23).
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Figure 23. Autofluorescent cells are removed from the analysis.

(A) Single stack IF of E12.5 FL with DNA (white), LHX2 (green), CD45 (red), and KIT (blue), to
highlight a region where AF cells (nucleated erythrocytes) can be seen inside a blood vessel
(represented by the dashed line). Scale bar 25 um. (B) AF cells are manually classified as positive
and negative to train a Neural Network, so they can be later removed from the analysis. (b’)
Representative images of single cells classification and respective classification confidence. (C) DNA
channel of the tile depicted in (A) overlaid with classification before (top) and after (bottom) removing
AF cells. (D) FL section (same input image as in Figure 22) before and after removing regions
manually selected using Coloriage, and AF cells, highlighted on the left panel at orange and olive
green, respectively.

Removal and selection of specific regions
Parts of the tissue (e.g., disrupted lobes, other organs adjacent to the FL, or regions
with lower quality) can be excluded from analysis. A specific interactive tool named
Coloriage was created to graphically select regions in the segmented image (Figure 21C-
6). This tool is used to select undesired regions (Figure 23D) or to mark structures (e.g.,

the liver’'s periphery, vessels, individual lobes) (Figure 21C-6).

Network construction
After cell classification, we add to the dataframe containing the positions and
properties of the nuclei additional attributes related to the cell classification. A dot plot can

then be generated where each dot represents a cell, and the color code identifies the cell
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phenotype (Figure 21C, Final output). A ‘Delaunay’ construction rule is applied to the
dataframe using Griottes to generate a connectivity network, considering a cutoff distance
to avoid incoherent links (e.g., at the image’s periphery or vessels) (Figure 21C-7) (Ronteix
et al., 2022). The returned object is a NetworkX graph (Hagberg et al., 2008), where the
previously measured properties are node attributes (dots), while the neighborhood
interactions and their attributes (length of the cell-cell contact) are encoded by the links.
Next, we conduct statistical analysis of the cell distributions. To differentiate
between relevant and statistically significant neighboring cell pairs and patterns of cell
distributions that are not merely the result of a random chance, we create randomized
distributions for comparison. In this process, we shuffle the cell types on the network
representation while preserving the total frequency of the types within the tissue (5-10
times) (Figure 24A). By labeling specific nodes in the graph as particular structures
(periphery or vessels), it is possible to calculate the distances of cells to those reference
points. The minimum Euclidean distance between each cell in the network and the cells
attributed to the structure of interest is computed, and the minimal distance is considered
for each data point (Figure 24Bb’). Then the relative abundance of each cell type is binned
as a function of distance from the structure (Figure 24B). For random distributions, the
distance to the periphery is re-calculated for ten repetitions of the re-shuffling operation and
averaged (Figure 24B, dashed gray line). In the next chapter, when combining multiple
images, we will present the distribution profiles as a ratio of the measured distribution to the

randomized distribution (fold-change enrichment).
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Figure 24. Analyzing cell distribution patterns: distance to a reference point and comparison
with random.

(A) Experimentally observed (left) vs random (right; representative example) LHX2* cells distribution
(green) (same input image as in Figure 22). (B) Distance to the periphery profile of LHX2* (green
curve) cells and comparison with a random distribution (dashed line, average from 10 random
distributions generated, with standard deviation in gray).
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Pipeline limitations

Regardless of the efficiency of an analysis pipeline, it will inevitably encounter
constraints imposed by the inherent complexity of biological samples. Irregular nuclei, cells
in division, multi-lobulated or polyploid nuclei in Mks, and phagocytosis of the expelled
nuclei from erythrocytes by macrophages pose challenges for the segmentation, often
leading to over-segmentation, and compromising the cell classification (Figure 25,
Supplementary Video 5).

Filtering out very small segmented objects can help mitigate certain segmentation
defects associated with irregular nuclei. However, addressing the segmentation challenges
posed by Mks and macrophages presents a bigger task. While we could implement deep
learning training strategies to identify Mks and macrophages to correct for the
misclassification of multiple segmented nuclei, it would require in some cases to specifically
allocate a channel in the staining strategy just for the identification of these cells, which
might be incompatible. While we cannot categorize these cells as exceedingly rare, in the
instances we investigated in this study, we assume that the errors introduced are negligible

when maintaining a substantial sample size, and they do not substantially affect the results.

Megakaryocytes
& nle ¥

all @°

©® Unaffiliated OCD45* OKIT* ODP OLHX2*

Figure 25. Pipeline limitations.

Representative examples where over-segmentation occurred in cases of Mks and macrophages. In
the FL, Mks express no to low levels of CD45 but are often recognized by an unspecific LHX2
staining.

Code availability

The analysis of the FL network images was conducted on Jupyter Notebook. All the
relevant notebooks are freely accessible on the project GitHub repository

(https://github.com/BaroudLab/Pyxidis). Different packages have been custom-made for

the analysis of the FL images, during pre-processing and data analysis. All these
functionalities (Saucisson, Coloriage) have been incorporated into the main GitHub for
easier use and installation. This repository contains a step-by-step tutorial to run the entire

image analysis pipeline and data analysis performed in the next chapter.
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DISCUSSION

Pyxidis allows the conversion of visual information from FL sections (heavy files, up
to 50GDb) into a few Mb dataframe containing the same information. This dataframe compiles
for each segmented cell its spatial coordinates and phenotype. A dot plot representation
then recreates the original image. Compiling data from independent images enables the
identification of robust and recurring spatial patterns. For the single cell neighboring
analysis, the large number of screened cells provides an exceptionally robust statistical
analysis.

As we strive to develop models that accurately represent biological samples, we
must acknowledge that the inherent complexity of these samples imposes limitations.
Additionally, successful implementation of the image analysis pipeline relies upon the
quality and consistency of the input images. It is important to be aware of any technical
problem regarding upstream steps to image analysis (sample preparation and image
acquisition)®, which could potentially affect accurate segmentation and classification.
Identifying and addressing such problems during the analysis phase is imperative for
ensuring trustworthy results.

An aspect that we miss to address here and could significantly improve the analysis
of cellular interactions is the inclusion of cell topology metrics (e.g., cellular volume), in
addition to relying solely on nuclei segmentation. This becomes particularly pertinent when
dealing with irregularly shaped cells, like mesenchymal cells' and endothelial cells. Using
Cxcl12-Gfp reporter mice, Gomariz and colleagues showed the intricate morphology of
CAR cells in the BM niche, revealing their multiple cytoplasmic projections (Gomariz et al.,
2018). This feature significantly expands their surface area, facilitating a multitude of
connections compared to spherical cells. This effect is even more pronounced in endothelial
cells, which is particularly relevant when calculating the proximity of a given cell type to
vessels. Incorporating a segmentation approach for vascular networks or other cellular
components akin to that employed by (Gomariz et al., 2018; Helbling et al., 2023, pre-

print) could be a significant enhancement for this pipeline.

9 As an illustrative example: in the input image in Figure 21A, an acquisition issue became apparent,
wherein the LHX2 channel was not acquired in a single tile, clearly noticeable in Figure 24 and
Supplementary Video 5 by the absence of LHX2" cells lining the mesothelium. When confronted
with parts of a section with poor staining quality, we can exclude them, using the tool Coloriage. In
this case, the effect was minimal, thus it was considered of little importance.

10 As can be appreciated in Figure 16D-F considering the PDGFRa and Desmin staining.
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SUPPLEMENTARY INFORMATION

Supplementary Video 5. Visual confirmation of the segmentation and classification using
Napari.

Representative demonstration of the use of the graphical interface Napari to visually inspect the
segmentation and classification. For the demonstration, the same FL section represented in Figure
21 was used. It corresponds to a single stack, stained with DNA (white), LHX2 (green), CD45 (red)
and KIT (blue).
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CHAPTERIV.

INTERACTIONS AT THE BORDER: A
NOVEL NICHE FOR HEMATOPOIETIC
PROGENITORS IN THE FL

Part of the data in this chapter was published in the following paper:

— Peixoto, M.*; Soares-da-Silva, F.*; Bonnet, V.*; Ronteix, G.*; Faria, M.R.; Mailhe, M.P.; Feng,
X.; Pereira, J.P.; Azzoni, E.; Giorgi, A.; de Bruijn, M.; Baroud, C.*; Pinto-do-O, P.*; Cumano, A *
(2023) “Spatiotemporal dynamics of cytokines expression dictate fetal liver
hematopoiesis”. BioRxiv. doi: https://doi.org/10.1101/2023.08.24.554612 (Manuscript under

review) *these authors contributed equally, #senior authorship (Annex VI)
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PREAMBLE

The location of FL HSPCs in situ remains elusive. Two separate studies have
employed the same staining strategy (CD150°CD48°CD41°Lin") to localize HSPCs within
the FL (Khan et al., 2016; Lee et al., 2021). Nevertheless, these investigations have yielded
conflicting outcomes. Khan et al., reported that HSPCs are predominantly close to NG2*
PFs, whereas Lee et al. demonstrated a preferential location near SCs. By employing
spatial transcriptomics analysis, two other studies claim to address the localization of
HSPCs in the tissue (Gao et al., 2022; Lu et al., 2021). Nonetheless, the 10X Visium
technique used by Gao et al. lacks the required spatial resolution, while the multiplexed
error-robust fluorescence in situ hybridization (MERFISH) analysis conducted by Lu et al.
offers limited coverage of the FL sections, lacking robustness.

A major goal of this work was to devise a staining strategy for the effective in situ
identification of phenotypic HSCs, aiming that their tissue localization could provide insights
into their interactions with niche cells. This includes understanding whether they form
clusters, or remain dispersed, whether they exhibit proximity to particular cell types, and
how their distribution compares to a random pattern. Although we developed the tools to
consistently address these questions, we could not achieve a robust staining strategy with
a good enrichment for HSCs. The main goal then shifted to a more simplistic approach,
using only two hematopoietic markers (KIT and CD45) in combination with major stromal
markers (FLK1 for endothelial cells, HNF4a for hepatoblasts and LHX2 for mesenchymal
cells).

In Chapter Il, we focused on resolving the FL stromal compartment, by
characterizing non-hematopoietic cell types by FC, gene expression, and imaging. In this
chapter, we applied the Pyxidis pipeline, demonstrated in Chapter lll, aiming to understand

how the HS interacts with its environment, even though lacking HSC resolution.
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THE HEMATOPOIETIC COMPARTMENT

Employing a set of defined hematopoietic markers, we analyzed the FL
hematopoietic compartment at E12.5 (Figure 26). A considerable proportion of FL isolated
cells were erythroid lineage (around 80% Ter119*CD71" erythroblasts and 3% terminally
differentiated erythrocytes). In the remaining hematopoietic fraction, a heterogenous
population of CD45Ter119" erythroid-committed progenitors (P1, P2 and P3) previously
described by Soares-da-Silva et al. and shown to be derived from the YS (Soares-da-Silva
et al., 2021) accounted for 10%; and CD45" cells represented 5%. The remaining fraction
consists of stromal cells, which are notably underrepresented following the isolation
process. Combining the erythroid markers Ter119 and CD71, the pan-hematopoietic
marker CD45, and the progenitor marker KIT, we can visualize the overwhelming majority

of the hematopoietic compartment in FL sections (Figure 26C).
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Figure 26. Discrimination of the FL hematopoietic compartment at E12.5.
(A) Representative gating strategy used for the analysis of the hematopoietic compartment of E12.5
FLs using the surface markers Ter119, CD45, CD71, CD24, Gr-1, CD11b, KIT, Sca1, CD16/32,
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CD34, CD150 and CD48. (B) Representative UMAP representation of the hematopoietic
compartment of E12.5 FLs. Color code correlates to the gating strategy shown in (A). (C) Single
stack IF of E12.5 FL with Ter119 and CD71 (green), CD45 (red) and KIT (blue). Inserts ¢' and c"
show an enlarged 3D view (20 um) of the selected regions showing only CD45 and KIT. Scale bar
50 pum.

Wild-HSC chase — an inglorious pursuit

The simple combination of CD150, CD48 and CD41 proved to be effective in
identifying HSCs in the adult, as 1 out of 2.2 (~50%) CD150"CD48CD41" exhibited
multipotent LTR (Kiel et al., 2005). However, using the same strategy in cells isolated from
E14.5 FLs, only around 18% of cells show LTR (Kim et al., 2006). Considering
CD150"CD48CD41" cells, around 50% of them are phenotypic HSCs (LSK CD150" CD48
CD41°) at E18.5, but the percentage of enrichment decreases to around 20% at E14.5
(Supplementary Figure 5A). This staining strategy, previously used to locate HSCs in situ
(Khan et al., 2016; Lee et al., 2021), is not particularly efficient. Considering that most
CD150"CD48'CD41" cells are KIT", the combination of CD150, CD48 and KIT considerably
increases the frequency of enrichment of phenotypic HSCs at E14.5 and E18.5
(Supplementary Figure 5B).

Combining markers for IF strategies can pose a challenge due to the limited
availability of antibodies across various species that can be effectively combined. As a
preliminary step, we focused on optimizing the individual antibodies (Supplementary Table
8). Multiple attempts were made to optimize the CD150 staining; however, none proved
successful. We assessed two antibodies, one of which is commonly used in published
articles for the in situ identification of HSPCs (Cordeiro Gomes et al., 2016; Khan et al.,
2016; Lee et al., 2021; Liu et al., 2022). Various parameters, including different antibody
concentrations, incubation times, incubation temperatures, and fixation procedures, were
rigorously tested. These fixation procedures encompassed varying paraformaldehyde
(PFA) concentrations and incubation durations. Furthermore, we explored non-fixed
samples and in vivo perfusion of pregnant females with 2% PFA, followed by 4 hours of
fixation in isolated embryos/FLs, aligning with the methodology in (Cordeiro Gomes et al.,
2016).

In our quest for an alternative to CD150, we evaluated the expression profile of
ESAM, a marker described to be highly enriched in HSPCs in both fetal and adult stages
(Lisa Ooi et al., 2009). Nearly all HSCs, MPP1 and MPP2 expressed ESAM at both E14.5
and E18.5 (Supplementary Figure 5C). However, its expression in the MPP3/4 and LK
cells represented less than 40 and 10%, respectively, and most mature cells did not express

ESAM (except NK cells; data not shown). Supplementary Table 9 displays the percentage
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of enrichment for phenotypic HSCs, as well as LSK CD48" (encompassing LT- and ST-
HSCs) when considering various combinations of 2/3 markers out of a total of 7 possible
markers, including CD45, KIT, Sca-1, CD150, CD48, ESAM, and CD41. This analysis
aimed to determine whether ESAM could serve as a reliable substitute for CD150. ESAM
did not exhibit efficient enrichment for HSCs when combined with markers other than
CD150. Nonetheless, certain combinations still showed promising for achieving significant
enrichment for LSK CD48". Unfortunately, we encounter similar challenges in optimizing the
staining for ESAM. Sca-1, on the other hand, together with KIT and CD48 was sufficient to
identify LSK CD48" cells. As both antibodies for KIT and Sca-1 were raised in rats, we
defined a theoretically compatible strategy to combine both, performing serial incubations
of each rat antibody individually, followed by the respective secondary one. In the case of
the Sca-1, which was conjugated with PE, we used a rabbit anti-PE, followed by an anti-
rabbit secondary antibody.

Initially, when we simultaneously co-incubated CD48 and KIT, followed by Sca-1,
we observed an overlap between Sca-1 and CD48 (excluding endothelial Sca-1" cells,
Supplementary Figure 6). This was indicative of a potential non-specific interaction
between the antibodies. This issue was resolved by incubating CD48 after Sca-1. However,
in this revised strategy (Supplementary Table 10), we still encountered a very faint Sca-1
staining overlap with KIT. To rule out the possibility of Sca-1 interacting with the anti-rat
secondary antibody, we conducted a test using an anti-rat secondary antibody specifically
targeting the constant region F(ab')2. Unfortunately, this adjustment did not lead to an
improvement in the background staining. As we were able to identify certain parenchymal
Sca-1" cells that could potentially represent specific Sca-1 staining, we attempted to train a
neural network to differentiate between background staining and genuine staining.
Unfortunately, the manual classification process proved to be overly intricate and lacked

consistency among different operators.

A bird’s-eye view instead

As a working staining strategy with a good enrichment for HSCs could not be
achieved, we decided to characterize the distribution of different hematopoietic populations,
considering a very simplistic set of 2 markers — CD45 and KIT — that allows us to distinguish
(Figure 27): CD45"KIT cells, referred to as CD45" cells, which comprise mainly monocytes
and granulocytes; CD45KIT" cells, referred to as KIT* progenitors, that comprise the YS-
derived erythroid progenitors (P1 and P2) (Soares-da-Silva et al., 2021); and CD45°KIT",
referred to as DP (Double Positive) progenitors, that include a broad set of hematopoietic

progenitors, from less committed to more restricted ones. The majority of these are LK cells,
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with proportions of CMPs, GMPs and MEPs changing along development. A smaller
proportion of DP (around 10%) are LSK CD48  and LSK CD48" cells. Some of the GMPs
can be of YS origin at E12.5 (not more than 8% (lturri et al., 2021)), but the majority of
these progenitors are IE. We then investigated the spatial distribution of these 3 populations
within the tissue.
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Figure 27. Composition of the CD45*, DP and KIT* FL compartments.

(A) Representative gating strategy showing the cell types that are included in CD45*, DP and KIT*
populations. (B) Percentage of the progenitor cell types within DP cells (top) and KIT* cells (bottom)
at E12.5 (left) or E14.5 (right).

DP — double positive (KIT*CD45*).
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FL NETWORK ANALYSIS

Tissue composition

As described in the previous chapter, Pyxidis allows to recreate FL sections in a
graphical representation with preserved spatial positioning and cell identity, to which
multiple analyses can be performed: tissue composition, pattern of distribution of cells to
specific regions, and neighborhood analysis.

To assess the FL hematopoietic and stromal components, we used a concise panel
of markers: CD45 and KIT for hematopoietic cells, in combination with LHX2
(mesenchymal) or HNF4a (hepatic) or FLK1 (endothelial) for the stromal populations
(Figure 28A, B). To accurately identify endothelial cells, we employed Flk1-GFP reporter
mice. Due to their elongated shapes, membrane markers (e.g., CD146) are challenging to
classify using the Neural Network, while nuclear markers are easily classified using the
threshold method described before. As MCs correspond to the outer layer of the liver, they
were manually selected using the tool Coloriage and classified as “periphery”.

We compared the frequencies of the classified cells with the frequencies obtained
by FC. Except for endothelial cells, which represented the predominant stromal population
isolated after dissociation of the liver, there were notable differences in the percentages of
other populations between the two methods (Figure 28C, D). Remarkably, mesenchymal
cells and hepatoblasts were 5 and 10-fold, respectively, more represented in situ than by
FC. Curiously, the percentages of the six cell types analyzed, namely the hematopoietic
types did not change considerably from E12.5 to E14.5, suggesting a nearly proportional

growth of each compartment to the liver growth (Figure 28E).
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Figure 28. Quantification of FL populations.
(A) 3D view (10 um) IF of E12.5 FL (FIk1-GFP mice) with DNA (white), LHX2 (green), Flk1-GFP
(orange), and HNF4a (cyan). Scale bar 100 um. (B) Dot plot representation of the FL section
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represented in (A) (10 um thick projected into a single plane). (C) Percentage of hematopoietic cells
recovered and analyzed by FC (n=9) versus quantified by imaging of FL sections (n=9). (D)
Percentage of stromal cells recovered and analyzed by FC (n=3) versus quantified by imaging of FL
sections (LHX2 and HNF4a (n=6), FLK1 (n=3)). (E) Percentage of hematopoietic and stromal cells
quantified by imaging of FL sections at E12.5 and E14.5 (E12.5: CD45, KIT, DP (n=10); LHX2,
HNF4a (n=6); FLK1 (n=3); E14.5: CD45, KIT, DP (n=6); HNF4q. (n=5); LHX2 (n=6); FLK1 (n=2)). (C-
E) Statistical analysis was calculated using two-way ANOVA, followed by Sidak's multiple
comparisons test.

*, P <0.05. *** P <0.001; **** P < 0.0001; DP — double positive (KIT*CD45*).

E12.5

A dot plot representation (Figure 28A, Figure 29A) provides a global view of the
spatial distribution of the different cell types. To quantify the distribution of each cell type,
we calculated the relative percentage of each cell type at a given distance to the liver’s
periphery (Figure 29B) or the portal sinus (PS, central vessel structure) (Figure 29C) and
normalized by the percentage of each cell type in an average random distribution (%
observed/random). The random distribution of cells was computed by shuffling the cell types
while preserving the positions and the total number of each cell type (see Image Analysis
methodology description). The distribution profile of CD45" cells did not differ much from
the random scenario, indicating that they do not have a preferential distribution within the
FL. Conversely, KIT* and DP progenitor cells were found more concentrated within a 50 pm
proximity to the liver’s periphery, with fewer occurrences in the vicinity of the PS. As visually
evident, LHX2" mesenchymal cells accumulated in the sub-mesothelium region and
displayed a random distribution elsewhere. HNF4a" hepatoblasts and FLK1" also displayed
a higher frequency near the periphery. However, the dataset with FLK1 is unpowered
statistically precluding robust conclusions.

Analysis of cell-cell contacts showed that KIT* and DP progenitors exhibited
preferential contact with hepatoblasts compared to a random distribution, while they were
found to be significantly less in contact with SCs and did not exhibit preferential proximity
to FLK1" endothelial cells (Figure 29D). CD45" cells did not exhibit a preferential neighbor
tendency. These results suggest that the peripheric region is a privileged site for

hematopoietic progenitors at E12.5, which preferentially associate with hepatoblasts.
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Figure 29. KIT* and DP progenitors accumulate at the periphery at E12.5 and are preferentially
in contact with hepatoblasts, but not stellate or endothelial cells.

(A) Dot plot representation of CD45" (red), KIT* (blue), DP (purple), LHX2" (green), HNF4a* (cyan)
and FLK1* (orange) cells distribution of E12.5 FL representative sections (15 um section projected
into a single plane, except for the FLK1, that corresponds to a single stack). (D) Distance to the
periphery profile of CD45* (red, n=10), KIT* (blue, n=10), DP (purple, n=10), LHX2* (green, n=6),
HNF4o* (cyan, n=6) and FLK1* (orange, n=3) cells of E12.5 FLs. Curves indicate average * standard
deviation. Statistical analysis was calculated at the peak of each curve using the Mann-Whitney test,
between observed and random curves. (E) Neighborhood composition of CD45*, KIT* and DP* cells
of E12.5 FLs. Graphs display the percentage of cells that are in contact with LHX2* (left, n=3),
HNF4o* (middle, n=3) and FLK1* (right, n=2) stromal cells (observed) compared to random. Bar
plots indicate average + standard deviation. Statistical analysis was calculated using t-test Welch.

*, P <0.05; **, P <0.01; ***, P < 0.0001; DP — double positive (KIT*CD45*); ns — not significant; PS — portal
sinus.
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E14.5

Given that the FL is a major site of hematopoiesis during development, we
investigated the distribution of hematopoietic cells at subsequent developmental stages.
We found that KIT" progenitors maintained their accumulation close to the periphery
(Figure 30A, B) at E14,5 while CD45" cells and DP progenitors changed their spatial
localization. CD45" cells displayed a lower frequency within 50 um from the periphery, and
a slight increase in the frequency at the vicinity of the mesothelium, while DP progenitors
were evenly dispersed in the parenchyma (Figure 30B). Furthermore, our analysis of cell-
cell contacts demonstrated that, similar to earlier time points, KIT* and DP hematopoietic
progenitors showed a preferential interaction with hepatoblasts, but not with SCs (Figure
30C).

As previously discussed (Chapter Il), Cxcl/12 is mainly expressed by hepatoblasts
and mesenchymal cells. At E12.5, the two cell types express similar levels, but Cxcl12 is
strongly upregulated by mesenchymal cells, reaching an 8-fold increase by E18.5, while it
is maintained constant by hepatoblasts (Figure 30D). At E14.5, the pattern of expression
in the Cxcl12-dsRed is similar to E12.5, with clear discrimination between perivascular
Cxcl12-dsRed” ™" and HNF4a.* Cxcl12-dsRed®™ (Figure 30E). To understand how the two
different hematopoietic progenitors would respond to CXCL12 signaling, we examined the
expression levels of the respective receptor, CXCR4. KIT* progenitors had no expression
of Cxcr4, but DP expressed it at low levels at E12.5 and upregulated it by a factor of 3 at
E14.5 (Figure 30F). To confirm differences in migration responsiveness to CXCL12 of the
two types of progenitors, we performed a dual-chamber migration assay. As expected, only
DP progenitors migrated in response to CXCL12, and the proportion of migrating cells was
higher at E14.5 (Figure 30G).
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Figure 30. At later stages, opposite to KIT*, DP progenitors display a homogeneous
distribution throughout the parenchyma in response to CXCL12 levels.

(A) Dot plot representation of CD45" (red), KIT* (blue) and DP (purple) cell distribution of E14.5 FL
representative sections (single stack). (B) Distance to the periphery profile of CD45* (red, n=6), KIT*
(blue, n=6) and DP (purple, n=6) cells of E14.5 FLs. E12.5 data from Figure 29 is overlaid for
comparison. Curves indicate average * standard deviation. Statistical analysis was calculated at the
peak of each population using the Mann-Whitney test, between E12.5 and E14.5 curves. (C)
Neighborhood composition of CD45", KIT* and DP~ cells of E14.5 FL. Graphs display the percentage
of cells that are in contact with LHX2* (left, n=3) and HNF4a* (middle, n=3) stromal cells (observed)
compared to random. Bar plots indicate average + standard deviation. Statistical analysis was
calculated using t-test Welch. (D) Single stack IF of E14.5 FL (Cxcl/12-dsRed mice) with LHX2
(green), Cxcl12-dsRed (red) and HNF4a (blue). Scale bar 100 um. (E) gRT-PCR analysis of the
expression levels of the hematopoietic chemokine Cxc/12 in hepatic (hepatoblasts, light gray), and
mesenchymal (dark gray) cells in E12.5, E14.5 and E18.5 FL cells (n=3). (F) gRT-PCR analysis of
the expression levels of the CXCL12 receptor (Cxcr4) in KIT* (blue), and DP (purple) cells in E12.5
and E14.5 FLs (n=3). (G) Transwell migration assay of DP and KIT* progenitors isolated from E12.5
and E14.5 FLs in response to the chemokine CXCL12a. Data are presented as the percentage of
input progenitors that migrate to the bottom chamber (n=3). (E-G) Statistical analysis was calculated
using two-way ANOVA, followed by Sidak's multiple comparisons test.

*, P <0.05; **, P <0.01; ****, P < 0.0001; DP — double positive (KIT*CD45"); ns — not significant.
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E18.5

At late gestation, hematopoietic cells egress from the FL and migrate to the BM, a
place that will serve as a primary site for hematopoiesis for the rest of the life. To observe
how the HS is organized in the maturing liver, we analyzed the distribution of CD45" cells,
and specifically the two major differentiated lineages (B220" B-lineage cells or CD11b*/GR-
1" myeloid cells) in E18.5 FL sections (Figure 31). We observed frequent accumulation of
CD45" cells in the major vessels and the vicinity of sub-MCs (Figure 32A, B). It is
noteworthy that they do not cluster around all vessels or extend across the entire liver's
periphery (data not shown). This accumulation was corroborated with the quantification of
both populations in terms of distance to the vessels, and to the periphery (Figure 32C-J;
Supplementary Figure 7). To determine whether CD11b*™ and B220" cells accumulate
differently in the major vessels and the periphery, we compared their frequencies in these
regions to the remaining tissue (Figure 32K, L). Our findings revealed that CD11b" cells
were equally represented in major vessels and the sub-capsular region, while B220* cells
were primarily located at the latter. Interestingly, we found no major differences in myeloid
or lymphoid cell accumulation in NG2" or NG2* portal vessels (data not shown). These
results point to the mesothelium/sub-mesothelium region as a supportive environment for

mature lineages at later stages.

Figure 31. Myeloid and lymphoid cells accumulate in the vessels and mesothelium at late
gestation.

(A) 3D view (20 pum) of IF of E18.5 peripheral (a’) or parenchymal (a”) regions with NG2 (green),
CD45 (red) and CD11b (blue). (B) 3D view (20 um) of IF of E18.5 peripheral (b’) or parenchymal (b”)
regions with NG2 (green), CD45 (red) and B220 (blue). (C) 3D view (20 um) of IF of E18.5 peripheral
(c") or parenchymal (c”) regions with NG2 (green), CD45 (red) and GR1 (blue). Scale bars 100 um.
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Figure 32. Quantification of mature hematopoietic lineages around vessels and near the
mesothelium at late gestation.

(A-B) Distance to vessels (A) or the periphery (B) profile of CD45* cells of E18.5 FLs. Curves indicate
average + standard deviation (n=8). (C) Example of a dot plot representation of CD45"CD11b" (red)
and CD45*CD11b* (blue) cells around vessels (top) and in the FL periphery (bottom) at E18.5. (D-
E) Distance to vessels (D) or the periphery (E) profile of CD45"CD11b* cells of E18.5 FLs. Curves
indicate average + standard deviation (n=2). (F) Example of a dot plot representation of CD45*B220"
(red) and CD45*B220" (blue) cells around vessels (top) and in the FL periphery (bottom) at E18.5.
(G-H) Distance to the vessels (G) or the periphery (H) profile of CD45B220* cells of E18.5 FLs.
Curves indicate average + standard deviation (n=4 in G, n=3 in H). (I-J) CD45*CD11b* (I) or
CD45*B220* (J) frequency of total cells considering the entire sections analyzed (“tissue”), the
regions around the vessels (‘around vessels’) or near the periphery (“near periphery”). Regions
“around the vessels” or “near periphery” (3-4 cell layers) were manually selected using Coloriage.
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DISCUSSION

The challenge of identifying FL HSCs in their native microenvironment is not only
associated with the need for combining multiple markers, or lack of specific reporter mice
but also by our limited comprehension of their fetal phenotype. FL HSCs undergo
maturation in situ, changing their surface markers’ expression profile as development
progresses. Even though FL HSCs do not immediately acquire CD150 upon arrival into the
FL (Kieusseian et al., 2012), at E14.5, CD150 is already a fundamental marker for the
identification of HSCs, as multipotent LTR is mostly restricted in the CD150" compartment
(Kim et al., 2006). While other research groups have successfully assessed CD150
expression via IF in both the FL and BM (Cordeiro Gomes et al., 2016; Khan et al., 2016;
Lee et al., 2021; Liu et al., 2022), we encountered difficulties in optimizing a staining
strategy for this antibody. Consequently, our ability to resolve the progenitors’ compartment
was strongly impaired.

As we endeavored to develop a staining strategy enriching for HSCs, we
simultaneously explored and fine-tuned the image analysis pipeline (described in Chapter
lll) using a simplified set of markers: KIT and CD45. Surprisingly, we noticed a small, but
highly consistent tendency for KIT® and DP progenitors to be more frequently distributed
around 50 um away from the periphery at E12.5. At this stage, some regions of the liver
feature a dense layer of sub-MCs that exhibit a high expression of Cxcl12, possibly
contributing to elevated levels of this chemokine in the vicinity of the liver's periphery
(Chapter Il). Two sources of KITL were also enriched in this region: some MCs adjacent to
the sub-mesothelial layer, and hepatoblasts, that were also mildly enriched 50 um away
from the periphery. As MCs secrete hepatic growth factors (PTN, HGH, EGF, MDK)
(Inagaki et al., 2015; Onitsuka et al., 2010), we can hypothesize that the periphery of the
liver is a privileged site for hepatoblasts proliferation or cell growth in general. As both
hematopoietic progenitors were shown to be preferentially in contact with hepatoblasts, the
existence of a multi-cellular circuit being established near the periphery could explain our
observations. The exact chain of causality behind the localization of these cells around the
periphery at this stage would need further investigation: they might be the result of the
environment being rich in chemokines and cytokines, they might be accumulating as the
preferential neighbors of the hepatoblasts they rely upon, or both.

By E14.5, the sub-mesothelial layer undergoes an overall reduction in thickness
throughout the tissue. This reduction is likely due to the recruitment of mesenchymal cells
into the parenchyma, to follow the expansion of the vascular network. Simultaneously,
mesenchymal cells increase their levels of Cxc/12. During this stage, YS-derived

progenitors, primarily comprising erythroid cells, are still located in close proximity to the
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sub-mesothelial region. Notably, these cells do not express Cxcr4, suggesting that CXCL12
is not involved in shaping their distribution pattern. On the other hand, DP progenitors, that
are responsive to CXCL12, are now randomly distributed. Our neighbor analysis shows that
DP cells do not depend on direct contact with SCs, suggesting that DP cells could respond
to a CXCL12 gradient instead. At E14.5, we start to see a tendency of CD45" cells to be in
direct contact with MCs/sub-MCs. An environment rich in hematopoietic growth factors in
the vicinity of the periphery, namely a high concentration of CXCL12 produced by the dense
layer of sub-MCs might attract DP cells towards the periphery, and induce their
differentiation into mature CD45" cells, explaining the distribution patterns observed at
E14.5. In a similar way, as development progresses, the regions near the mesothelium and
the vessels, as they are highly enriched with CXCL12-producing cells, might be zones that
retain the hematopoietic cells and induce differentiation, leading to the accumulation of
mature cells in these regions at later stages. Functional evidence is warranted to support
these hypotheses.

Recently, by combining a-catulin and HIf reporter mice in a dual reporter, Helbling
et al. were able to discriminate HSCs from downstream hematopoietic progenitor cells
(HPCs) and characterize their distribution in FL thick sections (Helbling et al., 2023, pre-
print). Interestingly, they did not find any particular pattern of spatial distribution or
compartmentalization of HSCs/HPCs, nor a tendency to be closer to large vessels,
sinusoids, or the liver’s periphery at both stages analyzed (E13.5 and E17.5). However, at
E13.5, the distribution of HSCs/HPCs was not entirely stochastic, as they exhibited
clustering trends (not direct contact), which might reflect cell division. While this study is
complementary to ours, it would be of interest to perform a neighbor analysis for

HSCs/HPCs to see if they require direct contact with hepatoblasts and SCs.
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MATERIALS AND METHODS

Mice

C57BL/6J mice were purchased from Envigo. Flk1-GFP mice (M. Ema, Takahashi,
et al., 2006) were a gift from David Hardy. Timed pregnant females with vaginal plugs after
overnight mating were considered to be E0.5. The day of birth was considered to be PO.
Pregnant females and pups older than P21 were sacrificed by CO; inhalation, and cervical
dislocation as a confirmation method. For embryos older than E15.5 and young pups,
decapitation was performed. All animal manipulations were performed according to the
ethics charter approved by the French Agriculture Ministry and to the European Parliament
Directive 2010/63/EU.

Isolation and FC analysis of FL hematopoietic cells

For the isolation of hematopoietic cells, E12.5, E14.5 and E18.5 FLs were dissected
under a binocular magnifying lens. FLs were recovered in Hanks' balanced-salt solution
(HBSS) supplemented with 1% fetal calf serum (FCS) (Gibco) and passed through a 26-
gauge needle of a 1-ml syringe to obtain single-cell suspensions. Cell suspensions were
filtered with a 100 pym cell strainer (BD) and stained with the antibodies listed in
Supplementary Table 11 or 12 for 20-30 min at 4°C and analyzed on a custom BD LSR
Fortessa (BD Biosciences), or the ID7000 spectral analyzer (SONY), respectively.

FL sectioning, immunostaining, and optical clearing of thick sections

FLs from time-pregnant females were collected directly into freshly prepared 2%
paraformaldehyde (PFA) fixative buffer (Fischer Scientific) and kept at 4°C overnight under
rotation. After washing in PBS and removing surrounding tissues, FLs were immediately
sectioned or shortly stored at 4°C until sectioning. Following FLs embedding in 4% low-
melting agarose (Sigma), 150 um frontal sections were performed using a Leica VT1200S
vibratome. Sections were permeabilized and blocked with PBS containing 0.05% Tween-
20 (AppliChem GmbH) [or 0.5% Triton-X 100 for nuclear staining] and 10% donkey serum
(Sigma-Aldrich) for 1-2 hours (h) at room temperature (RT). This solution was also used to
dilute primary and secondary antibodies. Sections were incubated with primary antibodies
for 2h at RT and overnight at 4°C, and secondary antibodies for 2h at RT, both in the dark
and with rotation (see Supplementary Table 13 and 14). Between incubations and after
secondary antibody incubation, sections were washed repeatedly with PBS containing
0.05% Tween-20 and 3% NaCl (minimum 4x, 15 min). Sections were counterstained with
DAPI (D9542, Sigma-Aldrich) for 2h at RT and kept overnight in RapiClear 1.52 (Sundin

Lab) for optical clearing. Sections were mounted in RapiClear and imaged on a Leica TCS
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SP8 using a PL APO 63x /1.40 oil immersion lens or APO 40x /1.40 oil immersion lens.
Single stacks or multi-stacks tile scans were acquired at 200Hz or 400Hz, respectively, in
bidirectional mode, at 12-bits and 1024x1024 resolution. Multi-stacks were acquired with z

spacing of 0.3 um.

Image Analysis
Image processing and segmentation

Before nuclei segmentation, images were sliced into small tiles (3000x3000 pixels
for 2D images and 600x600xZ-stacks for 3D) using Saucisson. Each tile was then
segmented based on DAPI signal using Cellpose (Stringer et al., 2021). Cellpose was run
on parallel GPUs, and segmented tiles merged (using Saucisson) to reconstruct the original
image. CellPose generates a cell mask, around the cell nuclei, that is used to extract the
cell’'s properties (coordinates, signal intensity of each channel, area) using the package
Griottes (Ronteix et al., 2022).

Cell classification

For nuclear staining, the average signal intensity is computed using Griottes and a
threshold is manually determined to distinguish between positive and negative cells. To
classify cells based on membrane/cytoplasmic staining, images of 80x80 pixels were
cropped centered around each nucleus detected containing a membrane signal in
grayscale. Cell classification was conducted using a neural network specifically selected
and trained for each marker. Different models were used since the image properties were
highly dependent on the staining. Training and validation datasets were manually created
for each staining (CD45, KIT, AF), using data from different images. A transfer learning
approach has been used to train neural networks: SqueezeNet networks (landola et al.,
2016) (loaded pre-trained from PyTorch (Paszke et al., 2019) were trained with our
datasets, using 32 batch size). An accuracy > 95% has been achieved on validation
datasets for each membrane staining (Table 9). Some manual corrections in the

classification have been done for images with lower staining contrast.

Table 9. Network training.

Size of the training and validation datasets manually curated to implement the deep learning models
used to classify different membrane markers and AF in this study, and the corresponding accuracy
of the models generated.

Training dataset Validation dataset
NEGATIVE POSITIVE NEGATIVE POSITIVE Accuracy
CD45 2410 1365 587 365 0.954
KIT 5896 1958 1406 280 0.956
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B220 6794 1480 2205 511 0.976
CD11b 1139 1104 231 432 0.979
AF 2033 861 293 167 0.952

Removal and selection of specific regions

AF cells were classified using the neural network approach previously described
and excluded from analysis. Pieces of the tissue with lower staining quality, disrupted lobes
and pieces of other organs were manually selected using the interactive tool Coloriage.
Coloriage was also used to manually select specific FL structures, namely the liver's
periphery and major vessels. The Minimum Euclidian distance between each cell and a cell
attributed to the structure of interest was calculated. The concentration of each cell type at
a given distance was normalized to the predicted one in a random distribution scenario (%
observed/random). A random distribution was calculated by shuffling the cell types, while
preserving the structure of the tissue and frequency of each cell type, and re-calculating the

distance to the respective structure (5 iterations, averaged).

Network construction

The connectivity networks of the FLs were generated using Griottes from a data
table containing the positions and properties of the cells (i.e., cell size, cell type and
fluorescent intensities) using ‘Delaunay’ construction rule, as described in (Ronteix et al.,
2022). A random distribution was calculated by shuffling the cell types, except the stromal

cell types (fixed location), and re-calculating the contacts distributions (10 iterations).

Code availability
The analysis of the FL network images was conducted on Jupyter Notebook. All the
relevant notebooks are freely accessible on the project GitHub repository

(https://github.com/BaroudLab/FL-Image-Analysis). Different packages have been custom-

made for the analysis of the FL images, during pre-processing and data analysis. All these
functionalities (Saucisson, Coloriage) have been incorporated into the main GitHub for
easier use and installation. This repository contains notebooks to reproduce all relevant
panels of the article in Annex VI and a step-by-step tutorial to run the entire image analysis

pipeline and data analysis previously described.
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Supplementary Figure 5. Searching for an efficient staining strategy to enrich phenotypic

HSCs.

(A-B) Gating strategy to quantify the percentage of enrichment in LT-HSCs by combining CD150,
CD48 and CD41 (A) or CD150, CD48 and KIT (B) at E14.5 and E18.5. FL isolated cells were depleted
of Ter119*CD71" cells. (C) FC analysis of FC isolated cells depleted of Ter119*CD71* cells and
gated in single, live, Lin(Gr-1, CD19, B220, NK1.1, CD41), to assess the expression of ESAM across
different populations of hematopoietic progenitors (LK, LT-HSC, MPP1, MPP2 and MPP3/4) at E14.5

and E18.5.
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Supplementary Figure 6. Technical difficulties encountered in the staining strategy
combining KIT, CD48 and Sca-1.

Representative 3D view (15 um) IF of E12.5 FL with Sca-1 (green), CD48 (red) and KIT (blue). In
this staining, KIT (rat) and CD48 (goat) were incubated together, followed by an incubation of their
respective secondary anti-rat and anti-goat antibodies. Sca-1 was only incubated after, in an
sequence of incubations: Sca-1-PE > rabbit anti-PE > anti-rabbit. Scale bar 100pm.
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Supplementary Figure 7. Quantification of mature hematopoietic lineages around vessels and

near the mesothelium at late gestation.

(A) Dot plot representation of two E18.5 FL sections, showing CD45*Gr-1" cells (red) and CD45*GR-
1* cells (blue). (B) Distance to the vessels (upper panel, n=2, the two sections represented in A) or
to the periphery (lower panel, n=1, section in A catching a portion of mesothelium) of CD45*Gr-1-
cells (red) and CD45*GR-1* cells (blue). (C) Representative example of the selection around the
vessels using the tool Coloriage. (D-F) Frequency of CD45*Gr-1- cells (red) and CD45*GR-1* cells
(blue) in the regions selected as “vessels” or “periphery”, as exemplified in (C).
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Chapter IV — Interactions at the border

Supplementary Table 8. List of antibodies tested to optimize an HSC-enriched staining.
* The signal/noise ratio is very low using a streptavidin/anti-biotin, but good using an anti-goat
secondary antibody.

ANTIBODY CONJ.  SPECIES CLONE REFERENCE SUPPLIER WORK?
CD150 - Rat 9D1 MCA2274GA Bio-Rad No
CD150 PE Rat TC15-12F12.2 115903 BioLegend No
CD41 biotin Rat MWReg30 133930 BioLegend Yes
CD45 - Goat Poly AF114 R&D Yes
CD45 biotin Rat 30-F11 203104 BioLegend Yes
CD48 - Goat Poly AF3327 R&D Yes
CD48 biotin Goat Poly BAF3327 R&D Yes*
CD48 biotin Hamster HM48-1 103409 BioLegend No
ESAM - Goat Poly PA5-48019 Invitrogen No
ESAM APC Rat 1G8/ESAM 136207 BioLegend No

KIT APC Rat 2B8 105812 BioLegend Yes
KIT - Rat 2B8 553352 BD Yes
KIT FITC Rat 2B8 11-1171-82 eBioscience Yes
KIT - Goat Poly AF1356 R6D No
KIT biotin Rat 2B8 ab25022 abcam No
KIT - Goat Poly sc-1494 Santa Cruz Biotech No
KIT - Rabbit Poly sc-168 Santa Cruz Biotech No
Sca-1 PE Rat D7 553108 BD Yes
Sca-1 PE Rat D7 12-5981-81 eBioscience No
Sca-1 FITC Rat D7 11-5981-82 eBioscience No
Sca-1 - Rat D7 108101 BioLegend No
Sca-1 biotin Goat Poly BAF1226 R&D No
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Supplementary Table 9. Percentages of enrichment for LT-HSCs and LSK CD48" considering
different combinations of markers at E14.5 and E18.5.

The percentage of enrichment corresponds to the percentage of cells with the Lin(Gr-1, CD19, B220,
NK1.1)KIT*Sca-1*CD150*-CD48-CD41°* phenotype after gating accordingly to the 2/3 markers of
each combination below, as exemplified. FL isolated cells were depleted of Ter119*CD71* cells and
analyzed in the spectral cytometer SONY ID7000.

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
+ CD45 + + + + + + + + + + + + + + + +
+ KIT + + + + + + + + +
+ SCA-1 + + + + + + + +
+ CD150 + + + + + +
- CD48 + + + + + +
+ ESAM + + + + + +
- CD41 + + + + +
© LT-HSC 031 6.32 660 330 0.30 473 393 0.96 515 074 297 7.38 452
<
I LSKCD48 4.27 402 208 826 383 4.19 3.5 62.7 445 129 340 199 464 626 102 326 439 99.7 521
© LT-HSC 125 811 158 6.05 1.24 1.04 174 062 151 010 1.23 17.7 6.25
)
I LSKCD48 7.34 233 278 813 286 6.31 18.2 524 809 3.18 28 153 209 733 052 570 322 96.9 316
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

+ CD45

+ KIT + + + + + + +

+ SCA-1 + + + + + + +

+ CD150 + + + + + + + + + +

- CDh48 + + + + + + + + + +

+ ESAM + + + + + + + + +

- CD41 + + + + + + + + + +
0

: LT-HSC 1.21 8.07 346 3.54 397 3.01 293 222
<
5 LSKCD4s 169 456 244 296 931 466 393 33.6 310 39.6 458 373 337 250 205 225 26.2 7.28
h LT-HSC 1.81 182 145 570 099 060 0.86 0.65
)
L LSKCD4s 102 79.4 308 9.95 9.6 785 28.1 248 164 284 493 347 437 16.6 52.0 299 331 15.4

Supplementary Table 10. Staining strategy combining KIT, Sca-1 and CD48.
10 20 30 40 50 60 70
KIT APC Donkey
(rat) anti-rat 647

Sca-1 PE Rabbit Donkey
(rat) anti-PE anti-rabbit 568

CD48 Donkey
(goat) anti-goat 488
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Supplementary Table 11. List of antibodies used for the analysis of FL hematopoietic
populations in Figure 26 and 27.

SPECIFICITY CONJUGATION CLONE REFERENCE SUPPLIER
CD11b APC-Cy7 M1/70 1106130 Sony Biotechnology Inc.
CD16/32 FITC 93 1106530 Sony Biotechnology Inc.
CD24 BUV496 M1/69 612953 BD Biosciences
CD34 PE RAM34 551387 BD Biosciences
CD45 BV786 30-F11 564225 BD Biosciences
CD48 APC HM48-1 1117060 Sony Biotechnology Inc.
CD71 BV421 RI7217 1169065 Sony Biotechnology Inc.
CD150 BV711 TC15-12F12.2 1179705 Sony Biotechnology Inc.
Gr-1 BUV395 RB6-8C5 563849 BD Biosciences
KIT BV605 2B8 563146 BD Biosciences
Sca-1 BV510 D7 565507 BD Biosciences
Ter119 PE-Cy7 TER119 1181110 Sony Biotechnology Inc.
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Supplementary Table 12. List of antibodies used for the analysis of FL hematopoietic

populations in Supplementary Figure 5.

Chapter IV — Interactions at the border

SPECIFICITY CONJUGATION CLONE REFERENCE SUPPLIER
KIT BUV805 2B8 624287 BD Biosciences
CD31 BUV737 MEC 13.3 565097 BD Biosciences
CD19 BUV661 1D3 565079 BD Biosciences
Gr-1 BUV395 RB6-8C5 563849 BD Biosciences
Streptavidin BV785 - 2626245 Sony Biotechnology Inc.
CD150 BV711 TC15-12F12.2 1179705 Sony Biotechnology Inc.
CD45.2 BV650 104 740490 BD Biosciences
Sca-1 BV605 E13-161.7 744324 BD Biosciences
CD24 BV510 M1/69 1109255 Sony Biotechnology Inc.
CD34 BVv421 RAM34 562608 BD Biosciences
CD16/32 PerCP-Cy5 93 1106620 Sony Biotechnology Inc.
CD48 FITC HM48-1 11-0481-82 eBioscience
B220 PE-CF594 RA3-6B2 562313 BD Biosciences
CD41 PE MWReg30 561850 eBioscience
NK1.1 APC-Cy7 PK136 1143620 Sony Biotechnology Inc.
CD11b AF700 M1/70 557960 BD Biosciences
ESAM APC 1G8/ESAM 136207 BioLegend

125



Chapter IV — Interactions at the border

Supplementary Table 13. List of primary antibodies used for IF.

ANTIBODY SPECIES CLONE REFERENCE SUPPLIER
B220-FITC Rat RA3-6B2 103205 BioLegend
CD11b-FITC Rat M1/70 101205 BioLegend
GR-1-FITC Rat RB6-8C5 11-5931-82 eBioscience
CD45 Goat Poly AF114 R&D
DsRed Rabbit Poly 632496 TAKARA
GFP Rabbit Poly A11122 Invitrogen
HNF4a Mouse K9218 MA1-199 ThermoFischer
HNF4a Rabbit EPR16885-99 Ab201460 abcam
KIT-APC Rat 2B8 116203 BioLegend
LHX2 Rabbit Poly ABE1402 Sigma-Aldrich

Supplementary Table 14. List of secondary antibodies used for IF.

ANTIBODY CONJUGATION REFERENCE SUPPLIER
Chicken anti-mouse AF647 A21463 Invitrogen
Donkey anti-mouse AF488 A21202 Invitrogen
Donkey anti-mouse AF568 A10037 Invitrogen

Donkey anti-goat AF488 A11055 Invitrogen
Donkey anti-goat AF568 A11057 Invitrogen
Donkey anti-goat AF647 A21447 Invitrogen
Donkey anti-rabbit AF488 A21206 Invitrogen
Donkey anti-rabbit AF568 A10042 Invitrogen
Donkey anti-rabbit AF647 A31573 Invitrogen
Donkey anti-rat AF488 A21208 Invitrogen
Donkey anti-rat AF647 A48272 Invitrogen
Donkey anti-rat AF647 712-606-150 Jackson ImmunoResearch
Rabbit anti-PE - PA5-35006 Invitrogen

126



EPILOG

While the FL has historically been acknowledged as a pivotal hematopoietic niche
believed to harbor substantial HSC expansion potential (Ema & Nakauchi, 2000), it
remained largely underexplored until recent times. During the course of this work, multiple
studies have been published regarding the FL hematopoietic niche (Gao et al., 2022;
Kayvanjoo et al., 2023; Lee et al., 2021, 2022; Lu et al., 2021; Shao et al., 2023). Our
study and a parallel independent study from Nombela-Arrieta’s lab, combining 3D
quantitative microscopy, FC, Kitl- and Cxcl12-reporter mice models, and transcriptomic
analysis, have recently been submitted back-to-back to peer revision (Helbling et al., 2023,
pre-print; Peixoto et al., 2023, pre-print, Annex VI). The two studies bring an extensive and
complementary characterization of the FL niche, identifying its cellular components, the
cytokine producer cells and mapping the global distribution of key stromal cells and HSPCs
throughout development. Remarkably, Helbling and colleagues were able to discriminate
HSCs and downstream HPCs in situ, an unmet goal of this thesis work, through the

implementation of a double reporter mouse (Ctnnal1CF"HjfTomt)

Digging for the niche

Herein, we took advantage of spectral cytometry to improve the discrimination of
isolated FL cells depleted of hematopoietic cells using a relatively small antibody panel (14
colors). We identified two specific AF profiles, one attributed to SCs (AF-1) and the other to
hepatic cells (AF-2), mainly hepatoblasts. These insights contributed to the refinement of
our sorting strategy of FL stromal cells, ultimately leading to the identification of 10 major
populations, which can be broadly categorized into 4 major compartments.

Endothelial cells (CD31°CD146%) are widely distributed throughout the FL, through
an intricate network of sinusoids connected to portal and central veins. Although we did not
find a tendency of CD45", KIT*, or DP to contact with endothelial cells at E12.5 and E14.5,
we acknowledge that our analysis should be refined, either by increasing the sample size
and computing the distance to the vessel structures, instead of the center of the endothelial
cell. Interestingly, Helbling et al. also did not observe a preferential association of HSCs
with vessels (Helbling et al., 2023, pre-print), in opposition to previous reports (Khan et
al., 2016; Lee et al., 2021). As gestation progressed, we found mature CD45" cells to
accumulate in the vicinity of larger vessels (portal and central veins). Much like their

counterparts in the BM, these endothelial cells express Kitl transcripts but are not the
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primary cell type responsible for producing this factor, contrary to previously reported (Lee
et al., 2021). In the BM, even though LepR" cells exhibit significantly higher levels of Kit/
expression compared to endothelial cells, depletion of Kitl from either source leads to an
HSC strong reduction, suggesting a dependency on endothelial-Kitl. The same is not true
in the FL, as Kitl-endothelial deletion seems to be compensated by other sources (Azzoni
et al., 2018; Lee et al., 2021).

Hepatoblasts (E-Cadh""EpCAM-, AF-2*) are abundantly distributed throughout the
FL and serve as a diverse source of hematopoietic factors, namely, KITL, CXCL12, EPO,
IL-7, TPO and CSF1. KIT* and DP progenitors seem to be highly dependent on cell contact
with hepatoblasts. However, at late gestation, with hepatic maturation, hepatoblasts
become a rare population and downregulate hematopoietic factors, potentially contributing
to the exit of the HS from the FL.

MCs (Gp38*) and sub-MCs at the liver periphery were shown for the first time to
play a role in hematopoietic development, by being major sources of KITL and CXCL12,
respectively. Of note, our FC analysis does not allow to discriminate sub-MCs within the
mesenchymal compartment, as they share the same phenotype as SCs. It is thus still not
clear whether they are a distinct population from SCs or not. Curiously, we found a higher
concentration of KIT® and DP cells in the vicinity (50 um away) of the liver’s periphery. The
biological significance of this finding and the role of the liver periphery in this context remain
to be fully understood. At late gestation, much like blood vessels, the liver periphery appears
to be a preferred site for hematopoietic differentiation. Notably, we observed significant
heterogeneity within the liver periphery, particularly in terms of NG2 expression in MCs, Kitl-
expression in MCs, Cxcl12-expression in sub-MCs, the thickness of the sub-mesothelial
layer throughout the entire region at early stages, and CD45" accumulation. Although we
did not conduct an exhaustive systematic investigation into this heterogeneity, it requires
further exploration.

Mesenchymal cells (PDGFRa*) were found to be the main source of CXCL12 and
to upregulate this factor with time. The accumulation of CD45" at late gestation around
vessels is likely related to the concentration of CXCL12 produced in the vessels’ vicinity.
Within this compartment, we were able to distinguish two primary sub-populations, reported
as important niche cells (Khan et al., 2016; Lee et al., 2021): NG2 PFs (PDGFRa"NG2";
AF-1") and SCs (PDGFRa*ALCAM*NG27°"; AF-17*). However, it is important to note that
what we broadly refer to as SCs also encompasses sub-MCs and SLCs. Our gene
expression analysis did not possess the depth required to fully resolve the heterogeneities

among these populations.
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In our study, we missed to address the hematopoietic compartment itself as a niche
component. In the adult BM, monocytes, macrophages, dendritic cells, and Mks have been
shown to regulate the HSC compartment (Comazzetto et al., 2021). Similarly, in the FL,
recent studies have implicated macrophages as relevant niche players (Gao et al., 2022,
p. 202; Kayvanjoo et al., 2023; Mariani et al., 2019). It is of paramount importance to
extend the analysis to encompass other hematopoietic lineages. Namely, it would be

1 GFP/wt HhcdtTom/wt

interesting to locate HSCs/HPCs using the Ctnnal model and analyze their

neighbor composition in terms of mature lineages.

Spatial analysis

While there is room for improvement in our image analysis pipeline, especially in
terms of incorporating a step for segmenting volumetric objects such as blood vessels, we
proved its value in identifying patterns of cell distributions and its robustness for the analysis
of cellular networks. This tool is publicly available, and we hope it will serve as a valuable

resource for fellow scientists, potentially unlocking interesting patterns in biological tissues.

Expansion

The idea that the FL is a site of extensive proliferation of HSCs comes mainly from
a single paper quantifying LTR HSCs throughout liver development (Ema & Nakauchi,
2000). As reiterated throughout this manuscript, a higher input number of pre-HSCs
colonizing the FL, and maturation rather than proliferation, could explain the over 30-fold
increase in RUs from E12.5 to E16.5. In the scenario from Ganuza et al., a minimal
expansion of the stem cell pool, nearly 2-fold would occur during liver development (Ganuza
et al., 2017, 2022), and 3/4 additional rounds of division would have to occur in the global
population thereafter to reach the numbers of the pool in the adult. Given the overall growth
of the entire organism, undergoing approximately 5 to 6 rounds of division does not seem
particularly remarkable and may be indicative of a general, rather than a locally specific,
mechanism. Supporting this hypothesis, we found /gf2 to be considerably highly expressed
by nearly all FL stromal cells. IGF2 is a potent embryonic growth factor, highly expressed
in embryonic tissues and the blood, and strongly downregulated in the adult (Chao &
D’Amore, 2008). IGF2 was identified as a key factor promoting HSC expansion in co-
culture systems with putative hepatoblasts, as expansion could be impaired using
neutralizing anti-IGF2 antibodies (Zhang & Lodish, 2004). Hence, it is plausible that while
the fetal liver unquestionably plays a key role in hematopoietic development, its significance

for HSCs may be comparatively less prominent and requires additional investigation.

129



Epilog

Final thought

While erythrocyte development appears to be highly dependent on the FL
microenvironment, particularly through direct interaction of erythroid progenitors with
hepatoblasts, major producers of Kitl and Epo, the influence of the FL on HSCs remains
considerably less understood. What would be the implications for HSC development if pre-
HSCs did not colonize the FL? Is it conceivable that pre-HSCs could preserve their
stemness and undergo maturation within the bloodstream until they eventually colonize the
BM? Addressing these questions could offer an alternative strategy to understand the role
of the FL in HSC development.
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MOUSE DEVELOPMENT OVERVIEW
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The schemes (A-C) represent frontal sections of mouse embryos at different stages of
development and schemes (D-E) show transversal sections of the embryo at the level of the hindgut.

At E7.5, the mouse embryo is U-shaped, located underneath the extraembryonic structures
(A). The YS has a bilayer structure, exclusively of extra-embryonic origin: a visceral endoderm layer
on the outside, derived from the primitive endoderm (hypoblast); and mesoderm-derived layer on the
inside, derived from a fraction of epiblast cells that crosses the primitive streak and migrates to
extraembryonic sites. Blood islands are already visible on proximal YS. Between E8 and E9.5, the
embryo turns, adopting the “fetal position”, and as result wraps itself in the amnion and YS (B, C). In
other vertebrates, namely humans, the YS is attached to the embryo, instead of enveloping it
(Kaufmann & Bard, 1999).

The placenta is a transient support organ that serves as an interface between the fetal and
maternal circulations, mediating the exchange of nutrients, gases, and waste products, and

producing essential growth factors and hormones for embryo development. The placenta is
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organized in three layers: 1. the vascular labyrinth connected to the embryo by the UVs, originated
from the allantois; 2. the middle spongiotrophoblast layer; 3. the outer maternal decidua (not
represented in the scheme) (Mikkola et al., 2005).

The AGM is a mesoderm-derived structure, located in the posterior part of the embryo,
extending from the forelimbs to the hindlimbs, from E9.5-E12.5, with three anatomic discernible
components: aorta, gonads, and mesonephros. The DA is the major blood vessel of the embryo. The
genital ridge is the precursor structure of the reproductive organs (gonads), and the mesonephros
serve as a transient excretory system during development (de Bruijn, 2000). The DA arise as two
separate bilateral vessels in the trunk (D) and undergoes lateral-to-medial translocation, eventually
fusing into a single large vessel in the midline (E). Avian studies demonstrate that the DA
endothelium has two distinct sources — somitic mesoderm contributes to the roof, and lateral
mesoderm participates in forming the floor (E). This dual origin is believed to be responsible for the

dorsoventral asymmetry in HSC development (Pardanaud et al., 1996).
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Hematopoietic stem cells (HSCs) generated during embryonic development are able
to maintain hematopoiesis for the lifetime, producing all mature blood lineages. HSC
transplantation is a widely used cell therapy intervention in the treatment of hematologic,
autoimmune and genetic disorders. Its use, however, is hampered by the inability
to expand HSCs ex vivo, urging for a better understanding of the mechanisms
regulating their physiological expansion. In the adult, HSCs reside in the bone marrow,
in specific microenvironments that support stem cell maintenance and differentiation.
Conversely, while developing, HSCs are transiently present in the fetal liver, the major
hematopoietic site in the embryo, where they expand. Deeper insights on the dynamics
of fetal liver composition along development, and on how these different cell types
impact hematopoiesis, are needed. Both, the hematopoietic and hepatic fetal systems
have been extensively studied, albeit independently. This review aims to explore their
concurrent establishment and evaluate to what degree they may cross modulate
their respective development. As insights on the molecular networks that govern
physiological HSC expansion accumulate, it is foreseeable that strategies to enhance
HSC proliferation will be improved.

Keywords: hematopoietic stem cells, fetal liver, fetal liver microenvir fetal I
stem cell expansion, hematopoietic stem cell niche, self-renewal, cytokine signaling

INTRODUCTION

In the adult organism, hematopoietic stem cells (HSCs) constitute a rare and largely quiescent cell
population residing in the bone marrow (BM) (Cheshier et al., 1999). The current dogma states
that HSCs self-renew to maintain their pool throughout life and reenter cell cycle in response
to stress (Wilson et al., 2008). The balance between self-renewal and differentiation in adult BM
has been extensively studied, with the identification of different cellular niches and molecular cues
as important elements in HSC maintenance and differentiation - reviewed in Crane et al. (2017)
and Pinho and Frenette (2019).
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Hepatic-Hematopoietic Interplay in Embryogenesis

During ontogeny, HSCs undergo a high proliferative
stage, expanding in the fetal liver (FL), one of the anatomical
locations of embryonic hematopoiesis (Ema and Nakauchi,
2000). Therefore, it has long been assumed that the
hepatic microenvironment may drive the proliferation of
HSCs while sustaining their primary “stemness” hallmark
(functional ~capacity to reconstitute the hematopoietic
compartment of irradiated recipients). So far, however, limited
information is available on an HSC supportive environment
in the FL and the mechanisms conveying these functional
properties remain elusive, hindering effective translation into
clinical applications.

A thorough dissection of the architecture and cellular
organization of the liver is critical to elucidate the nature of the
hematopoietic FL niche and disclose the elements (soluble and/or
cell-bound signals, cell-cell contact, cell-matrix interactions,
physical properties, etc.) contributing for the regulation of
HSCs. This review aims to discuss the role of the FL stroma
(encompassing all non-hematopoietic FL cells) and explore the
interplay of the two fetal systems - hepatic and hematopoietic —
in mouse (or otherwise stated) and how they mutually influence
their development.

THE EMERGENCE OF THE
HEMATOPOIETIC SYSTEM DURING
EMBRYOGENESIS

The adult hematopoietic system relies on a robust process
whereby HSCs divide and differentiate generating all mature
blood lineages. In physiological conditions, this process takes
place in the BM in both humans and mice. Even though adult
hematopoiesis occurs in the BM, this is merely the end-site
of an otherwise thrilling journey through different anatomic
locations (Figure 1).

The first hematopoietic cells emerge in the yolk sac (YS)
in extra-embryonic structures named blood islands at around
embryonic day (E) 7.5 in mice and 2-3 weeks post-conception
(wpc) in humans (Bloom and Bartelmez, 1940; Palis et al,
1999). Primitive erythroid progenitors (EryP) generate primitive
erythrocytes, large nucleated cells that express embryonic globins
(Kingsley et al., 2006), which are found in circulation after the
onset of cardiac contractions at E8.25 (~3 wpc in humans) (Ji
et al., 2003; Tavian et al,, 1999) and oxygenate the developing
embryo. Myeloid progenitors such as macrophage colony-
forming cells or megakaryocyte colony-forming cells are also
represented during early stages, concomitantly with EryP (Palis
etal., 1999), suggesting that primitive hematopoiesis is limited to
these three lineages.

Around 24 h later, at E8.5 (4-5 wpc in humans), a second wave
of hematopoiesis initiates, with erythro-myeloid progenitors
(EMPs) (Migliaccio et al., 1986; Bertrand et al., 2005b) emerging
in the vascular plexus of the YS, in a process denominated
endothelial to hematopoietic transition (EHT) (Frame et al.,
2016; Kasaai et al., 2017). EMPs proliferate and differentiate
in the YS into erythroid and myeloid cells but can also be
identified in circulation and in the developing liver at later stages

(E10.5) via surface expression of c-Kit, CD16/32 and low levels
of CD45 (McGrath et al., 2015). These progenitors generate the
first definitive erythrocytes, megakaryocytes, macrophages and
other myeloid lineages such as neutrophils, granulocytes and
mast cells, but lack HSC activity (Palis et al., 1999; McGrath
et al,, 2015). Although EMPs are a transient population at early
stages of embryonic development, they generate different tissue-
resident macrophages that, depending on the organ, can persist
throughout adulthood (Gomez-Perdiguero et al., 2015), mast
cells that are maintained until birth (Gentek et al., 2018), and are
the major producers of erythrocytes throughout embryonic life
(Soares-da-Silva et al., 2020, Preprint).

A third wave of hematopoiesis occurs between E9.5-E11
in mice (~4 wpc in humans), with HSCs emergence in the
aorta-gonads-mesonephros (AGM) region (Cumano et al,
1996; Medvinsky et al, 1996; Tavian et al, 1996) through
EHT (Bertrand et al., 2010; Kissa and Herbomel, 2010). After
generation, immature HSCs (imHSCs) undergo a maturation
process as they migrate to the FL (Taoudi et al., 2008; Kieusseian
et al,, 2012) where they proliferate [expanding in numbers by
>30-fold (Ema and Nakauchi, 2000)] and differentiate into all
blood lineages: erythroid, myeloid and lymphoid. HSCs can
be defined by their ability to provide long-term multilineage
hematopoietic reconstitution (LTR) when transplanted to
lethally irradiated mice (Morrison et al, 1995) and further
repopulate secondary recipients. These cells can be found
within the Lin~CD45%Scal™c-Kit™ (LSK) compartment and
be further divided according to their reconstitution ability
in long-term (LSK CD1507CD48~ LT-HSC) or short-term
(LSK CD150~CD48~ ST-HSC) reconstituting cells (Kim et al.,
2006). Downstream progenitors of HSCs such as multipotent
progenitors (MPPs), lympho-myeloid-primed progenitors
(LMPPs), common lymphoid progenitors (CLPs) and common
myeloid progenitors (CMPs) can also be found in FL and are
responsible for the seeding of other hematopoietic organs such as
the thymus (Ramond et al., 2014). Although adult and embryonic
HSCs have similar lineage potentials, some lymphoid lineages are
only produced during embryonic development, namely dendritic
epidermal T cells (Ikuta et al., 1990), lymphoid tissue-inducer
cells (Eberl et al., 2004), and a subset of IL-17-producer y3 T cells
(Haas et al., 2012). Embryonic hematopoiesis also takes place
in the placenta, starting at E10.5-E11 (~6 wpc in humans) and
declining at around E15.5 (Gekas et al., 2005; Ottersbach and
Dzierzak, 2005; Robin et al., 2009). HSCs and other progenitors
are also found in the fetal spleen after E15.5 (Christensen
et al, 2004), even though without evidence for significant
expansion and mostly differentiating into the macrophage
lineage (Bertrand et al., 2006). At around E16.5 (~10 wpc in
humans) HSCs migrate to the BM, where they are maintained
through adulthood (Charbord et al.,, 1996; Christensen et al.,
2004). In the adult, BM HSCs are largely quiescent (Cheshier
etal., 1999) and only divide to maintain the stem cell pool, while
the replenishment of blood lineages appears to be guaranteed by
downstream MPPs (Sun et al., 2014; Busch et al., 2015; Pei et al.,
2017; Rodriguez-Fraticelli et al., 2018).

Thus, embryonic hematopoiesis is characterized by an overlap
in time and space of three waves with distinct anatomical origins
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FIGURE 1 | Ontogeny of the hematopoietic system in mouse and human. Embryonic hematopoiesis is established in three distinct waves. The first hematopoietic
cells emerge in YS blood islands, generating primitive erythrocytes, macrophages and megakaryocytes, constituting the primitive hematopoietic wave. The second
hematopoietic wave initiates in the vascular plexus of the YS, generating EMPs that produce definitive erythrocytes, megakaryocytes, macrophages, neutrophils,
granulocytes and mast cells, but lacks HSC activity. EMPs are the origin of tissue-resident macrophages that can persist throughout life. HSCs emerge in the AGM
region and migrate to the FL, the major embryonic hematopoietic organ. In FL, HSCs expand and differentiate into all mature blood cell lineages. Small numbers of
hematopoietic progenitors also colonize the fetal spleen and are still found few weeks after birth. Migration to the BM, where HSCs reside through adulthood, occurs
as a continuous process and, in humans, can take several weeks. YS, yolk sac; P-Sp para-aortic splanchnopleura; FL, fetal liver; AGM, aorta-gonads-mesonephros;

HL
Spleen
BM
13 14 15 16 17 18
Days
E
BM
10 20
Weeks

and lineage potential. All waves converge to the FL, the major
hematopoietic organ during embryogenesis.

THE COLONIZATION OF THE FL BY THE
HEMATOPOIETIC SYSTEM

Which Cells Are Present When

Hematopoietic Progenitors Arrive?

As the embryo gastrulates and folds, endoderm envelops the YS
ultimately forming a hollow structure, the primitive gut tube,
subsequently patterned into foregut, midgut and hindgut regions.
The foregut, located in the anterior endoderm, adjacent to the
developing heart, generates the liver, alongside with the lungs,
thyroid, and pancreas (Tremblay and Zaret, 2005). Embryonic
liver development starts at around E8.5-E9 (~4 wpc in humans)
with the formation of the hepatic diverticulum, an extension of
the ventral foregut epithelium that invades the septum transverse
mesenchyme (STM) and forms a liver bud, by E9.5 (Severn,
1971; Wilson et al., 2006). The liver bud originates from a single-
sheet of columnar endodermal epithelium with a gut morphology
(Figure 2A), which then transitions to pseudostratified epithelial
hepatoblasts (Figure 2B; Bort et al., 2006). At this stage, these
cells are separated from the STM by a basement membrane

rich in laminin and composed of other extracellular matrix
(ECM) molecules, such as nidogen, type IV collagen, fibronectin,
and heparan sulfate proteoglycan (Shiojiri and Sugiyama, 2004).
A process of extensive hepatoblast proliferation follows, during
which the cells outgrow the liver bud, disrupting the basement
membrane, into the STM (Figure 2C; Douarin, 1975). The
other constituents of the organ, sinusoidal endothelial cells
(SECs), mesothelial, sub-mesothelial and hepatic stellate cells
have a mesoderm origin (reviewed by Yang et al, 2019), as
described below. Angioblasts or endothelial progenitor cells
are found delimiting the basement membrane (Figure 2A),
resembling aloose “necklace” of cells, and were shown to promote
liver organogenesis. In Flk-1=/~ mutant embryos, which lack
endothelial cells, hepatic specification occurs, but proliferation
and migration into the STM are impaired (Matsumoto et al.,
2001). At E10.5-E11.0 (~5-6 wpc in humans), hematopoietic
cells colonize the FL that rapidly becomes the major fetal
hematopoietic organ (Johnson and Moore, 1975; Migliaccio et al.,
1986; Palis et al., 2001).

Hepatoblasts

Hepatoblasts are bipotent immature FL cells that differentiate
into hepatocytes — the hepatic parenchyma main constituent —
or cholangiocytes — the biliary epithelial cells. At the onset
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FIGURE 2 | Ontogeny of the fetal liver. Liver development is initiated with the formation of the hepatic diverticulum at £8.5 (A). The single layer of columnar
endodermal epithelial cells (A) thickens and transitions to a pseudostratified epithelium, followed by the delamination and migration of hepatoblasts into the STM,
forming the liver bud by E9.5 (B). Extensive hepatoblast proliferation follows, originating hepatic chords intermingled with the hepatic mesenchyme and surrounding
the sinusoids, formed from pre-existing vitelline vessels. From E10.5, hematopoietic cells colonize the FL that rapidly becomes the major fetal hematopoietic organ
up until E16.5 (C). From E12.5-E15.5, the FL continues to enlarge, expanding both hematopoietic and hepatic compartments. Structural changes are only evident
after hepatoblast-to-cholangiocyte specification occurs around the portal vessels, forming a monolayered ductal plate (D) that evolves into a bi-layer at E16.5 (E).
Focal dilations (F) evolve into bile duct structures in late gestation (G). Portal triads characterize adult liver architecture where a hepatic artery, a portal vein and a bile

duct form a complex structure, and a central vein, to which plates of hepatocytes lined by sinusoids converge (H). This architecture is only recognizable few weeks
after birth. STM, septum transversum mesenchyme.

of liver development, bipotent hepatoblasts express the liver- albumin (ALB) (Cascio and Zaret, 1991), cytokeratin 18 (CK18)
specific transcription factors (TFs) hematopoietically-expressed  (Tanimizu et al., 2003), hepatocyte nuclear factor 40 (HNF4a) (Li
homeobox protein (HHEX) (Bogue et al, 2000), prospero et al, 2000) and cholangiocytes’ markers such as cytokeratin 19
homeobox protein 1 (PROXI) (Dudas et al, 2004), and

(CK19) (Tanimizu et al., 2004). Other typical hepatoblast markers
co-express the hepatocytes’ markers alpha-fetoprotein (AFP), are listed in Table 1.
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TABLE 1 | Fetal liver non-hematopoietic compartment: cell types and associated markers.

Cell type Gene expression Markers used for isolation
Hepatoblasts Hhex, Prox1, Alb, Afp, Ck8, Ck18, Ck19, Met, Hnf6, Oc2, DLK1+ (Tanimizu et al., 2003; Tan et al., 2017)
Hnf4a, Ttr, Foxm1, Foxa2, Tbx3, Dik1, Lgr5, Epcam, Cdh1, E-Cadherin* (Nitou et al., 2002; Nierhoff et al., 2005)
Trgb1, Itga6, Liv2, Prom1, Anpep EpCAM*DLK1* (Tanaka et al., 2009)
Liv2+CD31~CD45~ Lgr5-eGFP* (Prior et al., 2018)
Ter119~CD45~ c-Kit~CD49f+CD29+ (Suzuki et al., 2000)
VCAM1+ALCAM*DLK1™ (Tsuneto et al., 2013)
Ter119-CD45-CD51+VCAM1+PDGFRa~ (Brouard et al., 2017)
Hepatocytes Alb, Afp, Ttr, G6p, Apoal, Apoh Por, Cps1 -
Cholangiocytes Sox9, Hnf6, Oc2, Spp1, Ck19, Epcam, Krt7 EpCAM* (Yang et al., 2017)

Endothelial cells

Flk1, FIt1, Ve-cadh, Pecam1, Mcam, Tek, Tie, Lyve1, Kdr

CD45-Ter119-CD31% (Khan et al., 2016)
DLK1~CD45-Ter119-CD31FLYVE-1* and
DLK1~CD45-Ter119-CD31FLYVE-1~ (Tan et al.,, 2017)

Mesothelial cells
Msin

Cytokeratin, Cd200, Gpm6a, Alcam, Gp38, Wt1, Podxl,

Flk1~PODXL"9" (Onitsuka et al., 2010)

Sub-mesothelial cells Alcam, Desmin, Nestin, p75tnr, Pdgfra, Wt1

Hepatic stellate cells Vimentin, Acta2, Desmin, p76NTR, Foxf1, Lhx2, Hix

DLK1~Ter119~CD45~CD31~LYVE-1"p75NTR* (Tan et al., 2017)

Pericytes
Endoglin, Vcam, Mcam, Nr2f2

NG2, Nestin, Vimentin, Acta2, Pdgfra, Pdgfrb, DIk1, ltgav,

Ter119-CD45-CD31~NestintNG2* (Khan et al., 2016)
CD45-CD56~CD34-CD146*" (Gerlach et al., 2012)

' Study performed in humans.

Different markers have been used to isolate hepatoblasts,
namely delta like non-canonical Notch ligand [DLKI1 or
preadipocyte factor 1 (Pref-1)] (Tanimizu et al., 2003), epithelial
cadherin (E-cadherin) or CD324 (Nitou et al., 2002), epithelial
cell adhesion molecule (EpCAM) or CD326 (Tanaka et al., 2009),
and leucine-rich repeat-containing G-protein coupled receptor
5 (LGR5) (Prior et al,, 2018). DLK1 is strongly expressed by
hepatoblasts in the E10.5 liver bud and continues to be highly
expressed until around E16.5, being significantly downregulated
thereafter and absent in mature hepatocytes and cholangiocytes
(Tanimizu et al., 2003; Tanaka et al., 2009). E-Cadherin, present
at the onset of liver outgrowth, is downregulated by the time
hepatoblasts migrate to the STM, disrupting the epithelial sheet,
although it can be used as a hepatoblast-specific marker after
E12.5 (Nitou et al., 2000; Margagliotti et al., 2007). Transient
EpCAM expression labels newly formed hepatoblasts but is
significantly reduced after E12, while expression after E16
specifically labels bile duct cells (Tanaka et al., 2009). Recently,
combining multicolor clonal genetic lineage tracing, organoid
cultures and analysis of single-cell RNA sequencing, LGR5
was shown to mark a subpopulation of bonafide bipotential
hepatoblasts at E9.5-E10 as the origin of the hepatoblast pool
(Prior et al., 2018).

Endothelial Cells

The main blood vessels in the adult liver are the portal and
central veins and the hepatic artery. Up until birth, the hepatic
artery is absent and embryonic circulation is sustained by a
transient afferent vascular system, the extraembryonic umbilical
and vitelline veins (Collardeau-Frachon and Scoazec, 2008).
The portal vein arises early in the liver development, between

E10.5-E12.5 in mouse (4-6 wpc in human) (Collardeau-Frachon
and Scoazec, 2008; Swartley et al., 2016). The hepatic sinusoids
are the first vessels to appear, by E10-E10.5, originating from the
pre-existing vitelline vessels. The latter sprouts throughout the
STM, by angiogenesis, receiving signals from the surrounding
mesenchyme (Figure 2C; Swartley et al,, 2016). Hepatoblasts
were also identified as a positive stimulator of sinusoid
morphogenesis and maturation (Takabe et al., 2012). Stabilin 2
(STAB-2) and lymphatic vessel endothelial hyaluronan receptor
1 (LYVE-1) (commonly used as a marker of lymphatics) -
hyaluronan receptors — start to be expressed in SECs at E9.5
and E10.5, respectively, and continue to be expressed thereafter
(Nonaka et al., 2007; Takabe et al.,, 2012). Of note, lymphatic
vessels were only reported after birth (Swartley et al., 2016).
At E9.5, endothelial cells located around the liver diverticulum
(Figure 2A) express both CD31/PECAM-1 and Flk-1 (Sugiyama
et al, 2010b). CD31 and Flkl expression in SECs is strong in
the early stages of liver development, but is downregulated with
time. In adult livers, endothelial cells of portal and hepatic veins
strongly express CD31, while it is absent or weakly detected in
SECs (Sugiyama et al., 2010b; Takabe et al.,, 2012). Primitive
SECs also strongly express Flk-1, contrarily to endothelial cells
of portal and hepatic veins (Sugiyama et al., 2010b). During
embryonic liver development, portal vessels express the arterial
markers Ephrin-B2 and Neuropilin-1, but not the venous marker
EphB4. This expression profile is inverted at the end of gestation,
with the transition into a venular phenotype (Wang et al,
1998; Khan et al, 2016). Liver endothelial cells constitute
a heterogeneous cellular compartment and different markers
should be used for their identification according to vascular
location and developmental stage.
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Mesothelial and Sub-Mesothelial Cells

Mesothelial cells (MCs) compose a single epithelial layer
(mesothelium) lining the liver parenchyma on the surface of
lobes. From E12.5, MCs are characterized by the expression of
cytokeratin, CD200, glycoprotein M6A (GPM6A), podoplanin
(PDPN/Gp38), podocalyxin-like protein 1 (PODXL), and
mesothelin (MSLN) (Lua and Asahina, 2016). PODXL is highly
expressed in immature MCs, being downregulated during
development, while MSLN is upregulated. MCs proliferate
during liver development and remain quiescent after birth.
Wilm’s tumor-1 (WT1) is mainly expressed by MCs (Onitsuka
et al., 2010). WT1-/~ embryos show incomplete lobulation
compared to control littermates at E13.5, reduced numbers
of FIk1~PODXL"8" MCs, DLK1* hepatoblasts, and total FL
cells, suggesting that hepatic development was impaired due
to defective MCs (Ijpenberg et al., 2007; Onitsuka et al., 2010).
This is supported by the observation that fetal MCs express
growth factors (PTN, MDK, and HGF) involved in hepatic
development (Onitsuka et al., 2010).

Underneath the MC sheet lays a population of cells expressing
Desmin, Nerve growth factor receptor (NGFR/p75NTR) and
platelet-derived growth factor receptor a (PDGFRa/CD140a),
associated with type IV collagen of the basal lamina, commonly
referred as “sub-mesothelial cells” (sub-MC) or capsular
fibroblasts. The expression of activated leukocyte cell adhesion
molecule (ALCAM/CD166) and WT1 was also observed in MC
and sub-MC around E11-E14 and, before that, in the STM by
E9-E10 (Asahina et al., 2011; Lua and Asahina, 2016).

Hepatic Stellate Cells and/or Pericytes

Although the terms hepatic stellate cells and pericytes have
been used by many authors as synonyms, it is not consensual
they represent the same population. In adult liver, there is a
population of perisinusoidal cells residing in the space of Disse
between hepatocytes and SECs, that stores vitamin D lipids
(Wake, 1971), and is a major player in liver fibrogenesis (Guyot
et al., 2006). MesP1-expressing mesoderm has been considered
its earliest ancestry, as it gives rise to the STM - the origin
of the liver mesothelium and mesenchymal cells. Migration
inward of MC and sub-MC from the liver surface is assumed to
give rise to hepatic stellate cells and perivascular mesenchymal
cells (Asahina, 2012). Hepatic stellate cells express Desmin,
p75NTR, but not the MC markers ALCAM, WT1, and Gp38
(Asahina et al., 2010).

Gerlach et al. (2012) isolated CD146TCD45~CD56~CD34~
cells from fetal and adult human livers and identified them
as pericytes, a distinct population from hepatic stellate cells.
They showed that these cells express NG2 and vimentin, but
not GFAP in situ, and are found around periportal but not
pericentral blood vessels neither within the space of Disse.
These cells exhibit high osteogenic and myogenic, but low
adipogenic or chondrogenic differentiation potential, in in vitro
differentiation assays. In mice, a population characterized by
the expression of Nestin and NG2 was identified as periportal
pericytes, which expresses mesenchymal markers and shows
trilineage mesenchymal capacity in vitro (Khan et al., 2016).

Law of Attraction: What Brings
Hematopoietic Progenitors to the
Developing Liver?

Hematopoietic stem cells emerge from the dorsal aorta directly
into circulation and can, therefore, be found in different locations
(Cumano et al.,, 1996; Medvinsky et al., 1996). These cells can
travel through the umbilical arteries to the placenta and return
to the embryo through the umbilical veins. The umbilical veins
drain directly into the liver by fusing with the intrahepatic
vascular plexus of the vitelline veins, forming the hepatic sinus.
Cells traveling in the right umbilical vein can bypass the liver
directly to the vena cava through the ductus venosus, a structure
only present during fetal development, and can be directed into
other embryonic regions through the heart. The liver is also
irrigated by the vitelline veins, which transport blood from the
YS, and eventually mature to become the portal vein. Another
route for newly formed HSCs is to travel from the dorsal aorta
through the subcardinal vein to the liver or inferior cardinal
vein to the heart. From the heart, circulating cells can reach
the developing lungs or upper half of the body (Kiserud, 2005).
However, it is in the developing FL that HSCs establish and
remain until they migrate to the BM. Transplantation studies
show that HSCs can also be found in the placenta (Gekas et al.,
2005; Ottersbach and Dzierzak, 2005). The placenta of a mouse
model lacking a functional circulatory system was shown to
still harbor hematopoietic activity, suggesting that the placenta
could generate de novo hematopoietic cells with multilineage
potential (Rhodes et al., 2008), however, direct evidence for HSC
emergence from the placenta is yet to attain.

Hematopoietic stem or progenitor cells (HSPCs) but also
EMPs, colonize the FL after liver bud formation at E10.5 (Johnson
and Moore, 1975; Palis et al., 2001). Distinct mechanisms of
FL colonization have been proposed, mostly relying on cell
adhesion-mediated processes and/or chemoattraction (cytokines,
chemokine signaling, and growth factors) (Figure 3; Hayashi
etal., 2019).

Several cell adhesion molecules have been identified in
embryonic HSPCs, including integrins, selectins, cadherins, and
others. Hematopoietic progenitors express vascular-endothelial
cadherin (VE-Cadherin/CD144) as they emerge from the YS
(in the case of EMPs) or AGM (in the case of HSCs) that is
downregulated thereafter and undetectable in BM HSCs (Fraser
et al., 2002; Taoudi et al., 2005). FL CD34%" progenitors express
higher levels of the integrins p1 (CD29), a2 (CD49b), and
a5 (CD49e), similar levels of integrins a4 (CD49d) and a6
(CD49f), E- and P-selectins (CD62E and CD62P, respectively)
and CD11b and CD11c molecules, but lower levels of integrin
B2 (CD18), CD1la and CD44 than their adult BM equivalent
(Roy and Verfaillie, 1999). Seminal studies showed that HSPCs
lacking B1 integrin were unable to colonize the FL but were still
present in the circulation and capable of generating all blood
lineages, suggesting a role for integrin-mediated cell adhesion
in FL colonization (Hirsch et al, 1996). Integrin receptors
result from the dimerization of o and B subunits and analysis
of the expression of the a chain partner of Bl integrin in
LSK progenitors revealed integrins a4 and o6 as the most
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FIGURE 3 | Molecular mechanisms of fetal liver colonization. HSPC express a
variety of cell adhesion molecules in their surface that can favor attachment to
a specific location. B1 integrin is essential for colonization of FL by HSPC and
can bind to the ECM components fibronectin and type IV collagen through
dimerization with a4 and a5 or a2 integrins, respectively. VLA-4 and VLA-5
binding to fibronectin has been proposed to be modulated by CD41. VLA-4
(«4p1 integrin) can also mediate cell-cell interactions by binding with VCAM-1,
expressed on the surface of FL stromal cells. Expression of the cadherin
CD144 in HSCs as they emerge is assumed to play a role in the organ
colonization, although no binding partner has been described in FL. CXCL12,
a potent chemoattractant is expressed by FL stromal cells and binds to
CXCRA4, expressed on the surface of HSPC. CXCL12 gradients can be
generated as this chemokine binds to proteoglycans in the ECM, namely to
heparan sulfate (HS). HSPC, hematopoietic stem and progenitor cell; FL, fetal
liver; ECM, extracellular matrix; VLA, very late antigen; Fn, fibronectin; HS,
heparan sulfate.

predominant (Sugiyama et al., 2013). FL CD34" progenitors
bind the ECM component fibronectin through the integrin
receptors a4pl and a5B1 (also known as VLA-4 and VLA-
5) and this binding has been proposed to be modulated by
the integrin a2b (GPIIb or CD41), also expressed in these
cells (Figure 3; Roy and Verfaillie, 1999; Emambokus and
Frampton, 2003). Other ECM components have been tested
for adhesion of FL CD34" progenitors such as type I and
type IV collagen and laminin, however, only type IV collagen
promotes adherence at levels equivalent to that of fibronectin,
through «2f1 integrin (VLA-2) (Roy and Verfaillie, 1999).
In the FL, hepatoblasts (defined as DLK1T cells) are the
major producers of ECM components, namely vitronectin and
fibronectin (Sugiyama et al., 2013). Embryos lacking hepatoblasts
can still form the liver bud but die between E10.5-E12.5
(Nishina et al, 1999). These FL show decreased expression
of vitronectin and fibronectin that may play an important
role in FL colonization by HSCs and YS EMPs, although
this role has not been specifically assessed (Sugiyama et al.,
2013). Integrins can also mediate cell-cell interactions. Cellular
bound counterparts of VLA-4 include the vascular cell adhesion
molecule-1 (VCAM-1/CD106), expressed by FL hepatoblasts
(Sugiyama et al., 2010a).

Cytokine and chemokine signaling can also stand at the
basis of FL colonization. The stromal cell-derived factor-
1 (SDF-1), commonly known as CXC chemokine ligand 12
(CXCL12), acts through binding to its receptor CXCR4 present
in HSPCs and has been extensively studied in the adult BM -
reviewed in Yu and Scadden (2016); and Wei and Frenette
(2018). CXCLI12 expression is stabilized at the cell surface
or in the surrounding ECM through proteoglycans binding,
allowing the creation of chemokine gradients essential for cell
migration (Schumann et al, 2010). In the FL, CXCL12 is
expressed by DLK1™ hepatoblasts (Chou and Lodish, 2010)
and Nestin™NG2T pericytes (Khan et al., 2016). The role of
CXCLI2 in FL colonization was analyzed using CXCL127/~
embryos. At early stages (E12.5-E14.5), the number of HSCs
was similar in the FL of mutant animals and controls. By
E16.5 FL HSCs were reduced by more than twofold and
an abnormally high number was found in circulation. These
observations indicate that CXCL12 is an important factor for
retaining HSCs in FL, but not for its initial colonization
(Ara et al., 2003).

Owing to the particular architecture of fetal circulation, FL is
in an anatomically privileged location. Even if HSCs are traveling
directly within the embryo through the subcardinal vein, or
the umbilical veins after passing in the placenta, the FL is the
first intraembryonic organ they encounter. Whether a passive
retainment of circulating cells (e.g., through B1-integrin) occurs,
or specific signals directly promote chemoattraction of HSPCs to
FL is still unclear.

How Do the Hepatic and Hematopoietic
Cell Types Organize During

Development?

The structure of the FL changes dramatically during embryonic
development. Crawford et al. (2010) extensively characterized
the mouse developing hepatobiliary system from E9.5 to E18.5
creating a histology atlas. At initial stages (E10.5-E12.5), the
liver is mainly constituted by a vascular plexus and migrating
hepatoblasts that later form hepatic chords. At E11.5, the
hepatic sinusoids are wide, which may favor the access and
establishment of the newly generated hematopoietic progenitors.
From EI12.5 onward, the organization of the cells in the FL
changes as the frequency of hematopoietic cells increases.
At E13.5, the most frequent FL population are nucleated
erythrocytes that, at early stages, are located throughout the
liver parenchyma, in between the hepatic chords, but after E14.5
more mature enucleated erythroid cells are found within the
vessels (Ayres-Silva et al., 2011). At this stage, megakaryocytes
and erythroblastic islands, which consist of a central macrophage
surrounded by erythroid cells, are also distinguishable in the
liver parenchyma. These macrophages are responsible for the
phagocytosis of the expelled nuclei during erythroid maturation
(Bessis et al., 1978). Megakaryocytes are essential to thrombosis
and hemostasis and may be determinant in an organ that is
mostly constituted by erythroid cells. Moreover, the developing
liver seems to provide a unique microenvironment for the
expansion of megakaryocyte progenitors (Brouard et al., 2017).
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From E13.5 to late gestation, no dramatic changes occur in
the histology of the FL. Other hematopoietic cells such as B
cell progenitors identified by Pax5 expression, can be found
interspersed in the tissue by E12.5 and also forming perivascular
aggregates by E18.5. Granulocytes are scattered throughout the
tissue from E16.5 onward, concentrating/converging around
central veins and in the periphery by E17.5, correlating with
the presence of mesenchymal cells and suggesting a crosstalk
between these distinct cell types (Ayres-Silva et al, 2011).
By this time-point, as hematopoietic cells exit the organ and
migrate to the BM, hepatoblasts and hepatocytes regain contact
(Crawford et al., 2010).

Disclosure of HSCs distribution within the FL has been
hindered by the multi-marker assessment required, i.e., Lin"c-
Kit*Scal "CD150" CD48~, to phenotypically identify these cells.
Hematopoietic progenitors (defined by c-Kit expression) are
found in close association with DLK1T hepatoblasts at E14.5
(Sugiyama et al., 2013). Nevertheless, c-Kit™ cells could mostly
represent erythroid progenitors as they are the most frequent
population at this stage (Soares-da-Silva et al., 2020, Preprint).
Other approaches include the use of transgenic Ly6a-GFP
(labeling Scal™ cells) mice, that together with Runxl localized
HSPCs at E11.5 in close contact with endothelial cells (Tamplin
et al, 2015). HSCs, profiled as CD150"CD48  Lin~, have
been found in close association with Nestin™NG2T pericytes
surrounding the portal vessels (Khan et al., 2016). Although
this characterization more closely identifies a potential HSC, FL
studies using mouse models that directly label HSCs are still
missing. Generation of a mouse with a single-color reporter
driven by endogenous Hoxb5 (Hoxb5-tri-mCherry), which
expression in the BM is limited to LT-HSCs and in situ imaging
evidenced the close proximity of LT-HSCs with VE-Cadherin™
cells (Chen et al., 2016). Recently, another HSC-specific reporter
line has been described, yet also only analyzed in the adult bone
(Christodoulou et al., 2020).

THE INTERPLAY BETWEEN THE
DEVELOPING
HEPATIC-HEMATOPOIETIC TISSUES

How Does the FL Environment Modulate
Hematopoiesis? A Role in Maturation,

Expansion and Differentiation of HSCs?

Emerging imHSCs lack long-term reconstitution activity in
conventional or Rag2™/~ immunocompromised mice but can
reconstitute NK-deficient Rag2yc’/’ animals (Cumano et al.,
2001; Bertrand et al., 2005a). After co-culture with the OP9
BM stromal cell line in the presence of thrombopoietin (TPO)
or with E10.5 FL rudiments, CD31"c-Kit"CD45~ imHSCs
acquire an adult HSC phenotype (LSK CD1507CD487) and
develop LTR activity in Rag2™/~ or conventional mice as they
upregulate MHC class I molecules (Kieusseian et al., 2012).
These experiments suggest that the FL provides the signals
necessary for the maturation of newly formed HSCs. FL stroma
also supports the differentiation of committed hematopoietic

progenitors towards distinct lineages. Interleukine 7 (IL-7)
promotes the survival and proliferation of lymphoid progenitors
and controls the determination of the B cell lineage (Sudo
et al., 1989; Peschon et al,, 1994). In FL, IL-7 is produced by
VCAMI1TALCAMTDLKIT hepatoblasts (Tsuneto et al., 2013)
and controls the number of lymphoid progenitors that develop
into the B-cell lineage by stabilizing the B-cell transcriptional
signature (Berthault et al., 2017). For instance, erythropoietin
(EPO) is produced by DLKIT hepatoblasts and is required
for proliferation and terminal differentiation of erythroid
progenitors (Sugiyama et al, 2011). Also, TPO expressing
Ter1197CD45-CD51"VCAMITPDGFRa~ FL hepatoblasts
support the production of megakaryocytes from adult BM
HSCs in a contact-dependent manner (Brouard et al., 2017).
TPO is the main regulator of megakaryocyte differentiation
and platelet production (Kaushansky, 1995; Eaton and de
Sauvage, 1997) but has also been shown to promote survival
and proliferation of BM HSPCs in vitro (Borge et al., 1996; Ku
et al,, 1996), the proliferation of fetal hematopoietic progenitors
in vivo (Alexander et al., 1996) or expansion of BM HSCs
following transplantation (Fox et al, 2002). Lack of TPO
signaling causes decreased HSC function and numbers (Kimura
et al.,, 1998; Solar et al., 1998), a consequence from the exit of
a quiescent state (Nakamura et al, 2007; Qian et al.,, 2007),
possibly leading to a premature exhaustion of the stem cell
pool. The survival and proliferation effects of TPO are enhanced
when used in combination with other early cytokines, namely
FMS-like tyrosine kinase 3 ligand (FLT3L) and c-Kit ligand
[KITL, also known as stem cell factor (SCF) or steel factor
(SF)] both in murine and human adult BM cells (Ramsfjell
et al., 1996; Borge et al., 1997). The highest levels of TPO in the
adult are found in the liver (Lok et al., 1994). Systemic TPO
produced by hepatocytes, but not by hematopoietic, osteoblast
or BM mesenchymal stromal cells is required for BM HSC
maintenance (Decker et al.,, 2018). It can be detected in FL as
early as E10.5, having a strong impact on HSC expansion and
survival in this organ (Petit-Cocault et al., 2007). Indeed, several
cytokines/chemokines/growth factors are important for HSC
proliferation, maintenance and survival, namely KITL, FLT3L,
insulin growth factor (IGF), angiopoietin-3, angiopoietin-like
2, Wnt family growth factors, Ephrin2a, CSF1, EPO, CXCL12,
and IL-6 - reviewed in Sauvageau et al. (2004). In FL, some of
these cytokines are expressed by hepatoblasts or other stromal
cells, such as stellate cells or pericytes (see Table 2 and Figure 4;
Charbord and Moore, 2005; Chou and Lodish, 2010; Khan et al.,
2016; Tan et al., 2017).

The hypothesis that stem cells are regulated by their
environment has been proposed by Schofield (1978) and
postulates that stem cell properties are maintained by the
surrounding cells designated “niche.” Stromal regulation of
hematopoiesis has been proposed by many and early studies
of co-culture of hematopoietic progenitors with either FL
fibroblast or epithelial-stromal cell lines showed erythroid
and myeloid support (Tsai et al, 1986; Hata et al., 1993).
More than 200 FL stromal cell lines have been developed
and tested for maintenance or expansion of HSCs, however,
only a few were able to maintain their repopulating activity
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TABLE 2 | Cytokine signaling in fetal liver.

FL Supportive Stroma

Hematopoietic progenitors

Pathway involved

Expressing cell

Receptor

Effect

KITL DLK1* hepatoblasts (Chou and Lodish, 2010; c-Kit (CD117) (Yarden et al., BM HSC survival and self-renewal (Barker.
Sugiyama et al., 2011) 1987) 1994; Miller et al., 1997)
Nestint cells (Khan et al., 2016)
Stellate cells (Tan et al., 2017)
ANGPTL2 Nestint cells (Khan et al., 2016) PirB (Zheng et al., 2012) BM HSC proliferation (Zhang et al., 2006)
ANGPTL3 DLK1* hepatoblasts (Chou and Lodish, 2010) PirB (Zheng et al., 2012) BM HSC maintenance (Zheng et al., 2011)
BM HSC proliferation (Zhang et al., 2006)
FLT3L Stellate cells (Tan et al., 2017) FIt3 (CD135) (Matthews et al., FL HSPC proliferation (Lyman et al., 1993)
1991)
TPO DLK1* hepatoblasts (Chou and Lodish, 2010; MPL (TPO-R, CD110) (Vigon FL HSC survival and proliferation (Petit-Cocault
Sugiyama et al., 2011; Brouard et al., 2017) etal., 1992) etal., 2007)
Stellate cells (Tan et al., 2017) BM HSC quiescence (Nakamura et al., 2007;
Qian et al., 2007)
CSF1 Stellate cells (Tan et al., 2017) Csf-1 Receptor (Guilbert and Commitment to macrophage lineage (Rieger
Stanley, 1980) et al., 2009)
EPO DLK1* hepatoblasts (Sugiyama et al., 2011) EPO receptor (Sawyer et al., Proliferation and differentiation of FL erythroid
Stellate cells (Tan et al., 2017) 1987) progenitors (Lin et al., 1996)
CXCL12 DIk1* hepatoblasts (Chou and Lodish, 2010) CXCR4 (Bleul et al., 1996) FL and FBM B-cell lymphopoiesis and FBM
Nestint cells (Khan et al., 2016) myelopoiesis (Nagasawa et al., 1996)
Stellate cells (Kubota et al., 2007) BM HSC engraftment post-transplantation (Lai
et al., 2014; McDermott et al., 2015)
FL HSC retainment (Ara et al., 2003)
BM HSC retainment (Sugiyama et al., 2006)
IL-7 VCAM1+ALCAM*DLK1* hepatoblasts IL-7Ra (Park et al., 1990) Lymphocyte expansion (Peschon et al., 1994)
(Tsuneto et al., 2013)
IGF2 DIk1* hepatoblasts (Chou and Lodish, 2010) IGF1-R (Rubin et al., 1983) F L and BM HSC proliferation (Zhang and

Nestin* cells (Khan et al., 2016)
Stellate cells (Tan et al., 2017)

IGF2-R (Morgan et al., 1987)
Insulin receptor

Lodish, 2004)

(House and Weidemann, 1970)

over a 3-week co-culture period (Wineman et al., 1996). The
functional heterogeneity observed was not due to distinct
cytokine production as all cell lines expressed similar cytokine
profiles, including FIt3l, Kitl, Tpo, Igfl, I1l6, Il11, leukemia
inhibitory factor (Lif), granulocyte-colony stimulating factor (G-
CSF/Csf3), granulocyte/macrophage-colony stimulating factor
(GM-CSF/Csf2), and transforming growth factor, beta 1 (TgfbI).
Importantly, the successful stromal cell lines have in common the
expression of DIkI, and overexpression of this factor is sufficient
to enable hematopoietic support (Moore et al., 1997). Although
these cell lines only maintain HSC potential and do not promote
HSC expansion, some FL cells have been described to do so.
Recent studies have addressed the role of specific FL populations
in vivo or in vitro. It is the case of DLK1T hepatoblasts that
are able to expand LT-HSC around 20-fold after a 3-week co-
culture period (Chou et al., 2013). This expansion seems to be
contact-dependent as DLK1" conditioned medium only allows
expansion of ST-HSC and cells cultured in transwell inserts
did not show the same expansion levels. Although promising,
it is worth mentioning that these cultures were supplemented

with KITL, TPO, and FLT3L and, therefore, it remains unclear
which mechanisms underlie HSCs expansion in DLK17T cell co-
cultures. Moreover, DLK1 knockdown in human hepatoblasts
results in decreased hematopoietic support in vitro (Gerlach
et al., 2019). The role of hepatoblasts in vivo has been difficult
to assess as transgenic mice with hepatoblast deficiencies die
between E10.5 and E12.5 and studies of liver development do
not usually investigate the hematopoietic compartment (Nishina
et al,, 1999). DLK1 has been used to identify hepatoblasts but it
is also expressed by the majority of Nestin™ cells surrounding
the portal vessels, a cell type that has been implicated as part
of the FL niche (Tanimizu et al., 2003; Chou and Lodish, 2010;
Chou et al., 2013; Khan et al., 2016). HSCs numbers are modestly
reduced when NestintNG2™ pericytes are selectively eliminated
and the remaining HSCs are less proliferative (Khan et al., 2016).
So far, this is the only study that addresses the role of a specific cell
type in HSC expansion and maintenance in vivo. Nestin™ cells
are the major producers of Cxcl12 at E14.5 when compared to
Nestin™ cells, therefore, the reduction in FL HSCs could result
from a defect in HSC expansion together with a displacement
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FIGURE 4 | Hematopoietic stem cell niche in fetal liver versus bone marrow. Distinct BM stromal cell populations have been described as modulators of HSC
functions via expression of soluble and membrane-bound factors. Data available for FL stromal populations is scarce and consequently evidence for a direct role of
stromal populations in HSC expansion or differentiation is not reported. The FL microenvironment includes cytokine-producing hepatoblasts, pericytes and stellate
cells, together with high number of hematopoietic progenitors and distinct developmental stage erythroid cells. BM Nestin-GFP"9", NG2+ perisinusoidal cells and
Nestin-GFPY™, LepR*, CAR sinusoidal cells are key regulators of HSC maintenance, contributing differentially for cytokine production. Macrophages, Treg and
megakaryocytes were also reported to contribute to HSC maintenance and mobilization. Sympathetic nerves regulate HSC mobilization through a tightly control of
CXCL12 expression by stromal cells. Non-myelinating Schwann cells activate latent TGF-B into its active form, which may contribute for HSC maintenance. The role
of osteoblasts in HSPC is still unclear. Adipocytes may negatively affect HSC maintenance.

of cells into circulation. Moreover, Nestin™ cells seem to be a To date, researchers have undertaken a cell type-directed
transient population, important for HSC localization around the — approach, however, it is conceivable that different FL populations
portal vessels during FL hematopoiesis but are no longer present play distinct roles in the maintenance and expansion of HSCs and
postnatally, a stage at which HSCs migrate and reside in the BM. ~ act through cellular networks. Only an unsupervised analysis of
These cells have also been described in adult BM and ablation the FL constituents as a whole will shed light on the part each cell
of NestintNG2™ pericytes alters HSCs localization away from  type takes in the support of hematopoiesis.

arterioles (Kunisaki et al., 2013). In the rat, fetal hepatic stellate The vascular labyrinthine of the placenta (where embryonic
cells were shown to express VCAM-1 and to secrete Cxcl12 circulation meets maternal circulation) has also been proposed
and hepatocyte growth factor (Hgf), revealing a potential role ~as a niche for HSC expansion (Gekas et al., 2005; Ottersbach
for the hematopoietic and hepatic development (Kubota et al,, ~and Dzierzak, 2005; Robin et al., 2009). Human placenta-derived
2007). Accordingly, mouse FL hepatic stellate cells (defined as stromal cell lines with pericyte characteristics were shown to
p75NTR™) express a range of hematopoietic cytokines, CsfI, Igf2, ~ support in vitro maintenance of cord blood (CB) hematopoietic
Tpo, Kitl, Epo, Igf1, 1111, FIt3] and Oncostatin M (Osm, involved ~ progenitors and hematopoietic cells were found in close

in hepatic maturation) and were therefore proposed as potential ~ contact with pericytes/perivascular cells in the placenta by
niche components (Tan et al., 2017). immunostaining (Robin et al., 2009). Taken together with what

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 July 2020 | Volume 8 | Article 612

171



Annex ||

172

Soares-da-Silva et al.

Hepatic-Hematopoietic Interplay in Embryogenesis

has already been described for the FL (Khan et al., 2016), pericyte-
like cells are likely to play a role on supporting hematopoiesis.

Can the Adult Liver Be a Hematopoietic
Site?

Extramedullary hematopoiesis (EMH) is a process in which
HSPCs leave their microenvironment in the BM and establish in
distinct anatomical locations wherein they continue to produce
mature blood cells. Although it is a physiologic process during
embryonic development (YS, AGM, FL, and fetal spleen),
in the adult it only occurs in pathological settings of BM
failure, myelostimulation, tissue inflammation, or abnormal
cytokine production (Johns and Christopher, 2012). EMH
can occur sporadically in lymph nodes, spinal cord, kidneys,
gastrointestinal tract, and lung (Chiu et al., 2015). It is interesting,
however, that the predominant sites of EMH are shared between
the embryo and the adult: the spleen and the liver. In fact, splenic
or liver hematopoiesis can still be observed postnatally in many
mammals but disappears before adulthood. Hematopoietic foci
in the adult liver can be found within sinusoids and in close
association with macrophages (Barberd-Guillem et al., 1989).
BM HSPCs co-cultured with liver sinusoid endothelial cells
(LSECs) were maintained for more than 6 weeks in cytokine
supplemented media, demonstrating a putative niche role of
endothelial cells in the adult liver (Cardier and Barberd-Guillem,
1997). An adherent layer of liver cells has been suggested
to support megakaryopoiesis by the production of TPO and
B lymphopoiesis by the production of II7 and Flt3] (Cardier
and Dempsey, 1998; Wittig et al.,, 2010). Although endothelial
cells have been reported to express TPO, this cytokine is
mostly produced by the liver parenchyma (hepatocytes) (Nomura
et al, 1997). In the adult, EPO is produced by the kidney,
although hepatocytes can also support hepatic erythropoiesis in
physiological or pathological conditions (Ploemacher and van
Soest, 1977; Semenza et al., 1991; Eckardt et al., 1994; Weidemann
and Johnson, 2009). In conclusion, under physiologic conditions,
the liver harbors low numbers of HSPCs and supports extra-
medullary hematopoiesis (Taniguchi et al., 1996; Watanabe et al.,
1996). Thus, it is conceivable that adult liver may keep some of its
embryonic niche properties.

Is the Development of the FL and
Hematopoietic Cells Symbiotic?

In mid-gestation, embryonic liver functions as a “bag”
accommodating the expanding hematopoietic system before
BM development. During the temporal window in which the
organ is essentially a hematopoietic tissue — from E12.5 to E16.5
(~6-18 wpc in humans) - and the ratio of non-hematopoietic
cells/total liver cells is very low, the organ’s architecture is far
less complex than that of its adult counterpart. In the adult,
hepatocytes are the main parenchymal cell type, organized
in cords interspaced by an intricate vascular and biliary
system (Figure 2H). Alongside with the massive migration of
hematopoietic cells to the BM at E16.5 (Christensen et al., 2004),
the liver tissue starts to mature — hepatocytes and cholangiocytes
differentiate from hepatoblasts and cellular adhesion increases,

creating tight hepatic parenchyma with dense hepatocyte
cords (Crawford et al., 2010). Transcriptomic and proteomic
analysis throughout FL development identified E15.5 as the time
of onset of metabolic, detoxification and immune programs
(Guo et al., 2009).

Hepatoblasts differentiate into hepatocytes starting at ~E13.5
in mice and around 14 wpc in humans (Haruna et al., 1996; Yang
etal., 2017). Single-cell transcriptomic studies along development
(E10.5-E17.5)  of  hepatoblasts/hepatocytes/cholangiocytes
(sorted based on the expression of DLK-1 and EpCAM) suggest
that hepatoblast-to-hepatocyte lineage specification is the default
process. Cholangiocyte specification occurs as early as E11.5
and is completed by E14.5 (Yang et al., 2017). Hepatoblasts
fate decision is modulated by a gradient of Activin/TGF-8
signaling, controlled by Onecut (OC) TFs (OC-1/HNF-6 and
OC-2) (Clotman, 2005). Cholangiocyte-primed hepatoblasts
appear in low numbers at E13.5 around the portal vein and
portal sinus, forming a single-layered ductal plate at E15.5, that
evolves to a double-layer by E16.5 (Figures 2D,E), characterized
by CK19 and CK8 cytokeratins and B2 integrin (CD18) (Van
Eyken et al.,, 1988; Tanimizu et al., 2009). At this stage, CK19
expression becomes specific to ductal plate cells (Van Eyken
et al., 1988). Focal dilations between the two ductal plate cell
layers give rise to the bile ducts (Figures 2F,G), whereas the
remaining tissue progressively regresses (Clotman et al., 2002).
This ductal plate remodeling involves tubulogenesis (Antoniou
et al, 2009) and apoptosis (Terada and Nakanuma, 1995).
Around birth, the portal mesenchyme encircles the cells of the
ductal plate (Swartley et al., 2016). Hepatoblasts located away
from the portal vein will gradually differentiate into hepatocytes
and by E17 start to exhibit a characteristic polarized epithelial
morphology disposed in hepatic cords alongside the bile
canaliculi (Zorn, 2008). Because cholangiocyte differentiation
occurs along the hilum-to-periphery axis, different maturation
states can be observed at a given developmental time (Yang
et al, 2017). Three-dimensional reconstructions of serial
cross-sections/whole-mount immunostained FL and carbon
ink injection have been used to disclose the morphogenesis of
intrahepatic bile ducts (Vestentoft et al., 2011; Takashima et al.,
2015; Tanimizu et al., 2016).

Kinoshita et al. (1999) showed that hematopoietic cells
expand when cultured in a monolayer of primary fetal hepatic
cells (in presence of hematopoietic cytokines) and that the
addition of OSM suppresses in vitro hematopoiesis, by inducing
the maturation of the hepatic cells. Since hematopoietic
cells produce OSM, its expansion increases the local OSM
concentration, consequently promoting hepatic development
(Kamiya et al., 1999). It was hypothesized that a metabolically
active liver no longer supports hematopoiesis (Miyajima et al.,
2000). However, it is still not clear whether the displacement
of the hematopoietic cells out of the FL facilitates liver
maturation or if the changes in the microenvironment no longer
support hematopoiesis.

Impaired hematopoiesis in ¢-Myb mutant (Mucenski
et al, 1991) or Ubc™/~ mice (Ryu et al, 2012) and
abnormal erythropoiesis in Rb-deficient mice (Lee et al,
1992) also results in impaired liver growth. However, the
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early embryonic lethality (at around E15) has hindered the
analysis of the impact of the hematopoietic compartment in
liver development.

The vasculature remodeling at the end of gestation was also
correlated with the rapid loss of HSCs in the postnatal liver (Khan
etal, 2016). After birth, the portal vein no longer receives blood
from the vitelline vein, collecting the blood from the gut, draining
it to the central vein and the hepatic artery arises. With the
ligation of the umbilical inlet, the portal vessels acquire a vein
phenotype and lose the periportal pericytes (Khan et al., 2016).

HEMATOPOIETIC EXIT FROM FL AND
ESTABLISHMENT IN THE BM

What Makes the Hematopoietic System
Move? How Is the BM Niche
Established?

The BM is the ultimate destination of the hematopoietic system
journey in the embryo, being the production hub for blood cells
throughout life. LSK cell homing and colonization of mouse
BM was reported at E15.5-E16.5, coinciding with the fetal bone
marrow (FBM) vascularization (Gekas et al., 2005; Coskun et al.,
2014; Cao et al, 2019), although LT-HSC activity cannot be
detected before E17.5 (Christensen et al., 2004). In mice, HSCs
migrating out of the FL also seed the spleen, starting at E15.5,
with HSC activity still being detected a few weeks after birth
(Wolber et al., 2002; Christensen et al., 2004; Bertrand et al.,
2006). In humans, although early colonization of fetal long
bones was reported at ~10 wpc (Charbord et al., 1996), the
hematopoietic shift from the FL to the FBM occurs later, around
20 wpc (Figure 1).

Cogkun et al. (2014) showed that hematopoietic progenitor
cells reside in the vascularized regions of fetal long bones, stage
at which they are still proliferative. Previous work showed that
in the BM, HSCs are cycling during the first 3 weeks after
birth and become quiescent thereafter (Bowie et al, 2006).
The shift to a quiescence state seems to be dependent on
the cellular composition of the microenvironment (Coskun
et al, 2014). LSK cells isolated from Osx~/~ FBM [that
lack osteolineage cells (Nakashima et al, 2002) and some
stromal populations (Mizoguchi et al., 2014)] form multi-lineage
colonies in vitro, but fail to repopulate transplanted recipients
(Mizoguchi et al, 2014). LSK cells exhibited dysregulated
cell cycle progression and defective homing ability, suggesting
that osteolineage and/or mesenchymal cells are necessary to
establish and sustain BM LT-HSCs (Coskun et al, 2014).
Additionally, E15.5 CD105%Thyl~ mesenchymal progenitors
transplanted under the kidney capsule give rise to donor-
derived chondrocytes and can create an ectopic niche with
the recruitment of host-derived marrow and HSCs, evidencing
the importance of endochondral ossification for HSC niche
formation (Chan et al., 2009).

Osteopontin (OPN), also known as secreted phosphoprotein
1 (SPP1) has been suggested to be an important niche factor
in BM. Its concentration in stromal cells is inversely correlated

with HSC proliferation in the adult BM (Stier et al., 2005). The
OPN dominant form thrombin-cleaved osteopontin (trOPN) is
highly expressed in FBM (at the trabecular bone surface), but
neglectable-to-none in the early-mid gestation FL (Cao et al.,
2019). trOPN receptor 4Pl integrin is upregulated in fetal
compared to adult HSCs. The differential concentration of the
divalent metal cations, Ca®*, Mg?T, and Mn?* between FL and
FBM, being highly prevalent in the latter, was assumed to activate
a4fl in HSCs, possibly hindering their expansion in the BM
(Cao et al., 2019).

CXCL12 expression in the vicinity of vascular endothelial cells
in FBM supports the hematopoietic colonization of the organ
(Nagasawa et al., 1996; Ara et al., 2003). HSCs isolated from
CXCL12~/~ embryos failed to colonize the BM in long-term
repopulation assays whereas their migration ability could be
rescued by enforced expression of CXCL12 under the control of
vascular-specific Tie-2 regulatory sequences (Ara et al.,, 2003).
Moreover, the CXCL12-mediated migration of HSPCs in vitro
seems to be enhanced by the presence of KITL, indicating an
additive effect, only found in fetal HSCs (Christensen et al., 2004).
This suggests an important role of KITL for HSC seeding and
homing during embryonic development.

CXCLI12-GFP knock-in mice allowed the identification of
CXCL12-abundant reticular (CAR) cells, a population with high
expression of CXCL12, distributed near SECs and at a lower
extent near the endosteum (Sugiyama et al., 2006). These cells
show in vitro potential to differentiate into adipocytic and
osteoblastic lineages (Omatsu et al., 2010). Specific markers have
been identified for mesenchymal cells in BM. Leptin receptor
(Lepr) is highly enriched in Scf-GFP-expressing perivascular
stromal cells (Ding et al, 2012) and Lepr™ cells were
shown to largely overlap with CAR cells (Zhou et al.,, 2014).
A rare population of Nestin® cells that contains all of the
fibroblastic CFU (CFU-F) activity within the mouse BM, capable
of generating mesenspheres (mesenchymal spheres) in vitro,
multipotent and with self-renewal potential was identified as
a mesenchymal stem cell (MSC) population (Méndez-Ferrer
et al., 2010). Later, two different Nestin-GFP populations were
discriminated based on the fluorescence intensity by microscopy.
Rare quiescent Nestin-GFPP"8" cells, positive for the pericyte
marker NG2 and a-smooth muscle actin, are enriched for
CFU-F activity and express Cxcl12 and Kitl. These cells are
located alongside arterioles, close to dormant HSCs (Kunisaki
et al, 2013), and associated with sympathetic nerves, that
regulate their CXCL12 expression through the P3-adrenergic
receptor (Méndez-Ferrer et al., 2010). Nestin-GFP4™ cells have a
reticular shape, are mitotically active and line sinusoids, largely
overlapping with Lepr™ cells (~80%) (Kunisaki et al., 2013).
Selective ablation of mouse Nestin™ cells (Méndez-Ferrer et al.,
2010) or CAR cells (Omatsu et al., 2010) significantly impacts
the maintenance of HSCs. The structural differences of the blood
vessels and perivascular populations seem to be associated with
heterogeneity in HSC function. Besides, the selective deletion
of Cxcl12 from arteriolar NG27 cells, but not sinusoidal Lepr™
cells, significantly reduced the HSCs compartment in the BM
and a similar effect was observed by deletion of Kitl in LepR™;
but not NG27 cells, evidencing the differential contribution of

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2020 | Volume 8 | Article 612

173



Annex ||

174

Soares-da-Silva et al.

Hepatic-Hematopoietic Interplay in Embryogenesis

perivascular populations in the cytokine production (Asada et al.,
2017). BM microenvironment is illustrated in Figure 4.

Nestint cells can be prospectively isolated using PDGFRa
and CD51 markers in the mouse and human fetal and adult BM
(Pinho etal., 2013) and show MSC’s properties and enrichment of
Cxcl12, Veaml, Angptl, Opn, and Scf genes. Of note, in humans,
these cells represent a small subset of CD146™ cells (Pinho
et al,, 2013), the latter harboring all the CFU-F activity in BM
(Sacchetti et al., 2007). Co-culture of human PDGFRa*CD51F
mesenspheres with human FBM CD34" cells in a serum-
free, but cytokine supplemented (TPO, SCE FLT3L) culture
media can expand MPPs that engraft immunodeficient mice
(Pinho et al., 2013).

In the FL, Nestin-GFPTNG2™ cells, associated with portal
vessels, form a niche promoting HSC expansion during the FL
development that is no longer found after birth. Concomitantly,
the phenotype of the portal vessel transits from Neuropilin-
1T Ephrin-B27" arterial to EphB4™ venular vessels (Khan et al.,
2016). This role of Nestin™NG2™ cells in FL is opposite to that in
BM, where Nestin"NG2Tarteriolar pericytes were proposed to
maintain HSC quiescent (Kunisaki et al., 2013).

UNRESOLVED QUESTIONS - EX VIVO
EXPANSION OF HSCs

Hematopoietic stem cells are the only cells of the hematopoietic
compartment with the potential to replenish all mature blood
cells and to divide without triggering differentiation programs,
a process known as self-renewal. The mechanisms conveying
these properties have been under investigation over the last
60 years, however, to date, they remain poorly understood. The
concept that specific BM niche/microenvironment components
regulate the fate of HSCs has been proposed by many authors.
Cordeiro Gomes et al. (2016) analyzed not only HSCs but also
different hematopoietic progenitors and found both HSCs and
MPPs locate near or in contact with the same mesenchymal
progenitor CAR-cells, expressing CXCL12 and SCF, fundamental
to maintain the HSC pool and IL-7 that acts as a short-range
signal for lymphoid differentiation. These observations suggest
that both maintenance and multilineage differentiation are locally
regulated by the same niche (Cordeiro Gomes et al., 2016). In
the FL, HSCs expand considerably and differentiate, producing
different mature lineages. If a given stromal population is also
involved in the regulation of both processes, by the expression
of various cytokines, or different cell populations contribute with
distinct cytokines is still unresolved.

Hematopoietic stem cell transplantation is a widely used
cell therapy intervention in the treatment of hematologic,
autoimmune and genetic disorders. However, this therapy is still
associated with high mortality rates, mainly due to infection,
graft-versus-host disease (GvHD) and organ dysfunction, urging
the need for improvement (Tanaka et al, 2016). The most
common source of HSCs for transplantation is the BM or
mobilized circulating HSPCs. However, matching of major
histocompatibility complex antigens is needed to avoid GvHD
(Schuster et al., 2012; Walasek et al., 2012). CB can be successfully

used as a source of partially mismatched HSCs, as it is readily
available through CB banks and elicits low levels of GvHD.
Low numbers of HSCs in CB and consequent absent or delayed
reconstitution leads to post-transplantation infections, limiting
the use of CB in adult patients (Ruggeri et al., 2014).

In vitro generation of HSCs would overcome some of the
current clinical difficulties that transplantation faces, however,
despite countless efforts to derive HSCs from pluripotent stem
cell sources, generation of HSC in vitro has not yet been
achieved - reviewed in Freire and Butler (2020). Another
possibility to obtain higher numbers of HSCs would be to expand
them ex vivo prior to transplantation. Distinct cytokine/growth
factor cocktails have shown promising for expansion of HSCs,
yet, limited success was reported in clinical studies due to a lack
of LT-HSC expansion and rather proliferation of downstream
progenitors together with undesirable stem cell differentiation -
reviewed in Kumar and Geiger (2017) and Tajer et al. (2019).
Cytokines currently used for ex vivo HSC expansion include
KITL, TPO, IL-3, and FLT3L. Kitl and Tpo knockout mice show
normal fetal development but reduced HSC numbers in the
adult, suggesting that these cytokines are important for stem
cell survival and proliferation in adulthood but might not be
the drivers of HSC expansion during the embryonic period
(Fujita et al., 1989; de Sauvage et al., 1996). There is growing
evidence that the physical and mechanical properties of the
microenvironment could impact on HSC decisions - reviewed
in Kumar and Geiger (2017). A combination of cytokines with
stroma derived ECM components — fibronectin and collagen -
has shown encouraging results (Wohrer et al., 2014; Wilkinson
etal., 2019). Moreover, culture of BM HSPCs in tropoelastin, the
most elastic biomaterial known, induces a sixfold increase of LSK
cells without supplementation with cytokines, suggesting that
tropoelastin mediates a similar effect in survival and proliferation
of LSK cells and its use could replace exogenous cytokines (Holst
etal.,, 2010). Most cytokines studied have a role in HSC function
in the BM, a site where HSC expansion does not occur in
physiological conditions. The same cytokines have been found
in FL stroma, but whether these are responsible for fetal HSC
expansion is not known. Most likely, the FL expansion of newly
generated HSCs results from intrinsic cellular properties together
with a suitable microenvironment, physical cues included. Efforts
have been made to replicate the embryonic microenvironment
where HSCs expand, particularly by co-culture with FL hepatic
or mesenchymal cells (Wineman et al., 1996; Chou and Lodish,
2010; Chou et al., 2013; Khan et al., 2016). Most strategies used
so far focused on specific cell populations, either hepatoblasts or
mesenchymal cells, but overlooked the possibility that distinct
populations might need to interact. Only the co-culture of HSCs
in a system where all the cytokine-expressing populations of
the FL are present would reproduce the FL microenvironment.
Such a system where hepatoblasts, endothelial and mesenchymal
cells are cultured together in a 3D aggregate has already been
devised, but no co-culture with hematopoietic cells has been
attempted (Takebe et al., 2015). Liver cell culture models have
been extensively developed for pharmacological and toxicological
research or as a source for transplantation, to obtain an
in vitro system that resembles a mature liver - reviewed in
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Godoy et al. (2013), and for that reason are not suitable for
recreating the FL niche environment.

Whereas the FL interactions between different cell types
have been correlated with their contribution to the massive
transient expansion of the hematopoietic system, other niche
factors need to be addressed. Sigurdsson et al. (2016) reported
the role of FL bile acids (BAs) as chemical chaperones,
critical to sustain high protein production by expanding LT-
HSCs without triggering endoplasmic reticulum (ER) stress.
Inhibiting the biosynthesis of BAs in vivo resulted in reduced
numbers of Lin~, LSKs, and LSK CD48~CD150" in the
FL, with no apparent effect in the number of HSCs in the
mother’s BM (Sigurdsson et al, 2016). Comparison of FL
and BM HSCs transcriptomes demonstrated that FL HSCs
metabolism relies on oxygen-dependent pathways, which may
be a requirement for extensive energy production during
expansion. Contrary to BM HSCs, FL HSCs use oxidative
phosphorylation (aside from glycolysis), have higher number of
mitochondria and up regulate genes associated with antioxidant
and DNA repair pathways, that are speculated to confer
protection from reactive oxygen species-mediated (geno)toxicity
(Manesia et al., 2015).

Exploring the complexity of HSC niches (cellular composition,
cytokine and growth factors milieu, physical properties, oxygen
availability, etc.) will improve into our understanding of HSC
self-renewal capacity (recently reviewed by Wilkinson et al.,
2020), that is currently insufficient to devise efficient strategies
for HSC expansion ex vivo.

CONCLUDING REMARKS

Distinct studies have identified and characterized FL stromal
populations that may contribute with specific cues, enabling the
HSC expansion in this organ. Despite the efforts, the role of
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The identification of distinct waves of progenitors during development, each
corresponding to a specific time, space, and function, provided the basis for the concept
of a “layered” organization in development. The concept of a layered hematopoiesis was
established by classical embryology studies in birds and amphibians. Recent progress
in generating reliable lineage tracing models together with transcriptional and proteomic
analyses in single cells revealed that, also in mammals, the hematopoietic system
evolves in successive waves of progenitors with distinct properties and fate. During
embryogenesis, sequential waves of hematopoietic progenitors emerge at different
anatomic sites, generating specific cell types with distinct functions and tissue homing
capacities. The first progenitors originate in the yolk sac before the emergence of
hematopoietic stem cells, some giving rise to progenies that persist throughout life.
Hematopoietic stem cell-derived cells that protect organisms against environmental
pathogens follow the same sequential strategy, with subsets of lymphoid cells being
only produced during embryonic development. Growing evidence indicates that fetal
immune cells contribute to the proper development of the organs they seed and later
ensure life-long tissue homeostasis and immune protection. They include macrophages,
mast cells, some 38 T cells, B-1 B cells, and innate lymphoid cells, which have “non-
redundant” functions, and early perturbations in their development or function affect
immunity in the adult. These observations challenged the view that all hematopoietic
cells found in the adult result from constant and monotonous production from bone
marrow-resident hematopoietic stem cells. In this review, we evaluate evidence for a
layered hematopoietic system across species. We discuss mechanisms and selective
pressures leading to the temporal generation of different cell types. We elaborate on
the consequences of disturbing fetal immune cells on tissue homeostasis and immune
development later in life.

Keywords: hematopoieisis, lymphopoieis, embryo, evo devo biology, layered
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Hematopoietic Layered Organization

LAYERED HEMATOPOIESIS: A
HISTORICAL PERSPECTIVE

Hematopoiesis, the process by which blood cells are produced,
has been considered to be initiated by hematopoietic stem
cells (HSC) that develop through multiple differentiation
intermediates and give rise to all blood lineages. Recent studies
have challenged this view by showing that specialized embryonic-
derived subsets persist throughout life.

During embryogenesis, successive waves of mesoderm-
derived hematopoietic progenitors contribute to the formation
of erythroid, myeloid, and lymphoid lineages. In the 1920s,
studies on embryonic hematopoiesis revealed that the first
blood cells appear in the yolk sac (YS): red blood cells
were found in clusters surrounded by an endothelial layer,
named blood islands. The order of events that resulted in the
formation of these structures led embryologists to hypothesize
that both hematopoietic and endothelial cells had a common
origin, a bipotent cell designated hemangioblast (see Table 1;
Choi et al., 1998). In the 1970s, Moore and Owen (1967)
showed that the embryonic day (E) 7 chicken YS generated
mostly erythroid and also myeloid and lymphoid progeny after
transplantation into irradiated embryos, pointing to a YS origin
of HSCs. In mammals, the first single-cell assays showed the
existence of multilineage progenitors in the YS, shortly after the
beginning of circulation (Moore and Metcalf, 1970). Subsequent
studies using chick-quail or chick-chick chimeras challenged
the view that YS was the source of HSCs and showed that
long-lasting hematopoietic potential was only found in intra-
embryonic progenitors (Dieterlen-Lievre, 1975; Lassila et al,
1978). In mouse, culture of YS vs. the intra-embryonic aorta-
gonad-mesonephros (AGM) region before the establishment of
circulation demonstrated that the origin of HSCs is exclusively
intra-embryonic (Cumano et al, 1996). It is now accepted
that three waves of hematopoietic progenitors are generated
in the mammalian embryo. The first wave is generated during
gastrulation in the YS blood islands (Godin and Cumano, 2002).
Soon after, a second wave of progenitors emerges in the YS
vascular plexus (Frame et al., 2016). These two hematopoietic
waves, which generate primitive and definitive erythrocytes,
respectively, provide the oxygen needed for embryo survival as
well as megakaryocytes and myeloid cells that are important for
tissue remodeling and hemostasis. The third wave occurs in the
great vessels of the embryo and generates HSCs that will migrate

Abbreviations: a, anterior; AGM, aorta, gonads, mesonephros; BM, bone marrow;
BMP4, bone morphogenic protein 4; c, cortical; CFC, colony-forming cells;
CHT, caudal hematopoietic tissue; CLP, common lymphoid progenitor; CS,
Carnegie stage; DA, dorsal aorta; DETC, dendritic epidermal T cells; DLP, dorsal
lateral plate; dpf, days post-fertilization; E, embryonic day; EHT, endothelial-
to-hematopoietic transition; EMP, erythromyeloid progenitors; Ery-P, primitive
erythroid; Epo, erythropoietin; ES, embryonic stem; FL, fetal liver; HE, hemogenic
endothelium; hpf, hours post-fertilization; HSC, hematopoietic stem cells; HIAC,
hematopoietic intra-aortic clusters; ICM, intermediate cell mass; IL, interleukin;
LMP, lympho-myeloid-restricted progenitors; LTi, lymphoid tissue inducer; m,
medullary; p, posterior; PAF, para-aortic foci; PBI, posterior blood islands;
PLM, posterior-lateral mesoderm; RA, retinoic acid; RBI, rostral blood islands;
Shh, sonic hedgehog; TdT, terminal deoxynucleotidyl transferase; TEC, thymic
epithelial cell; TSP, thymic seeding progenitors; VBI, ventral blood islands;
YS, yolk sac.

to the fetal liver (FL) where they expand (Ema and Nakauchi,
2000). This pool of HSCs will sustain hematopoiesis throughout
adult life, generating not only erythroid and myeloid cells but
also lymphoid cells.

The notion that YS populations are only produced and
necessary during embryonic development has recently been
challenged. Inducible lineage-tracing mouse models formally
demonstrated that YS progenitors generate unique tissue-
resident macrophage populations that persist throughout
adulthood (Ginhoux et al., 2010; Gomez Perdiguero et al., 2015).
These studies challenged the dogma that HSCs were the source
of all hematopoietic lineages in the adult and provided evidence
for the concept of a “layered” hematopoietic system.

Embryonic hematopoiesis is thus characterized by the partial
overlap of distinct waves of progenitors that transit through
different organs in embryonic and adult life. Each wave is well-
orchestrated in time and space, each serving specific internal and
external environmental needs. We will speculate on the selective
advantages of a layered system across evolution that relates to
hematopoiesis in general and to lymphopoiesis.

EMBRYONIC HEMATOPOIESIS IN
DIFFERENT SPECIES: A COMMON
STRATEGY TO MAKE BLOOD

Foreword

Hemocytoblasts or primordial HSCs, derived from mesoderm,
generate multiple hematopoietic cell types and are found across
species starting in coelomic invertebrates. Key transcription
factors that modulate the divergence of different hematopoietic
cell types are conserved. For example, orthologs of Gata,
Fog, and Runx have been identified in Drosophila. These
transcription factors regulate the production of plasmatocytes,
which exert phagocytic activity, granulocytes, with metabolic
activity and immune function, and oxygen-transporting
red blood cells (Evans et al., 2003; Hartenstein, 2006).
In contrast, Metazoa without coelom are devoid of well-
defined mesoderm and have a gelatinous matrix between
ectoderm and endoderm enclosing large numbers of
amoebocytes. These cells move using pseudopodia and
fulfill functions that differ among species, ranging from
defending the organism against pathogens, digesting food, or
disposing of waste.

A major accomplishment in the transition of invertebrate
to vertebrate metazoans was the development of a closed
circulatory system and that of a centralized pumping organ,
the heart, which ensures a rapid distribution of oxygen
and nutrients to tissues, and the deployment of immune
surveillance in the organism. Most invertebrates rely on
myoepithelial cells with contractile capabilities to ensure
that cells transit from the hemal spaces (fluid-filled sinus
without a lining) and channels to the tissues, collectively
designated as an open circulatory system (Muiioz-Chapuli
et al,, 2005; Hartenstein, 2006). However, there are several
exceptions to this rule. For example, annelids have a closed
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TABLE 1 | Glossary.

Hemangioblast. A bipotent hematopoietic and endothelial progenitor. The most common example is yolk sac blood islands in mice where primitive
erythrocytes and the endothelial cells lining these structures are thought to have a common progenitor. In the mouse embryo, multiple progenitors
contribute to blood island formation, and therefore, their common origin remains to be formally demonstrated.

ial-t ieti ition (EHT). The process whereby cells with morphology, phenotype, and spatial position of endothelial cells
convert into a hematopoietic cell. This process has been identified to be at the origin of erythromyeloid bipotent cells in the vasculature of the yolk sac
and of multipotent hematopoietic stem cell progenitors in the dorsal aorta. This conversion has been clearly visualized in the zebrafish embryo and is
independent of cell division. In the fish embryo, newly converted single hematopoietic cells appear to rapidly egress into the space between the vein
and the artery. By contrast, in mammalian and chicken embryos, newly converted cells extensively expand in situ forming hematopoietic intra-aortic
clusters budding into the lumen, before being released into blood circulation.
Hemogenic endothelium. Designates the endothelial cells in the yolk sac and dorsal aorta that have the capacity to convert into a hematopoietic cell
through a process named EHT.
Hematopoietic intra-aortic clusters (HIAC). Clusters of hematopoietic cells adjacent to the endothelium protruding in the lumen of the dorsal aorta
after being generated through EHT. They are found in birds and mammalian embryos, but not in zebrafish.
Primitive wave. The first hematopoietic cells with a given identity. Designates the first hematopoietic cells that generate primitive erythrocytes. Primitive
erythrocytes derive from erythroid progenitors in the YS blood islands and are large nucleated cells that express embryonic hemoglobins Hbb-bh1 and
Hbb-y. This concept also includes macrophages and megakaryocytes.
Definitive wave. Refers to the hematopoietic cells that generate definitive erythrocytes. These are enucleated cells that express embryonic and adult
forms of hemoglobin (Hbb-bh1 and Hbb-b1) but lack Hbb-y hemoglobin expression. They can originate from either erythromyeloid progenitors that
derive from the YS or from hematopoietic stem cells of intra-embryonic origin, during embryonic or post-natal life, respectively.
Somatic recombination. Genomic recombination that occurs in somatic cells. It is the process whereby the genes coding for the antigen receptors in
T and B lymphocytes are assembled from the random assortment of variable (V), diversity (D), and joining (J) elements on immunoglobulin heavy chain,
TCRB and TCR3 chains, or from V and J elements in Ig light chains, TCRa and TCRy chains.
T cell negative selection. Elimination of T lymphocytes expressing a self-reactive antigen receptor occurring in the thymus. Negative selection is
mediated through the interaction of immature thymocytes with thymic epithelial cells located in the thymic medulla (mTEC) and dendiritic cells (DC) that
express a large collection of tissue-specific peptides.
Antigen receptor repertoire. Collection of the diverse antigen receptors expressed by B or T lymphocytes and generated by somatic recombination
(see above). The diversity of the antigen receptor repertoire is further increased by trimming of the ends of the segments and addition of nucleotides
without templated (N sequence addition) prior to the joining.
Tolerance. The absence of reactivity toward a given antigenic determinant. Often referred to self-tolerance, it designates the absence of lymphocytes

that recognize antigen determinants from the organism where they reside. Defective tolerance induction results in autoimmune disorders.

circulatory system with pumping muscular blood vessels.
Molluscs, instead, have an open circulatory system and one
(or several) centralized hearts composed of cavities (atria
and ventricles).

The emergence of a closed circulatory system with a
centralized heart is linked to the appearance of vascular
endothelial cells, the origin of which has long been a matter of
debate. It was hypothesized that endothelial cells originate from
the amoebocytes that, in acoelomatic invertebrates, adhere to
the basement membrane that lines the hemal cavities (Mufioz-
Chépuli et al,, 2005). This hypothesis links the development
of endothelial and hematopoietic cells throughout vertebrate
evolution. We analyzed here different model systems of
chordates in which independent generations of hematopoietic
cells and different primary hematopoietic organs have been
documented (Table 2).

Cephalochordates (Amphioxus)

The amphioxus are invertebrates that together with Tunicates
stand in close phylogenetic proximity to vertebrates (Delsuc
et al, 2006; Figure 1). They appear, therefore, to be the
model of choice to understand the evolution of a circulatory
system. Developmental studies in amphioxus demonstrated
that their cardiac region is decentralized and that blood is
pumped by contractile vessels throughout life. By contrast,
analysis of orthologs of Pax2/5/8, together with those of key
vessel and hematopoietic development markers FlkI and Scl,
identified specific expression in an AGM-like region, thus

pointing to a similar origin of hematopoietic cells in amphioxus
and vertebrates (Pascual-Anaya et al., 2013). This hypothesis
was reinforced by experiments showing that the treatment of
amphioxus larva with retinoic acid (RA) inhibited the expression
of hematopoietic genes, reminiscent of what was observed in
zebrafish larva and mouse embryonic stem (ES) cells where
treatment with RA inhibited primitive hematopoiesis (Pascual-
Anaya et al,, 2013). Altogether, these data indicate that despite
lacking a centralized heart, amphioxus developed a process
that resembles hemogenic endothelium (HE) and endothelial-to-
hematopoietic transition (EHT) (see Table 1). These studies were
performed up to the stage of 2 day-old larva and, therefore, do not
allow to assert whether invertebrates also generate hematopoietic
progenitors at independent sites.

Tunicates

Tunicates are currently considered as the closest relatives
to vertebrates (Delsuc et al, 2006; Figure 1). Unlike
cephalochordates, they have a centralized pumping organ
(the heart) and an established network of blood vessels (Rosental
et al., 2020). They have, therefore, in the sessile adult animal,
circulating blood cells composed of myeloid cells. They also have
a progenitor compartment located in the endostyle, tentatively
considered as a functional equivalent to the bone marrow (BM)
(Rosental et al., 2018). Cells endowed with cytotoxic activity
that reject allografts could represent the equivalent population
to NK cells. There is presently no experimental evidence on the
origin of these cells.
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FIGURE 1 | Phylogenetic tree of chordates showing the evolutionary relationships of the hematopoietic system. A phylogeny representing Cephalochordata to
Amniota, illustrating the development of a layered hematopoietic system with (i) yolk sac (YS) or extra-embryonic primitive hematopoietic cell generation in blue, (i)
YS definitive hematopoietic cell generation in orange, and (i) intra-embryonic definitive hematopoiesis in green. Osteichthyes (which include zebrafish, axolotl,
Xenopus, birds, mice, and humans) were the first where the distinct origins of hematopoietic cells have been demonstrated. Lack of information on specific
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Lampreys possess circulating erythrocytes, myeloid and
lymphoid cells, and were the most ancient vertebrates to show a
robust adaptive immunity with the capacity to reject allografts,
to produce specific antibodies, and to develop immunological
memory. The molecular basis of this sophisticated immune
system is a unique set of “building blocks” that encode
lymphocyte antigen receptors (Pancer et al., 2004). They differ
from those in higher vertebrates but are assembled in a similar
manner, undergoing a process of somatic recombination
(see Table 1) and exerting similar functions, illustrating an
unprecedented example of parallel evolution. An independent
site for T cell development, equivalent in function to the
mammalian thymus, has been identified in the gills (Bajoghli
et al,, 2011). Lampreys have three different loci of the “building
blocks” that encode antigen receptors of three distinct lymphoid
cells reminiscent of the mammalian B, af-T, and y3-T cells,
indicating strong selective pressures for non-redundant functions
of these different cell types (Boehm et al., 2018).

Lampreys develop through a complex life cycle with a
larval stage, called ammocoetes, a metamorphosis that lasts
for several months and an adult stage. In ammocoetes, the
first hematopoietic cells are found in the typhlosole, which is
a longitudinal fold of the intestinal inner wall, and also in
the adipose tissue of the nephric fold. During metamorphosis,
blood cell formation is displaced from these sites to the supra-
neural body, a unique organ equivalent to the mammalian BM.
The typhlosole is composed of mesenchymal cells located close
to the dorsal aorta, and that form blood islands where the
first hematopoietic cells are found. These hematopoietic cells
appear by morphology to belong to the myeloid, erythroid, and

lymphoid lineages and many of them are actively proliferating
(Amemiya et al, 2007). Although it has proven difficult to
identify, in lampreys, equivalent anatomical sites to the higher
vertebrate YS or dorsal aorta (DA), it is possible that the first
hematopoietic cells are generated in the typhlosole blood islands.

Chondrichthyes or Cartilaginous Fish
(Sharks)

Sharks are the most primitive organisms to have a functional
adaptive immune system that is, unlike Agnathes, similar to that
found in mammals. It is also in cartilaginous fish where the spleen
is found for the first time in phylogeny and where hematopoietic
progenitors were first detected and identified (Manca et al., 2018).
It appears, therefore, that the spleen is the major hematopoietic
organ already active in the embryo. The limited information
concerning the hematopoietic development in these organisms
suggests that HSC originated in the YS and transit later to
the Leydig organ (located close to the esophagus) and to the
spleen (Manca et al., 2019). In summary, there are different sites
where hematopoiesis occurs over time, but the emergence of
hematopoietic cells at multiple sites have not been documented.

Teleosts or Bony Fish (Zebrafish)

Zebrafish (Danio rerio) is the most well-studied teleost species
and has been an important model to study hematopoietic
development, given that it is uniquely suitable for large-scale
mutagenesis experiments, genome editing, chemical screenings,
and high-resolution live imaging (Table 2).

Similar to other vertebrates, zebrafish hematopoiesis develops
through successive waves emerging at different locations (Table 3
and Figure 2). Contrary to mammals, birds, and other teleosts,
zebrafish primitive hematopoiesis initiates intra-embryonically,

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 606642

187



Annex Il

Elsaid et al

Hematopoietic Layered Organization

Cross-sectional view Cross-sectional view

Neural plate
~_Notochord
—— Somite

DA J/

Vein S/
Ys' Cardinal vein

/
DA
Ic™

Ic™M

Zebrafish

30 36

18

24

circulation beggins

Chicken
1 3 5 7 g

circulation beggins

c

32-cell stage

\
pivel

VBI

Xenopus S35

~2d

St13
~14hpf

circulation beggins

Primitive Transient Definitive

___Neural plate
~__Notochord

42

CHT

PBI/CHT

Hours

Bursa

Spleen

L)

DA

pIVBI

sta2 St
~3d, 8hpf ~3d, 20 hpf Metamorphosis

FIGURE 2 | Embryonic origin of the hematopoietic system. (A) Timeline of hematopoietic development in zebrafish. In zebrafish, primitive hematopoiesis occurs in
the RBI and ICM region generating primitive macrophages and erythrocytes, respectively. The CHT, consisting of the CA (the continuation of the DA as it enters the
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two waves colonize the liver, which is the definitive site of hematopoiesis in both larval and adult stages. Xenopus were staged according to Nieuwkoop and Faber.
See http://www.xenbase.org/anatomy/alldev.do for equivalences to dpf. AGM, aorta-gonad-mesonephros; aVBI, anterior VBI; BM, bone marrow; CA, caudal artery;
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island; PLM, posterior-lateral mesoderm; pVBI, posterior VBI; pIVBI, posterior-lateral VBI; RBI, rostral blood islands; YS, yolk sac; VBI, ventral blood island.
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in a structure known as intermediate cell mass (ICM). This
structure results from the migration of two posterior bilateral
stripes of lateral mesoderm (posterior-lateral mesoderm, PLM)
to the trunk midline. It is in this structure where primitive
erythroid progenitors and endothelial cells were found (Detrich
etal., 1995; Thompson et al., 1998). Hematopoietic commitment,
defined by the expression of the erythroid-specific transcription
factor Gatal, occurs as early as the 2-somite stage [around 11 h
post-fertilization (hpf)] in the PLM. Another site of primitive
hematopoiesis was identified in the rostral blood island (RBI)
region of the anterior mesoderm. This site produces macrophage-
like cells that migrate into the yolk syncytial layer and disseminate
through different tissues (Herbomel et al., 1999).

The DA resembles the mammalian AGM and was first
suggested to harbor hematopoietic stem cell activity based
on the identification of transcripts for the zebrafish orthologs
of c¢myb, Imo2 (Thompson et al, 1998), and runxl (Kalev-
Zylinska et al., 2002). Co-expression of these markers with
vascular markers (flil, flkl, and flk4) suggested they are
hemangioblasts (Thompson et al., 1998). Challenging this idea,
the emergence of definitive HSCs in the DA was directly
visualized as an EHT mechanism where cells in endothelial
position and morphology adopted a spherical shape and
migrated ventrally toward the caudal vein (Bertrand et al,
2010). This process did not require cell division and EHT
was taken as direct evidence for HSC originating from HE
(Kissa and Herbomel, 2010).

The endothelial lineage branch to create HE before cells
migrate across the ventral somites to reach the ventral aspect of
the dorsal aorta (Kobayashi et al., 2014). This process involves
the expression of adhesion molecules (Jam) that ensure the
required strength of Notch signaling delivered by the somite cells
(Kobayashi et al., 2014). Attempts to dissect the molecular events
that shape EHT identified Runx1 as an essential player inducing
the survival of newly generated hematopoietic cells (Kissa and
Herbomel, 2010). Bmp4 is expressed in the ventral aspect of the
dorsal aorta and promotes the hematopoietic stem cell program,
whereas the expression of Shh in the roof maintains the arterial
program (Wilkinson et al., 2009). More recently, it was shown
that myeloid cells (Espin-Palazén et al., 2014) and metabolic
alterations that promote inflammasome-induced IL1p-signaling
in macrophages enhance HSC production, and inflammasome
inhibition results in decreased hematopoietic generation (Frame
et al, 2020). Taken together, these observations indicate
that the EHT is a complex process involving several key
molecular players and different cell types. The sequence of
events and the precise molecular requirements essential for
EHT remain largely incomplete, and attempts to recreate the
conditions to promote EHT in vitro are still being developed
(Gomes et al., 2018).

Contrary to mammals and birds, intra-aortic clusters
were not observed in zebrafish and newly formed HSCs
did not directly enter circulation (Figure 3). HSCs migrate
and reside transiently in the posterior region in the tail,
called caudal hematopoietic tissue (CHT) (Murayama et al.,
2006). At earlier stages, before 36 hpf, this region, which
also generates hematopoietic progenitor cells, independently

of HSCs (discussed below), is more commonly referred as
posterior blood island (PBI) and corresponds to the ventral
portion of the tail immediately caudal to the yolk tube extension
(Bertrand et al, 2007). Like the mammalian FL, the CHT
environment promotes the expansion and differentiation
of newly formed HSCs. This niche is modulated by the
incoming hematopoietic cells that remodel the vascular niche
(Tamplin et al., 2015). Migration of the hematopoietic cells
toward the CHT depends on CxCL8/CXCR1 chemokine
signaling that also promotes residency (Blaser et al,
2017); Klféa promotes their maintenance and expansion
in the CHT through CCL25b-Ccr7 chemokine signaling
(Xu et al., 2015).

Fate-mapping studies revealed erythromyeloid progenitors
(EMP), analogous to the mammalian EMP, arise at 24-30 hpf
in the vascular plexus of the PBI (Bertrand et al., 2007). These
cells have both erythroid and myeloid differentiation potentials
but lack lymphoid potential. In mice, it is currently accepted
that the microglia (brain-resident macrophages) are exclusively
derived from the YS (Ginhoux et al., 2010; Gomez Perdiguero
etal,, 2015). By contrast, in zebrafish, embryonic/larval and adult
microglia were shown to have different sources: the RBI, the YS
equivalent for the former and the ventral wall of the DA for
the latter (Xu et al., 2015). These differences may be species-
specific and/or reflect different timing in the establishment of the
blood-brain barrier.

Fate-mapping analysis using high temporal-spatial resolution
cell labeling techniques identified two waves of T lymphopoiesis.
One, which is HSC-independent, originates in the DA and PBI
regions and generates predominantly CD4 af T cells found only
in the larval stage. A later HSC-dependent wave develops from
progenitors restricted to the DA and gives rise to various types
of T cells from the larval stage up to adulthood (Tian et al.,
2017). Lymphopoiesis is initiated in the thymus after 3 days post-
fertilization (dpf), with the onset of ragl expression, although
the first progenitor immigrants arrive in the thymus by 54 hpf
(Kissa et al., 2008). Live imaging of these progenitors revealed
that besides extravasation from the nearest vessels, most of them
migrate to the thymus through the mesenchyme with remote sites
of extravasation (Kissa et al., 2008). By 4 dpf, hematopoietic cells
seed the kidney marrow (pronephros), the BM counterpart in the
zebrafish, where they establish the adult hematopoietic system
(Murayama et al., 2006).

Amphibians (Axolotl and Xenopus)

Two major amphibian models have contributed to our
understanding of biological processes. One is the urodele Axolot]
mexicanum, a model of tissue regeneration without scar tissue
formation. The other is the anuran Xenopus laevis (allotetraploid)
and tropicalis (diploid) that are the most-studied amphibian
model systems for vertebrate embryonic development, cell
and molecular biology, immunology, and, more recently,
evolutionary diversification following genome duplication.

Axolotl

The Axolotl mexicanum has been used to study tissue
regeneration without fibrosis. Although little is known of
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its hematopoietic system, this is nevertheless an interesting
model to study hematopoiesis because, unlike Xenopus, adult
animals retain many embryonic features (neoteny) and do not
undergo a clear stage of metamorphosis. The main hematopoietic
organs were recently identified (Lopez et al., 2014). Using cell
transplantation assays with minimal graft-vs.-host reaction, it
was shown that the liver is the first site of hematopoiesis.
High expression of the lymphocyte-specific enzyme terminal
deoxynucleotidyl transferase (TdT) was found transiently in
the liver and later being restricted to the spleen (Golub et al.,
2004) where it remains throughout life. So, like in other
model systems lacking hematopoietic BM, the spleen is the
adult hematopoietic organ. These recent advances, however,
did not indicate the origin of the hematopoietic cells that
colonize these organs.

Frogs

The Xenopus model has been extensively used to study
hematopoiesis because larval chimeras are easy to make
and early embryos have large cells that can be marked
and traced in fate-mapping studies (Ciau-Uitz and Patient,
2016). Natural polyploids have also been used as models to
study the regulation of gene duplication and gene silencing
and to identify donor and recipient cells in transplantation
experiments (Du Pasquier et al., 1989). Transplantation and
chimera experiments indicated that hematopoietic cells originate

first in the ventral blood islands (VBI) and later in the
tissues originated from the dorsal lateral plate (DLP) (Chen
and Turpen, 1995). Lineage tracing experiments established
that these two territories are independent. Thus, blastomeres
from 32-cell stage embryos that contribute to the DLP and
to adult HSCs do not contribute to VBI, and conversely,
blastomeres that contribute to VBI do not participate in
the generation of adult HSCs (Ciau-Uitz et al., 2000). The
VBI, the equivalent site to the mammalian YS, comprises
an initial anterior region (aVBI) where primitive erythrocytes
are first found along with myeloid cells and, at later stages,
a posterior VBI (pVBI) that contains definitive erythrocytes,
myeloid cells, and, similar to what was found in the zebrafish,
also lymphocytes (Smith et al, 1989; Turpen et al, 1997).
A third wave of hematopoietic generation occurs in the
AGM, formed by the midline migration of the DLP, with
the emergence of HSC and hematopoietic intra-aortic clusters
(HIAC) formation.

It has been proposed that in aVBI, hemangioblast-like cells
are at the origin of the first hematopoietic cells (Ciau-Uitz et al.,
2010). By contrast, hemangioblast-like cells were not found in
the pVBI, and hematopoietic cells are produced through an EHT
process similar to that operating in fish, birds, and mammals in
the DA and large arteries. Thus, hematopoiesis in frogs appears
to occur in three independent waves similar to bony fish, birds,
and mammals. Recently, a fourth myeloid cell generation has
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been described to occur in the mesenchyme posterior to the DLP
(Imai et al., 2017).

The peripheral region of the liver was shown to be the
primary hematopoietic organ throughout life containing HSC
and erythroid progenitors, whereas the BM contains myeloid
progenitors that respond to myeloid growth factors (Yaparla
et al., 2019). Lymphocytes are produced in the thymus and the
spleen in juvenile frogs, whereas the BM and the thymus have
lymphopoietic activity in the adult (Greenhalgh et al., 1993).

Birds

The large size and the easy manipulation of the avian
fertilized egg allowed the construction of xenogeneic and
congenic chimeras. The quail-chicken chimera system
devised by Nicole Le Douarin combined with a rigorous
identification of tissues originated from each species
provided a reliable lineage-tracing tool (Le Douarin, 1969).
Seminal experiments using this chimeric system established
the intra-embryonic origin of HSC at a time when the
YS was the consensual source of definitive hematopoiesis
(Dieterlen-Lievre, 1975). Similar experiments using congenic
chicken strains reinforced this notion (Lassila et al., 1978).
The DA was soon designated as the site of origin of
the hematopoietic progenitors of intra-embryonic origin
because it harbored intra-aortic hematopoietic clusters
(TAHC) comprising hematopoietic cells (Le Douarin and
Dieterlen-Lievre, 2013). IAHCs are the origin of another
hematopoietic cell structure called para-aortic foci (PAF)
formed later below the endothelial cell layer (Figure 3).
A similar structure was described in the mouse and
designated sub-aortic patches (Manaia et al, 2000). Cells
within the TAHC or PAF contain HSC able of long-term
reconstitution of the hematopoietic system (Dunon et al,
1998). Although it is presently difficult to phenotypically
distinguish cells from the two structures, it is thought that
PAF are an intermediate site where HSC mature before
colonizing the thymus, the bursa of Fabricius, and the BM
(Yvernogeau and Robin, 2017). The quail-chicken chimera
system was also used to demonstrate the YS origin of most
macrophages found in the central nervous system (microglia)
(Cuadros et al., 1993).

Another important contribution from the Dieterlen-Liévre
group was the observation that two independent sources of
endothelial cells contributed to the formation of the DA
(Pardanaud et al, 1996). Thus, the roof and the sides of
the DA are formed by endothelial cells originated in the
somites whereas the floor of the DA, where hematopoietic
cell generation occurs, is of splanchnopleural origin (ventral
mesoderm). After hematopoietic cell generation, the endothelial
cells in the floor of the DA are replaced by somite-derived
cells similar to the remaining vessel wall (Pouget et al., 2006).
This replacement process might not be evolutionarily conserved
across vertebrates and is currently under investigation in
other species. Additional experiments showed that expression
of Runxl and activation of the Notch signaling pathway in
HE required contact with the underlying mesenchymal cells.
Both signals are essential for EHT, reinforcing the notion

that EHT is an exceptional phenomenon that occurs under
unique developmental conditions (Richard et al., 2013). Cell-
labeling experiments targeting endothelial cells in embryos
prior to IAHC emergence provided further evidence for
an endothelial origin of the emerging hematopoietic cells
(Jaffredo et al., 2000).

In summary, the chicken hematopoietic development also
appears to occur in layers, although the precise contribution of
YS to hematopoiesis has not been determined and no EMPs have
been identified, either because they do not exist or because their
identification was hampered by the absence of antibodies specific
for the different hematopoietic lineages.

Mice

The first hematopoietic cells arise in the mouse YS around E6.5-
E7 in blood islands (Moore and Metcalf, 1970). Colony-forming
assays identified bipotent erythroid/megakaryocyte (Xu et al.,
2001; Tober et al., 2007) and macrophage progenitors (Palis et al.,
1999) within these structures. Primitive erythroid progenitors
(Ery-P) are exclusively present in the YS from E7.5 to E8.5 (Palis
etal, 1999) and generate primitive erythrocytes. These primitive
erythrocytes are larger than their BM counterparts and lack adult
globin expression (Wong et al., 1986). Similar to other non-
mammalian species, mouse Ery-P maintain their nucleus for
several days (Kingsley et al., 2004). In contrast to those found
in adult BM, primitive macrophages do not differentiate through
a monocyte stage but directly from monopotent macrophage
precursors (Mac-CFC/YS-Mp) (Bertrand et al., 2005).

The second hematopoietic wave starts at E8.5, with EMPs
emerging from HE in the recently formed YS vascular bed,
through a process of EHT (Goldie et al., 2008; Bertrand et al.,
2010; McGrath et al., 2015; Frame et al., 2016; Kasaai et al., 2017).
These progenitors proliferate extensively during the following
48 h and are found in circulation by E9 and in the hepatic
primordium by E10.5 (Palis et al., 1999). This second wave
generates definitive erythroid progenitors, the first mast cells,
and bipotent macrophage granulocyte progenitors. Embryonic
definitive erythrocytes can be found in circulation around E11.5-
E12.5 and are distinguished from primitive erythrocytes by their
small size (similar to adult erythrocytes) and the absence of
nucleus. They originate from a novel population of progenitors
of YS-EMP origin, recently identified, that ensures erythrocyte
production and oxygenation up until birth (Soares-da-Silva et al.
bioRxiv 2020.02.27.968230; doi: https://doi.org/10.1101/2020.02.
27.968230).

Of note, the second hematopoietic wave generates tissue-
resident macrophages (Gomez Perdiguero et al., 2015; Hoeffel
etal,, 2015). They have self-renewal ability and persist throughout
life (Merad et al., 2002; Ajami et al., 2007; Jenkins et al., 2011).

The third and last wave of hematopoietic cell generation starts
around E9.5, when multipotent progenitors emerge through EHT
in the embryo DA and other large blood vessels (de Bruijn et al.,
2000; Zovein et al., 2008; Boisset et al., 2010; Yzaguirre and Speck,
2016). Opposite to the first two hematopoietic waves, this third
wave generates the progenitors of HSC and is the only capable
to give rise to lymphocytes (Cumano et al., 1996; Medvinsky
and Dzierzak, 1996). Similar to zebrafish, Notch signaling in the
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mouse AGM is determinant for hematopoietic cell generation
(Kumano et al., 2003), and YS-derived macrophages, which are
the most represented mature cells in this location, have been
shown to enhance HSC emergence (Mariani et al., 2019). The
total number of hematopoietic cells generated in the AGM has
been estimated to be in the order of several hundreds of cells
(Godin et al,, 1999; Ganuza et al,, 2017). According to some
authors, HSC can also be generated in extraembryonic structures
such as the placenta (Gekas et al., 2005; Ottersbach and Dzierzak,
2005). HSC then migrate to the FL where they mature, proliferate
[expanding by more than 30-fold (Ema and Nakauchi, 2000)],
and differentiate. Although adult and embryonic HSCs produce
all major blood cell types, some specific lymphoid lineages
are only produced during embryonic development, namely, the
dendritic epidermal T cells (DETC) (Vy5T) (Ikuta et al., 1990),
lymphoid tissue inducer (LTi) cells (Eberl et al., 2004), and a
subset of IL-17-producer y3 T cells (Vy6™) (Haas et al., 2012).

Humans

The development of the human hematopoietic system also
follows a layered strategy. The first hematopoietic cells are
found in the YS [starting at around E16-18, Carnegie stage
(CS) 7-8]. At this stage, CD45™ cells are found in the cardiac
cavities and mark the onset of circulation (Tavian et al., 1999).
Whereas in mice the generation of hematopoietic cells and
their detection in the FL and placenta are largely overlapping,
in humans, the spatial-temporal progression of hematopoiesis
is better discriminated (Ivanovs et al., 2017). In the YS, few
megakaryocytes and macrophages are found in addition to
erythrocytes. Although a population of EMP has not been
formally identified, data suggests a second wave of hematopoietic
cell emergence in the YS at around CS 13-15. IAHC emerge in
the DA between CS 13 and 17 and CD34*CD45" progenitors
colonize the FL by CS 13, suggesting that HSC initiate liver
colonization as they are generated (Tavian et al., 1996; Ivanovs
et al, 2011). CD34TCD45/° HSC are found in the placenta
only after the 9th week of gestation (4 weeks after the first
CD34% cells reach this site). For this reason, the placenta
is not considered a site of HSC generation in humans. The
BM formation in humans marks the end of the embryonic
period (CS 23 or E56) and colonization by HSC is initiated
shortly after, although the exact time of HSC activity in the BM
remains undetermined. Like in the mouse, human HSC initially
express endothelial and hematopoietic markers that together with
the detection of TAHC suggest a generation through an EHT.
Curiously, and unlike in mice, the umbilical artery does not
appear to be a site of hematopoietic cell generation in humans
(Ivanovs et al., 2011).

An Evolutionarily Conserved Design
From the comparison of hematopoietic development across
species, it appears that the sequential generation of different
hematopoietic progenitors was an evolutionarily successful
strategy. Establishment of circulation was the key step toward the
establishment of a vertebrate hematopoietic system.
Paradoxically, the first hematopoietic cells to be produced
are differentiated rather than multipotent progenitors and fulfill

the most basic functions like oxygen delivery, hemostasis, and
tissue remodeling. Overall, despite some variations, distinct
YS and DA hematopoietic generations are well conserved.
Although controversial (Ueno and Weissman, 2006), the
notion that bipotent hemangioblast-like cells contribute to
hematopoietic cell generation is associated with that of primitive
erythrocytes, megakaryocytes, and macrophages that occur in the
YS blood islands.

With tissue complexity, subsequent hematopoietic waves
have to fulfill increasingly specialized functions, and for that,
multipotent progenitors are better adapted to generate a diverse
array of cells with specific and diversified functions.

Remarkably, gene expression analysis in cephalochordates led
to the identification of HE (Pascual-Anaya et al., 2013), which
places EHT process as ancient and highly conserved through
phylogeny. EHT appears to be the mechanism operating in the
generation of multipotent progenitors in late YS and in the AGM
and the only one to contribute to HSC production.

There is a consistent contribution of YS to the microglia and
other tissue-resident macrophages and to primitive erythrocytes
(Godin and Cumano, 2002). It is also generally accepted that
YS hematopoietic cells do not contribute to the lymphoid
compartment, although some minor and transient lymphocyte
subsets have been suggested to emerge in the YS (discussed
below). Other sites of hematopoietic cell generation, the most
discussed being the placenta (Gekas et al., 2005; Ottersbach and
Dzierzak, 2005; Rhodes et al., 2008), have been proposed but
are not consensual, and the allantois that was hypothesized to
be an alternative hematopoietic site in the chicken was recently
shown to have no contribution to HSC generation (Yvernogeau
and Robin, 2017). Recent evidence points to a role of YS-derived
macrophages in the generation of HSC (Mariani et al., 2019).
It is tempting to speculate that a selective pressure for an early
generation of this unique type of macrophages lies not only in
their capacity to ensure general tissue homeostasis, as the embryo
develops, but also in their contribution to HSC emergence.
It remains to be determined whether the unique properties
of YS-derived macrophages are cell autonomous or whether
they are modulated by cues received from the environment
where they reside.

As different hematopoietic cells emerge, they transit through
different primary hematopoietic organs: the FL and later the
BM or their equivalents in the different species. Due to the
pronounced differences in cell composition of the primary
hematopoietic organs, it is to be expected that the cues that
hematopoietic progenitors receive are substantially different in
distinct organs and that this may influence their development.
A recent example of this selective pressure is the lower
requirements for erythropoietin (Epo) of embryonic erythrocytes
compared to those in BM. They develop in the FL where
Epo concentrations are lower than those produced in the
kidney of adults. The recent discovery that these embryonic
erythrocytes are of YS origin and outcompete those of HSC
origin in the FL exemplifies how the environment can select
for progenitors of different origins in space and time (Soares-
da-Silva et al. bioRxiv 2020.02.27.968230; doi: https://doi.org/
10.1101/2020.02.27.968230). The generally low concentration

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11

December 2020 | Volume 8 | Article 606642



Elsaid et al

Annex Il

Hematopoietic Layered Organization

of other cytokines (i.e., IL-7) in FL also impacts lymphocyte
development (see below).

LYMPHOCYTE DEVELOPMENT: A
STRATEGY DESIGNED FOR LIFE-LONG
TISSUE HOMEOSTASIS AND IMMUNE
PROTECTION

Lymphopoiesis, the process of lymphocyte generation, is the
best-documented system where successive waves of progenitors
differentiate and migrate to specific tissues thus generating the
basis of a layered developmental organization. In this section,
we will describe the development of embryonic lymphoid
lineage populations and why they are selectively produced
within an embryonic environment resulting in a diverse adult
lymphoid compartment.

B Cell Development
The “layered immune system” concept was initially proposed
by Herzenberg (1989), with the identification of functionally
distinct “lineages” of B cells that are generated during ontogeny.
B-1a cells, which reside mainly in the peritoneal and pleural
cavities and produce natural antibodies in a T cell-independent
manner, are usually obtained from embryonic precursors and
contribute to innate-like immunity (reviewed in Herzenberg,
2000; Montecino-Rodriguez and Dorshkind, 2012; Elsaid et al.,
2019). There are different explanations for the unique capacity of
fetal progenitors to generate specific lymphoid cells (Figure 4).
The identification of a specific B1 progenitor only found in the
embryo led to the hypothesis that these cells could derive from
progenitors distinct from those that generate classical B-2 B cells.
Recent studies show that innate-like B and T cells preferentially
originate from developmentally restricted progenitors (Beaudin
etal., 2016). These cells are exclusively found in fetal and neonatal
stages, suggesting that they represent a distinct lineage from HSC.
However, experiments of cellular barcoding coupled with
transplantation showed that FL HSCs can generate both B-la
and B-2 cells and that the capacity to generate B-1a cells is lost
during development and upon transplantation (Kristiansen et al.,
2016). Moreover, it was recently shown that antigen receptor
specificity is sufficient to induce cell proliferation and acquisition
of the B-1 phenotype and function (Graf et al., 2019). Lin28b, a
regulator of fetal hematopoiesis, is important in the generation of
Bla lineage, and loss of its expression controls the switch from
neonatal to adult B cell production (Vanhee et al., 2019). Low
levels of IL-7, a cytokine crucial for adult B cell development,
in FL favors the generation of B1, highlighting the impact of the
microenvironment on the preferential production of particular
cell types (Wong et al., 2019).

Thymopoiesis

In the thymus, T lymphocyte differentiation occurs from
hematopoietic progenitors migrating from either the FL
or the BM at later developmental stages in a process
called “thymopoiesis.” In general, thymopoiesis resembles

B lymphopoiesis in many ways, as it is also a stepwise process of
rearrangement of antigen receptor genes and selection to ensure
self-tolerance (Abramson and Anderson, 2017; Hosokawa and
Rothenberg, 2020). The thymus produces T lymphocytes that
are important for protection against environmental pathogens.
Thymus architecture is key to T cell tolerance and a normal
immune system. The first thymic seeding progenitors (TSP)
that colonize the embryonic thymus display a unique capacity
to generate innate and innate-like lymphocytes. These cells
are required to shape the thymic architecture, thus ensuring
life-long efficient T cell tolerance and avoiding autoimmunity
(Elsaid et al., 2020).

The layered organization of thymopoiesis has been reported
in all species studied from zebrafish to humans. During
development, multiple waves of hematopoietic progenitors
derived from distinct anatomical sites colonize the thymus.
These waves give rise to T cells that fulfill distinct functions at
distinct developmental stages. We will discuss below embryonic
thymopoiesis across species and how cells from different waves
contribute to diverse T cell compartments.

Zebrafish

Fate-mapping analysis using high temporal-spatial resolution
cell labeling techniques identified two waves of T cell progenitors:
an early HSC-independent, from the DA and PBI regions,
generating predominantly ap T cells that do not persist beyond
the larva stage and a late HSC-dependent T lymphopoiesis,
restricted to the DA, giving rise to various types of T cells from
the larval stage up to adulthood (Tian et al., 2017). This first wave
shares two properties with the corresponding population in mice:
they are important in thymic architecture and they differentiate
fast (Hess and Boehm, 2012). In-depth characterization of the
phenotype and function of T cells generated from this HSC-
independent precursor is presently not available.

Frogs

Xenopus laevis have two major hematopoietic organs, the liver,
which is predominant in the larvae, and the spleen, the major
hematopoietic organ in adult animals. B cells are produced in
the liver in larval stages and the spleen takes over that function
after metamorphosis (Du Pasquier et al.,, 1989). The diversity
of the B cell repertoire is apparent in larvae and it is achieved
through the combinatorial rearrangement of a large number
VH, DH, and JH segments. Somatic hypermutation also operates
in Xenopus larvae possibly as a response to the complex biota
of their environment. Interestingly, terminal deoxynucleotidyl
transferase (TdT) expression and N sequence additions are only
detected after metamorphosis (Lee and Hsu, 1994), indicating
further diversification of the antigen receptor repertoire (see
Table 1) in adult animals.

Two waves of TSP, predominantly of DLP origin, have been
identified during the larval stages. The first wave generates a
transient population of T lymphocytes, whereas the progeny of
the second wave persists in the adult (Turpen and Smith, 1989).
It has been reported that T and B cells can also originate in the
VBI (Smith et al., 1989). A third wave of progenitors enters the
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FIGURE 4 | Tissue-resident immune cells are mosaic of cells derived at different developmental stages. Different hematopoietic progenitors are generated during
development, some of which contribute to the adult tissue-resident immune cell compartment diversity. It is still unknown which functions these cells play during
development and whether they persist in adulthood. ILCP, ILC progenitor; My, myeloid cells; NKT, NK T cells; MAIT, mucosal-associated invariant T cells.

thymus at the beginning of metamorphosis and provides T cells
throughout adult life.

In conclusion, T lymphopoiesis in frogs is organized in waves,
and B and T lymphocytes with a limited repertoire diversity are
produced early in embryonic life. The exposure of frog and fish
larvae to a biota-rich environment compared to chicken and
mammals might account for some differences in timing and the
type of lymphocyte responses in the different species.

Birds

An interesting and unique property of the chicken lymphoid
development is that B cells develop in a unique environment
called bursa of Fabricius where they acquire a diverse
antigen receptor repertoire (Reynaud et al., 1987). Sequential
transplantation of thymic lobes demonstrated for the first
time that the embryonic thymus is discontinuously seeded by
hematopoietic cells. In total, three waves of hematopoietic cells
reach the thymus: the first at E6.5 and the third at E18, 1 day
before hatching (Coltey et al., 1987). It was subsequently shown
that the first wave of TSP is derived from cells located in the
para-aortic clusters shortly after their generation in the DA. These
observations raised the possibility that, in chickens, the first wave
of TSP is composed of multipotent hematopoietic cells. The
refractory periods where no hematopoietic progenitors reach the
thymus are consequent to the absence of circulating progenitors
because the injection in circulation of cells derived from para-
aortic foci during refractory periods resulted in efficient thymic
colonization (Dunon et al., 1998, 1999).

Mice
Two waves of distinct TSP colonize the fetal thymus where they
contribute to thymic organogenesis. First wave TSP are first

detected around E12.5 and persist until E15.5. These progenitors
differentiate rapidly, exhibit low proliferative capacity, express
transcripts related to the ILC lineage, and are the only ones with
the capacity to generate Vy5' T cells and LTi cells. A second
wave of more immature hematopoietic progenitors colonize the
thymus after E15 and ensure thymopoiesis thereafter (Figure 5;
Ramond et al., 2014; Elsaid et al., 2020).

The thymic rudiment is detected around E11.5 in the mouse
embryo (Takahama et al., 2017). The thymic epithelial cells (TEC)
divide into cortical TEC (¢TEC) and medullary TEC (mTEC).
Aire™ mTECs ensure the expression of tissue-specific peptides
that mediate T cell negative selection (see Table 1). Vy5* T
cells and LTi cells, a subset of group 3 innate lymphoid cells
(TILC3), are required to establish a mature compartment (Aire-
expressing) of mTEC (Roberts et al., 2012). In line with this work,
Elsaid et al. (2020) showed that the first wave of TSP generates
invariant y8 T cells and LTi within a thymic microenvironment
and that temporal depletion of this wave resulted in loss of (Aire)-
expressing mTEC at birth (Figure 4). The crosstalk between
the progeny of the first TSP and immature mTEC ensures that
mature Aire™ mTEC are in time and place to induce tolerance
(see Table 1) in the nascent aff T cell repertoire during the
neonatal period.

The first wave of TSP originates from a particular subset of
FL common lymphoid progenitor (CLP), no longer detected after
E15, that preferentially arises in the poor IL-7 environment of the
FL (Berthault et al., 2017).

Before HSC activity, lympho-myeloid-restricted progenitors
(LMP) co-expressing lymphoid- and myeloid-associated genes
were reported in YS (Boiers et al., 2013) and proposed to be
the origin of the first wave of TSPs (Luis et al., 2016). These
studies challenged the notion that the first TSP derived from HSC
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relied on the analysis of reporter and lineage tracing mouse lines.
Corroborating these observations, single-cell transcriptional and
epigenetic analysis of IAHC detected a population of lympho-
myeloid-primed progenitors, suggesting an early differentiation
process or an HSC-independent generation (Zhu et al., 2020).
Alternatively, or complementarily, despite a transient expression
of lymphoid transcripts, the reported YS-derived LMP were
devoid of lymphoid potential and therefore do not qualify as
lymphoid progenitors (Elsaid et al., 2020).

Humans

Growing evidence suggests that, as in mice, the human
fetal thymus is colonized by distinct waves of hematopoietic
progenitors. Unlike their adult counterpart (Tieppo et al., 2020),
fetal thymic progenitors expressing low levels of TdT generate
invariant Y3 T cells and promote tolerance (Mold et al., 2010;
Ng et al,, 2019). It was further shown that, like that of innate B-
1 cells in mice, the generation of fetal invariant y3 T cell subsets
was Lin28b-dependent. Further studies are required to identify
the phenotype and functions of these fetal-derived T cells in fetal
immunity and organ development.

Why a Layered Lymphoid Compartment?

Similar to what was described for hematopoietic cells, not all
lymphocyte subsets are produced simultaneously nor throughout
life. In the mouse, whereas lymphocytes with a highly variable
receptor repertoire are produced constantly after birth, some
particular subsets that comprise Bl B cells and Vy5' and
Vy6" T cells are exclusively or preferentially produced during
embryonic life and persist in adults. These subsets share some
general properties: (1) they express invariant or restricted antigen
receptor repertoires and are, therefore, not devoted to highly
specific immune responses. Rather, they fulfill broader functions

and are, therefore, commonly designated as “innate-like” cells;
(2) they are produced in small numbers; and (3) rather than
circulating, they reside in tissues. These lymphocyte subsets that
might confer a first line of protection before adaptive immune
cells are fully functional also contribute to tissue architecture
and homeostasis. Due to their stage-restricted development, it is
tempting to hypothesize that these particular lymphoid subsets
originate from specialized cells that develop independent from
HSC. The demonstration that Bl and B2 cells share a similar
cellular origin (Kristiansen et al., 2016), that Vy5-expressing
T cells do not differentiate from conventional YS progenitors,
and that embryonic hematopoietic progenitors often express
lymphoid specific transcripts, regardless of their differentiation
potential, offer alternative possibilities that need to be further
investigated (Elsaid et al., 2020).

Bl cells make natural circulating immunoglobulin that
provides a first line of defense against pathogens. Although B2
cells can also produce IgM, their development is delayed and
transient protection is better achieved through immunoglobulins
of BI cell origin. In the absence of Vy5™ T cells in the skin,
wound healing is delayed (Jameson et al., 2002). Similarly, in the
absence of Vy6™ T cells, there is increased susceptibility to airway
viral infections as epithelium integrity is easily compromised
(Guo et al., 2018). Because IL-17, the main effector cytokine in
epithelium regeneration, can also be produced by conventional T
cells, y8 T cells might only be crucial in neonates and juveniles
before conventional T cell immunity is mature. Both Vy5™ T
cells and LTi that contribute to the maturation of mTEC in the
thymus have a common origin in specialized TSP only present in
the embryo. Other cell types such as CD4™ T cells can produce
RANKL and induce mTEC maturation. LTi are no longer found
in the adult thymus, suggesting that, together with y§ T cells,
they fulfill a very specific role in late gestation and around birth.
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The fact that they originate from a particular progenitor cell
arising specifically in the low-IL-7 FL environment (Berthault
et al., 2017) and that in some mouse strains neonatal tolerance
induction is required for prevention of autoimmune disease
later in life (Guerau-de-Arellano et al., 2009) suggests a role
of these developmental-restricted cells in the establishment of
peripheral tolerance.

A selective pressure including environmental constraints
appears to favor the early development of less diverse
and sophisticated immune cells that are important in the
establishment of basic immune functions and that confer
protection before the highly complex diverse immune system
is operational. An early development before large numbers of
lymphoid cells circulate also ensures an efficient colonization
of peripheral tissues where niches are possibly limited. Cell-
autonomous mechanisms that condition the differentiation of
developmentally restricted progenitors are still largely unknown.
The HSC-independent origin proposed by some authors will have
to be probed against a possible loss of the expression of embryo-
specific genes such as loss of Lin28b and of the B1 differentiation
capacity as HSC transit from FL to BM, through either an internal
clock-type mechanism or environmentally induced.

CONCLUDING REMARKS

It is interesting to realize that cells usually considered as pro-
inflammatory such as macrophages have been also involved in
organogenesis and in maintenance of tissue integrity, throughout
evolution. It follows that what is considered to be the adult
inflammasome might have tissue-remodeling functions during
development and that therefore both functions co-evolved.
This notion can be extended to specific subsets of innate-like
T cells and ILCs.
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1 | INTRODUCTION
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Abstract

The fetal liver (FL) is the main hematopoietic organ during embryonic development.
The FL is also the unique anatomical site where hematopoietic stem cells expand
before colonizing the bone marrow, where they ensure life-long blood cell production
and become mostly resting. The identification of the different cell types that com-
prise the hematopoietic stroma in the FL is essential to understand the signals
required for the expansion and differentiation of the hematopoietic stem cells. We
used a panel of monoclonal antibodies to identify FL stromal cells in a 5-laser
equipped spectral flow cytometry (FCM) analyzer. The “Autofluorescence Finder” of
SONY ID7000 software identified two distinct autofluorescence emission spectra.
Using autofluorescence as a fluorescence parameter we could assign the two auto-
fluorescent signals to three distinct cell types and identified surface markers that
characterize these populations. We found that one autofluorescent population corre-
sponds to hepatoblast-like cells and cholangiocytes whereas the other expresses
mesenchymal transcripts and was identified as stellate cells. Importantly, after birth,
autofluorescence becomes the unique identifying property of hepatoblast-like cells
because mature cholangiocytes are no longer autofluorescent. These results show
that autofluorescence used as a parameter in spectral FCM is a useful tool to identify
new cell subsets that are difficult to analyze in conventional FCM.

KEYWORDS
autofluorescence, fetal liver, hepatoblast-like cells/hepatocytes, spectral flow cytometry

more cellular parameters simultaneously in single cells with higher reso-
lution than ever before. FCM characterizes physical and fluorescent

CYTOMETRY

Flow cytometry (FCM) has rapidly evolved over the past few decades
[1]. The development of more advanced technologies including mass
cytometry [2], imaging FCM [3], genomic FCM [4] and spectral FCM [5],
has expanded our ability to study immune responses, by characterizing

Marcia Mesquita Peixoto, Francisca Soares-da-Silva contributed equally. Sophie Novault, Ana
Cumano, and Cedric Ait-Mansour are Co-senior authors.

properties of cells in suspension by using fluorochrome-conjugated anti-
bodies to measure proteins expressed by distinct immune cell subpopu-
lations [6].

Spectral FCM was first proposed by J. Paul Robinson at Purdue
University in 2004 [7]. The first commercial instrument (Sony SP6800)
was launched by Sony Biotechnology in 2012, using prisms along with
PMT detectors to collect and amplify light beyond the capability of

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Cytometry Part A published by Wiley Periodicals LLC on behalf of International Society for Advancement of Cytometry.
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conventional flow cytometers [8]. The Sony SP6800 is equipped with
three lasers 405/488/638 nm and two pinholes such that two excita-
tion lasers can be used in a given experiment. Using the 405/488 nm
excitation lasers we assembled a 19-fluorescent probe panel to ana-
lyze immune cells in the mouse adult spleen [9, 10]. Moreover, analy-
sis of antibody-stained preparations of embryonic, neonatal, and adult
heart, which is a highly auto-fluorescent tissue, allowed the robust
identification of new surface markers of different cardiac populations
[11]. In addition, intra-epithelial lymphocytes were efficiently analyzed
in mouse intestinal epithelium cell preparations because the
autofluorescence management allowed eliminating from the analysis
the autofluorescent epithelial cells [9]. Recently, the Sony ID7000
became available with different laser configurations that can be
remodeled. The ID7000 Software analysis is based on the previously
described Weighted Least Squares Method algorithm [8] that allows
the easy detection of auto-fluorescence (AF) that can be incorporated
in the panel as independent fluorescent parameters.

The fetal liver (FL) is a highly auto-fluorescent tissue where hepatic
and hematopoietic cells differentiate alongside and where hepatic and
mesenchymal cells play, yet ill-defined, roles in hematopoietic differen-
tiation [12] and in the establishment of the hematopoietic stem cell
compartment [13]. In addition, although surface markers for different
populations have been identified, a global analysis of the FL stroma
using epithelial and mesenchymal markers has not been undertaken.

Here we sought to analyze the nonhematopoietic stromal com-
partment in mouse FL using a 14-fluorochrome antibody panel and
distinct AF parameters that were unique in the identification of cell
populations. We found two major AF signals at embryonic day (E)18.5
of mouse gestation. One AF signal has different emission spectra in
the 355 nm laser and in the 405 nm laser. It defines stellate cells that
accumulate autofluorescent vitamin A in cytoplasmic granules [14].
The second AF signal is visible in the 355 nm laser, in the 405 nm and
also with a lower intensity and different emission spectra in the
488 and 561 nm lasers and marks hepatoblasts/hepatocytes and
cholangiocytes. Importantly, AF is an invaluable tool to distinguish
cells with the characteristics of E14.5 hepatoblasts, after birth, hereaf-
ter designated as hepatoblast-like cells. In addition, defining the true
fluorescence associated with each autofluorescent population helped
design a sorting strategy to be used in conventional FCM. These
results indicate that AF treated as a fluorescence parameter in spectral
FCM is essential to the characterization of cell subsets in solid tissues.

2 | MATERIALS AND METHODS

The experiment was designed to identify populations of stromal cells
in the mouse FL at different stages of gestation.

2.1 | Cell suspension

E14.5, E18.5 FLs, P3 and P9 livers were dissected under a binocular
magnifying lens. Cells were recovered in Hanks' balanced-salt solution
(HBSS) supplemented with 1% fetal calf serum (FCS) (Gibco) or RPMI

medium (Gibco) supplemented with 10% FCS (P3 and P9) and treated
with 0.05 mg/ml Liberase TH (Roche) and 0.2 mg/ml DNAse (Sigma)
for 6-8 min at 37°C. Cells were resuspended by gentle pipetting.
Before staining, cell suspensions were filtered with a 100 pm cell
strainer (BD). All experiments using E14.5 and E18.5 embryos were
done by pooling FL cells from the same litter in each experiment, in
three or more biological replicates. In an independent experiment, FL
cells were analyzed after mechanical dissociation (in two biological
replicates; data not shown).

2.2 | Flow sample and specimen description

All antibodies were titrated to give the highest signal-to-noise ratio.
The antibody panel has been optimized in a conventional flow
cytometer (LSR Fortessa with five lasers (BD Biosciences) and then
used in the ID7000 (Sony) to study the autofluorescence. Liver cells
were depleted of Ter119" CD45" CD71" CD117" cells by magnetic
cell separation using LS MACS Columns (Miltenyi Biotec). Cell suspen-
sions were stained in two steps. First, cell suspensions of FL were incu-
bated with the biotinylated antibodies for 15-20 min at 4°C. Cells
were washed to eliminate excess of antibody, incubated for 15 min
with anti-biotin beads (Miltenyi Biotec) and applied to a LS MACS

TABLE 1 List of the antibodies used in this study and their
specificity
Marker Conjugation
SAV PE-Cy5 CD45, TER119, CD71, CD117 (all
hematopoietic cells) biotin
Dead PI -
CD324 PE-Cy7 (Epithelial-Cadherin) hepatoblasts,

hepatocytes and cholangiocytes

CD31 PerCP-Cy5.5  (Platelet and endothelial cell adhesion

molecule) endothelial cells

CD166 FITC (Activated Leukocyte Cell Adhesion
Molecule) hepatoblasts and stellate
cells

CD140a APC (Platelet derived growth factor receptor
a) stellate cells and pericytes

Gp38 APC-Cy7 (Podoplanin) mesenchymal cells,
lymphatic endothelial cells

NG2 PE (Chondroitin sulphate proteoglycan 4)
pericytes

Sca-1 BV711 (Stem Cell antigen 1) endothelial cells

CD146 BV510 (Melanoma cell adhesion molecule)
endothelial cells and mesenchymal
cells

CD51 BVv421 (Integrin alpha V) mesenchymal cells

CD326 BV605 (Epithelial cell adhesion molecule)
cholangiocytes (bile duct cells)

CD54 BUV395 (Intercellular Adhesion Molecule 1)
hepatoblasts and endothelial cells

Thy1.2 AF700 (Cluster of differentiation 90)

mesenchymal cells
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Column (Miltenyi Biotec). The 5% of the cells were not passed through
the MACS column and were used as depletion control. The 5% of the
eluted cells were used as unstained control and the remaining were
incubated for 20-30 min at 4°C in the dark with directly labeled anti-
bodies (and streptavidin (SAV) listed in Table 1/Supplemental Table 1.
Pl was added to depleted stained and to the depletion control samples.

2.3 | Instrument details
Stained cells were analyzed in the Sony ID7000 spectral cytometer. The
LE-ID7000E used in this study has five lasers 355/405/488/561/637 nm

(A)

mc

K3 3550m 405nm

E18.5 FL Live CD45 Ter119-CD71-CD117-cells

488nm

SAC|CYTOMETRY | =

PART A
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(Supplemental Figure 1), PMT gains/voltages can be independently
adjusted for each laser, and there are seven pinholes allowing for addi-
tional lasers to be installed. The schematic optical configuration is shown
in Supplemental Figure 1, framed by a black box. The detection capacity
of the ID7000 spans from 360 nm to 820 nm in the 5-laser configuration.
The signals are captured with 32-, 26-, and 19-channel PMT arrays and
individual PMT, as shown.

Before the analysis, the Sony ID7000 was calibrated using the
align-check and the performance 8-peak beads, following the guide-
lines of the instrument provider. A minimum of 100,000 events were
acquired for cell-stained samples and a minimum of 20,000 events for

unstained samples. In every experiment single-stained samples in
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FIGURE 1

Gating strategy to identify stellate cells, hepatoblasts-like cells, hepatocytes and cholangiocytes. E18.5 mouse fetal liver cell

suspensions were stained with biotin labeled antibodies recognizing CD45, TER119, CD71, CD117. Negative cells were magnetically sorted and
labeled with the antibodies in Table 1. (A) The spectra of emission of fetal liver cells after depletion (marked with streptavidin in a dump channel)
and gated out of Pl labeled cells. (B) After unmixing, cells were manually gated to define endothelial, hepatic and stellate cells. The analysis started
with a FSC_A/SSC_A gate, doublet exclusion and PI positive/SAV positive cell exclusion. The gate for SAV exclusion was set by the depletion
control sample (not depleted). CD324 was defined as a marker of epithelial cells, cholangiocytes CD324M&"CD326*; hepatocytes
CD324'°%CD326; hepatoblasts-like cells CD324"€"CD326 . Stellate cells are defined by as PDGFRa* CD166™. [Color figure can be viewed at

wileyonlinelibrary.com]
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Ultracomp eBeads (Thermo Fisher), for each individual fluorochrome,
were provided and a minimum of 2000 events were collected. Total
FL cells stained with propidium iodide (Pl) were used as the control
for dead cell exclusion. Unstained cells after depletion were always
included. Stained cells with the full panel, before depletion of hemato-
poietic cells, were analyzed as a control for lineage staining.

3 | DATA ANALYSIS DETAILS

3.1 | Autofluorescence analysis
The unstained samples, after depletion of hematopoietic cells, were
analyzed using the autofluorescence finder function as shown in
Figure 2. This is a nonautomatic visualization tool where scanning
across the emission wavelengths on each laser detects the best dis-
play of autofluorescence. The scanning is done by moving the cursor
(bar under top plots in Figure 2) and the signal in the different com-
bined detectors can be adjusted to find the best separation between
the different autofluorescence signals. The autofluorescence signals
are then manually gated and checked for their emission spectra (see
Figure 2, lower panels). Distinct autofluorescence signals will separate
in one of the laser combinations and will have distinct emission spec-
tra. Once identified the autofluorescence signals are incorporated in
the unmixing matrix.

Acquired full spectrum are analyzed with algorithms based on the
WLSM as described previously [8]. The accuracy of the unmixing is
ensured by the analysis of the single stained samples. Further manual

adjustments (usually not required) can be done. Acquisitions were
done with similar settings of the laser PMT.

Cells were sorted with a BD FACSAria lll (BD Biosciences)
according to the guidelines for the use of FCM and cell sorting [6].
The FACSAria Ill was calibrated with CST beads following the manu-
facturer's protocols. Data were analyzed with the ID7000 (Sony, Inc)
or FlowJo (v.10.7.3, BD Biosciences) software.

3.2 | Gene expression by RT-PCR

Cells were sorted directly into lysis buffer and mRNA was extracted
with a RNeasy Micro Kit (Qiagen). After extraction mRNA was
reverse-transcribed into cDNA with PrimeScript RT Reagent Kit
(Takara Bio), followed by quantitative PCR with Power SYBR Green
PCR Master Mix (Applied Biosystems). Primers used were as follows:
Actb FW: GCTTCTTTGCAGCTCCTTCGT; Actb RV: ATCGTCATCCA
TGGCGAACT; Afp FW: CTTCCCTCATCCTCCTGCTAC; Afp RV:
ACAAACTGGGTAAAGGTGATGG; Alb FW: TGCTTTTTCCAGGGGTG
TGTT; Alb RV: TTACTTCCTGCACTAATTTGGCA; Des FW: GTGGAT
GCAGCCACTCTAGC; Des RV: GTGGATGCAGCCACTCTAGC; Onec
utl FW: GCCCTGGAGCAAACTCAAGT; Onecutl RV: TTGGACGGA
CGCTTATTTTCC; Pdgfrb FW: TTCCAGGAGTGATACCAGCTT; Pdgf
rb RV: AGGGGGCGTGATGACTAGG; Sox9 FW: CTCCTCCACGAAG
GGTCTCT; Sox 9 RV: AGGAAGCTGGCAGACCAGTA. gPCR reactions
were performed on a Quantstudio3 thermocycler (Applied Bio-
systems), gene expression was normalized to that of -actin and rela-
tive expression was calculated using the 2~ method.
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FIGURE 2 Autofluorescence finder. The analytical tool autofluorescence applied to unstained cells before unmixing. (A) Autofluorescence is
defined manually in cells that show fluorescence in the different lasers, as defined in Materials and Methods. (B) The spectra of emission of the
two defined autofluorescent (AF) signals in the different lasers. [Color figure can be viewed at wileyonlinelibrary.com]
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3.3 | Statistical analysis

All results are shown as mean + standard deviation (SD). Statistical
significance was determined using one-way ANOVA followed by
Tukey's multiple comparison test where a p value <0.05 was consid-

ered significant and a p value >0.05 was considered not significant.

4 | RESULTS
41 | Astrategy to characterize nonhematopoietic
cell populations in FL

To characterize nonhematopoietic (hereafter referred to as stromal)
populations in the FL we assembled a panel of 14 fluorescent dyes
(Table 1) that included propidium iodide (Pl-dead cell exclusion) and
13 fluorescence conjugated antibodies that mark cells belonging to the
hepatic, endothelial and mesenchymal lineages (liver fibroblasts, also
called stellate cells - see Table 1). The analysis was done in FL cell sus-
pensions depleted of hematopoietic cells in a dump channel that
includes the erythroid marker TER119, the pan-hematopoietic marker
CD45, and CD71 and CD117 that together mark embryonic erythroid
progenitors [15]. Cells were depleted of hematopoietic cells, that rep-
resent more than 80% of total FL cells, by magnetic sorting. We ana-
lyzed liver cells isolated from embryonic days (E) 14.5 and E18.5 (1 day
prior to birth), and from days 3 and 9 postbirth (P3 and P9). Figure 1A
shows the spectra of emission of E18.5 cells after the elimination of
hematopoietic and dead cells. Figure 1B shows the gating strategy
used to identify known cell subsets with CD31 and CD146 defining
endothelial cells, and, in nonendothelial cells, CD140a (PDGFRa), Gp38
(podoplanin), and CD166 (ALCAM) define stellate cells as CD140a""
Gp38 CD116" [13]. In the Gp38 CD140a~ subset, CD326 and
CD324 (E-Cadherin) define cholangiocytes (CD324"CD326™) [16] and
hepatic cells (CD324"&""°" CD326) [17] . This analysis shows that at
E18.5 all major FL populations are detected, and hepatocytes are diffi-
cult to discriminate from the decreasing numbers of hepatoblasts that
are undergoing differentiation.

4.2 | Two different autofluorescence patterns
identified by the autofluorescence finder

AF is a property of many tissues defined as signal emission by cells
excited at particular wavelengths, in the absence of specific fluores-
cence. AF can mask or distort true fluorescence and is usually sub-
tracted to facilitate the fluorescence detection. The ID7000 spectral
cytometer is equipped with an analytical software that provides a tool
to identify independent AF signals called AF finder (Figure 2, see
Materials and Methods). In unstained cells this tool allowed the detec-
tion of two AF signals (Figure 2A). AF-1 shows an emission spectra
with 3 emission peaks detected in the 355 and 405 lasers(around
510nm, 590nm and 655nm) and 2 smaller emission peaks in the

CYTOMETRY_| -
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488 laser (around510nm and 590nm). AF-2 shows a similar emission
spectra as AF-1 with the addition of anemission peak at 655nm in the
488 laser and 2 emission peaks in the 561 laser (around600nm and
655nm). The differences in the spectra of emission found in most laser
channels suggested that these two AF signals correspond to two inde-
pendent cell types. Efficient single cell suspension that minimizes cell
death requires an enzymatic digestion of the FL. To test whether the
two autofluorescence signals were impacted by the enzymatic diges-
tion we analyzed E14.5 FL after mechanic dissociation. The auto-
fluorescent signals were detected after mechanic dissociation (data
not shown) indicating that they are an intrinsic property of the two
subsets. The frequencies and numbers of cells exhibiting AF-1 and
AF-2 were, however, strongly reduced consistent with our previous
observation that mechanical dissociation is not suited for FL viable cell
recovery.

After unmixing, we used AF-1 and AF-2 as independent parame-
ters to define two different populations and proceeded to identify
their identity (Figure 3A-D). Figure 3 shows two independent gating
strategies, one that analyzes cells within AF-1 (Figure 3B) compared
to the conventional strategy previously shown in Figure 1 (Figure 3A).
AF-1 cells correspond to a majority of CD31~ (85%), CD140a" (85%)
cells and CD116" (95%) cells (Figure 3B) that define, with a high
degree of enrichment, stellate cells.

CD324" hepatocytes and CD324"CD326" cholangiocytes (bile
duct cells) are known to derive during embryonic development from
bipotent progenitors called hepatoblasts [18]. AF-2 gated cells
(Figure 3C) comprise a majority (83%) of CD31~ nonendothelial cells,
94% of CD140a~ gp38~ and > 90% of CD324"&". We designated
this population hepatoblasts-like cells because they closely resemble
cells with similar phenotype and autofluorescent properties in E14.4
FL, before cholangiocyte differentiation (Supplemental Figure 2),
known to be bipotent progenitors [16]. Within AF-2 in E18.5 FL we
also found CD324" CD326" cholangiocytes [19]. Interestingly, the
analysis done in AF-2 did not detect the subset that expresses low
levels of CD324 that we classify as hepatocytes [17] (Figure 3C).
AF-2 s,
hepatoblasts-like cells from hepatocytes, at this stage of develop-

therefore, an important parameter to distinguish
ment. When auto-fluorescent cells were gated out, stellate cells are
virtually absent from the plots (Figure 3D) whereas a subset of
hepatoblasts-like cells and cholangiocytes are still detected (30% and
50%, respectively) indicating that AF-2 distinguishes two different
cell subsets (AF-2* and AF-2~ cells) in each of these populations. The
cells designated as nonAF correspond to cells with low AF-1 and
AF-2 and comprise all other cell populations in the FL that exhibit

background levels of AF.

4.3 | Properties and identity of FL stromal cells

To further characterize the AF of FL cells and determine whether this
is a cell-intrinsic property or if it is lost upon manipulation we sorted
hepatic cells, hepatoblast-like cells and stellate cells from E18.5 FL
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using a simplified panel in a conventional flow cytometer (Figure 4A,
presort). All populations before and after cell sorting were analyzed in
spectral FCM (Figure 4B, sorted populations). Stellate cells (lower
plots) show persistent levels of AF whereas hepatocytes (upper plots)
remained negative for this parameter. As previously observed,
hepatoblast-like cells sorted as CD324"&" cells yield a mixed popula-
tion of AF-2" and AF-2~ cell (middle plots). These results indicated
that AF in FL populations is a cell-specific property.
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In order to unambiguously ascertain the lineage affiliation of
these three cell subsets we subjected the cells sorted to quantitative
RT-PCR. We show that cells classified as cholangiocytes by FCM
express the cholangiocytic markers Sox9 and Onecut 1 (Hnfé) [16], the
hepatoblasts-like cells express Onecut 1 [18], Alb and Afp whereas
stellate cells express Desmin and Pdgfrb (Figure 4C) [20]. This tran-
scriptional profile is specific for the three subsets thus confirming the
lineage affiliation inferred by the surface marker expression.

(B) Post-sort
B Gp38-CD140a- WLsM mc Wism
10y 104
< .
g =
B 3
0
= K Auto-T2:003%
8 2
10} g
e ies ol L 3
R W LN ot
0324 PECYTA 18 color 2LA
B Gp38-CD140a- WLSM |c WLSM
104 o
3 104 -
2 0y 2
] 3 Ruto-f2: 3731 %
3 K
0}
.m‘i o
L] e a0 e o
o324 pECyTA 18 color 214
WCoMa wisM o EC wisM
104
Stellste: 10000% <
< ‘M 2
3wy [ H
o | R 2.000%
g / | H Auto £2:000%
o Q o
-10%-10° 10° 10 10" 10° 0t a0t 10" 10t
CD166_FITC A [AF color 21 A
Desmin
Afp ook Pdgfrb
ns
Aok *
ns ns 0.15 0.15
s o s ns kK
5 8
g _o10 5 010 Bl CD324°CD326
3 3
23 23 1 cD324'CD326"
[ [
£ 005 £ 005 I CD140a°CD166"
$ 2
-} 5
& 3

e
g
H

FIGURE 4  Autofluorescence is a cell intrinsic property. (A) Fetal liver cells negative for the dump channel and for Pl expressing cells were

sorted after being stained with a simplified antibody panel including Gp38, CD140a, NG2, CD166, CD324 and CD326. Hepatocytes, hepatoblast-

like cells and stellate cells were sorted according to the strategy shown (presort). Sorted cells were reanalyzed in the ID7000 spectral analyzer
(sorted populations). Left plots show purity control, right plots show AF of sorted cells. (B) Sorted cholangiocytes, hepatoblast-like cells and

stellate cells as in A were subjected quantitative RT-PCR in triplicate samples of two independent experiments for Sox9, Onecut1, Alb, Afp, Desmin

and Pdgfrb, and normalized to the expression of B-actin used as house-keeping gene. Data are represented as mean +/— SD. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. [Color figure can be viewed at wileyonlinelibrary.com]
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44 |
cells after birth

Autofluorescence defines hepatoblast-like

Hepatoblast-like cells decrease in numbers as development pro-
gresses, so we used AF-2 to detect these cells, after birth. How-
ever, hepatocytes that are the dominant liver population after birth
are fragile epithelial cells, highly sensitive to manipulation ex vivo
and to the disruption of the tight junctions, required for single-cell
suspensions. Consequently, we detected decreasing numbers of
hepatocytes with age. At P3 and P9 the levels of AF were very simi-
lar in spectrum and intensity to those seen at E18.5. At P3 and P9
AF-2 represents a majority of hepatoblast-like cells with high
expression of CD324, and by high AF-2 (Figure 5A). Interestingly,
at these stages, most cholangiocytes lost expression of AF-2. This
result is reinforced at P9 (Figure 5B) where gating in AF-2 yields
93% of hepatoblast-like cells. These results further indicate that

Gated in CD45- CD31-

AF-2 is essential for the identification of hepatoblast-like cells,
after birth.

5 | DISCUSSION
In this report we used a spectral flow cytometer equipped with five
lasers to analyze a highly autofluorescent tissue, the FL, in single-cell
suspensions. The software analysis of the Sony ID7000 is equipped
with an analytical tool for easy detection of different autofluorescent
signals. The unmixing algorithm subtracts the AF to find true fluores-
cent signals but importantly, by using the AF signals as independent
parameters, it increased the panel of 14-fluorescent dyes into a
16-fluorescence panel.

The “Autofluorescence finder” tool identified independent AF
signals that differed in shape and intensity in the different laser
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detectors. Gating on AF-1 we identified a dominant population with
the phenotype that defines stellate cells, the fibroblasts specific to the
liver. This population has previously been reported to be endowed
with AF in a limited analysis using conventional FCM because stellate
cells store vitamin A in cytoplasm granules [14]. The second AF signal,
AF-2, was found in epithelial cells (expressing CD324) that, at E18.5,
could be subdivided into two subsets. The first expressed CD326
which is specific, at this stage, of newly differentiated cholangiocytes
[19], and the second expressed the highest levels of CD324 while lac-
king CD326 and was consequently classified as hepatoblasts-like cells
because they resemble E14.5 hepatoblasts [16, 17].

Irrespective of the cell preparation method, enzymatic digestion
or mechanical dissociation, the two autofluorescent signals were
detected, although mechanical dissociation resulted in lower repre-
sentation of stellate cells and hepatoblast-like cells. We conclude that
the two independent AF signals in stromal FL populations were intrin-
sic properties of the cells which confers reliability to the analysis. The
transcriptional profile of the AF populations unambiguously confirmed
the lineage affiliation proposed by the surface marker analysis.

The AF-2 parameter allowed the distinction of hepatocytes from
hepatoblast-like cells (CD324" CD326 cells), by clearly demarcating
the limits between the two cell types. Because hepatoblast-like cells
rapidly decrease after birth, as most proliferative activity in the adult
liver is driven by hepatocytes, we analyzed liver cells after birth. We
found that the two different AF signals persisted at these later time
points with AF-2 marking a majority of hepatoblast-like cells. Interest-
ingly, most cholangiocytes lost AF-2 at P3 and virtually all were AF2~
at P9. AF-2 is therefore the only property specific for hepatoblast-like
cells, after birth. Although hepatocytes are the most numerous cells in
the adult liver, they comprised less than 20% of the cell suspension
analyzed here. This observation is consistent with the well-
documented fragility of hepatocytes. The protocols currently rec-
ommended to isolate viable hepatocytes include enzymatic digestion
similar to the procedure used in this study [21]. Alternatively, a perfu-
sion with an enzymatic solution is followed by a purification in a
Percoll gradient [22]. In any of these methods, 5-20 x 10° hepato-
cytes [21] (1%-6%) can be obtained out of the 3 x 10% hepatocytes
in a mouse liver [23] indicating that no efficient procedure is currently
available to isolate hepatocytes.

Our study presents several innovations: (1) The ID7000 software
analysis provides an easy tool to detect independent AF signals;
(2) The unmixing algorithm subtracts the AF signals to allow accurate
true fluorescence detection, a feature already present in the SP6800;
(3) Importantly, the analytical tool treats the AF signals as fluores-
cence and increases, therefore, the panel of analyzed parameters. We
provide evidence that these advances will be invaluable to the charac-
terization of single-cell suspensions obtained from autofluorescent tis-
sues, difficult to analyze in conventional FCM.
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Summary

During embryonic development, several independent generations of hematopoietic
cells were identified. They occur in the yolk sac and the intra-embryonic major ar-
teries, in a narrow window of development. They arise sequentially, starting with
primitive erythrocytes in the yolk sac blood islands, progressing to less differentiated
erythromyeloid progenitors still in the yolk sac, and culminating with multipotent pro-
genitors, some of which will generate the adult hematopoietic stem cell compartment.
All these cells contribute to the formation of a layered hematopoietic system that
reflects adaptative strategies to the fetal environment and the embryo's needs. It is
mostly composed, at these stages, of erythrocytes and tissue-resident macrophages
both of yolk sac origin, the latter persisting throughout life. We propose that subsets
of lymphocytes of embryonic origin derive from a different intra-embryonic genera-
tion of multipotent cells occurring before the emergence of hematopoietic stem cell
progenitors. These multipotent cells have a limited lifespan and generate cells that
provide basic protection against pathogens before the adaptive immune system is
functional, contribute to tissue development and homeostasis, and shape the estab-
lishment of a functional thymus. Understanding the properties of these cells will im-
pact the understanding of childhood leukemia and of adult autoimmune pathology
and thymic involution.
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fetal hematopoiesis, hematopoietic stem cells, lymphoid tissue inducer cells, thymic seeding
progenitors, thymus
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1 | FOREWORD

More than 30years ago, Herzenberg and Herzenberg proposed that
the mammalian hematopoietic system is composed of cells originated
from different waves of hematopoietic stem cells (HSC) with spe-
cific differentiation potential, emerging sequentially during embry-
onic development.! This notion integrated findings suggesting the
embryonic origin of some adult lymphocyte subsets that were not
easily generated from adult bone marrow (BM) progenitors and was
published in a paper entitled “Toward a Layered Immune System”.
Although the tools to analyze hematopoiesis and the knowledge on
progenitor subsets evolved, the notion that the hematopoietic com-
partment is composed of cells that originate from developmentally
restricted progenitors and that persist for life is of actuality.

2 | A HISTORIC PERSPECTIVE

2.1 | Extra-embryonic generation: the yolk sac
Colony-forming cells in the spleen (CFU-S) is an in vivo assay that
measures the presence of highly proliferative hematopoietic pro-
genitors considered, for a long time, to comprise HsC.?

The first multilineage colony-forming cells were identified in the
yolk sac (YS) at embryonic day (E)8 as CFU-S analyzed 8days after
transplantation (CFU-Sg).3 In vitro colony formation in semi-solid
medium was also first detected at this stage, peaked in numbers at
E10 and decreased thereafter.® These results were consistent with a
YS origin of HSC. However, pioneer experiments in the avian model
challenged this idea. Chicken chimeras derived from chick embryos
that developed in a major histocompatibility complex (MHC) allo-
geneic egg showed that adult hematopoietic cells derive from the
embryo proper and not from the Ys.4

Primitive erythrocytes were initially identified as the first em-
bryonic hematopoietic cells of YS origin.5 Circulating primitive
erythrocytes are nucleated and express specific hemoglobin chains
that have increased capacity to transport oxygen compared to adult
hemoglobin.® They can be found around E7 of mouse gestation in
YS blood islands, peak by the time circulation is established (E8-8.5),
and decrease after E12.5, although a few were detected after birth.?
They circulate but are also found in the fetal liver (FL), the first main
site of embryonic hematopoietic differentiation. Limited numbers
of primitive macrophages and megakaryocytes have also been re-
ported in the YS blood islands.”

Around E8-8.5, a second layer of hematopoietic progenitors
emerges in the vasculature of the YS. It is composed of erythro-
myeloid progenitors (EMP) that generate definitive erythrocytes and
multiple myeloid lineages.”® However, they fail to generate lympho-
cytes in vitro or in vivo. The YS has long been considered a provider
of cells that transiently ensure embryo survival. It came therefore
as a surprise that YS EMP-derived macrophages persist for life as
tissue-resident macrophages.” The best example are microglia, the
macrophages residing in the central nervous system (CNS) that,

under physiologic conditions, stay throughout adult life with the
same original cell composition and are not replaced by BM-derived
cells (discussed below). Subsequently, YS mast cells were also found
to have a long lifespan.’® This observation indicates that mature
blood cells emerging in the embryo in an HSC-independent manner
persist and are functional for long periods of time, thus challenging
the paradigm that all adult hematopoietic cells are derived from HSC.

2.2 | Intra-embryonic generation: major arteries

Experiments in several models including the chicken*!! the

mouse,lz'“ h15,16

and the zebrafis| indicated an intra-embryonic origin
of lymphoid progenitors that paralleled that of HSC. This generation
was restricted to the major arteries (aorta, omphalo-mesenteric, and
vitelline arteries)’” and occurred in close vicinity to endothelial cells
lining the vessel. The emergence of hematopoietic progenitors was
directly observed in the zebrafish larvae.*>!® These observations
indicated that hematopoietic progenitors emerge from endothelial
cells through a process, designated endothelial-to-hematopoietic
transition (EHT), that involves progressive morphological alterations,
loss of endothelial cell markers, and acquisition of hematopoietic
specific transcripts. It was subsequently proposed that EMP in the
YS emerge by a similar mechanism.*® For the purpose of this review,
we will use the term “embryo-derived” for all hematopoietic progeni-
tors that are generated within the embryo proper.

The above experiments indicated that a third layer of hema-
topoietic progenitors emerges in the intra-embryonic dorsal aorta
also called aorta-gonads-mesonephros (AGM) and in the omphalo-
mesenteric and vitelline arteries that connect circulation between the
embryo proper and the extra-embryonic tissues (YS and placenta).”
These progenitors can generate erythroid, megakaryocyte, myeloid,
and lymphoid cells at the clonal level. They migrate to the FL where
they establish the adult HSC compartment. The emergence of the
third layer is limited to the period between E9 and E11.5 and partially
overlaps in time, in the mouse, with the previous EMP generation.'?

The first emerging multipotent progenitors were assessed for
their capacity to reconstitute the hematopoietic compartment of
myeloablated recipient mice for long periods of time. This ability
designated long-term reconstitution (LTR) activity is taken as the
golden standard to evaluate HSC. These experiments revealed a
poor LTR capacity of E9-E10 progenitors.20 Although CFU-S were
detected in the intra-embryonic compartment earlier than in YS,1>2!
very low numbers of cells with LTR activity were found before E12.
It was subsequently shown that emerging multipotent progenitors
needed to undergo maturation in an organ culture of AGM or FL in
order to acquire LTR activity and that these newly generated multi-
potent progenitors were designated pre-HSC22 or immature-HSC.%®
One reason for their inefficient reconstitution capacity is their low
expression of MHC-class | on the surface that activates host NK cell
activity,"* but other factors are probably also involved in their fast
elimination from hosts by innate immune mechanisms. These ex-
periments dissociated CFU-S;; and LTR activity, indicating that the
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CFU-S assay does not detect Hsc.2 They also indicated that testing
the in vivo activity of the emerging multipotent progenitors should
not be done in the same assays used to detect adult HSC.

2.3 | The fetal liver, the major embryonic
hematopoietic organ

The FL is the main hematopoietic organ in the mouse embryo. It de-
velops from the hepatic endodermal bud (that gives rise to the liver
parenchyma), that proliferates in cords that invade the mesodermal
septum transversum (giving liver fibroblasts or stellate cells, mesothe-
lial and endothelial cells), and it provides the environmental signals
that support hematopoietic differentiation and the establishment of
the HSC compartment.?>?¢ It was early recognized that hematopoietic
cells in FL are originated elsewhere.?>?” CFU-S; were detected in FL
at E10.5° and CFU-S,,%* at E11.5. Using a competitive in vivo assay,
it was shown that LTR activity was first detected in FL at E12.5.28
Later studies, using organ cultures and, again, in vivo reconstitution
assays, confirmed that the FL is initially colonized at E10.5 (30 somite
[S] stage), that is, shortly after being produced in the AGM, by imma-
ture HSC, which will fully develop to HSC in situ.2® Ema and Nakauchi
further showed that, in FL, the number of cells displaying LTR activity
increased more than 30-fold between E12.5 and E16.5, and decreased
thereafter. These observations were interpreted as reflecting a single
wave of HSC expansion in FL and a progressive exit to colonize the
BM or the spleen. Interestingly, E12.5 is also the time when the first B
cell progenitors were detected in FL.2930

Although these conclusions remain unchallenged, the extent to
which HSC expand in the FL is a matter of debate (see below).

Little is known about the properties of the FL stromal cells that
sustain hematopoiesis. Endothelial cell's,‘"“'32 hepatic stellate ceIIs,32
hepatoblasts®® and portal vessels associated pericytes®® have
been reported to be involved in HSC expansion and hematopoie-

L.28 These apparently conflicting reports may indicate that

sis in F
several cell types contribute to fetal hematopoiesis and that both
compartments, hepatic and hematopoietic, evolve as development
progresses. It is, therefore, required to take into consideration how
the properties of the different stromal cells evolve along gestation,

to understand the factors governing FL hematopoiesis.

2.4 | Alayered immune system

In the late 80s it was reported that a small subset of B cells (desig-
nated B1 cells to differentiate them from B2 conventional B cells), re-
side in the peritoneal and pleural cavities, expressed the T cell marker
CD5 and were endowed with some surprising properties.>> B1 cells
could expand extensively when transferred into neonatal mice,%¢
expressed B cell receptors biased toward the recognition of bacte-

3738 appeared to secrete most natural antibodies® and

rial products,
originated from B1 specific B cell progenitors that reside in FL,*° (BM

cells being less efficient than FL in reconstituting the B1 compartment

Immunological Reviews gAY¥| LEy-L®

upon transfer®®). These properties led to the proposal that B1 cells
originated from an embryonic-specific progenitor and not from HsC.4
However, additional experiments indicated that: 1. B1 and conven-
tional B2 cells can share the same progenitors42; 2. an antigen recep-
tor from B1 cells can confer B1 properties to conventional B2 cells*3;
3. some properties of B1 cells can be explained by an inefficient pre-B
cell receptor selection in FL, that fails to delete some autoreactive re-
ceptors*®; 4. induction of Rag in the BM of Rag™~ mice results in the
production of B1 cells.*® In the absence of a consensual view, we will
consider here that FL progenitors contribute more efficiently to the B1
compartment than their BM counterparts.

Around the time B1 cells were described it became also evident
that subsets of mouse y& T cells expressing invariant T cell receptors
(TCR)*® also had specific properties not shared with other T cells.
They reside in tissues (skin for Vy5V&1- expressing cells, also called
dendritic epidermal T cells [DETC], and lung for Vy6V§1-expressing
cells), precede by several days conventional af T cells in the embry-
onic thymus*’ and appeared to be of strict embryonic origin."s’so
Vy5 and Vy7 (residing in the intestinal epithelium) expressing T cells
were later shown to be positively selected by butyrophilin-like mole-
cules (called Skint1 for Vy5 and Btnl1 for Vy7) expressed by epithelial
cells in the thymus and in the intestine, respectively.SL52 Vy5 T cells
in turn induce the up-regulation of Skint1 in mTEC (Figure 2).5% It
should be pointed out that y& T cells have multiple nomenclatures
which can be a source of confusion. Thus, Vy5 and Vy6 T cells in
Heilig and Tonegawa®* now a widely used nomenclature, have been

t,% also used by

called Vy3 and Vy4 in Garman, Doherty, and Raule
Havran and Allison. We will use here the Heilig and Tonegawa no-
menclature and full correspondence between the different nomen-
clatures can be found in Raulet.*®

The basis for the developmental restriction of invariant y3 T cell
subsets has not been elucidated. Several possibilities to explain this
developmental restriction include 1. an HSC-independent embry-
onic origin, possibly from YS, 2. epigenetic modifications of HSC as
they transit from FL into BM that restricts rearrangement of spe-
cific segments within the TCRy and TCRS loci, and 3. environmental
changes modulating the selection of these subsets.

Although injection of progenitors in embryonic environments is
still challenging and difficult to achieve with low cell numbers, fetal
thymic organ cultures (FTOC) are highly efficient. BM progenitors
seeded in fetal thymic lobes generate aff and y3 T cells but no Vy5- or
Vyé6-expressing cells indicating different cell intrinsic properties in
fetal and adult thymic seeding progenitors (TSP).*’ The embryonic
restriction of invariant T cells appears to be more complete than that
of B1 B cells because there are no reports of a possible adult BM
HSC origin for Vy5 or Vy6 T cells. This observation raises the possi-
bility of different underlying mechanisms in the restricted genera-
tion of B1 or invariant y8 T cells.

Similar to B1 cells and y8 T cells, a population of lymphoid cells,
called lymphoid tissue inducer cells (LTi), that induces lymph node
and Peyer's patches formation, appear also to be restricted to the
embryonic period. Their development depends on the expression of
the orphan receptor Rorc encoded by RoRyt®” and, although cells
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with similar properties have been found in the progeny of BM HSC,
only in the FL is RoRyt expr d in lymphoid p s before
tissue residency. ™

Thus, the immune system, like embryonic erythroid and myeloid
cells, is composed of cells that were generated in a developmentally
restricted manner. The origin and function of these different hema-
ieti will be di: d below.

L

The YS waves generate mostly erythrocytes responsible for
carrying oxygen across the developing embryo, macrophages that
play important roles in tissue devel and defing and
megakaryocytes that produce platelets responsible for clotting pro-
cesses. The idea that these YS populati are only produced and
required during embryonic development has been recently chal-
lenged.**” Two major recent contributions, using inducible linsage-

tracing mouse models, directly sh d that distinct tissue-resid
hage populations, gt ted during embryonic development
3 | WAVES OF HEMATOPOIESIS from YS prog s, persist throughout aduithood. By pulsing
Runx 1™ ™MR0c3265FF ambryos with 4-hydroxytamoxifen (OH-
31 | Yolk Sac Hematopoiesis ~longer than TAM) at E7.5, that labels YS prog < and their progeny, Hoeffel
expected and colleagues showed that d 30% of microglia cells (resident
macrophages of the brain) were labeled in adult mice.** Using two
As previously joned, the h jetic system is established  distinct lineage-tracing models Csf1r™ O™ Roca 267 pulsed with
by multiple waves of prog <. This includes all multip pro-  OM-TAM at EB.S and Tie2"*/ 0N Rasa26Y pulsed with OH-TAM
genitors that may or may not undergo maturation into HSC and their atE75orEBS,.G Perdi and colleagues sh d that most
progenies (Figure 1). tissue-resident macrophages |microglia cells from brain, Kupéfer
£
7 EMT o
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FIGURE 1 Model of hematopoietic progenitor emergence in the embryo: sequential but overlapping waves,
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cells from liver, Langerhans cells from skin and alveolar macrophages
from lung) originate from a Tie2 expressing EMP progenitor.” While
about half of those cells were slowly replaced by HSC-derived prog-
eny, microglia cells were only marginally replaced during a year pe-
riod.”® In fact, the contribution of BM-derived precursors and/or
circulating monocytes to the microglia pool has only been observed
in situations where the integrity of the blood-brain barrier (BBB) has
been disrupted, e.g., using radiation, or in the context of disease.’'%°

In the developing CNS of rodents, primates and humans, microg-
lia cells were progressively found at key sites of neurogenesis such as

the ventricular and subventricular zone, %*-¢°

where they regulate the
size of the neural precursor pool by phagocytosis.®”¢® Dysfunctions
in these cells can lead to neuropsychiatric diseases, since they have
also been implicated in synaptic pruning and remodeling and have
important functions in learning and memory (reviewed in 69,70). YS-
derived microglia cells colonize the brain starting at E9, a time when
there are still no embryo-derived macrophages, and participate in
the BBB formation. This occurs at a specific window of opportunity
since no more myeloid precursors colonize the CNS after this period.

YS-derived hematopoiesis has proven to also have a higher rel-
evance than initially thought regarding other blood populations.
Indeed, lineage-tracing analysis of YS versus HSC-derived hemato-
poiesis showed that there is a minimal contribution of HSC to various
cellular subsets in the embryo. It is the case for mast cells, which are
predominantly YS-derived in the embryo and at perinatal stages in
most connective tissues.'%7° Furthermore, recent evidence showed
that, until birth, red blood cell production is maintained by YS EMP
with minimal contribution from HSC.* Remarkably, YS-derived
erythrocyte progenitors require 10-fold lower concentrations of
erythropoietin (Epo) than their HSC-derived counterparts and have,
therefore, a selective advantage in an Epo-poor environment such as
the embryo. This can explain why patients with mutations altering the
receptor-binding kinetics of Epo only display anemia postnatally.72

These studies have challenged the dogma by which HSC as-
sume blood production from the moment they are generated and
are the source of all hematopoietic lineages in the adult, thus pro-
viding evidence for the existence of a developmentally regulated
“layered” hematopoietic system. The obvious selective pressure for
such phenomenon lies in the differences in environments that exist
in FL and BM for hematopoiesis. The FL exhibits lower cytokine
concentrations and, therefore, progenitors that respond to lower
concentrations of chemokines and cytokines, like YS progenitors
will have a selective advantage over HSC and their progeny.**717%
One can speculate that, by taking over the production of myeloid
and erythroid cells throughout embryonic development, the YS-
derived progenitors, or other transient progenitors, are liberating
the embryo-derived progenitors, from where HSC are derived, from
fulfilling the needs of the embryo, allowing them to set up the stem
cell pool and to generate the lymphoid counterparts that are exclu-
sively embryo-derived.

Immunological Reviews gAY¥| LEY-L®

3.2 | Embryo-derived progenitors - multipotency
versus stemness

The first embryo-derived hematopoietic progenitors appear in
clusters in the dorsal aorta and other major arteries through a
process of EHT performed by specialized endothelial cells named
hemogenic endothelium (HE).*>!47% These progenitors are multi-
potent, giving rise to all blood lineages, and the only ones with
lymphoid potential.'**® The EHT process starts with the up-
regulation of the transcription factor Runx1, essential for HSC
generation, that activates the hematopoietic transcriptional
program.””””7 This leads to a series of morphological changes that
manifest as endothelial cells budding and forming intra-aortic he-
matopoietic cell clusters (IAHC). IAHC can be identified as c-Kit"
and constitute a heterogeneous group of cells with expression of
endothelial markers such as CD31 and Flk-1 at the basal level of
the cluster, while CD45 can be detected in some cells of the clus-
ter outer region. c-Kit* cells in the AGM peak at E10.5 (around
800 c-Kit* cells per aorta) and the majority localized ventrally.”®
At this stage, all c-Kit* cells are multipotent at the clonal level,
but only about 20-30 are pre-HSC.”? Studies aiming at identifying
the distribution of HSC within the IAHC showed their preferen-
tial localization in the ventral side of the aorta, hinting a ventral
polarity in the development of these cells. 8081 Major efforts have
been made to identify the molecular and signaling pathways that
induce the specification of the HE and coordinate HSC emergence
(reviewed in 82).

Whether all multipotent progenitors generated in the major
arteries will give rise to HSC has recently been questioned.83 The
fact that most of the c-Kit" cells present in IAHC do not show
HSC activity may have two different explanations: All c-Kit* cells
may be HSC precursors at different stages of development and
with different LTR activity. Alternatively, they may represent a
heterogeneous population of cells generated by two developmen-
tal pathways, one that will give rise to HSC and the other fated
to differentiate. Whether this heterogeneity is defined at the HE
stage or in response to extrinsic cues is not yet clarified. Recently,
Dignum and colleagues84 reported that Cxcr4 expression in the
HE associates with HSC activity, whereas Cxcr4™ HE cells generate
HSC-independent progenitors that can give rise to all lineages in
vitro but lack engraftment post-transplantation. In fact, Cxcr4™ HE
represents a heterogeneous progenitor compartment with cells
displaying distinct lineage-restricted potential (multipotent, lym-
phomyeloid, erythromyeloid, and myeloid-only) in culture assays.
Another study points to heterogeneity in the HE in terms of HSC
potential as Mecom, a critical regulator of HSC, is preferentially
expressed in progenitors that will mature into phenotypic HsC.83
Accumulating evidence points, therefore, to the existence of mul-
tipotent progenitors independent of HSC that will be further de-
scribed below.
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3.3 | The establishment of the HSC compartment

At this stage, we will discuss the attempts to evaluate the degree of
expansion of the different hematopoietic compartments, as well as
how the existence of multiple layers can be integrated in these views.
The organization of the hematopoietic system is classically viewed
as a hierarchical tree, with HSC continuously sustaining all mature
blood lineages throughout life. However, this concept has only been
based on a “retrospective” assessment of the two hallmarks of HSC
(self-renewal and multipotency), upon isolation and transplantation
into myeloablated recipients, which might not reflect hematopoiesis
in intact animals. In the last years, different lineage-tracing mouse
models, genetic barcoding technologies and RNA sequencing have
been increasingly implemented to analyze the hematopoietic sys-
tem in unperturbed settings (reviewed in 85,86). These studies were
quite informative on the physiological hematopoietic flux through-
out its hierarchical structure and revealed a minimal contribution of
adult HSC to downstream compartments.w’89 These findings were
in line with the fact that the adult stem cell compartment is mainly
quiescent at steady-state.”®?! Whereas downstream multipotent
progenitors proved robust in vivo self-renewability and sustained
adult hematopoiesis,89 their repopulating ability, when transplanted,
was limited, being exhausted after a few weeks,”? and are, there-
fore, not clinical targets for LTR. The mechanisms regulating the cell
fate decision between self-renewal or differentiation are still largely
unknown and their understanding is expected to open doors to the
development of efficient HSC manipulation and expansion protocols
ex vivo.

In contrast to the adult system, it has been widely accepted that
HSC are highly proliferative during embryonic development, ex-
panding significantly in the FL,?® thus rendering this organ an ideal
site to study the mechanisms driving HSC proliferation. However,
this dogma was recently challenged.”®?* To dissect how the adult
HSC pool is established, from its generation in the AGM region
until its settlement in the BM, reports that aimed to quantify HSC
throughout development are here revisited (Table 1).

Only 1-2 HSC (cells with LTR potential) were detected in the AGM
at E10.5-E11.5.3%° Given the extremely low repopulation activity of
the emerging hematopoietic cells in this region, the term pre-HSC
was introduced to identify immature precursors that acquired LTR
potential after ex vivo cultures.”” Using this system, Rybtsov and
colleagues identified around 20 pre-HSC in E10.5 AGM, peaking at
E11.5 (40-60 cells). They further showed that the number of pre-
HSC in E11.5 AGM matched the number of mature HSC in E12.5
FL (~60 cells), suggesting that maturation, rather than proliferation,
takes place during the migration of cells from the AGM to the FL.
This latter value compares well with the ~50 repopulating units (RU)
described by?®in E12.5 FL.

The notion that the FL is a site of significant HSC expansion
comes mainly from the work of Ema and Nakauchi who quantified
LTR potential from FL cells at different developmental stages. They
showed a 33-fold expansion from E12.5 (~50 cells) to E16.5 (~1500),
corresponding to about 5 rounds of symmetric division. Despite

variable estimates in the number of RUs in E14 FL, ranging from 440
to 2000 (Table 1), most studies converge to the conclusion that the
FL contributes to the generation of 1000-2000 HSC. These num-
bers represent about 10% of the estimated number of HSC in the
adult (Table 1). Accordingly, 3 additional rounds of symmetric divi-
sion should take place after HSC leave the FL (see below).

Recent reports,%'94
is a privileged niche for active HSC expansion without differentia-
tion, but also concluded that the estimated cohort of HSC generated

not only questioned the concept that the FL

in the AGM only doubles in size during fetal stages of mouse de-
velopment. Using a multi-color ROSA26 - Confetti reporter system
and based on mouse-to-mouse variance in the composition of adult
blood, the authors traced back the hemopoietic hierarchical tree to
~600 E7-E10.5 AGM precursors, a number 10-fold higher than the
above-cited number of pre-HSC in E11.5 AGM. In Conf-UbigtR"%cre
mice treated with tamoxifen (TAM) at different stages, they further
refined their estimations by showing that the HSC compartment in
the BM of 6-month-old mice derived from about 850 E8-E10 en-
dothelial progenitors and 1.700 E12-14 hematopoietic progeni-
tors, this number remaining constant up at least 9days postnatally.
Altogether, these results indicated that the size of the embryonic
pool of HSC is primarily determined by the very high number of pre-
HSC generated in the AGM, with not more than 1 round of division
occurring at a later stage during embryonic development, eventually
in the FL.*

Numerous studies showed that essentially all FL cells are in
active division. Between E12.5 and E14.5, all FL Sca-1c-Kit™ cells
are in cycle, as demonstrated by BrdU uptake analysisA95 Notably,
Ganuza et al. also estimated 4 rounds of division of CD45*c-Kit*Lin~
progenitors from E12.5 to E14.5%* in line with Ema et al. This not-
withstanding, an active cycling HSC population is not necessarily
in contradiction with a low net expansion, as asymmetric division
or differentiation might occur, not duplicating the stem cell pool at
each division. This is what Ganuza et al. suggest: FL HSC are actively
dividing but most daughter cells are biased for differentiation, im-
plying that the FL is not a privileged niche for active HSC expansion
without differentiation.

Although HSC migrate to the BM as early as E15.5, only minimal
HSC activity is detected in this tissue during fetal stages.”®?® This
might indicate that, either the migration from the FL to the BM oc-
curs progressively (or massively only after birth), or that the estab-
lishment in the new niche might temporarily compromise their LTR
potential. Although quantification of transplantable HSC throughout
the first days after birth has not been performed, the entire HSC
population was reported to be in cycle during the first two weeks
after birth, switching progressively to a quiescence state that is fully
acquired by the end of the fourth week.”® An increasing contribu-
tion of precursor cells to the adult BM pool could be estimated using
the Conf-Ubig™ "% model, from ~2.000 around birth to ~5.700 at
3weeks.”* Overall, these results are also in line with the classical no-
tion that, after birth, the HSC compartment must expand about 10-
fold (~3 rounds of symmetric division) to reach the 10.000-20.000
HSC in adult BM (Table 1).
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3.3.1 | Is HSC embryonic expansion in FL a dogma
on the edge?

Although there is some variability in the estimations of fetal HSC
numbers (Table 1), the most conflicting value that impacts the ex-
tent of embryonic HSC expansion is the starting number of AGM
progenitors: ~60 immature HSC precursors79 vs. ~600 precursors
fated to become HSC.”® Numbers based on transplantation systems
are likely prone to underestimations. Also, it should be noted that
the work of Ema and Nakauchi?® is not informative as to whether
the increase in RU they observed was due to expansion of HSC or
to maturation of multipotent progenitors into cells with LTR activity.

While the strategy of Ganuza et al’*

is of considerable interest, they
assume that the linear correlation they found between sample-to-
sample variance and numbers of precursors established with fibro-
blastic cell lines in vitro also applies to hematopoietic progenitors in
vivo. Their system is prone to overestimations because newly gener-
ated progenitors are actively cycling and the progeny of single cells
can be marked more than once during the period of TAM activity.
Furthermore, their view does not easily accommodate increasing
evidence suggesting that, similar to adult HSC, the bulk of embry-
onic HSC are not actively contributing to blood production, which
is essentially ensured by other multipotent progenitors (originated
from HSC-independent AGM or YS waves).”*83108

A precise quantification of the stem/progenitor cell compart-
ments throughout ontogeny, contemplating the layered organi-
zation, is still missing. Understanding the kinetics of the different
waves and progenitors in the FL and fetal and neonatal BM will be
fundamental to comprehending the establishment of the adult he-
matopoietic system and the impact of different niches in hemato-
poietic development.

Many questions remain unresolved: What is the fraction of mul-
tipotent cells generated in the intra-embryonic vessels that evolve
to become HSC? Does the FL microenvironment have a role in HSC
proliferation? Does the neonatal BM also sustain HSC expansion? Is
HSC expansion niche-dependent or a cell-intrinsic property? What
contributes to the HSC shift into quiescence? Knowing that HSC ex-
pansion only occurs during the initial stages of development, when
the whole organism is growing, the possibility that a general mech-
anism, rather than a local one is the key to the conundrum, cannot
be disregarded.

4 | LAYERED THYMOPOIESIS AND THE
THYMIC ARCHITECTURE

41 | Thethymus

Within the thymus, thymic epithelial cells (TEC) provide the unique
microenvironment required for developing functionally diverse T
cells expressing TCR reactive to foreign antigens while tolerant to

self. TEC coordinate virtually all stages of T cell development, pro-
viding key cytokines, chemokines, and ligands for the commitment,

Immunological Reviews gAY¥| LEy-L2

survival, proliferation, and selection of T cell precursors (thymo-
cytes).!®? Deficits in thymic function arise with aging, cytoablative
protocols or during pregnancy and infection, contributing to poor
T-cell responses to newly encountered pathogens and predisposing
to autoimmunity and cancer. This deficit is due to an involution of
the organ that is characterized by a progressive loss of architectural
integrity, size, as well as cellularity that, in turn, results in reduced
T lymphopoiesis. While the involution observed with aging appears
to be irreversible, transient involution, such as the one occurring in
pregnancy, after irradiation, cytostatic drugs, or infection, is revers-
ible indicating that the adult epithelial compartment has regenera-
tive capacity (reviewed in 110).

The TEC compartment is classically subdivided into function-
ally distinct cortical (c) and medullary (m) TEC and develops from
the endoderm of the third pharyngeal pouch.'** The use of spe-
cific surface markers*'?2 and clonal analysis''*!*> established
that cTEC and mTEC derive from common bipotent TEC progen-
itors (TECP). Bipotent TECP have also been identified in the adult
thymus up to 9 months of age.116 These cells resemble cTEC by
phenotype. 1118 |nterestingly, the bipotent compartment has re-
cently been characterized as biased toward cTEC differentiation
during neonatal life, shifting to biased toward mTEC differentia-
tion thereafter.!*?

Whereas cTEC regulate T cell lineage commitment and positive
selection, mTEC contribute to the elimination of autoreactive T cells
and to the differentiation of regulatory T cells. The key role of mTEC
in tolerance induction depends on their capacity to express tissue-
restricted antigens (TRA), a process that is determined in part by
Aire'® and Fezf2.'%* TRA expression by mTEC anticipates the pre-
sentation of peripheral self-antigens to mature T cells,*?? such that
potentially autoreactive thymocytes are eliminated or deviated to
the T regulatory cell lineage. Thus, genetic defects that impair TEC
function will result in a broad range of life-threatening pathologies
that range from immunodeficiency to autoimmunity.

The developmental pathway of cTEC remains elusive, whereas
our understanding of the molecular events that regulate mTEC dif-
ferentiation is far more detailed. The development of mTEC depends
on instructive signals provided by distinct hematopoietic cells, in-
cluding lymphoid tissue inducer (LTi) cells, y5T cells, and CD4" T
cells.”® These lymphoepithelial interactions, commonly termed “thy-
mic crosstalk”, engage specific members of the tumor necrosis fac-
tor receptor superfamily (TNFRSF), including receptor activator of
NF-kB (RANK) and lymphotoxin a receptor (LTaR) in mTEC and their
progenitors, and CD40 and lymphotoxin a in thymocytes, which, in
turn, activate nuclear factor kappa B (NF-kB) signaling pathways re-

quired for mTEC maturation.

4.2 | Thymic epithelial regeneration
The thymus is a highly dynamic organ that increases in size for the
first 3-4 weeks of post-natal life, in the mouse. After that, the thy-

mus starts a long involution process with decreased numbers of
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thymocytes and of epithelial cells such that, in aging mice and hu-
mans, few naive T cells are produced. Foxn1 is a transcription fac-
tor required for the formation of a functional epithelium. Loss of
function mutations in Foxn1 (like the one found in the nude mouse)
results in the absence of thymus and hair follicles, although TECP
are still present.'?®> Most TEC express Foxnl during embryonic de-
velopment and this expression is reduced in post-natal mice.'?*
Reduced Foxnl expression results in decreased levels of the target
genes DIl4, Kitl, and Cxcl12, that are important for the earlier stages
of thymocyte development. Delayed involution and regeneration of
aging thymus function and architecture are observed when TEC are
forced to upregulate Foxnl expression. Aging mice with increased
Foxn1 expression have an augmented TEC compartment that com-
prises MHCII' TECP, and mTEC with an increase in Aire and TRA
e><pre55ion.125

Other environmental factors impact the cellularity of the thymus
and its architecture. Possibly the most relevant is the myeloablative
treatment required for BM transplantation. IL-22 is an important
factor produced by ILC3, that is triggered by a decrease in double-
positive thymocytes that follows total body irradiation (TBI). In the
absence of IL-22 or ILC3, the TEC compartment does not recover
as assessed up to 28days after TBI.126 RANK ligand (RANKL), that
is produced by LTi and CD4" T cells, appears to be upregulated
after myeloablative treatment and induces thymic regeneration.?’
Increased levels of lymphotoxin « in LTi cells upon RANKL upreg-
ulation take part in epithelial regeneration, raising the possibility
that their clinical administration could improve thymic regeneration
in transplanted patients. Two other molecules are upregulated in
the thymus after irradiation. One is BMP4?8 that is produced by
endothelial cells and regulates the expression of Foxnl and its tar-
gets and the other is Fgf7 or keratinocyte growth factor (KGF). KGF
treatment in vivo was shown to expand a population of Ly51*Foxn1*
cTEC'?? and to improve thymocyte recovery after myeloablation
or BM transplantation (reviewed in 110). However, treatment with
KGF after BM transplantation failed to improve T cell production in
humans,'®° indicating species-specific variations in the regulation of
factors that determine the thymus epithelial compartment.

Several TEC subsets were shown to be in cycle in the adult thy-
mus and more precise BrdU incorporation experiments have shown
that the Airet mTEC cells are continuously renewed with a half-life
of 2weeks.*3

Altogether the observations summarized above indicated that
TEC respond to direct injury or massive thymocyte depletion by
activating several mechanisms that restore their numbers indi-
cating that it is a highly dynamic compartment. It is interesting
to notice that some of these mechanisms of regenerative process
specifically involve ILC3/LTi cells, highlighting their fundamental
role in the homeostasis of the adult TEC compartment. It is in-
triguing to observe that these cells are very infrequent in the adult
thymus.132

Thymomas are malignant hyperplasias of TEC, frequently as-
sociated with a decreased expression of Aire and a disorganized
thymic architecture. This disease is also frequently associated

3 including myasthenia

with multiorgan autoimmune disorders,13
gravis characterized by the presence of autoantibodies against
acetylcholine receptors. This association of pathologies indicates
that loss of Aire expression in the adult thymus results in a loss of

self-tolerance.

4.3 | Embryonic thymus colonization: two
waves of TSP

Continuous colonization of the thymus by hematopoietic progeni-
tors is required for normal T cell production. The thymus anlage
is initially colonized after E11 of mouse gestation''! and fetal thy-
mopoiesis occurs in two phases, initiated by two distinct waves of
hematopoietic TSP, corresponding to the most immature subset of
ETP!3* (Figure 2A). TSP of the first wave bear surface markers of
common lymphoid progenitors (CLP) but have lost B cell differentia-
tion potential. They have limited proliferative capacity and rapidly
differentiate into mature T cells.**® First wave TSP are the only pro-
genitors that generate LTi cells and invariant Vy5- or Vy6-expressing
T cells, which are exclusively produced before birth. Of note, thymic
LTi appear to derive from a common T/ILC progenitor, in contrast to
all other LTi that are generated in the FL and exit the organ to form
the lymph nodes and Payer's patches anlage.’®!%¢ Of interest, bipo-
tent ILC/Vy5 progenitors were detected among first wave TSP (10%
of all T/ILC progenitors).3°

LTi and invariant Vy5* T cells are the first mature cells to
be produced in the embryonic thymus and both were shown to
play a role in the maturation of mTEC through the expression of
RANKL.53107 Although many mature T cells express RANKL, it
is tempting to speculate that embryonic restricted cells operate
in a time-window that ensures early maturation of the epithelial
compartment. Loss of both populations leads to a transient impair-
ment in mTEC maturation and to an altered thymic architecture.®
The impact that a defective progeny of the first wave TSP has in
the thymic epithelial compartment throughout adult life has not
been directly assessed although Aire deficiency in the first days of
post-natal life-induced autoimmunity.137 This observation raises
the possibility that Vy5 T cells and LTi cells generated from the
first wave TSP are essential for proper adult immune function.
Thus, the first wave of TSP would fulfill the essential function of
inducing TEC maturation before TCRap T cells develop, thereby
shaping the thymic architecture required for thymocyte selection
(Figure 2B). It is also conceivable that the TEC compartment has a
window of opportunity for adequate maturation and that the equi-
librium between mature TEC and TECP determines, at this stage,
the proper response to disturbances in the adult TEC compart-
ment. If that were the case, a late or inadequate crosstalk between
thymocytes and TEC would result in a life-long defective compart-
ment with potential consequences for development of autoimmu-
nity and premature thymic involution.

After birth, invariant Vy5* T cells migrate to the skin where they
expand and contribute to the integrity of the epithelial barrier, and to
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the tissue repair upon injury.*®1%® Thymic LTi are also gradually lost
although their fate is presently unknown.'®2 To date, the role of in-
variant Vy6* T cells in thymic organogenesis has not been addressed.
These cells are also of exclusive embryonic origin, and their devel-
opment is coupled with their capacity to produce high levels of IL-17.
While some stay resident in the thymus, the vast majority leave to
the periphery in the perinatal period and colonize the mucosa of the
genitourinary tract as well as the airway epithelia where they play an
important role in acute inflammation, and tissue repair.'*? Although
the first TSP also produce af T cells, the absence of terminal deoxy-
nucleotidyltransferase (TdT) and, therefore, of N sequence additions
at that stage limits the diversity of their TCR.}*> They are thought to
be rapidly replaced by the highly diverse T cells produced from the
second wave TSP that colonize the thymus after E15.5. These pro-
genitors are endowed with high proliferative capacity and generate
large numbers of TCR-diverse, af- and y5-T cells (Figure 2A). Second

wave TSP share essentially all key properties with adult TSP.23*

4.4 | The origin of fetal TSP

The first TSP display general hallmarks of CLP but also express high
levels of Ccr7, Ccr9, Cd7, and Glis3, typical of FL CLP that have lost B-
cell potential. Indeed, in vitro and in vivo studies demonstrated that

1.7% Of interest, these cells were

they have restricted T/ILC potentia
identified by the surface expression of paired immunoglobulin-like
receptors (PIR).”®

A subset of CLP expressing PIR A/B was identified in FL exclu-
sively between E11 and E14.”% This subset had the same transcrip-
tional signature of first-wave TSP, suggesting a lineage relationship.
Similarly, again exclusively in the referred time window, the FL also
harbors a subset of lymphomyeloid-primed progenitors (LMPP) that
are PIR*, whose transcription signature is already biased toward re-
stricted T/ILC potential.73 However, the capacity of PIR" LMPP and
PIR" CLP to generate LTi and invariant Vy5" T-cells has not been
addressed experimentally. The second wave of TSP is made of cells
with the hallmarks of LMPP (PIR-), that is, still retaining full lymphoid
and limited myeloid potentials. It is worth noting that they only ap-
pear in the thymus after E15.5 despite the fact that their LMPP (PIR")
FL equivalents largely outnumber FL PIR* LMPP and PIR* CLP be-
tween E11 and E14.7313

441 | First wave of TSP may be HSC-independent
As mentioned above, HSC are first detected in E12 FL where they
increase in numbers up to E16.% The fact that PIR* LMPP and PIR*
CLP are already detected in FL and in circulation at E11, coincident
with the onset of thymic colonization, implies that first-wave TSP
must be HSC-independent.

Whether the first wave of TSP originates from YS or intra-
embryonic multilineage progenitors that emerge from the dorsal
aorta has been a matter of debate due to the fact that, in mice, the

[mmunological Reviews AY¥| LEY-[2

time window of hematopoiesis at both sites largely overlaps. It has
been proposed that YS-derived cells have the potential to gener-
ate lymphoid cells.'*® These results were based on the observation
that lymphoid-associated transcripts (namely 1I7Ra, Ragl, and Rag2)
were detected in YS cells, prior to the emergence of HSC.™° Along
the same line, it was also suggested that YS progenitors were the
source of first wave TSP, as assessed by the emergence of invariant
Vy5% T cells, in experiments using a temporally-controlled lineage
tracing model.*! However, as the authors themselves acknowl-
edged, the results were as well compatible with an intra-embryonic,
HSC-independent, origin of these cells.

Recently, Elsaid et al'®®
ing the identification of the first emerging II7Ra-expressing cells

using a fate-mapping mouse line allow-

in E9.5 embryos, demonstrated that the expression of lymphoid-
associated genes by YS progenitors, including EMP, was transient,
and that IL7Ra-expressing YS cells had no T or B cell potential, as
assessed in highly sensitive in vitro assays and in FTOC. Although
Vy5* T cells and LTi do not appear to derive from EMP, it has
been difficult to determine the exact origin of these cells. These
cells are labeled to the same extent as HSC in the Csf1RMERCreMER
mouse model*® but not in the Cdh5"E8™2 model'*! when induced
at E10.5. The former targets all hematopoietic and myeloid pro-
genitors whereas the latter targets cells at their origin in the HE, in
a shorter time window. Taken together, the results are compatible
with the first TSP originating from a late YS multipotent progen-
itor independent from EMP, or from early intra-embryonic multi-
potent progenitors that have low probability to integrate the HSC
compartment. Heterogeneity in the capacity of multipotent pro-
genitors to integrate the HSC compartment has previously been
rept:)rted.142 A population of Flk2-expressing cells, detected in the
FL prior to E12.5 that appear to preferentially differentiate into
lymphocytes, particularly of the embryonic typeA142 Furthermore,
intra-embryonic, HSC-independent progenitors with T-cell poten-
tial revealed by in vitro clonal assays and single-cell transcriptom-
ics have also been observed.®* All these experiments point to a
fourth generation of transient progenitors biased for differentia-
tion that generate embryonic-type lymphoid cells independently
from HSC.

4.4.2 | Zebrafish and humans

Using high-resolution spatiotemporal laser-induced lineage trac-

1% showed the emergence

ing technology in zebrafish Tian et a
of HSC-independent and HSC-dependent progenitors emerge at
non-overlapping time windows. Specifically, they showed that the
first T-cells identified in the embryonic thymus arise from HSC-
independent progenitors. T cells generated from this first wave
were no longer detectable at the juvenile stage. These results

|14 using different experi-

were recently confirmed by Ulloa et a
mental strategies.
In humans, evidence also exists supporting the concept of a

layered organization of thymopoiesis during development. It has
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been proposed that fetal and adult HSC give rise to distinct T-
cell lineages.’ This study adds to a long series of publications
demonstrating that the fetal and the adult T-cell immune systems
are quite distinct, in line with the very old concept that the fetal
environment is prone to tolerance induction. However, it does not
directly inform on whether fetal and adult HSC are intrinsically
distinct.

Vermijlen et al.1*¢ identified human semi-invariant and invari-
ant y8 T-cell populations exclusively produced in the fetus, whose
development was coupled to an effector program, namely the pro-
duction of IFNy and granzymes. These developmental properties
appear analogous to those of first wave TSP-dependent invariant
Vy5-expressing T cells in the mouse thymus. Recently the same
group demonstrated that the above-cited properties of fetal yd T-
cells were due to the expression of high levels of the RNA-binding
protein Lin28b, and that this type of cells could only be generated
in vitro from fetal HSC precursors or Lin28b-transduced post-natal
HSC.**” Whether expression levels of Lin28b might distinguish
waves of TSP, or HSC-dependent from HSC-independent multipo-
tent progenitors, remains at this stage speculative. Interestingly,
forced expression of Lin28b in mice confers adult BM progenitors
with the capacity to generate fetal-type cells like B1 B and NKTy8
cells, in mice.'*®

Highlights of current knowledge on fetal thymopoiesis, as here
summarized, add to the many studies in recent years that converged
to the concept that, in the mouse embryo, hematopoiesis is essen-
tially driven by YS-derived and intra-embryonic HSC-independent
progenitors. A contribution of HSC to late fetal thymopoiesis is
likely to occur in species with long gestation periods. However, as
discussed elsewhere,149 even in these cases the evolutionary strat-
egy of a layered organization of thymopoiesis is, in all likelihood,

conserved

5 | ANEW HSC-INDEPENDENT INTRA-
EMBRYONIC WAVE OF HEMATOPOIETIC
GENERATION

Considerations relevant when studying the embryonic origin of the
hematopoietic populations are 1. In the mouse, the three genera-
tions of hematopoietic progenitors occur sequentially but overlap
2. It has been challenging to find specific markers that are uniquely
expressed in YS or intra-embryonic HE; 3. After circulation is estab-
lished (E8.5) it is difficult to define the intra- or extra-embryonic ori-
gin of the cells because blood vessels connect YS and embryo proper
4. Lymphoid potential does not equate with HSC generation because
some lymphoid progenitors could be HSC-independent!#1142; 5.
However, the absence of LTR activity in embryonic cells does not
preclude the presence of pre- or immature HSC; 6. A third event
of EHT occurs in the omphalo-mesenteric and vitelline arteries that
connect the embryo proper with the placenta and YS. Therefore,
isolation of extra-embryonic tissue including these vessels will ex-
hibit multipotent hematopoietic activity. Ultimately, given these

considerations, the YS versus AGM origin of the progenitors be-
comes of limited functional relevance. Instead, it is their differentia-
tion potential and their capacity to contribute to adult hematopoiesis
that are of key significance.

The fundamentally different properties of embryonic restricted
lymphocytes compared with their adult counterparts raise the prob-
lem of their origin. If all lymphoid cells originate from HSC, it is not
obvious why a cell that is in nature multipotent becomes unable to
generate a very specific subset of cells as they transit from the FL to
the BM. As discussed above, however, FL and BM are very different
environments and could exert selective pressures on the progeny of
HSC. FL exhibit low levels of Epo, but also possibly of most hema-
topoietic cytokines including interleukin (IL)-7, a potent regulator of
lymphoid development. Low levels of IL-7 favor the accumulation of
T/ILC versus B progenitors in the FL”® and modulate the repertoire
of B1 B cells.** It could be argued that irrespective of their site of
origin, the first layer of lymphoid cells exhibits properties that were
primarily selected as an adaptation to environmental cues, deter-
mining different cell fates. The transition from FL to the BM could
also induce epigenetic modifications modulating the differentiation
potential and rendering some loci inaccessible in HSC.

However, functional properties of embryonic lymphoid cells ap-
pear to be specific of the developmental stage and to be cell au-
tonomous, and, therefore, it is tempting to consider the possibility
that they derive from different progenitors that are developmentally
restricted (Figure 2). These cells would derive from an independent
wave of hematopoietic generation between the emergence of YS
EMP and that of the dorsal aorta HSC. They would have multipotent
differentiation properties but would have low probability to inte-
grate the adult HSC pool. They would rather devote to differentiate
into embryonic type lymphocytes that have fundamental roles in
organ development.

Several lines of evidence support this notion and are outlined
below.

The possibility to follow the progeny of cells by permanently in-
ducing the expression of a fluorescent protein (lineage tracing, fate
map) revolutionized developmental hematology. Because it has been
difficult to identify specific markers to distinguish the hemogenic
endothelium that generates EMP and multipotent progenitors, ex-
periments that fate map the second and third layer of hematopoietic
generation relied in an induction of fluorescence at different devel-
opmental stages:

1. Lineage tracing studies'*! show low frequency of fluorescent-
labeled invariant y& T cells and LTi cells were observed in
conditions that label YS-EMP, indicating that they originate
from different progenitors also found by Elsaid et al.}®®
However, also conditions that label a majority of HSC vyield
low frequency of YFP labeled embryonic lymphoid cells,
suggesting that they do not originate from HSC or their
immediate progenitors.

2. A transient population of multipotent progenitors appears bi-
ased to the production of B1 cells and invariant y8 T cells in vivo,
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and these cells emerge in the mouse embryo before HSC are

detected.™?

3. Human fetal hematopoietic progenitors were shown to gen-
erate T cells with different properties than their adult BM

counterparts.!>®

4. CXCR4 expression in the dorsal aorta HE distinguishes an early
and a late hematopoietic generation that differ in their capacity to

integrate the HSC compartment.®*

Another compelling argument is the analysis of the incidence of
childhood leukemias:

1. The higher incidence of myeloid leukemias in aged individuals
contrasts with the higher incidence of acute lymphoid leukemias
(ALL) in infants.’®* It was recently suggested that the target
of childhood ALL is a progenitor cell that is lymphoid biased
and can only be found during embryonic development.

2. Another interesting observation is the high susceptibility of chil-
dren with Down syndrome (DS) to develop leukemias, not found
in adult DS patients.'*? It is, therefore, tempting to speculate that
the target cell for the infant DS leukemia is no longer present in
the adult BM thus accounting for the discrepancy between young
and adult DS patients in developing the disease.!®

3. The common ALL translocation, MLL-AF9, induces different
diseases depending on whether it is induced in neonatal human
progenitors or in adult CD34" cells. It is therefore tempting to
speculate that, in humans, lymphoid-biased transient multipotent
cells, equivalent to the ones we propose here, are targets of the

translocations that lead to ALL.*>*

The first wave of TSP induces the maturation of the thymic
architecture, essential to the selection of conventional T cell.53135
Genetic or environmentally induced variations in the maturation
of the thymic epithelial compartment might impact immunity for
life, increasing risks of autoimmune disorders or premature thy-
mic involution. The invariant y8 T cells also have roles in the pe-
riphery by improving wound healing, in the skin,'*> and epithelial
regeneration, in the Iungs.139 Likewise, it could be speculated that
altering the dynamic of secondary lymphoid organ formation initi-
ated by LTi could modulate memory immune responses and even
cancer development. The natural antibody repertoire of B1 cells
appears to be selected by early exposure to bacterial products
and might be essential as first line of defense specially in new-
borns where the adaptive immune system is immature.®® All these
properties would have conferred a selective pressure to maintain
this new, yet transient, generation of progenitors that do not con-
tribute to the HSC compartment and possibly also not to adult
hematopoiesis.

Further studies are required to assess how long these hemato-
poietic progenitors persist, whether they can reach the BM, how to
distinguish them from other multipotent cells and what are the mo-
lecular basis for their different behavior.

[mmunological Reviews AY¥| LEY-L2

ACKNOWLEDGEMENTS

We thank all members from the Lymphocyte and Immunity Unit,
Elisa Gomez-Perdiguero and the members from her laboratory for
excellent discussions.

FUNDING INFORMATION

Institut Pasteur, INSERM, ANR (grant Twothyme, grant EPI-DEV
and grant DELSTAR), Ligue contre le cancer, and REVIVE Future
Investment Program through grants to A.C. FSS is financed by a
post-doctoral grant from REVIVE (ANR-10-LABX-73), GN is financed
by a PhD grant from REVIVE and MMP is financed by a grant from
FCT SFRH/BD/143605/2019.

CONFLICT OF INTEREST
All authors declare no have a conflict of interest.

DATA AVAILABILITY STATEMENT
Data available on request from the authors.

ORCID
Ana Cumano "= https://orcid.org/0000-0002-4578-959X
REFERENCES

1. Herzenberg LA. Toward a
1989;59(6):953-954.

2. Becker AJ, McCulloch EA, Till JE. Cytological demonstration of the
clonal nature of spleen colonies derived from transplanted mouse
marrow cells. Nature. 1963;197:452-454.

3. Moore MA, Metcalf D. Ontogeny of the haemopoietic system: yolk
sac origin of in vivo and in vitro colony forming cells in the devel-
oping mouse embryo. Br J Haematol. 1970;18(3):279-296.

4. Lassila O, Eskola J, Toivanen P, Martin C, Dieterlen-Lievre F. The
origin of lymphoid stem cells studied in chick yold sac-embryo chi-
maeras. Nature. 1978;272(5651):353-354.

5. Palis J. Primitive and definitive erythropoiesis in mammals. Front
Physiol. 2014;5:53.

6. Stefanska M, Batta K, Patel R, Florkowska M, Kouskoff V, Lacaud
G. Primitive erythrocytes are generated from hemogenic endothe-
lial cells. Sci Rep. 2017;7(1):6401.

7. Bertrand JY, Jalil A, Klaine M, Jung S, Cumano A, Godin I. Three
pathways to mature macrophages in the early mouse yolk sac.
Blood. 2005;106(9):3004-3011.

8. McGrath KE, Frame JM, Fegan KH, et al. Distinct sources
of hematopoietic progenitors emerge before HSCs and pro-
vide functional blood cells in the mammalian embryo. Cell Rep.
2015;11(12):1892-1904.

9. Gomez Perdiguero E, Klapproth K, Schulz C, et al. Tissue-resident

macrophages originate from yolk-sac-derived erythro-myeloid

progenitors. Nature. 2015;518(7540):547-551.

Gentek R, Ghigo C, Hoeffel G, et al. Hemogenic endothelial fate

mapping reveals dual developmental origin of mast cells. Immunity.

2018;48(6):1160-1171.

11. Jaffredo T, Gautier R, Brajeul V, Dieterlen-Liévre F. Tracing the
progeny of the aortic hemangioblast in the avian embryo. Dev Biol.
2000;224(2):204-214.

12. Cumano A, Dieterlen-Lievre F, Godin I. Lymphoid potential, probed
before circulation in mouse, is restricted to caudal intraembryonic
splanchnopleura. Cell. 1996;86(6):907-916.

layered immune system. Cell.

10.

223

1 10p/ui0 Sa1av rexquauuoy/:sduy wozy paproumoq ‘0 *XS900091

z
g
g
S
&
I
=
3
[
4
H
]
S
g
g
El
£
5
2
8
»
¢
3
=
Z
5
g
H
g
2
o
5
g
2
5
Z

Kot

9suadr] suowwos 2AnEaI) A[qrardde 9y £q PAUIDACS A1 AN YO 195N JO o[ 0§ A1eAqIT SUIUQ AS[IAY UO



Annex V

224

“L wiLey Immunological Reviews

13.
14.
15.
16.
17.

18.

19.
20.
21.

22.

23.
24.
25.
26.
27.
28.

29.

30.
31.
32.

33.

SOARES-DA-SILVA ET AL.

Medvinsky A, Dzierzak E. Definitive hematopoiesis is autono-
mously initiated by the AGM region. Cell. 1996;86(6):897-906.
Cumano A, Ferraz JC, Klaine M, Di Santo JP, Godin I.
Intraembryonic, but not yolk sac hematopoietic precursors, iso-
lated before circulation, provide long-term multilineage reconsti-
tution. Immunity. 2001;15(3):477-485.

Bertrand JY, Chi NC, Santoso B, Teng S, Stainier DY, Traver D.
Haematopoietic stem cells derive directly from aortic endothelium
during development. Nature. 2010;464(7285):108-111.

Kissa K, Herbomel P. Blood stem cells emerge from aor-
tic endothelium by a novel type of cell transition. Nature.
2010;464(7285):112-115.

de Bruijn MF, Speck NA, Peeters MC, Dzierzak E. Definitive hema-
topoietic stem cells first develop within the major arterial regions
of the mouse embryo. EMBO J. 2000;19(11):2465-2474.

Frame JM, Fegan KH, Conway SJ, McGrath KE, Palis J. Definitive
hematopoiesis in the yolk sac emerges from Wnt-responsive
Hemogenic endothelium independently of circulation and arterial
identity. Stem Cells. 2016;34(2):431-444.

Godin |, Garcia-Porrero JA, Dieterlen-Liévre F, Cumano A. Stem
cell emergence and hemopoietic activity are incompatible in
mouse intraembryonic sites. J Exp Med. 1999;190(1):43-52.
Miiller AM, Medvinsky A, Strouboulis J, Grosveld F, Dzierzak E.
Development of hematopoietic stem cell activity in the mouse em-
bryo. Immunity. 1994;1(4):291-301.

Medvinsky AL, Samoylina NL, Miiller AM, Dzierzak EA. An early
pre-liver intraembryonic source of CFU-S in the developing
mouse. Nature. 1993;364(6432):64-67.

Taoudi S, Gonneau C, Moore K, et al. Extensive hematopoi-
etic stem cell generation in the AGM region via maturation
of VE-cadherin+CD45+ pre-definitive HSCs. Cell Stem Cell.
2008;3(1):99-108.

Kieusseian A, Brunet de la Grange P, Burlen-Defranoux O, Godin
I, Cumano A. Immature hematopoietic stem cells undergo matura-
tion in the fetal liver. Development. 2012;139(19):3521-3530.
Benveniste P, Frelin C, Janmohamed S, et al. Intermediate-term
hematopoietic stem cells with extended but time-limited reconsti-
tution potential. Cell Stem Cell. 2010;6(1):48-58.

Houssaint E. Differentiation of the mouse hepatic primordium. I.
An analysis of tissue interactions in hepatocyte differentiation.
Cell Differ. 1980;9(5):269-279.

Soares-da-Silva F, Peixoto M, Cumano A, Pinto-do-O P. Crosstalk
between the hepatic and hematopoietic systems during embry-
onic development. Front Cell Dev Biol. 2020;8:612.

Johnson GR, Moore MA. Role of stem cell migration in
initiation of mouse foetal liver haemopoiesis. Nature.
1975;258(5537):726-728.

Ema H, Nakauchi H. Expansion of hematopoietic stem
cells in the developing liver of a mouse embryo. Blood.
2000;95(7):2284-2288.

Paige CJ, Gisler RH, McKearn JP, Iscove NN. Differentiation of mu-
rine B cell precursors in agar culture. Frequency, surface marker
analysis and requirements for growth of clonable pre-B cells. Eur J
Immunol. 1984;14(11):979-987.

Cumano A, Paige CJ, Iscove NN, Brady G. Bipotential precur-
sors of B cells and macrophages in murine fetal liver. Nature.
1992;356(6370):612-615.

Ding L, Saunders TL, Enikolopov G, Morrison SJ. Endothelial and
perivascular cells maintain haematopoietic stem cells. Nature.
2012;481(7382):457-462.

Lee Y, Leslie J, Yang Y, Ding L. Hepatic stellate and endothelial
cells maintain hematopoietic stem cells in the developing liver. J
Exp Med. 2021;218(3):e20200882.

Chou S, Lodish HF. Fetal liver hepatic progenitors are supportive
stromal cells for hematopoietic stem cells. Proc Natl Acad Sci U S A.
2010;107(17):7799-7804.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

583.

54.

55.

56.

Khan JA, Mendelson A, Kunisaki Y, et al. Fetal liver hemato-
poietic stem cell niches associate with portal vessels. Science.
2016;351(6269):176-180.

Hayakawa K, Hardy RR, Herzenberg LA, Herzenberg LA.
Progenitors for Ly-1 B cells are distinct from progenitors for other
B cells. J Exp Med. 1985;161(6):1554-1568.

Forster |, Rajewsky K. Expansion and functional activity of Ly-1+ B
cells upon transfer of peritoneal cells into allotype-congenic, new-
born mice. Eur J Immunol. 1987;17(4):521-528.

Martin F, Kearney JF. B-cell subsets and the mature preimmune
repertoire. Marginal zone and B1 B cells as part of a “natural im-
mune memory”. Immunol Rev. 2000;175:70-79.

New JS, Dizon BLP, Fucile CF, Rosenberg AF, Kearney JF, King RG.
Neonatal exposure to commensal-bacteria-derived antigens di-
rects polysaccharide-specific B-1 B cell repertoire development.
Immunity. 2020;53(1):172-186.

Hayakawa K, Asano M, Shinton SA, et al. Positive selection of nat-
ural autoreactive B cells. Science. 1999;285(5424):113-116.
Montecino-Rodriguez E, Leathers H, Dorshkind K. Identification of
a B-1 B cell-specified progenitor. Nat Immunol. 2006;7(3):293-301.
Herzenberg LA. Layered evolution in the immune system: a view
from history. Ann N'Y Acad Sci. 2015;1362:1-5.

Kristiansen TA, Jaensson Gyllenback E, Zriwil A, et al. Cellular bar-
coding links B-1a B cell potential to a fetal hematopoietic stem cell
state at the single-cell level. Immunity. 2016;45(2):346-357.

Graf R, Seagal J, Otipoby KL, et al. BCR-dependent lineage plas-
ticity in mature B cells. Science. 2019;363(6428):748-753.

Wong JB, Hewitt SL, Heltemes-Harris LM, et al. B-1a cells acquire
their unique characteristics by bypassing the pre-BCR selection
stage. Nat Commun. 2019;10(1):4768.

Duiber S, Hafner M, Krey M, et al. Induction of B-cell development
in adult mice reveals the ability of bone marrow to produce B-1a
cells. Blood. 2009;114(24):4960-4967.

Asarnow DM, Kuziel WA, Bonyhadi M, Tigelaar RE, Tucker
PW, Allison JP. Limited diversity of gamma delta antigen
receptor genes of Thy-1+ dendritic epidermal cells. Cell.
1988;55(5):837-847.

Havran WL, Allison JP. Developmentally ordered appearance of
thymocytes expressing different T-cell antigen receptors. Nature.
1988;335(6189):443-445.

Havran WL, Allison JP. Origin of Thy-1+ dendritic epider-
mal cells of adult mice from fetal thymic precursors. Nature.
1990;344(6261):68-70.

lkuta K, Kina T, MacNeil I, et al. A developmental switch in thymic
lymphocyte maturation potential occurs at the level of hematopoi-
etic stem cells. Cell. 1990;62(5):863-874.

Haas JD, Ravens S, Diiber S, et al. Development of interleukin-17-
producing y8 T cells is restricted to a functional embryonic wave.
Immunity. 2012;37(1):48-59.

Boyden LM, Lewis JM, Barbee SD, et al. Skintl, the prototype
of a newly identified immunoglobulin superfamily gene clus-
ter, positively selects epidermal gammadelta T cells. Nat Genet.
2008;40(5):656-662.

Di Marco Barros R, Roberts NA, Dart RJ, et al. Epithelia use
Butyrophilin-like molecules to shape organ-specific y5 T cell com-
partments. Cell. 2016;167(1):203-218.

Roberts NA, White AJ, Jenkinson WE, et al. Rank signaling links
the development of invariant y& T cell progenitors and Aire(+)
medullary epithelium. Immunity. 2012;36(3):427-437.

Heilig JS, Tonegawa S. Diversity of murine gamma genes
and expression in fetal and adult T lymphocytes. Nature.
1986;322(6082):836-840.

Garman RD, Doherty PJ, Raulet DH. Diversity, rearrangement, and
expression of murine T cell gamma genes. Cell. 1986;45(5):733-742.
Raulet DH. The structure, function, and molecular genetics of the
gamma/delta T cell receptor. Annu Rev Immunol. 1989;7:175-207.

WY woly papeoumo( ‘() *X$900091

g
E
g
5
£
<2
z
g
2
2
2
S
2
S

z
s
g
kS
&
I
=
3
[
5
H
3
S
g
g
s
£
S
8
8
»
¢
g
=
g
5
g
g
g
2
o
5
g
2
g
2

o Ko

VO tosn Jo so[nt 10§ A1eiqry SuIuQ A2[1AY U0

£
3
P
2
g
g
&
5
g
=
z
:
]
=
=
z
Q
g
B
=
a
o
5
]
F
B
Z
z



SOARES-DA-SILVA ET AL.

Annex V

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Eberl G, Marmon S, Sunshine MJ, Rennert PD, Choi Y, Littman DR.
An essential function for the nuclear receptor RORgammalt) in
the generation of fetal lymphoid tissue inducer cells. Nat Immunol.
2004;5(1):64-73.

Possot C, Schmutz S, Chea S, et al. Notch signaling is necessary
for adult, but not fetal, development of RORyt(+) innate lymphoid
cells. Nat Immunol. 2011;12(10):949-958.

Hoeffel G, Chen J, Lavin Y, et al. C-Myb(+) erythro-myeloid
progenitor-derived fetal monocytes give rise to adult tissue-
resident macrophages. Immunity. 2015;42(4):665-678.

Schulz C, Gomez Perdiguero E, Chorro L, et al. A lineage of myeloid
cells independent of Myb and hematopoietic stem cells. Science.
2012;336(6077):86-90.

Mildner A, Schmidt H, Nitsche M, et al. Microglia in the adult brain
arise from Ly-6ChiCCR2+ monocytes only under defined host
conditions. Nat Neurosci. 2007;10(12):1544-1553.

Varvel NH, Grathwohl SA, Baumann F, et al. Microglial repopula-
tion model reveals a robust homeostatic process for replacing CNS
myeloid cells. Proc Natl Acad Sci U S A. 2012;109(44):18150-18155.
Ajami B, Bennett JL, Krieger C, McNagny KM, Rossi FM. Infiltrating
monocytes trigger EAE progression, but do not contribute to the
resident microglia pool. Nat Neurosci. 2011;14(9):1142-1149.
Antony JM, Paquin A, Nutt SL, Kaplan DR, Miller FD. Endogenous
microglia regulate development of embryonic cortical precursor
cells. J Neurosci Res. 2011;89(3):286-298.

Arno B, Grassivaro F, Rossi C, et al. Neural progenitor cells orches-
trate microglia migration and positioning into the developing cor-
tex. Nat Commun. 2014;5:5611.

Squarzoni P, Oller G, Hoeffel G, et al. Microglia modulate wiring of
the embryonic forebrain. Cell Rep. 2014;8(5):1271-1279.

Nandi S, Gokhan S, Dai XM, et al. The CSF-1 receptor ligands IL-34
and CSF-1 exhibit distinct developmental brain expression pat-
terns and regulate neural progenitor cell maintenance and matu-
ration. Dev Biol. 2012;367(2):100-113.

Cunningham CL, Martinez-Cerdefio V, Noctor SC. Microglia regu-
late the number of neural precursor cells in the developing cere-
bral cortex. J Neurosci. 2013;33(10):4216-4233.

Prinz M, Priller J. Microglia and brain macrophages in the molecu-
lar age: from origin to neuropsychiatric disease. Nat Rev Neurosci.
2014;15(5):300-312.

Li Q, Barres BA. Microglia and macrophages in brain homeostasis
and disease. Nat Rev Immunol. 2018;18(4):225-242.
Soares-da-Silva F, Freyer L, Elsaid R, et al. Yolk sac, but not
hematopoietic stem cell-derived progenitors, sustain eryth-
ropoiesis throughout murine embryonic life. J Exp Med.
2021;218(4):e20201729.

Kim AR, Ulirsch JC, Wilmes S, et al. Functional selectivity in cyto-
kine signaling revealed through a pathogenic EPO mutation. Cell.
2017;168(6):1053-1064.

Berthault C, Ramond C, Burlen-Defranoux O, et al. Asynchronous
lineage priming determines commitment to T cell and B cell lin-
eages in fetal liver. Nat Immunol. 2017;18(10):1139-1149.

Zovein AC, Hofmann JJ, Lynch M, et al. Fate tracing reveals the
endothelial origin of hematopoietic stem cells. Cell Stem Cell.
2008;3(6):625-636.

Chen MJ, Yokomizo T, Zeigler BM, Dzierzak E, Speck NA. Runx1 is
required for the endothelial to haematopoietic cell transition but
not thereafter. Nature. 2009;457(7231):887-891.

Okuda T, van Deursen J, Hiebert SW, Grosveld G, Downing JR.
AML1, the target of multiple chromosomal translocations in
human leukemia, is essential for normal fetal liver hematopoiesis.
Cell. 1996;84(2):321-330.

Lie-A-Ling M, Marinopoulou E, Lilly AJ, et al. Regulation of RUNX1
dosage is crucial for efficient blood formation from hemogenic en-
dothelium. Development. 2018;145(5):dev149419.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

mmunological Reviews Y LEY-L2

Yokomizo T, Dzierzak E. Three-dimensional cartography of he-
matopoietic clusters in the vasculature of whole mouse embryos.
Development. 2010;137(21):3651-3661.

Rybtsov S, Ivanovs A, Zhao S, Medvinsky A. Concealed expansion
of immature precursors underpins acute burst of adult HSC activ-
ity in foetal liver. Development. 2016;143(8):1284-1289.

Taoudi S, Medvinsky A. Functional identification of the hemato-
poietic stem cell niche in the ventral domain of the embryonic dor-
sal aorta. Proc Natl Acad Sci U S A. 2007;104(22):9399-9403.
Mascarenhas MI, Parker A, Dzierzak E, Ottersbach K. Identification
of novel regulators of hematopoietic stem cell development
through refinement of stem cell localization and expression profil-
ing. Blood. 2009;114(21):4645-4653.

Gritz E, Hirschi KK. Specification and function of hemo-
genic endothelium during embryogenesis. Cell Mol Life Sci.
2016;73(8):1547-1567.

Yokomizo T, Ideue T, Morino-Koga S, et al. Independent origins
of fetal liver haematopoietic stem and progenitor cells. Nature.
2022;609(7928):779-784.

Dignum T, Varnum-Finney B, Srivatsan SR, et al. Multipotent progeni-
tors and hematopoietic stem cells arise independently from hemogenic
endothelium in the mouse embryo. Cell Rep. 2021;36(11):109675.
Pucella JN, Upadhaya S, Reizis B. The source and dynamics of adult
hematopoiesis: insights from lineage tracing. Annu Rev Cell Dev
Biol. 2020;36:529-550.

Rodriguez-Fraticelli AE, Camargo F. Systems analysis of hema-
topoiesis using single-cell lineage tracing. Curr Opin Hematol.
2021;28(1):18-27.

Pei W, Feyerabend TB, Rossler J, et al. Polylox barcoding re-
veals haematopoietic stem cell fates realized in vivo. Nature.
2017;548(7668):456-460.

Rodriguez-Fraticelli AE, Wolock SL, Weinreb CS, et al. Clonal
analysis of lineage fate in native haematopoiesis. Nature.
2018;553(7687):212-216.

Sun J, Ramos A, Chapman B, et al. Clonal dynamics of native hae-
matopoiesis. Nature. 2014;514(7522):322-327.

Cheshier SH, Morrison SJ, Liao X, Weissman IL. In vivo prolifera-
tion and cell cycle kinetics of long-term self-renewing hematopoi-
etic stem cells. Proc Natl Acad Sci U S A. 1999;96(6):3120-3125.
Pietras EM, Warr MR, Passegué E. Cell cycle regulation in hemato-
poietic stem cells. J Cell Biol. 2011;195(5):709-720.

Harrison DE, Zhong RK. The same exhaustible multilineage pre-
cursor produces both myeloid and lymphoid cells as early as
3-4weeks after marrow transplantation. Proc Natl Acad Sci U S A.
1992;89(21):10134-10138.

Ganuza M, Hall T, Finkelstein D, Chabot A, Kang G, McKinney-
Freeman S. Lifelong haematopoiesis is established by hundreds
of precursors throughout mammalian ontogeny. Nat Cell Biol.
2017;19(10):1153-1163.

Ganuza M, Clements W, McKinney-Freeman S. Specification of
hematopoietic stem cells in mammalian embryos: a rare or fre-
quent event. Blood. 2022;140(4):309-320.

Nygren JM, Bryder D, Jacobsen SE. Prolonged cell cycle transit is
a defining and developmentally conserved hemopoietic stem cell
property. J Immunol. 2006;177(1):201-208.

Bowie MB, McKnight KD, Kent DG, McCaffrey L, Hoodless PA,
Eaves CJ. Hematopoietic stem cells proliferate until after birth and
show a reversible phase-specific engraftment defect. J Clin Invest.
2006;116(10):2808-2816.

Hall TD, Kim H, Dabbah M, et al. Murine fetal bone marrow does
not support functional hematopoietic stem and progenitor cells
until birth. Nat Commun. 2022;13(1):5403.

Qian H, Georges-Labouesse E, Nystrém A, et al. Distinct roles of
integrins alphaé and alpha4 in homing of fetal liver hematopoietic
stem and progenitor cells. Blood. 2007;110(7):2399-2407.

225

SuonIPUOD) puT SWIST, o 998 *[£20Z/H0/01] U0 KIe1qIT SUIUQ AD[IAL “INaISE MNSUT Kq LRTE -] |1 -01/10p 0o K[ KreIqujoun[uoy/sdny woy paprojumoq *0 900091

Kot

9suadr] suowwos 2AnEaI) A[qrardde 9y £q PAUIDACS A1 AN YO 195N JO o[ 0§ A1eAqIT SUIUQ AS[IAY UO




Annex V

226

“ L wiLey Immunological Reviews

99.

100.
101.

102.
103.

104.

105.

106.
107.
108.

109.
110.
111.

112.
113.
114.
115.
116.

117.
118.

119.

120.

SOARES-DA-SILVA ET AL.

Szilvassy SJ, Humphries RK, Lansdorp PM, Eaves AC, Eaves CJ.
Quantitative assay for totipotent reconstituting hematopoietic
stem cells by a competitive repopulation strategy. Proc Natl Acad
SciUSA. 1990;87(22):8736-8740.

Trevisan M, Yan XQ, Iscove NN. Cycle initiation and colony forma-
tion in culture by murine marrow cells with long-term reconstitut-
ing potential in vivo. Blood. 1996;88(11):4149-4158.

Morrison SJ, Hemmati HD, Wandycz AM, Weissman IL. The purifi-
cation and characterization of fetal liver hematopoietic stem cells.
Proc Natl Acad Sci U S A. 1995;92(22):10302-10306.

Rebel VI, Miller CL, Thornbury GR, Dragowska WH, Eaves CJ,
Lansdorp PM. A comparison of long-term repopulating hemato-
poietic stem cells in fetal liver and adult bone marrow from the
mouse. Exp Hematol. 1996;24(5):638-648.

Miller CL, Rebel VI, Helgason CD, Lansdorp PM, Eaves CJ. Impaired
steel factor responsiveness differentially affects the detection
and long-term maintenance of fetal liver hematopoietic stem cells
in vivo. Blood. 1997;89(4):1214-1223.

Szilvassy SJ, Ragland PL, Miller CL, Eaves CJ. The marrow homing
efficiency of murine hematopoietic stem cells remains constant
during ontogeny. Exp Hematol. 2003;31(4):331-338.

Gekas C, Dieterlen-Lievre F, Orkin SH, Mikkola HK. The placentais
a niche for hematopoietic stem cells. Dev Cell. 2005;8(3):365-375.
Benz C, Copley MR, Kent DG, et al. Hematopoietic stem cell sub-
types expand differentially during development and display dis-
tinct lymphopoietic programs. Cell Stem Cell. 2012;10(3):273-283.
Zhao Y, Zhou J, Liu D, et al. ATF4 plays a pivotal role in the devel-
opment of functional hematopoietic stem cells in mouse fetal liver.
Blood. 2015;126(21):2383-2391.

Patel SH, Christodoulou C, Weinreb C, et al. Lifelong multilin-
eage contribution by embryonic-born blood progenitors. Nature.
2022;606(7915):747-753.

Abramson J, Anderson G. Thymic epithelial cells. Annu Rev
Immunol. 2017;35:3585-3118.

Alawam AS, Anderson G, Lucas B. Generation and regeneration of
Thymic epithelial cells. Front Immunol. 2020;11:858.

Rodewald HR. Thymus organogenesis. Annu Rev Immunol.
2008;26:26355-26388.

Gill J, Malin M, Hollander GA, Boyd R. Generation of a complete
thymic microenvironment by MTS24(+) thymic epithelial cells. Nat
Immunol. 2002;3(7):635-642.

Bennett AR, Farley A, Blair NF, Gordon J, Sharp L, Blackburn CC.
Identification and characterization of thymic epithelial progenitor
cells. Immunity. 2002;16(6):803-814.

Bleul CC, Corbeaux T, Reuter A, Fisch P, Monting JS, Boehm T.
Formation of a functional thymus initiated by a postnatal epithelial
progenitor cell. Nature. 2006;441(7096):992-996.

Rossi SW, Jenkinson WE, Anderson G, Jenkinson EJ. Clonal analy-
sis reveals a common progenitor for thymic cortical and medullary
epithelium. Nature. 2006;441(7096):988-991.

Ulyanchenko S, O'Neill KE, Medley T, et al. Identification of a
Bipotent epithelial progenitor population in the adult thymus. Cell
Rep. 2016;14(12):2819-2832.

Ribeiro AR, Rodrigues PM, Meireles C, Di Santo JP, Alves
NL. Thymocyte selection regulates the homeostasis of IL-7-
expressing thymic cortical epithelial cells in vivo. J Immunol.
2013;191(3):1200-1209.

Ribeiro AR, Meireles C, Rodrigues PM, Alves NL. Intermediate
expression of CCRL1 reveals novel subpopulations of medullary
thymic epithelial cells that emerge in the postnatal thymus. Eur J
Immunol. 2014;44(10):2918-2924.

Nusser A, Sagar, Swann JB, et al. Developmental dynamics
of two bipotent thymic epithelial progenitor types. Nature.
2022;606(7912):165-171.

Mathis D, BenoistC. Aire.AnnuRevimmunol.2009;27:27287-27312.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Takaba H, Morishita Y, Tomofuji Y, et al. Fezf2 orchestrates a
Thymic program of self-antigen expression for immune tolerance.
Cell. 2015;163(4):975-987.

Michelson DA, Hase K, Kaisho T, Benoist C, Mathis D. Thymic ep-
ithelial cells co-opt lineage-defining transcription factors to elimi-
nate autoreactive T cells. Cell. 2022;185(14):2542-2558.
Blackburn CC, Augustine CL, Li R, et al. The nu gene acts cell-
autonomously and is required for differentiation of thymic epithe-
lial progenitors. Proc Natl Acad Sci U S A. 1996;93(12):5742-5746.
Corbeaux T, Hess |, Swann JB, Kanzler B, Haas-Assenbaum
A, Boehm T. Thymopoiesis in mice depends on a Foxnl-
positive thymic epithelial cell lineage. Proc Natl Acad Sci U S A.
2010;107(38):16613-16618.

Bredenkamp N, Nowell CS, Blackburn CC. Regeneration of
the aged thymus by a single transcription factor. Development.
2014;141(8):1627-1637.

Dudakov JA, Hanash AM, lJeng RR, et al. Interleukin-22
drives endogenous thymic regeneration in mice. Science.
2012;336(6077):91-95.

Lopes N, Vachon H, Marie J, Irla M. Administration of RANKL
boosts thymic regeneration upon bone marrow transplantation.
EMBO Mol Med. 2017;9(6):835-851.

Wertheimer T, Velardi E, Tsai J, et al. Production of BMP4 by en-
dothelial cells is crucial for endogenous thymic regeneration. Sci
Immunol. 2018;3(19):eaal2736.

Rode |, Martins VC, Kuiblbeck G, Maltry N, Tessmer C, Rodewald
HR. Foxn1 protein expression in the developing, aging, and regen-
erating thymus. J Immunol. 2015;195(12):5678-5687.

Coles AJ, Azzopardi L, Kousin-Ezewu O, et al. Keratinocyte growth
factor impairs human thymic recovery from lymphopenia. JCI
Insight. 2019;5:e125377.

Gray D, Abramson J, Benoist C, Mathis D. Proliferative arrest and
rapid turnover of thymic epithelial cells expressing Aire. J Exp Med.
2007;204(11):2521-2528.

Jones R, Cosway EJ, Willis C, et al. Dynamic changes in intrathy-
mic ILC populations during murine neonatal development. Eur J
Immunol. 2018;48(9):1481-1491.

Cheng MH, Fan U, Grewal N, et al. Acquired autoimmune poly-
glandular syndrome, thymoma, and an AIRE defect. N Engl J Med.
2010;362(8):764-766.

Ramond C, Berthault C, Burlen-Defranoux O, et al. Two waves of
distinct hematopoietic progenitor cells colonize the fetal thymus.
Nat Immunol. 2014;15(1):27-35.

Elsaid R, Meunier S, Burlen-Defranoux O, et al. A wave of bipo-
tent T/ILC-restricted progenitors shapes the embryonic thy-
mus microenvironment in a time-dependent manner. Blood.
2021;137(8):1024-1036.

Simic M, Manosalva |, Spinelli L, et al. Distinct waves from the
Hemogenic endothelium give rise to layered lymphoid tissue in-
ducer cell ontogeny. Cell Rep. 2020;32(6):108004.
Guerau-de-Arellano M, Martinic M, Benoist C, Mathis D. Neonatal
tolerance revisited: a perinatal window for Aire control of autoim-
munity. J Exp Med. 2009;206(6):1245-1252.

Keyes BE, Liu S, Asare A, et al. Impaired epidermal to den-
dritic T cell signaling slows wound repair in aged skin. Cell.
2016;167(5):1323-1338.

Guo XJ, Dash P, Crawford JC, et al. Lung y8 T cells mediate protec-
tive responses during neonatal influenza infection that are associ-
ated with type 2 immunity. Immunity. 2018;49(3):531-544.

Béiers C, Carrelha J, Lutteropp M, et al. Lymphomyeloid contribu-
tion of an immune-restricted progenitor emerging prior to defini-
tive hematopoietic stem cells. Cell Stem Cell. 2013;13(5):535-548.
Gentek R, Ghigo C, Hoeffel G, et al. Epidermal y8 T cells originate
from yolk sac hematopoiesis and clonally self-renew in the adult. J
Exp Med. 2018;215(12):2994-3005.

WY woly papeoumo( ‘() *X$900091

01/10p/wod Ko Keiqujoutuoy:

z
s
g
kS
&
I
=
3
[
5
H
3
S
g
g
s
£
S
8
8
»
¢
g
=
g
5
g
g
g
2
o
5
g
2
g
2

o Ko

s
g
z
a

&
£
3
c
5
H

&
g
S
g
2
=
o
>

asuadr] suowwos 2AnEaI) A[qrardde oy £q pAIOACS ot s



SOARES-DA-SILVA ET AL.

Annex V

142.

143.

144.

145.

146.

147.

148.

149.

150.

Beaudin AE, Boyer SW, Perez-Cunningham J, et al. A transient de-
velopmental hematopoietic stem cell gives rise to innate-like B and
T cells. Cell Stem Cell. 2016;19(6):768-783.

Tian Y, Xu J, Feng S, et al. The first wave of T lymphopoiesis in
zebrafish arises from aorta endothelium independent of hemato-
poietic stem cells. J Exp Med. 2017;214(11):3347-3360.

Ulloa BA, Habbsa SS, Potts KS, et al. Definitive hematopoietic
stem cells minimally contribute to embryonic hematopoiesis. Cell
Rep. 2021;36(11):109703.

Dimova T, Brouwer M, Gosselin F, et al. Effector Vy9V&2 T cells
dominate the human fetal y3 T-cell repertoire. Proc Natl Acad Sci U
SA.2015;112(6):E556-E565.

Vermijlen D, Gatti D, Kouzeli A, Rus T, Eberl M. y8 T cell responses:
how many ligands will it take till we know. Semin Cell dev Biol.
2018;84:75-86.

Tieppo P, Papadopoulou M, Gatti D, et al. The human fetal
thymus generates invariant effector v T cells. J Exp Med.
2020;217(3):jem.20190580.

Yuan J, Nguyen CK, Liu X, Kanellopoulou C, Muljo SA. Lin28b re-
programs adult bone marrow hematopoietic progenitors to medi-
ate fetal-like lymphopoiesis. Science. 2012;335(6073):1195-1200.
Elsaid R, Soares-da-Silva F, Peixoto M, et al. Hematopoiesis: a
layered organization across chordate species. Front Cell Dev Biol.
2020;8:606642.

Mold JE, Venkatasubrahmanyam S, Burt TD, et al. Fetal and adult
hematopoietic stem cells give rise to distinct T cell lineages in hu-
mans. Science. 2010;330(6011):1695-1699.

151

152.

153.

154.

[mmunological Reviews AY¥| LEY-LY

Boiers C, Richardson SE, Laycock E, et al. A human IPS model im-
plicates embryonic B-myeloid fate restriction as developmental
susceptibility to B acute lymphoblastic leukemia-associated ETV6-
RUNX1. Dev Cell. 2018;44(3):362-377.

Marlow EC, Ducore J, Kwan ML, et al. Leukemia risk in a cohort of
3.9 million children with and without down syndrome. J Pediatr.
2021;234:172-180.

Khan I, Malinge S, Crispino J. Myeloid leukemia in down syndrome.
Crit Rev Oncog. 2011;16(1-2):25-36.

Horton SJ, Jaques J, Woolthuis C, et al. MLL-AF9-mediated im-
mortalization of human hematopoietic cells along different lin-
eages changes during ontogeny. Leukemia. 2013;27(5):1116-1126.
MacLeod AS, Rudolph R, Corriden R, Ye |, Garijo O, Havran WL.
Skin-resident T cells sense ultraviolet radiation-induced injury and
contribute to DNA repair. J Immunol. 2014;192(12):5695-5702.

How to cite this article: Soares-da-Silva F, Elsaid R, Peixoto
MM, et al. Assembling the layers of the hematopoietic
system: A window of opportunity for thymopoiesis in the
embryo. Immunol Rev. 2023;00:1-17. doi:10.1111/imr.13187

227

1 10p/ui0 Sa1av rexquauuoy/:sduy wozy paproumoq ‘0 *XS900091

z
g
g
S
&
I
=
3
[
4
H
]
S
g
g
El
£
5
2
8
»
¢
3
=
Z
5
g
H
g
2
o
5
g
2
5
Z

Kot

9suadr] suowwos 2AnEaI) A[qrardde 9y £q PAUIDACS A1 AN YO 195N JO o[ 0§ A1eAqIT SUIUQ AS[IAY UO



Annex VI

ANNEX VI

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.24.554612; this version posted August 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Spatiotemporal dynamics of cytokines expression dictate fetal liver hematopoiesis.

Marcia Mesquita Peixoto'**, Francisca Soares-da-Silva'?%*, Valentin Bonnet®”*, Gustave Ronteix®7*,
Rita Faria Santos®#, Marie-Pierre Mailhe'25, Xing Feng®, Jodo Pedro Pereira®, Emanuele Azzoni®,
Giorgio Anselmi'®, Marella de Bruijn'®, Charles N. Baroud®’#, Perpétua Pinto-do-O3*#$, Ana

Cumano'2%#$

Affiliation

"Unit of Lymphocytes and Immunity, Immunology Department, Institut Pasteur, Paris, France
2INSERM U1223, Paris, France

313S — Instituto de Investigagdo e Inovacdo em Saude & INEB — Instituto Nacional de Engenharia
Biomédica, Universidade do Porto, Porto, Portugal

“Abel Salazar Biomedical Sciences Institute, University of Porto, Porto, Portugal

5Université Paris Cité, Cellule Pasteur, Paris, France

8Institut Pasteur, Université Paris Cité, Physical microfluidics and Bioengineering, 25-28 Rue du Dr.
Roux, 75015 Paris, France

"Laboratoire d’Hydrodynamique, CNRS, Ecole Polytechnique, Institut Polytechnique de Paris, 91120
Palaiseau, France

8Department of Immunobiology and Yale Stem Cell Center, Yale University School of Medicine, New
Haven, United States.

9School of Medicine and Surgery, University of Milano-Bicocca, Monza, Italy

"MRC Weatherall Institute of Molecular Medicine, University of Oxford, UK

*equal contribution
#senior authorship

$corresponding author

Contact information: Ana Cumano, Lymphocytes and Immunity Unit — Immunology Department, 25 Rue
du Dr Roux, 75015 Paris France. Email: ana.cumano@pasteur.fr

228



Annex VI

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.24.554612; this version posted August 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract

During embryogenesis, yolk-sac and intra-embryonic-derived hematopoietic progenitors,
comprising the precursors of adult hematopoietic stem cells, converge into the fetal liver. With a new
staining strategy, we defined all non-hematopoietic components of the fetal liver and found that
hepatoblasts are the major producers of hematopoietic growth factors. We identified mesothelial cells,
a novel component of the stromal compartment, producing Kit ligand, a major hematopoietic cytokine.

A high-definition imaging dataset analyzed using a deep-learning based pipeline allowed the
unambiguous identification of hematopoietic and stromal populations, and enabled determining a
neighboring network composition, at the single cell resolution.

Throughout active hematopoiesis, progenitors preferentially associate with hepatoblasts, but
not with stellate or endothelial cells. We found that, unlike yolk sac-derived progenitors, intra-embryonic
progenitors respond to a chemokine gradient created by CXCL12-producing stellate cells. These results
revealed that FL hematopoiesis is a spatiotemporal dynamic process, defined by an environment
characterized by low cytokine concentrations.
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Introduction

The generation of hematopoietic cells occurs in different embryonic locations at successive,
overlapping, time windows(?. In the mouse, multipotent erythro-myeloid progenitors (EMP)® are
produced through an endothelial-to-hematopoietic transition (EHT) process, in the vasculature of the
YS®, between E8-8.5. These progenitors differentiate into definitive erythrocytes®, tissue resident
macrophages that can persist for life®, neutrophils and mast cells”® but are devoid of lymphoid
potential®9). Starting at E9, a subset of endothelial cells in the intra-embryonic (IE) vasculature (dorsal
aorta, omphalo-mesenteric and vitelline arteries) undergoes EHT, spanning for around 48 hours and
resulting in the emergence of the first lympho-myeloid progenitors!'®-'5), Newly generated multipotent
progenitors rapidly enter the circulation and home to the FL, where all hematopoietic generations
converge. It is in this environment that the multipotent progenitors give rise to the hematopoietic stem
cell (HSC) compartment. To acquire long-term reconstitution (LTR) capacity, IE multipotent progenitors
require maturation that can occur in the dorsal aorta but primarily takes place in the FL('-'®), Therefore,
only few LTR HSC have been detected in E11.5 dorsal aorta and are only consistently found in the FL
at around E12.5(111920)_KIT is expressed from very early stages but other adult markers of HSC, such
as Sca-1 and CD150, are only clearly detectable at E12.5 and E13.5, respectively('®. The most
substantial increase in FL reconstitution capacity occurs between E12.5-E16.5@%). The early stages
after FL colonization (E12.5-E14.5) constitute a unique environment where the HSC compartment is
established.

The FL is an organ composed of hepatoblasts, of endodermal origin, that later differentiate into
hepatocytes and cholangiocytes, being the latter dependent on signals from mesenchymal cells around
the portal vessels, for differentiation(®'-2?). Mesothelial cells that form the liver capsule derive from the
septum transversum and can generate fibroblasts through epithelial-to-mesenchymal transition
(EMT)@". Stellate cells that mature into vitamin A storing cells, can be found adjacent to mesothelial
cells and lining the sinusoids®24. An additional population of perivascular fibroblasts identified as
NG2*, are found exclusively around portal vessels®. After E16.5 the liver transits from a hematopoietic
to a metabolic organ and hepatoblasts rapidly differentiate into hepatocytes and cholangiocytes.

Several studies identified stromal compartments involved in fetal hematopoiesis. DLK1
expressing cells (defining hepatoblasts) were reported as main producers of erythropoietin (Epo) but
also of stem cell factor (also called Kit-ligand (KITL)), and CXCL12%). Endothelial®"?® and stellate cells
have been found to produce KITL®?® and peri-portal NG2* cells producing CXCL12 postulated as
essential for HSC maintenance®®. However, deletion of NG2 expressing peri-portal cells® and
constitutive deletion of KITL in hepatoblasts resulted in subtle reductions, or no changes, in the HSC
compartment before birth®. In addition, most studies of the FL stroma restricted their analysis to
particular subsets, concentrated in single time-points and did not consider the early stages of
hematopoiesis.

Here we optimized 2D-3D imaging to the analysis of all stromal cell populations. The high-
quality images were analyzed in a pipeline based in deep learning to determine the identity of individual

cells and to describe their immediate neighbors. We show that hematopoietic progenitors of YS and IE
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have a higher frequency at the vicinity of the FL sub-mesothelial region, dominated by CXCL12-
producing stellate cells and KITL-producing hepatoblasts and mesothelial cells. Later in development,
mesenchymal cells (mainly perivascular) increase CXCL12 expression and CXCR4-expressing |E
progenitors, but not CXCR4" YS-progenitors, distribute away from the sub-mesothelial region. We
identified mesothelial cells as producers of KITL and stellate cells/pericytes of CXCL12. Hepatoblasts,
however, are major producers of KITL, CXCL12, and the only subset that produces Epo and interleukin7
(IL-7). Through E12.5 and E14.5 hematopoietic progenitors preferentially associate with hepatoblasts,
but not with stellate or endothelial cells. By E18.5 hepatic cells that now consist of a majority of
hepatocytes and cholangiocytes produce decreased levels of KITL, CXCL12, Epo and IL-7. This is
coincident with the onset of BM hematopoiesis. Throughout FL development cytokine and chemokine
production is strikingly lower compared with BM derived stromal cells, a feature that might be

determinant for FL hematopoiesis.
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Results

The non-hematopoietic compartment of the FL comprises endothelial, hepatic, mesenchymal
and mesothelial cells.

We integrated spectral flow cytometry and single-cell transcriptional profiling of isolated FL cells
with an imaging pipeline capable of spatial analysis at the cellular level (Fig 1A). Using a set of defined
surface markers (TableS1) we characterized the hematopoietic compartment at E12.5 (Fig1B), which
predominantly consisted of erythroblasts (80% of total FL cells), a population of CD45 erythroid
progenitors (P1, P2, P3) that we previously showed derive from the YS (10%)®), and CD45* |E-derived
cells (5%) (Fig1B; FigS1A). These three major components of the hematopoietic compartment can be
identified in the tissue with the combination of the erythroid markers Ter119 and CD71, the pan-
hematopoietic marker CD45 and the progenitor marker KIT (Fig1C). A combination of CD45 and KIT
staining allows the identification of three major non-erythroid populations in the FL. These include
CD45*KIT- cells, referred to as CD45* cells, which comprise monocytes and granulocytes; CD45KIT*
cells, referred to as KIT* progenitors, that comprise the YS-derived erythroid progenitors®); and
CD45*KIT", referred to as DP (Double Positive) progenitors, that include a majority of common myeloid
progenitors (CMP), granulocyte-monocyte progenitors (GMP), some of which can be of YS origin at
E12.5 (not more than 8%©%), megakaryocyte-erythroid progenitors (MEP), as well as LSK CD48" and
LSK CD48* multipotent progenitors (FigS1B-D).

We performed spectral flow cytometry analysis of the refined non-hematopoietic compartment
(Ter119°CD45CD117-CD71") with a panel of 14 surface markers (TableS1) (FigS2A-C). We identified
10 cell types that could be classified into 4 major populations: endothelial (CD31*CD146*), hepatic
(CD31"Gp38 PDGFRaE-Cadh*), mesenchymal (CD31-Gp38PDGFRa*), and mesothelial (CD31"
PDGFRaGp38*) cells (Fig1D, FigS2A-C).

During the early stages of development (E12.5), E-Cadh* hepatic cells consist primarily of E-
Cadh"EpCAM- hepatoblasts (FigS2A-C) that express high levels of Dik1, Afp, Alb, Vcam1, Alcam and
Hnf4a, as well as the progenitor marker Lgr5 and the proliferation marker Ki-67 (Fig1E; FigS2D, Cluster
IV) and are identified in the tissue by their expression of HNF4a (Fig1F). At E18.5, E-Cadh™ cells were
classified as hepatocytes because of lower expression levels of DIk1, Afp, Igf2, Vcam1, the absence of
Lgr5 and Vimentin expression (FigS2A and S2D, Cluster Il) and by the expression of the mature marker
Cebpa. Starting from E16.5, E-Cadh"EpCAM?* biliary duct cells or cholangiocytes, which express Sox4,
Sox9, and Spp1 but not DIk1 (FigS2A, D, Cluster I) can be identified in the tissue exclusively close to
NG2* cells, around portal vessels (FigS2G, H).

Throughout all stages analyzed, CD31* endothelial cells expressed Cdh5, Tek, Kdr, Endoglin
and Efnb2, and intermediate levels of Nestin and Lepr (Fig1E, FigS2E). We identified an endothelial
subset co-expressing Sca-1, and another, co-expressing Gp38 (Podoplanin), associated with lymphatic
vessels®) (FigS2A-C). Gp38* endothelial cells clustered separately and were characterized by
expression of Dik1, Wt1, Alcam, Krt18 and Krt19 and lower levels of Endoglin, Cdh5 and Tek (Cluster
I, FigS2E). In the tissue, endothelial cells were detected by the expression of CD146, (Fig1F-H) that
also labeled the mesothelial layer, identified by Gp38 co-expression (Fig1G).
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PDGFRa*CD166"NG2low/" fibroblasts represented an enriched population of maturing stellate
cells co-expressing Lhx2 and Desmin that acquire a specific autofluorescent profile as they accumulate
vitamin A (FigS2F, Cluster |, II). In contrast, PDGFRa*CD166'NG2* perivascular fibroblasts do not
accumulate vitamin A granules, were barely detectable at E12.5 and increased in frequency as
development progressed. We found that NG2* cells and stellate cells exhibited similar transcriptional
profiles based on the expression of Endoglin, Nestin, Pdgfrb, and Vcam1 and clustered together
(FigS2F, Cluster I, IlI). However, stellate cells, that co-express PDGFRa and LHX2 or Desmin, were
located in the sub-mesothelial region and lining CD146" endothelial cells (FigS2l) whereas NG2*
fibroblasts were exclusively found lining portal vessels, as previously described®® (Fig1F-G; FigS2H).

Mesothelial cells expressed Gpm6a, Msin, and Wt1, but stellate markers (Fig1H; FigS2F,
Cluster Ill). A small subset of cells co-expressed PDGFRa, Gp38 and NG2, but not CD166 and co-
expressed transcripts of both mesothelial and mesenchymal cells, consistent with a mesothelial origin
of stellate cells®? (FigS2F, Cluster lll). In the tissue, mesothelial cells formed a single epithelial sheet
followed by an irregular layer of sub-mesothelial PDGFRa*LHX2* cells, that can reach a thickness of 3-
5 cells at E12.5. As development progresses, the sub-mesothelial region was consistently found to be
a single cell layer, due to the relocation of stellate cells to a perivascular position (FigS2l). Sub-
mesothelial and the peri-vascular stellate cells were only distinguishable by position in the tissue.

Interestingly, both mesenchymal and mesothelial cells expressed the Dik1 transcript, which has
been used as a marker for the identification and isolation of hepatoblasts®@® (Fig1H).

Overall, three markers are sufficient to identify the stromal compartment. LHX2" stellate cells
that localize in the sub-mesothelium and around blood vessels, HNF4a* hepatoblasts that distribute
throughout the parenchyma and CD146" endothelial and mesothelial cells that are distinguishable by

their specific locations (Fig1F).

YS and IE-derived progenitors accumulate at the border at E12.5 and are preferentially in
contact with hepatoblasts, but not stellate or endothelial cells.

The spatial distribution of different cell types was quantified by building a multi-step image
analysis pipeline, that we named Pyxidis, to identify the phenotype and position of each cell within 2D
and 3D images (Fig2, FigS3). The output of this pipeline was a graph-based representation of the cells
that preserved spatial positioning and cell identity in a compact format(®), thus enabling information
from many different images to be pooled together for statistical analysis. Details of the analysis are
described in materials and methods.

Classification of endothelial cells using a nuclear marker was more accurate than with surface
CD146, therefore we analyzed FLs from the FLK1-GFP mouse reporter line (FigS4A). To validate the
cell classification, we compared the frequencies of classified cells in the tissue with the frequencies
obtained by flow cytometry analysis. Cells from the hematopoietic compartment were found with similar
frequencies in the two methods (FigS4B). Stromal cells, in contrast, were over-represented by a factor
of 3 in the imaging analysis due to constraints in the single cell isolation procedure (FigS4C). Overall,
the image analysis pipeline provided a robust method for the study of different cell types in the tissue.
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The graph-based description of the FL provided a global view of the spatial distribution of the
cell types. CD45" cells were spread in the parenchyma, while YS-derived KIT* and IE-derived DP
progenitors displayed a biased distribution towards the periphery, that we further quantified (Fig3A, C,
E). For that, a random distribution of cells was computed (See Methods for detailed description) and
compared to the frequency of a given cell type at a certain position (% observed/random). CD45* cells
had a random distribution. Conversely, KIT* and DP progenitors were found close to the capsule (Fig
3E). Mesenchymal cells accumulate in the sub-mesothelial region (within 30 ym of the border) or
distributed throughout the parenchyma, lining the vasculature, as mentioned above (Fig3B, D, F).
Endothelial cells were evenly distributed throughout the parenchyma (Fig3F). Interestingly, HNF4a*
hepatoblasts displayed a similar distribution profile as hematopoietic progenitors with significantly
higher frequencies near the sub-mesothelial region (Fig3F). In contrast, when analyzing the distribution
of these populations in relation to a central region, the portal sinus (PS), we found that CD45* cells were
also randomly distributed, while KIT* and DP progenitors were located further away (FigS4E). LHX2*
cells lined this vessel indicating that LHX2 is also expressed around non-sinusoidal vasculature
(FigS4E).

Analysis of cell-cell contacts showed that KIT* and DP progenitors exhibited a preferential
contact with hepatoblasts while they were found to be significantly less in contact with stellate cells
(Fig3G). Unlike previous reports, we failed to find any preferential proximity of hematopoietic progenitors
with FLK1* endothelial cells at E12.5?529 (Fig3G). Our results identify the sub-capsular region as a
privileged site for hematopoietic progenitors of YS and IE origin at E12.5, that preferentially associate
with hepatoblasts.

Supportive hematopoietic cytokines are produced by distinct stromal populations and
accumulate at the mesothelial and sub-mesothelial regions.

We analyzed cytokine expression in single cells of the four major stromal populations and found
that hepatoblasts were the major cytokine producers at E12.5 (Fig4A) expressing high levels of Cxc/12
and Kitl, intermediate levels of Csff and were the only producers of Epo and /I7. Mesothelial and
endothelial cells were also major producers of Kitl and expressed intermediate levels of Csf1. Cxcl12
was produced at high levels by virtually all mesenchymal cells (Fig4A, FigS2, Cluster | and II).
Hepatoblasts that co-expressed Epo and //7 in addition to Cxc/12 and Kitl, clustered together (FigS2D,
Cluster 1V). They were also the most immature cells because they co-expressed Lgr5 and Ki67. In
contrast, Csf1 and Cxcl12 were co-expressed by different cells within cluster IV and in E18.5 cluster II.
Csf1 expressing mesenchymal cells were mostly represented in Cluster Il, that differ from Cluster | by
the expression of the stellate markers Lhx2 and Ngfr (FigS2F). Interestingly, /gf2, a crucial embryonic
growth factor, was highly expressed in all analyzed stromal populations (FigS2D-F).

To characterize the tissue distribution of the two most expressed cytokines, CXCL12 and KITL,
we analyzed FL from reporter Cxcl12-dsRed®" and Kitl-dTomato mice®®. The cells with high levels of
Cxcl12-dsRed co-expressed LHX2 and were predominantly located in the sub-mesothelial and
perivascular regions (Fig4B, D). The expression of Cxcl/12 in the sub-mesothelial region was

heterogeneous, with some regions with the accumulation of cells expressing bright Cxcl/12-dsRed
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(indicated by red arrowheads in Fig4B). Cells with dull expression of Cxcl/12 were found in the
parenchyma, and co-expressed HNF4a (Fig4C, D). Nearly all mesenchymal cells and hepatoblasts
expressed Cxcl12 (Fig4E).

A heterogeneous pattern of Kitl-tdTomato expression was found in CD146* mesothelial cells
(FigdA, F-f, G-g’). Kitl expression was also found in HNF4a+ hepatoblasts (Fig4F) but not in endothelial
and mesenchymal cells (Fig4G, H). These results indicate that distinct stromal populations can express
the same cytokines expression is shared distinct stromal populations regardless of cell distribution

within the tissue.

At later stages, IE-derived but not YS-derived progenitors display a homogeneous distribution

throughout the parenchyma.

Given that the FL is a major site of hematopoiesis during development, we investigated the
distribution of hematopoietic cells at subsequent developmental stages. We found that KIT* progenitors
maintained their accumulation close to the capsule (Fig5A, B) at E14,5 while CD45* cells and DP
progenitors changed their spatial localization. CD45" cells displayed a lower frequency within 50 um
from the capsule, while DP progenitors were evenly dispersed in the parenchyma (Fig5B). Analysis of
cell-cell contacts showed that as for the earlier time-points, hematopoietic progenitors (KIT+ and DP)
preferentially interacted with hepatoblasts rather than with stellate cells (Fig5C).

To investigate the mechanisms underlying the changes in spatial distribution of progenitors we
analyzed the CXCL12-CXCR4 axis, involved in hematopoietic cell migration®®. We observed strong
Cxcl12-dsRed expression in perivascular cells at E14.5 (Fig5D). While hepatoblasts maintained similar
Cxcl12 transcript expression at all stages, mesenchymal cells expressed significantly higher levels with
time (Fig5E). Whereas KIT* progenitors have no expression of Cxcr4, DP progenitors express low levels
of the chemokine receptor at E12.5, which were further increased at E14.5 (Fig5F). In a dual-chamber
migration assay, KIT* progenitors did not migrate in response to CXCL12 at either E12.5 or E14.5
whereas E12.5 DP progenitors migrate in response to CXCL12, which was more pronounced at E14.5
(FighG). We propose that E14.5 DP progenitors migrate from sub-capsular region into the parenchyma,
between E12.5 and E14.5 in response to the redistribution of CXCL12 expressing mesenchymal cells.

At later stages of mouse development, hematopoietic cells transit from the FL to the BM, where
hematopoiesis is sustained throughout adulthood. This migration to the BM starts at around E15.5-
E16.5, and few progenitors are found in the FL before birth®”3®. We observed an accumulation of
CD45* cells in the major vessels and in the vicinity of sub-mesothelial cells in E18.5 FLs (FigS5A-D).
At E18.5 we found clusters of both CD11b* myeloid and B220* lymphoid cells around the vessels and
in sub-capsular regions (FigS5E-J). CD11b* cells were equally represented in major vessels and the
sub-capsular region, while B220* cells were primarily located at the latter (FigS5K, L). These results
point to the sub-mesothelial region as a supportive site for hematopoiesis also at late developmental

stages.

The fetal liver is a low-cytokine environment.
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To understand the cytokine expression dynamics in the FL we compared transcript expression
in all stromal populations from E12.5 up to E18.5 (FigS6A, B). Mesenchymal cells were the major
producers of Cxcl/12 after E12.5, with increasing levels at later stages. Conversely, Kitl, Epo and /7
were predominantly expressed by hepatoblasts and exhibited a decrease in expression at E18.5, with
few hepatoblasts expressing Cxcl/12 and Kitl at this timepoint. Thpo, primarily expressed by
hepatoblasts, was increased at later stages. We observed higher levels of the cytokines Flt3 and Csf1
in mesothelial and perivascular cells at E18.5, possibly supporting the accumulation of lymphoid and
myeloid cells in these regions.

We compared of the highest stromal producer in the FL with BM endothelial and CD51*CD106*
cells (a mesenchymal stromal population reported to be highly enriched for hematopoietic cytokines)®®),
from postnatal days 7, 14, and 21 to better understand the differences in cytokine expression (Fig6A,;
FigS6C). Except for Epo, known to be produced in the post-natal kidney, all cytokines were expressed
at significantly higher levels in the BM. Moreover, we observed that CD51*CD106* cells were the
primary cytokine producers, in neonatal BM (Fig6A) where Cxcl12, Kitl, and /7 transcripts were more
than 10 times higher than in FL. These observations indicate that the FL is a low-cytokine environment.

236



Annex VI

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.24.554612; this version posted August 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Discussion

We analyzed FL hematopoiesis between E12.5 and E14.5 because it corresponds to the period
when HSC are found in increasing numbers?). Although the degree of expansion of HSC in FL is still
under debate®®4", understanding how the FL stromal compartment regulates fetal hematopoiesis is
essential to understand the mechanism leading to HSC formation and to the pathogenesis of childhood
hematologic disorders.

The comparative analysis of all non-hematopoietic stromal subsets at E12.5 showed the
hepatoblasts as major producers of Kitl and Cxcl/12 and the only cells that expressed Epo and /I7.
Cytokine production decreases by E18.5 consistent with previous reports®. Kitl, however, is also
produced by mesothelial and endothelial cells, whereas Cxcl/12 is found in stellate cells/pericytes and
NG2 peri-portal cells. This promiscuous distribution of two major hematopoietic modulators explains
why inhibiting cytokine production in defined cell types had limited impact in hematopoiesis and in the
HSC FL compartment. The NG2 expressing cells are found, in FL, only around large portal vessels
rather than around sinusoids and they have been proposed to play important roles in fetal
hematopoiesis®®. However, NG2 expressing cells are rarely found at the early stages of active
hematopoiesis (E12.5) and later (E14.5) they accumulate around the nascent portal network where
cholangiocytes differentiate. NG2 is also expressed in mesothelial cells that we identify as a new
element of the FL stroma, constituting the FL capsule and producing Kitl. Disrupting NG2 expression
might, therefore, have unpredictable consequences for the integrity of the mesothelial compartment and
for the organ architecture and could explain the modest decrease in HSC, previously reported®@.
Proximity to NG2+ cells was previously evaluated for 105 cells from 12 E14.5 FL (an average of 9 cells
per FL that contains more than 1000 HSC), a number that may not be representative of the entire HSC
compartment at that stage. Constitutive deletion of KITL in both endothelial and PDGFRa expressing
cells significantly impacted HSC numbers but only postnatally®®, indicating that KITL produced by these
two cell subsets did not impact the HSC compartment before birth. DLK1 expression has been
considered a marker for hepatoblasts, however, we found it expressed in lymphatic endothelial cells,
mesothelial and stellate cells.

At E12.5, the sub-mesothelial thick layer of stellate cells producie Cxcl/12, but not Kitl.
Proliferating hepatoblasts also concentrate in this area where they receive signals from mesothelial
cells to expand (hepatocyte growth factor, midkine and pleiotropin)®?. Mesothelial cells and
hepatoblasts are the main producers of KITL and hematopoietic progenitors of YS and IE origin
converge to this region, where they are in direct contact with hepatoblasts, but not with endothelial or
stellate cells. At this stage, this FL region is also highly hypoxic which might contribute to the highest
levels of Epo detected in hepatoblasts®. At E14.5, CXCL12-producing stellate cells have invaded the
parenchyma possibly recruited by the expansion of the vascular network, and NG2* peri-vascular cells
accumulate around the portal vessels. The sub-mesothelial layer of stellate cells is reduced and IE
hematopoietic progenitors no longer concentrate in this region. At this stage, Cxc/12 expression by
stellate cells increased and the levels of Cxcr4 in hematopoietic progenitors also increased with
augmented response to chemokine gradients. YS-derived progenitors that comprise mostly erythroid
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cells do not express Cxcr4 and are still found in the sub-mesothelial region, at E14.5. Later, at E18.5,
hematopoietic cytokines are no longer produced by hepatoblasts, that become rare. Cholangiocytes
accumulate around portal vessels close to NG2 expressing cells and where CD45* B220* or CD11b*
cells now converge. B220* and CD11b* lymphoid and myeloid cells respectively also accumulate in the
sub-capsular region. Stellate cells that also surround sinusoids are likely to drive the exit of mature cells
and progenitors from FL, after E15.5.

The modest impact observed on fetal hematopoiesis by deleting cytokines or chemokines in
specific cell types can be due to the redundant production of these factors, as discussed above. It could,
however, also indicate that HSC are largely independent from these factors before BM colonization. We
found that YS-derived erythroid progenitors outcompete HSC derived progenitors, for access to low
concentrations of EPO present in FL, because they have a lower threshold response to this factor®.
Moreover, the low concentration of IL-7 in the FL allows B1 B cell selection for autoreactive
specificities*4. We show here that the FL is generally a low cytokine environment compared to BM. It
is therefore possible that YS or IE-derived cells endowed with low HSC potential, previously
reported>4®)_ are particularly efficient in consuming the limited environmental resources available. HSC
or their progenitors could complete a limited number of rounds of division in the FL, in a cytokine
independent manner after migrating from in the dorsal aorta. Their higher threshold for cytokine
response prevents differentiation and explains their limited contribution to fetal hematopoiesis“?. In the
present study we did not analyze HSC, so it is possible that DP cells that neighbor hepatoblasts are the
progeny of multipotent cells that do not integrate the stem cell compartment. Because expansion in the
FL might be limited, HSC expansion would occur preferentially in the BM shortly after colonization, as
suggested“?. In this scenario the FL HSC niche properties would have to be revised: it would be a

cytokine protected environment rather than being a cytokine rich environment.
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Figure legends

Figure 1. The non-hematopoietic compartment of the FL comprises endothelial, hepatic,
mesenchymal and mesothelial cells.

(A) Schematic representation of the strategy for the analysis of the FL from E12.5 to E18.5.

(B) UMAP analysis of flow cytometry data of E12.5 FLs stained with the surface markers Ter119, CD45,
CD71, Gr1, CD11b, KIT, Sca1, CD16/32, CD34, CD150 and CD48. See gating strategy used in Fig
S1A.

(C) Single-stack immunohistochemistry (IHC) of E12.5 FL with the hematopoietic markers
Ter119&CD71 (green), CD45 (red) and KIT (blue). Inserts ¢' and ¢" show an enlarged 3D view (20 um)
of the selected regions with the markers CD45 and KIT. Scale bar 50 um.

(D) UMAP analysis of flow cytometry data of Ter119-CD45 CD71°KIT- cells from E12.5 FLs stained with
the surface markers CD146, CD31, Gp38, PDGFRa, NG2, CD166, Sca1, E-Cadh and EpCAM that
identify the four major populations highlighted by dashed circles: endothelial, hepatic, mesothelial and
mesenchymal. See gating strategy used in Fig S2A.

(E) Violin plots of single-cell gene expression analysis of lineage associated transcripts of sorted hepatic
(CD31-Gp38'PDGFRa EpCAM-E-Cadh™ cells, blue), endothelial (CD31*CD146* cells, orange),
mesenchymal (CD31-Gp38'PDGFRa* cells, pink), and mesothelial (CD31"PDGFRa Gp38* cells, green)
cells.

(F) Single-stack IHC of E12.5 FL with DAPI (white), LHX2 (green), the hepatic marker HNF4a (red) and
CD146 (cyan). Insert f shows an enlarged 3D view (15 um) of the selected region. Scale bar 50 um.
(G) Single-stack IHC of the capsular region of E12.5 FL with DAPI (white), the endothelial and
mesothelial marker CD146 (green) and the mesothelial marker Gp38 (red) (left), Gp38 alone (middle),
and a 3D lateral view (50 um) of both CD146 and Gp38 (right). Scale bar 50 um.

(H) Single-stack IHC of the border region of E12.5 FL with DAPI (white), CD146 (red), the mesenchymal
markers LHX2 (green) and PDGFRa (blue) (left), and a 3D view (20 um) (right). Scale bar 50 um.

All images with cubes are 3D projections.

Figure 2. Image analysis workflow.

(A) Segmentation pipeline. FL multi-channel images are cut into small pieces using Saucisson (1),
Individual tiles are segmented based on DAPI signal using CellPose (2), and then reassembled into the
original shape (3). On the left, a representative single-stack IHC of E12.5 FL with DAPI (white), LHX2
(green), KIT (blue) and CD45 (red) is shown to demonstrate the pipeline. Scale bar 200 pum.

(B) Cell type classification pipeline. In case of nuclear staining (as for LHX2, green), cells are classified
according to a threshold set on the average signal intensity inside the nuclei mask using Griottes (4).
For membrane staining (as for CD45/red, KIT/blue), cells are classified using a Neural Network (5). A
representative example of a small tile post-classification is presented, displaying positive cells for LHX2
(green), CD45 (red) and KIT (blue). Scale bar 5 um (small tiles on the left), 10 um (on the tiles on the
right).
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(C) Single-stack IHC of E12.5 FL (Cxcl12-dsRed mice) with LHX2 (green), Cxcl12-dsRed (red) and
HNF4a (blue). Scale bar 100 um.

(D) Quantification of Cxcl12-dsRed®9"* and Cxcl12-dsRed®™ cells in the stromal compartment. Bar
plots indicate average * standard deviation (n=6).

(E) Quantification of Cxcl12-dsRed cells with distinct signal intensities in LHX2" (left) and HNF4a* (right)
stromal cells. Bar plots indicate average * standard deviation (n=6).

(F) Single-stack IHC of E12.5 FL (Kitl-tdTomato mice) with HNF4a (green), Kitl-tdTomato (red) and
CD146 (cyan). Inserts f show an enlarged 3D view (20 um) of the selected regions. Scale bar 100 um.
(G) IHC of E12.5 FL (Kitl-tdTomato mice) with PDGFRa (green), Kitl-tdTomato (red) and CD146 (cyan),
3D view (15 um). Inserts g' and g” show an enlarged 3D view or single-stack of the selected regions,
respectively. Scale bar 100 pm.

(H) Quantification of Kitl-tdTomato* cells in HNF4a* cells. HNF4a* classified cells from a single-image
(3D image, 16.000 total cells) were selected and Kitl-dTomato* cells manually classified (n=1).

Figure 5. At later stages, opposite to YS-derived, IE-derived progenitors display a homogeneous
distribution throughout the parenchyma in response to Cxcl12 levels.

(A) Dot plot representation of CD45* (red), KIT* (blue) and DP (purple) cell distribution of E14.5 FL
representative sections (single-stack).

(B) Distance to the border profile of CD45* (red, n=6), KIT* (blue, n=6) and DP (purple, n=6) cells of
E14.5 FLs. E12.5 data from Figure 3D is overlaid for comparison. Curves indicate average * standard
deviation. Statistical analysis was calculated at the peak of each population using the Mann-Whitney
test, between E12.5 and E14.5 curves. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; ns, not significant.
(C) Neighborhood composition of CD45*, KIT* and DP cells of E14.5 FL. Graphs display the percentage
of cells that are in contact with LHX2* (left, n=3) and HNF4a* (middle, n=3) stromal cells (observed)
compared to random. Bar plots indicate average * standard deviation. Statistical analysis was
calculated using t-test Welch. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; ns, not significant.

(D) Single-stack IHC of E14.5 FL (Cxcl12-dsRed mice) with LHX2 (green), Cxcl/12-dsRed (red) and
HNF4a (blue). Scale bar 100 um.

(E) Quantitative RT-PCR analysis of the expression levels of the hematopoietic chemokine Cxcl12 in
hepatic (light gray), and mesenchymal (dark gray) cells in E12.5, E14.5 and E18.5 FL cells (n=3).
Statistical analysis was calculated using two-way ANOVA, followed by Sidak's multiple comparisons
test. ****, P < 0.0001; ns, not significant.

(F) Quantitative RT-PCR analysis of the expression levels of the CXCL12 receptor (Cxcr4) in KIT*
(blue), and DP (purple) cells in E12.5, E14.5 FLs (n=3). Statistical analysis was calculated using two-
way ANOVA, followed by Sidak's multiple comparisons test. ****, P < 0.0001.

(G) Transwell migration assay of DP and KIT* progenitors of E12.5 and E14.5 FL in response to the
chemokine CXCL12a. Data are presented as the percentage of input progenitors that migrate to the
bottom chamber (n=3). Statistical analysis was calculated using two-way ANOVA, followed by Sidak's
multiple comparisons test. *, P < 0.05; **, P < 0.01.
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(C) For FL network generation and spatial analysis, Coloriage is used to remove or highlight specific
regions of the FL sections (6). Griottes is used to represent the cells in a dot plot and to plot the contacts
between cells (7). Scale bar 10 um.

PV — portal sinus.

Figure 3. YS and IE-derived progenitors accumulate at the border at E12.5 and are preferentially
in contact with hepatoblasts, but not stellate or endothelial cells.

(A) IHC of 2 lobes of E12.5 FL with DAPI (white), CD45 (red) and KIT (blue), 3D view (15 um).

(B) IHC of 2 lobes of E12.5 FL (FLK1-GFP mice) with DAPI (white), LHX2 (green), FLK-1 GFP (orange),
and HNF4a (cyan), 3D view (10 um).

(C) Dot plot representation of CD45* (red), KIT* (blue), and DP (purple) cells distribution of E12.5 FL
representative sections (15 um section projected into a single plane).

(D) Dot plot representation of LHX2* (green), FLK1* (orange), and HNF4a* (cyan) cells distribution of
E12.5 FL representative sections (15 um section projected into a single plane, except for the FLK1, that
corresponds to a single-stack).

(E) Distance to the capsule profile of CD45" (red, n=10), KIT* (blue, n=10), and DP (purple, n=10) cells
of E12.5 FLs. Curves indicate average + standard deviation. Statistical analysis was calculated at the
peak of each curve using the Mann-Whitney test, between observed and random curves. *, P < 0.05;
** P <0.01; ****, P < 0.0001; ns, not significant.

(F) Distance to the capsule profile of LHX2* (green, n=6), FLK1* (orange, n=3), and HNF4a* (cyan,
n=6) cells of E12.5 FLs. Curves indicate average * standard deviation. Statistical analysis was
calculated at the peak of each curve using the Mann-Whitney test, between observed and random
curves. *, P <0.05; **, P < 0.01; ****, P < 0.0001; ns, not significant.

(G) Neighborhood composition of CD45*, KIT* and DP cells of E12.5 FLs. Graphs display the
percentage of cells that are in contact with HNF4a* (left, n=3), LHX2* (middle, n=3) and FLK1* (right,
n=2) stromal cells (observed) compared to random. Bar plots indicate average * standard deviation.
Statistical analysis was calculated using t-test Welch. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; ns, not
significant.

Images with cubes are 3D projections.

Figure 4. Supportive hematopoietic cytokines are produced by distinct stromal populations and
accumulate at the mesothelial and sub-mesothelial regions.

(A) Violin plots of single-cell gene expression analysis of the cytokines Cxcl12, Kitl, Epo, Csf1 and II7
in Hepatic (blue), Mesothelial (green), Mesenchymal (pink) and Endothelial (orange) cells at E12.5.
(B) IHC of E12.5 FL (Cxcl12-dsRed mice) with LHX2 (green), Cxcl12-dsRed (red) and CD146 (cyan),
3D view (25 um). Red arrowheads point to a border region with bright Cxc/12-dsRed cells, while green
arrowheads indicate a region with dim Cxcl/12-dsRed cells. Insert b' shows an enlarged single-stack
view of the selected region. Yellow arrowheads indicate cells with high expression of Cxcl12, that co-

stain LHX2. White arrowheads indicate cells with low expression of Cxc/12, LHX2 . Scale bar 100 um.
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Figure 6. The fetal liver is a low cytokine environment.

(A) Quantitative RT-PCR analysis of the expression levels of the hematopoietic cytokines Cxcl12, Kitl,
Epo, Thpo, Csf1 and /7 in mesenchymal (pink) or hepatic (blue) cells of E12.5, E14.5 and E18.5 FL
and endothelial (dark red) or CD51*CD106" (yellow) cells of P7, P14 and P21 BM. For each cytokine,
only the FL population with highest expression levels is represented: Mesen (pink) for Cxc/12 and Csf1

and Hepa (blue) for Kitl, Epo, Thpo and II7 (n=3).
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Supplementary Figure legends

Figure S1 (related to Figure 1). Discrimination of the hematopoietic compartment.

(A) Gating strategy used for the analysis of the hematopoietic compartment of E12.5 FLs using the
surface markers Ter119, CD45, CD71, Gr1, CD11b, KIT, Sca1, CD16/32, CD34, CD150 and CD48.
(Related to Figure 1B).

(B) Gating strategy and (C) UMAP analysis showing the cell types that are included in the image
analysis with CD45 and KIT.

(D) Percentage of the progenitor cell types within DP cells (top) and KIT* cells (bottom) at E12 (left) or
E14 (right).

Figure S2 (related to Figure 1). Characterization of the stromal compartment.

(A) Gating strategy used for the analysis of of Ter119-CD45CD71KIT- FL cells using the surface
markers CD146, CD31, Gp3, PDGFRa, NG2, CD166, Sca1, E-Cadh and EpCAM. Represented is the
profile of an E18.5. The same strategy was applied to all time-points.

(B) UMAP analysis of flow cytometry data of Ter119-CD45CD71KIT- cells from E14.5 (left) and E18.5
(right) FLs stained with the surface markers CD146, CD31, Gp3, PDGFRa, NG2, CD166, Sca1, E-Cadh
and EpCAM.

(C) Distribution profile of live non-hematopoietic cells at E12.5, E14.5 and E18.5 as obtained from flow
cytometry data.

(D) Heatmap of single-cell multiplex gPCR in sorted hepatic cells of E12.5 and E18.5 FLs. Each column
represents a single cell, and it is color-coded according to time-point (E12.5, E18.5) and cell type
(Hepatoblasts, Hepatocytes and Cholangiocytes). Gene expression was normalized to B-actin and
Gapdh, and unsupervised hierarchical clustering was performed.

(E) Heatmap of single-cell multiplex gPCR in sorted endothelial cells of E12.5 and E18.5 FLs. Each
column represents a single cell, and it is color-coded according to time-point (E12.5, E18.5) and cell
type (Endothelial, arterial-like and lymphatic). Gene expression was normalized to B-actin and Gapdh,
and unsupervised hierarchical clustering was performed.

(F) Heatmap of single-cell multiplex gPCR in sorted mesenchymal and mesothelial cells of E12.5 and
E18.5 FLs. Each column represents a single cell, and it is color-coded according to time-point (E12.5,
E18.5) and cell type (Mesothelial, Gp38*PDGFRa*, NG2 Perivascular and Stellate). Gene expression
was normalized to B-actin and Gapdh, and unsupervised hierarchical clustering was performed.

(G) Single-stack IHC of E18.5 FL with DAPI (white) and E-Cadherin (red). Scale bar 100 pm.

(H) Single-stack IHC of E18.5 FL with DAPI (white), NG2 (green), aSMA (red) and EpCAM (blue). Insert
h' shows an enlarged view of a portal vessel and the respective single-channels below. Scale bar 50
um.

(1) 3D view (25 um) of IHC of E16.5 with LHX2 (green), CD146 (red), and PDGFRa (blue). Scale bar 50

pm.

Figure S3 (related to Figure 2). Validation and quality control of image analysis.
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(A) Validation of KIT classification. Representative images of single cells classification and respective
classification confidence. (A’) Accuracy of the classification during network training on training and
validation datasets. (A”) Confusion matrix on the validation dataset.

(B) Validation of CD45 classification. Representative images of single cells post-classification and
respective classification confidence. (B’) Accuracy of the classification during network training on
training and validation datasets. (B”) Confusion matrix on the validation dataset.

(C) Single-stack IHC of E12.5 FL with DAPI (white), LHX2 (green), CD45 (red), and KIT (blue), to
highlight a region where nucleated erythrocytes (autofluorescent - AF - cells) can be seen inside a blood
vessel (represented by the dashed line).

(D) AF cells are manually classified as positive and negative to train a neural network, so that negative
cells can be later removed from the analysis. (D’) Representative images of single cells classification
and respective classification confidence.

(E) DAPI channel of the tile depicted in (C) overlaid with classification before (top) and after (bottom)
removing AF cells.

(F) FL section (same as in Figure 2) before and after removing regions manually selected using

Coloriage, and AF cells, highlighted on the left panel at orange and olive green, respectively.

Figure S4 (related to Figure 3)

(A) Dot plot representation of LHX2* (green), HNF4a* (cyan) and FLK1* (orange) cells distribution of
E12.5 FL section represented in Figure 3 (10 um thick projected into a single plane).

(B) Percentage of hematopoietic cells recovered and analyzed by flow cytometry (n=9) versus
quantified by imaging of FL sections (n=9). Statistical analysis was calculated using two-way ANOVA,
followed by Sidak's multiple comparisons test. ***, P < 0.001; ****, P < 0.0001.

(C) Percentage of stromal cells recovered and analyzed by flow cytometry (n=3) versus quantified by
imaging of FL sections (LHX2 and HNF4a (n=6), FLK1 (n=3)). Statistical analysis was calculated using
two-way ANOVA, followed by Sidak's multiple comparisons test. ***, P < 0.001; ****, P < 0.0001.

(D) Percentage of hematopoietic and stromal cells quantified by imaging of FL sections at E12.5 and
E14.5 (E12.5: CD45, KIT, DP (n=10); LHX2, HNF4a (n=6); FLK1 (n=3); E14.5: CD45, KIT, DP (n=6);
HNF4a (n=5); LHX2 (n=6); FLK1 (n=2)). Statistical analysis was calculated using two-way ANOVA,
followed by Sidak's multiple comparisons test. *, P < 0.05.

(E) Distance to portal sinus (PS) profile of CD45+ (red, n=10), KIT* (blue, n=10), DP (purple, n=10),
LHX2+ (green, n=6), HNF4a+ (cyan, n=6) and FLK1+ (orange, n=3) cells of E12.5 FL sections. Curves
indicate average * standard deviation. Statistical analysis was calculated at the peak of each population
using the Mann-Whitney test, between observed and random curves. *, P < 0.05; **, P < 0.01; ***, P <

0.0001; ns, not significant.

Figure S5. Myeloid and lymphoid cells accumulate in the vessels and mesothelium at late
gestation.

(A) Distance to vessels profile of CD45* cells of E18.5 FLs. Curves indicate average * standard
deviation (n=8).
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(B) Distance to the border profile of CD45" cells of E18.5 FLs. Curves indicate average + standard
deviation (n=6).

(C) 3D view (20 um) of IHC of E18.5 mesothelial region (left) or parenchyma (right) with NG2 (green),
CD45 (red) and CD11b (blue). Scale bar 50 um.

(D) Distance to vessels profile of CD45*CD11b* cells of E18.5 FLs. Curves indicate average * standard
deviation (n=2).

(E) Example of a dot plot representation of CD45*CD11b" (red) and CD45*CD11b* (blue) cells around
vessels (top) and in the FL border (bottom) at E18.5.

(F) Distance to vessels profile of CD45*CD11b* cells of E18.5 FLs. Curves indicate average + standard
deviation (n=2).

(G) Distance to the border profile of CD45*CD11b* cells of E18.5 FLs. Curves indicate average *
standard deviation (n=2).

(H) Example of a dot plot representation of CD45"B220" (red) and CD45*B220* (blue) cells around
vessels (top) and in the FL border (bottom) at E18.5.

(1) Distance to the vessels profile of CD45*B220" cells of E18.5 FLs. Curves indicate average + standard
deviation (n=4).

(J) Distance to the border profile of CD45*B220* cells of E18.5 FLs. Curves indicate average * standard
deviation (n=3).

(K) CD45*CD11b* frequency of total cells considering the entire sections analyzed (“tissue”), the
regions around the vessels (‘around vessels’) or near the border (“near border”).

(L) CD45*B220* frequency of total cells considering the entire sections analyzed (“tissue”), the regions
around the vessels (‘around vessels’) or near the border (“near border”).

Regions “around the vessels” or “near border” (3-4 cell layers) were manually selected using Coloriage.

Figure S6 (related to Figure 6). Cytokines expression along time.

(A) Quantitative RT-PCR analysis of the expression levels of the hematopoietic cytokines Cxcl12, Kitl,
Epo, Thpo, II7, Fit3l, Csf1, Csf2 and Csf3 in endothelial (Endo), hepatic (Hepa), mesothelial (Meso),
and mesenchymal (Mesen) cells in E12.5 (light blue), E14.5 (blue) and E18.5 (dark blue) FL cells (n=3).
(B) Violin plots of single-cell gene expression analysis of the cytokines Cxcl12, Kitl, Epo, Csf1 and II7
in Hepatic (blue), Mesothelial (green), Mesenchymal (pink) and Endothelial (orange) cells at E18.5.
(C) Gating strategy used for the analysis of the stroma of P7, P14 and P21 BM using the surface
markers CD51, CD31 and CD106. Representative profile of a P7 BM. The same strategy was applied
to all time-points.
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Figure S1 (related to Figure 1)
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Figure S2 (related to Figure 1)
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Figure S3 (related to Figure 2)
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Figure S4 (related to Figure 3)
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Figure S5
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Figure S6 (related to Figure 6)
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Experimental Model and Subject Details
Mice

C57BL/6J mice were purchased from Envigo. FIk1-GFP mice were a gift from David Hardy!". Fixed FLs
from Cxcl12-dsRed® mice were kindly provided by Jodo Pedro Pereira. Fixed FLs from Kitl-tdTomato®
mice were kindly provided by Marella de Bruijn.

6 to 8-week-old mice or timed pregnant females were used. Timed pregnancies were generated after
overnight mating, the following morning females with vaginal plugs were considered to be at E0.5. All animal
manipulations were performed according to the ethics charter approved by the French Agriculture ministry
and to the European Parliament Directive 2010/63/EU.

Method Details
Cell Suspension

For the isolation of non-hematopoietic populations, E12.5-E18.5 FLs were dissected under a binocular
magnifying lens. FLs were recovered in Hanks' balanced-salt solution (HBSS) supplemented with 1% fetal
calf serum (FCS) (Gibco), cut in 1 mm? pieces and incubated with 0,05 mg/ml Liberase TH (Roche) for 6-8
minutes at 37°C. Enzymatic treatment was stopped by addition of cold HBSS+1% FCS followed by
centrifugation. FLs were depleted of hematopoietic cells (Ter119*CD45*Kit*CD71*) using MACS columns
(Miltenyi Biotec) according to manufacturer instructions. Briefly, for MACS columns depletion, cells were
incubated with biotinylated Ter119, CD45, Kit and CD71 antibodies for 20-30 min at 4°C, washed twice,
incubated with anti-biotin microbeads (Miltenyi Biotec) for 20 min at 4°C and passed through a LS column
(Miltenyi Biotec). The flow-through was collected and used for cell surface staining. Before staining, cell
suspensions were filtered with a 100 um cell strainer (BD).

For the isolation of hematopoietic cells, E12.5-E14.5 FLs were dissected under a binocular magnifying lens.
FLs were recovered in HBSS+1% FCS (Gibco) and passed through a 26-gauge needle of a 1-ml syringe
to obtain single-cell suspensions. Before staining, cell suspensions were filtered with a 100 um cell strainer
(BD).

For the isolation of BM non-hematopoietic populations, femurs and tibias were isolated from P7, P14, and
P21 mice and surrounding tissues removed. Bones were flushed using a 26-gauge needle of a 1-ml syringe
with HBSS+2% FCS (Gibco). BM clumps were re-suspended by gentling aspirating with a 19-gauge needle,
filtered (100 um) and kept on ice. Bones were crushed with a scissor in a way to maximize the internal bone
surface area exposition and incubated with a digestion buffer (1mg/mL Collagenase VIIl and X DNase | in
HBSS+2% FCS) for 15 min at 37°C with rotation. Cell suspensions were collected, filtered (40 um), and
kept on ice. 3 rounds of digestion were performed, and cell suspensions collected from each were pooled
together with the flushed ones. Enzymatic treatment was stopped by addition of cold HBSS+2% FCS
followed by centrifugation. Cell suspensions were depleted of hematopoietic cells using MACS columns
(Miltenyi Biotec) according to manufacturer instructions. Briefly, cells were incubated with biotinylated
Ter119, CD45, CD11b and B220 antibodies for 20-30 min at 4°C, washed twice, incubated with anti-biotin
microbeads (Miltenyi Biotec) for 20 min at 4 °C and passed through a LS column (Miltenyi Biotec). The flow-
through was collected and used for cell surface staining. Before staining, cell suspensions were filtered with
a 100 ym cell strainer (BD).

Flow cytometry and cell sorting

MACS depleted non-hematopoietic cells were stained with the antibodies listed in Table S1 for 20 min at
4°C and analyzed on a spectral cytometer ID7000 (SONY) as described® or sorted with a BD FACS Aria
1l (BD Biosciences) according to the guidelines for the use of flow cytometry and cell sorting®.



Hematopoietic cells were stained with the antibodies listed in Supp Table S1 for 20-30 min at 4°C and
analyzed on a custom BD LSR Fortessa (BD Biosciences). For sorting, FL were depleted of mature cells
using MACS columns (Miltenyi Biotec) according to manufacturer instructions. Briefly, cells were incubated
with biotinylated Ter119, Gr-1, CD19, CD3, CD4, CD8, NK1.1, CD11c antibodies (listed in Supp Table S1)
for 20-30 min at 4°C, washed, incubated with anti-biotin microbeads (Miltenyi Biotec) for 20 min at 4°C and
passed through a LS column (Miltenyi Biotec). The flow-through was collected and used for cell surface
staining with the antibodies listed in Table S1, for 20-30 min at 4°C. Stained cells were sorted with a BD
FACSAria Il (BD Biosciences) according to the guidelines for the use of flow cytometry and cell sorting®.
Data were analyzed with FlowJo software (v.10.5.3, BD Biosciences).

Flow Cytomety Analysis

Flow cytometry files were screened for abnormalities (flow rate, signal acquisitions, and dynamic range)
using a quality control plugin in FlowJo, FlowAl®. Only "GoodEvents” were considered for analysis. To
perform dimensionality reduction of the flow cytometry data, UMAPs were performed in FlowJo, on gated
single, live, non-hematopoietic cells. For each stromal population defined, the corresponding channel
values for the UMAP parameters were saved as .csv and plotted using Jupyter Notebook (University of
Southampton Institutional Repository).

Imaging
FL sectioning, immunostaining and optical clearing of thick sections

FLs from timed-pregnant females were collected directly into freshly prepared 2% PFA fixative buffer
(Fischer Scientific) and kept at 4°C overnight under rotation. After washing in PBS and removing
surrounding tissues, FLs were immediately sectioned or shortly stored at 4°C until sectioning. Following
FLs embedding in 4% low-melting agarose (Sigma), 150 um frontal sections were performed using a Leica
VT1200S vibratome. Sections were permeabilized and blocked with PBS containing 0.05% Tween-20
(AppliChem GmbH) [or 0.5% Triton-X 100 for nuclear staining] and 10% donkey serum (Sigma-Aldrich) for
1-2 hr at RT. This solution was also used to dilute primary and secondary antibodies. Sections were
incubated with primary antibodies for 2 hours at room temperature (RT) and overnight at 4°C, and
secondary antibodies for 2h at RT, both in the dark and with rotation. Between incubations and after
secondary antibody incubation, sections were washed repeatedly with PBS containing 0.05% Tween-20
and 3% NaCl (minimum 4x, 15 min). Sections were counterstained with DAPI (D9542, Sigma-Aldrich) for 2
hours at RT and kept overnight in RapiClear 1.52 (SunJin Lab) for optical clearing. Sections were mounted
in RapiClear and imaged on a Leica TCS SP8 using a PL APO 63x /1.40 oil immersion lens or APO 40x
/1.40 oil immersion lens. Single-stacks or multi-stacks tile scans were acquired at 200Hz or 400Hz,
respectively, bidirectional mode, at 12-bits and 1024x%1024 resolution. Multi-stacks were acquired with z
spacing of 0.3 ym. Table S2 compiles all information regarding image acquisition.

Image Analysis

Image processing and segmentation

The first step to obtain these graphs consisted of segmenting the nuclei within each image, based on their
DAPI signal, using CellPose™. The FL images acquired in this study ranged in size from 2682x2826 to
7686x8669x117 pixels (See Table S2), which corresponded to 60Mb up to 50Gb in memory needs. As a
result, some were too large for analysis on graphics processing unit (GPU)s with 8GB RAM. These images
were pre-processed to reduce memory consumption by dividing them into smaller tiles using a Python
module named Saucisson before being segmented (Fig 2A-1). Tiles of 3000x3000 pixels were used for 2D
images and 600x600xZ-stacks for 3D images (See Table S2 for number of z-stacks). These tiles size allow
to fit data sizes to GPUs memory and parallel computations. These separate files were then segmented in
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parallel on a GPU cluster, using the Cellpose package (Fig. 2A-2). After segmentation, the masks from each
of the individual tiles were stitched together again using Saucisson (Fig. 2A-3).

Cell classification

As a result of the image segmentation pipeline, the position of each cell is known only by the segmented
domain of its nucleus. The next step is to distinguish the cell phenotype, which is obtained from the
expression levels of nuclear or membrane-bound proteins to which specific fluorescent antibodies can
attach.

In order to classify cells based on staining in the nucleus (such as LHX2 and HNF4a), the average signal
intensity, within the mask of the nucleus, is computed using Griottes® and a threshold is applied, robustly
distinguishing between positive and negative cells (Fig 2B-4). To classify cells based on membrane
staining, it is necessary to analyze the fluorescence pattern around each nucleus. In this case measuring
average fluorescence intensity inside or around the nucleus isn’t precise enough, since neighboring positive
cells can cause a local high fluorescence signal, despite little or no expression of the relevant protein by
the cell itself (Fig 2B-5). Instead, the cells were classified using a deep learning based Neural Network. An
individual square image was generated for each detected nucleus, with dimensions between 18 to 22um
(80x80 to 120x120 pixels) and centered around the geometric center of the nucleus (See Fig.2B and S3
for examples). The gray-scale pattern of the fluorescence inside this box was then analyzed by using
SqueezeNet networks®, using the transfer learning approach and loaded pre-trained from PyTorch('9.
Training and validation datasets were manually created (Fig 2B) for each staining, using data from different
images. Training was performed using a batch size of 32. As a result, an accuracy larger than 95% was
achieved on validation datasets for each membrane staining (Fig S3A-B), although some manual
corrections in the classification were performed for images with lower staining contrast. A different network
was trained for each marker in order to manage differences that appeared for the different membrane
stainings. Manual verification of classification performances was done on 400 cells randomly selected for
each membrane staining and each image. The number of false negative and positive cells is given in Table
S2. The accuracy is larger than 96% for all verified set of cells.

Removal and selection of specific regions

In FL sections, nucleated erythrocytes are frequently found in blood vessels. Due to a very specific auto
fluorescent (AF) signal, intense cytoplasmatic signal in one or more channels, they can be misclassified for
membrane staining (e.g., as CD45* and/or KIT*). To correct this, we used the same neural network
approach, previously described, to detect these cells, and cells identified as AF* were excluded from
analysis (Fig S3C-E). Some images also contain disrupted lobes and pieces of tissues coming from other
organs. A specific interactive tool named Coloriage was created to graphically select regions in the
segmented image. This tool is used to eliminate these undesired regions (Fig. 2C-6; Fig S3F).

Network construction

The outcome of this pipeline was to replace the pixel/voxel-scale description with a cell-scale representation
of the complete image, either in 2D or in 3D. In this representation each cell was identified by its position
and was characterized by its expression of the different nuclear or membrane markers (Fig. 2C). This
representation was stored as a connected graph using the Griottes package® (Fig. 2C-7). The connectivity
network of the FLs was generated using Griottes from a data table containing the positions and properties
of the nuclei cells using the ‘Delaunay’ construction rule. Further information on Griottes can be found in®),
This network construction allows us to estimate the connectivity between any two cells and to build the
statistics of proximity between specific cell types and stromal cells (Fig 2C).



The graph-based description provides a method to extract key information from large fluorescence images,
including cell phenotype and position, and condensing it into a generic format. This condensation allows
the data size to be reduced from several Gb (up to 50Gb for the analyzed images) to a few Mb per image,
without loss of information. Moreover, by labeling specific nodes in the graph as being at the periphery, it
is possible to calculate distances of cells from this periphery from independent images and to pool the
information together, which in turn enables the identification of robust and recurring spatial patterns (as
demonstrated in Figs. 3 and 5).

Calculation of the cell enrichment in different regions

The relative enrichment or depletion of each cell type was calculated by comparing the relative abundance
at any region with a random distribution of cell types. In particular, we focused on the enrichment near the
periphery and the vessels in the FL. This procedure began by graphically selecting the specific structure to
be studied, using Coloriage. The minimum Euclidean distance between each cell in the network and the
cells attributed to the structure of interest was computed. Then the relative abundance of each cell type
was binned as a function of distance from the structure.

In parallel the cell types were numerically shuffled on the network representation, while preserving the total
frequency of the types in the tissue. The distance to the periphery was re-calculated for ten repetitions of
the re-shuffling operation, thus providing a randomized position graph of the different cell types.

The ratio of the measured distribution to the randomized distribution provided a robust measure of the
enrichment at different distances from the periphery and the vessels within the tissue. This allows us to
distinguish relevant and statistically significant patterns that are not a consequence of random cell
distribution.

Code availability

The analysis on the FL network images was conducted on Jupyter Notebook. All the relevant notebooks
are freely accessible on the project GitHub repository (https://github.com/BaroudLab/Pyxidis). Different
packages have been custom-made for the analysis of the FL images, during pre-processing and data
analysis. All these functionalities (Saucisson, Coloriage) have been incorporated in the main GitHub for
easier use and installation. This repository contains a step-by-step tutorial to run the entire image analysis
pipeline and data analysis previously described.

Multiplex single-cell gPCR

Single cells were sorted directly into 96-well plates loaded with RT-STA Reaction mix (CellsDirect™ One-
Step qRTPCR Kit, Invitrogen, according to the manufacturer’'s procedures) and 0.2x specific TagMan®
Assay mix (see Table S3 for the TagMan® assays list) and were kept at —80°C at least overnight. For each
subset analyzed, a control well with 20 cells was also sorted. Pre-amplified cDNA (20 cycles) was obtained
according to the manufacturer's note and was diluted 1:5 in TE buffer for gPCR. Multiplex gPCR was
performed using the microfluidics Biomark HD system for 40 cycles (Fluidigm) as previously described"".
The same TagMan probes were used for both RT/pre-amp and gPCR. Only single cells for which at least
2 housekeeping genes could be detected before 20 cycles were included in the analysis.

Gene expression by RT-PCR

Cells were sorted directly into lysis buffer and mRNA was extracted with a RNeasy Plus Micro Kit (Qiagen).
After extraction, mRNA was reverse-transcribed into cDNA with PrimeScript RT Reagent Kit (Takara Bio),
followed by quantitative PCR with Power SYBR Green PCR Master Mix (Applied Biosystems). Primers
used can be found in Supplementary Table S4. qPCR reactions were performed on a Quantstudio3
thermocycler (Applied Biosystems), gene expression was normalized to that of b-actin and relative
expression was calculated using the 22! method.
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Transwell migration assays

FL KIT* and DP cells were prepared as for flow cytometry and cell sorting. For sorting of E14.5 cells, lineage
depletion (Ter119, CD19, B220, Gr1, CD3, CD4, CD8a, NK1.1 and CD11c) was performed using magnetic
LS columns (Miltenyi Biotec). Dual-chamber chemotaxis assays were performed using 24-well plates with
5-um pore size inserts (Cat# PTMP24H48, Sigma), as previously described('?. CXCL12a (Cat# 460-SD-
050, R&D Systems) was added to the lower chamber at defined concentrations, and 100 pl of a cell
suspension (1 x 108 cells/ml) of KIT* or DP cells was placed in the upper chamber. Cells were allowed to
migrate for 2h at 37°C. A known quantity of fluorescent beads was added to the lower chamber for
normalization of migrated progenitors. Migrated cells were collected from the lower chamber and analyzed
by FACS to enumerate migrated progenitors.

Bioinformatic analysis of multiplex single-cell gPCR

Gene expression raw data (BioMarkTM, Fluidigm) of single cells was normalized with Gapdh and Actb.
Heatmaps and hierarchical clustering were generated using R packages “pheatmap” and
“Rphenograph”™('3).

Quantification and Statistical Analysis

All results are shown as mean + standard deviation (SD). Statistical significance was determined using two-
way ANOVA, followed by Sidak's multiple comparisons test where a P value of <0.05 was considered
significant and a P value >0.05 was considered not significant.
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Table S1. List of antibodies for Flow Cytometry (FC) and Immunostaining (IF).

PROTEIN CONJUGATION CLONE CATALOG # MANUFACTURER SPECIES L::%ERD USED FOR DETECTION OF
a-SMA - 1A4 A5228 Sigma-Aldrich Mouse IHC Smooth Muscle Cells
B220 FITC RA3-6B2 103205 BioLegend Rat IHC B Lineage Cells
CD106 PE-Cy7 MVCAM.A 105720 BioLegend Rat FC Mesenchymal Cells
CD117 (KIT) BV605 2B8 563146 BD Biosciences Rat FC Hematopoietic Progenitors
CD117 (KIT) Biotin 2B8 1129020 SONY Rat FC Lineage Depletion (Stroma)
CD117 (KIT) APC 2B8 105812 BioLegend Rat IHC Hematopoietic Progenitors
CD11b APC-Cy7 M1/70 1106130 SONY Rat FC Myeloid Lineage Cells
CD11b FITC M1/70 101205 BioLegend Rat IHC Myeloid Lineage Cells
CD11c Biotin N418 1186520 SONY Rat FC Lineage Depletion (Hemato)
CD140a (PDGFRa) APC APA5 1279540 SONY Rat FC Mesenchymal Cells
CD140a (PDGFRa) - Polyclonal AF1062 R&D Systems Goat IHC Mesenchymal Cells
CD146 BV510 ME-9F1 740200 BD Biosciences Rat FC Endothelial, Mesothelial and Mesenchymal Cells
CD146 - Polyclonal AF6106 R&D Systems Sheep IHC Endothelial, Mesothelial and Mesenchymal Cells
CD150 BV711 TC15-12F12.2 1179705 SONY Rat FC Hematopoietic Progenitors
CD16/32 FITC 93 1106530 SONY Rat FC Hematopoietic Progenitors
CD166 FITC eBioALC48 11-1661-80 eBioscience Rat FC Hepatoblasts and Mesenchymal Cells
CD24 BUV496 M1/69 612953 BD Biosciences Rat FC Erythroid Cells
CD31 PerCP-Cy5.5 390 102420 BioLegend Rat FC Endothelial Cells
CD31 AF488 MEC13.3 1112570 SONY Rat FC Endothelial Cells
CD324 (E-Cadh) PE-Cy7 DECMA-1 1336545 SONY Rat FC Hepatic Cells
CD324 (E-Cadh) - 24E10 31958 Cell Signaling Technology Rabbit IHC Hepatic Cells
CD326 (EpCAM) BV605 G8.8 1191135 SONY Rat FC Cholangiocytes
CD326 (EpCAM) AF647 G8.8R FAB8998R R&D Systems Rat IHC Cholangiocytes
CD34 PE RAM34 551387 BD Biosciences Rat FC Hematopoietic Progenitors
CD3e Biotin 145-2C11 1101520 SONY Rat FC Lineage Depletion (Hemato)
CD4 Biotin GK1.5 1102020 SONY Rat FC Lineage Depletion (Hemato)
CD45 BV786 30-F11 564225 BD Biosciences Rat FC Hematopoietic Cells
CD45 Biotin 30-F11 1115520 SONY Rat FC Lineage Depletion (Stroma)
CD45 - Polyclonal AF114 R&D Systems Goat IHC Hematopoietic Cells
CD48 APC HM48-1 1117060 SONY Rat FC Hematopoietic Progenitors
CD51 BVv421 RMV-7 740062 BD Biosciences Rat FC Mesenchymal Cells
CD71 BVv421 RI7217 1169065 SONY Rat FC Erythroid Cells
CD71 Biotin RI7217 1169015 SONY Rat FC Lineage Depletion (Stroma)
CD71 Biotin RI7217 113803 BioLegend Rat IHC Erythroid Cells
CD8a Biotin 53-6.7 1103520 SONY Rat FC Lineage Depletion (Hemato)
Desmin - Polyclonal ab8592 abcam Rabbit IHC Stellate Cells
Gp38 APC-Cy7 8.1.1 1237090 SONY Rat FC Mesothelial Cells
Gp38 - 8.1.1 NB600-1015 Novus Biologicals Hamster IHC Mesothelial Cells
Gr-1 BUV395 RB6-8C5 563849 BD Biosciences Rat FC Granulocytes
Gr-1 Biotin RB6-8C5 553125 BD Biosciences Rat FC Lineage Depletion (Hemato)
HNF4a - K9218 MA1-199 Invitrogen Mouse IHC Hepatic Cells
HNF4a - EPR16885-99 ab201460 abcam Rabbit IHC Hepatic Cells
LHX2 - Polyclonal ABE1402 Merck Millipore Rabbit IHC Stellate cells
NG2 PE 1E6.4 130-100-468 Miltenyi Biotec Rat FC Mesenchymal Cells
NG2 - Polyclonal AB5320 Merck Millipore Rabbit IHC Mesenchymal Cells
NK1.1 Biotin PK136 1143520 SONY Rat FC Lineage Depletion (Hemato)
Scal BV510 D7 565507 BD Biosciences Rat FC Hematopoietic Progenitors and Endothelial cells
Scal BV711 D7 1140655 SONY Rat FC Hematopoietic Progenitors and Endothelial cells
Ter119 PE-Cy7 TER-119 1181110 SONY Rat FC Erythroid Cells
Ter119 Biotin TER-119 1181020 SONY Rat FC Lineage Depletion (Hemato and Stroma)
Ter119 Biotin TER-119 116203 BioLegend Rat IHC Erythroid Cells
Streptavidin BV785 - 2626245 SONY - FC
Streptavidin PE-Cy5 - 2626025 SONY - FC
Streptavidin AF488 - 405235 BioLegend - IHC
Secondary Chicken anti-mouse AF647 - A21463 Invitrogen - IHC
Secondary Donkey anti-goat AF488 - A11055 Invitrogen - IHC
Secondary Donkey anti-goat AF568 - A11057 Invitrogen - IHC
Secondary Donkey anti-goat AF647 - A21447 Invitrogen - IHC
Secondary Donkey anti-mouse AF488 - A21202 Invitrogen - IHC
Secondary Donkey anti-mouse AF568 - A10037 Invitrogen - IHC
Secondary Donkey anti-rabbit AF488 - A21206 Invitrogen - IHC
Secondary Donkey anti-rabbit AF568 - A10042 Invitrogen - IHC
Secondary Donkey anti-rabbit AF647 - A31573 Invitrogen - IHC
Secondary Donkey anti-rat AF488 - A21208 Invitrogen - IHC
Secondary Donkey anti-rat AF594 - A21209 Invitrogen - IHC
Secondary Donkey anti-rat AF647 - A48272 Invitrogen - IHC
Secondary Donkey anti-sheep AF568 - A21099 Invitrogen - IHC
Secondary Donkey anti-sheep AF647 - A21488 Invitrogen - IHC
Secondary Rabbit anti-hamster AF594 - 307-585-003  Jackson ImmunoResearch - IHC
Anti-GFP - - A11122 Invitrogen Rabbit IHC
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Table S2. Metadata regarding the image analysis.
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Annex VI
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Annex VI

Table S3. TagMan Assays used for single-cell multiplexed qRT-PCR.

GENE GENE ID TAQMAII\D/ASSAY
Acta2 11475 Mm01546133_mf1
Afp 11576 Mm00431715_m1
Alb 11657 Mm00802090_mf1
Alcam 11658 Mm00711623_mf1
Angpt1 11600 Mm00456503_m1
Angpt2 11601 Mm00545822_mH1
Cdh1 12550 Mm01247357_m1
Cdh5 12562 Mm00486938_mf1
Cebpa 12606 Mm00514283_s1
Csf1 12977 Mm00432686_m1
Csf2 12981 Mm01290062_m1
Csf3 12985 Mm00438334_mf1
Cspg4 121021 Mm00507257_mf1
Cxcl12 20315 Mm00445553_m1
Des 13346 Mm00802455_m1
Dik1 13386 Mm00494477_m1
Efnb2 13642 Mm00438670_mf1
Endoglin 13805 Mm00468252_m1
Epcam 17075 Mm00493214_mf1
Ephb4 13846 Mm01201157_mf1
Epo 13856 Mm01202755_m1
Flt3l 14256 Mm00442801_m1
Fn1 14268 MmO01256744_m1
Gpméa 234267 Mm00463812_m1
Hnf4a 15378 Mm01247712_m1
Igf2 16002 Mm00439564 mH1
1133 77125 Mm00505403_mH1
17 16196 Mm00434291_mf1
Kdr 16542 Mm01222421_m1
Kitl 17311 Mm00442972_m1
Krt18 16668 Mm01601704_g1
Krt19 16669 Mm00492980_m1
Lepr 16847 Mm00440181_mf1
Lgr5 14160 Mm00438890_mf1
Lhx2 16870 Mm00839783_mf1
Ltb 16994 Mm00434774 g1
Ly6a 110454 Mm00726565_s1
mKi-67 17345 Mm01278617_mf1
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Msin 56047
Msx2 17702
Nes 18008
Ngfr 18053
Onecut1 15379
Pdgfra 18595
Pdgfrb 18596
Pdpn 14726
Prox1 19130
Runx1 12394
Sox4 20677
Sox9 20682
Spp1 20750
Tek 21687
Thpo 21832
Vcam1 22329
Vim 22352
wt1 22431
Actb 11461
Gapdh 14433
Hprt 15452

Table S4. Primers used for RT-PCR.

Mm00450770_m1
Mm00442992_mH1
Mm00450205_m1
Mm00446296_m1
Mm00839394 mf1
Mm00440701_m1
Mm00435553_mH1
Mm00494716_m1
Mm00435969_mf1
Mm01213404_m1
Mm00486320_s1
Mm00448840_m1
Mm00436767_m1
Mm00443243_m1
Mm00437040_m1
Mm01320970_m1
Mmo01333430_mf1
Mm01337048_m1
Mm01205647_g1
Mm99999915_g1
Mm03024075_m1

Annex VI

priver  SCNE - Fw seQuEncE (5-3) RV SEQUENCE (5™-3) PRIMERBANK
Csf1 12977 GTGTCAGAACACTGTAGCCAC TCAAAGGCAATCTGGCATGAAG 166064045c1
Csf2 12981 GGCCTTGGAAGCATGTAGAGG GGAGAACTCGTTAGAGACGACTT 22094089a1
Csf3 12985 ATGGCTCAACTTTCTGCCCAG CTGACAGTGACCAGGGGAAC 6753536a1
Cxcl12 20315 TGCATCAGTGACGGTAAACCA TTCTTCAGCCGTGCAACAATC 7305465a1
Epo 13856 ACAAAGCCATCAGTGGTCTACG TCTGGAGGCGACATCAATTCC 113931667c2
Fit3l 14256 GCCTGGAGCCCAAATTCCTC GCTGAAGTAACAGTCAGGTGTC 18043820a1
17 16196 TTCCTCCACTGATCCTTGTTCT AGCAGCTTCCTTTGTATCATCAC 6680433a1
Kitl 17311 GAATCTCCGAAGAGGCCAGAA GCTGCAACAGGGGGTAACAT 198596a1
Thpo 21832 AACCCAGACGGAACAGAGC GTGCTGCCATCACTCCCTC 118130856¢2
Actb 11461 GCTTCTTTGCAGCTCCTTCGT ATCGTCATCCATGGCGAACT 291045236¢3
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