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Abstract

There is a considerable demand but limited supply for hematopoietic stem
cells (HSCs) in clinics. To meet clinical needs of HSCs, new efforts focus on
de novo HSCs generation from pluripotent stem cells (PSCs). Although pre-
vious attempts have yielded precursors and progenitors of HSCs, the produc-
tion of fully functional HSCs has largely been unsuccessful. The failure of PSC-
derived HSCs to mature to foetal liver stage is not surprising, as most methods
are trying to generate hemogenic endothelium resembling that found in the
aorta-gonad-mesonephros (AGM) region, highlighting the importance of un-
derstanding human foetal liver niche and developing protocols to mimic this
environment. This paper investigates the diverse cellular interactions within
the fetal liver niche that contribute to HSC maturation and explores the po-
tential for generating human fetal liver organoids that can recreate these sup-
portive environments 7n vitro. Such organoids could provide a groundbreak-
ing model for studying HSC maturation and potentially offer a scalable solu-
tion for the ex vivo production of functional HSCs, paving the way for ad-
vances in both regenerative medicine and hematopoietic stem cell transplan-
tation.

Keywords

Hematopoietic Stem Cell (HSC), HSC Maturation, Fetal Liver Niche, Fetal
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1. Introduction & Aims

Multipotent HSCs that give rise to all mature blood cell lineages possess unique
self-renewal capacity, perpetuating the HSC pool throughout life. This ensures
sustained lifelong blood, immune cell production and the ability to respond to

DOI: 10.4236/jbm.2024.1211035 Nov.

26,2024 433 Journal of Biosciences and Medicines


https://www.scirp.org/journal/jbm
https://doi.org/10.4236/jbm.2024.1211035
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/jbm.2024.1211035
http://creativecommons.org/licenses/by/4.0/

J. Y. Cui

changing demands upon injury or infection. Adult HSCs engrafted in the bone
marrow (BM), where the HSC pool is sustained through a balance between self-
renewal and differentiation, are mostly quiescent at homeostatic state and rarely
divide only to replenish the HSC pool or to maintain a suitable level of differenti-
ated blood cells. Due to these properties, HSC transplantation can hierarchically
reconstitute the entire hematopoietic system in a recipient.

HSC-based therapy has enormous potential and promise for treating untreata-
ble diseases. Examples include but are not limited to gene therapy for severe com-
bined immunodeficiency caused by deficiency in adenosine deaminase (ADA-
SCID), HIV cure based on CCR5 mutant, and use of TCR- or CAR-engineered
HSC for cancer immunotherapy. Nevertheless, the expansion and ease of access
to these therapeutic approaches are dependent on having an unlimited supply of
transplantable HSC that can be easily manipulated in culture. Traditionally, there
are two main types of HSC transplantation: allogenic or autologous. HSCs can be
harvested from the patient’s or donor’s BM by aspiration or mobilized peripheral
blood (PB) via apheresis, or from umbilical cord blood (CB) at birth. Allogenic
HSC transplantation is highly effective in treating hereditary blood disorders and
malignant hematologic diseases if a suitable human leukocyte antigen (HLA)
matched donor can be found. Poor HLA-matching between donor and recipient
can lead to engraftment failure and/or graft versus host disease (GVHD). Because
of the limited availability of HLA-matched donors and limited applications of au-
tologous transplantation, we need new ways for generating and increasing the
supply of transplantable HSCs.

Pluripotent stem cells (PSCs) are a potential source of HSC. Human PSCs can
be derived from blastocysts (human embryonic stem cells, hESC) or can be repro-
grammed from fibroblasts (induced PSCs, iPSCs). The generation of HSCs along
with blood and immune cells from iPSCs in vitro would offer considerable prom-
ise for regenerative or cancer therapies and disease modelling because this method
would avoid GVHD and other allograft-related issues. However, efficient deriva-
tion of robustly engraftable iPSC-derived HSC with multilineage potential in vitro
remains challenging due to inability to achieve functional maturation which oc-
curs in foetal liver (FL) during development. In human embryogenesis, definitive
(transplantable into the adults) HSCs first appear in the intra-aortic hematopoi-
etic clusters (IAHCs). These clusters form through a process known as endothe-
lial-to-hematopoietic transition (EHT), in which blood vessel-lining cells (endo-
thelial cells) transform into blood-forming HSCs. This process occurs in a specific
region called the aorta-gonad-mesonephros (AGM) between 4 - 6 weeks of gesta-
tion (Carnegie Stages CS13-17). After their formation, these immature HSCs mi-
grate to the fetal liver, where they mature and expand, forming a pool of HSCs
capable of supporting lifelong blood production and robust bone marrow engraft-
ment. However, at this early stage, HSCs are functionally immature and barely
engraftable [1].

Several groups have successfully specified definitive hemogenic endothelium
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and progenitors from PSCs, mimicking the early steps leading to AGM haemato-
poiesis, but failed to generate long-term repopulating HSCs [2]-[4]. These proto-
cols have focused on mimicking the AGM-like environment—inducing HSC
emergence, not the FL-like environment—inducing HSC functional maturation.
Accordingly, it is highly unrealistic to achieve the goal of engraftable HSC gener-
ation ex vivo unless recreating the FL-like niche induces HSC functional matura-
tion. To recapitulate this process in a 3D FL-emulating organoid, it is essential to
understand the environmental cues provided in foetal liver at cellular and molec-
ular levels.

This dissertation will explore and characterize how the populations in foetal
liver niche support a maturing and expanding HSC pool. Additionally, the current
ways of generating liver organoids to emulate/reconstitute an HSC-supportive hu-

man foetal liver niche in a dish.

2. Liver Organogenesis (Hepatogenesis)

Early liver development starts with formation and patterning of the endoderm.
Nodal, a member of the TGFp family, is responsible for mammalian endoderm
specification, promoting endoderm specification at high levels and mesoderm
specification at low levels [5]. The gradient created by this signal triggers the ex-
pression of high levels of EOMES and low levels of T, which are essential tran-
scription factors. These factors work in synergy with NODAL-SMAD?2/3 signal
transduction to stimulate the production of endodermal patterning genes, includ-
ing CER1, SOX17, and FOXA2 [6].

During gastrulation, the endoderm layer experiences a sequence of develop-
mental changes that lead to the establishment of the gut tube. This structure is
organized along the anterior-posterior (front-to-back) axis into the foregut, mid-
gut, and hindgut regions in mammals [7]. The spatial organization is determined
by the graded distribution of Wnts, bone morphogenetic proteins (BMPs), and
fibroblast growth factors (FGFs), which are present in low amounts at the anterior
end and increase towards the posterior end. This gradient orchestrates the devel-
opmental destinies of the anterior foregut, posterior foregut, and the combined
midgut-hindgut areas [8]. The posterior foregut endoderm will eventually commit
to the hepatic lineage along with pancreas and gallbladder development.

Liver development starts with the coordinated action of BMPs and FGFs, ema-
nating from the septum transversum mesenchyme (STM) and the cardiac meso-
derm (Figure 1). Endothelial cells are also crucial in defining liver development
[9]. As the hepatic endoderm matures, it changes from a columnar shape to a
multi-layered (pseudostratified) tissue, eventually forming an early liver structure
known as a diverticulum [10]. This process is accompanied by the breakdown of
the surrounding basal lamina, enabling the precursor cells, ie. hepatoblasts, to
penetrate the septum transversum mesenchyme and create the primitive liver, or
liver bud. The transcription factor HHEX is pivotal in the developmental transi-

tion from a columnar to a multi-layered epithelial structure, while TBX3 and

DOI: 10.4236/jbm.2024.1211035

435 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2024.1211035

J. Y. Cui

E8.5 E9.0 E9.5 E10.5

Heart Remnant STM Mesothelium

Hepatoblast/

Endothelium
hepatocyte

Basal
lamina

e Hepatic
um endoderm

endoderm Erythrooyte

Stomach
+ :

E<13.5 E13.5 E175 E18.5 Adult
Ductal Focal Involuting ductal plate
Bl plate dilation Bile duct Space
Portal vein ESERE RS Cholangiocyte Portal triad of Disse

Hepatobiliary Nascent bile Bile Hepatic Central vein
hybrids canaliculi cannaticuli artery Kupffer cell
(a)

portal venule
bile ductule

7 —
/ Kupffer cell p—
/ portal T
field

l

DD
.-:Snnp ;

nn
ﬂl?Qn A—-J central

stellate cell
space of Disse

hepatic arteriole

hepatocyte endothelial cell

(b)

Figure 1. Basic mammalian liver structure. (a) Developmental stages of liver formation (E8.5 to adult) [12]. This panel illustrates
the stepwise development of the liver in mice from embryonic day 8.5 (E8.5) to adulthood. Key processes such as the formation of
hepatic endoderm, differentiation into hepatoblasts and endothelial cells, and the development of bile ducts and vasculature are
shown. The transitions between these stages highlight the importance of cellular interactions, particularly between hepatoblasts,
endothelial cells, and stellate cells, which establish the liver’s functional architecture. These developmental steps are critical for
understanding how the fetal liver environment supports hematopoietic stem cell (HSC) maturation. (b) Adult liver structure [13].
This panel shows the structural organization of the adult liver, focusing on the liver’s vasculature and cellular compartments, in-
cluding hepatocytes, Kupffer cells, and liver sinusoidal endothelial cells (LSECs). Blood flows from the hepatic artery and portal vein
through the sinusoids, supporting nutrient exchange and immune functions. This mature architecture is essential for maintaining
lifelong liver function and HSC support, linking back to the developmental processes described in the text.
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PROXI1 stimulate proliferation and migration of hepatoblasts [10]. HNF4a is es-
sential for developing the liver’s bud structure and plays a significant role in the
liver bud’s growth and maturation [11]. Hepatoblast are bipotent and have the
capacity to differentiate into either a hepatocyte or a cholangiocyte, in response to
TGFp, Wnt, and Notch as well as BMP and FGF [8]. Along with non-parenchymal
cell types, hepatocytes and cholangiocytes together, contribute to the final struc-

ture of the adult liver.

3. HSC Maturation and Expansion in Foetal Liver

The foetal liver is the primary hematopoietic organ, which can be described as a
“melting pot” for multiple waves of haematopoiesis, and the main site for HSC
expansion and maturation (Figure 2(a)). The liver rudiment in human emerges
at around CS10 (week 3) and becomes colonized by first “primitive” wave blood
progenitors and yolk sac-derived myeloerythroid progenitors (YSMP) from the
second “transient definitive” hematopoietic wave [14] [15]. Between CS14-CS16
(4 - 6 weeks), a third, HSC-forming, definitive haematopoiesis wave, that gener-
ates nascent HSCs, arises in the AGM region. The molecular-defined HSCs colo-
nize the foetal liver only at CS17 (6 weeks), after migration through yolk sac and
placenta [15]. In liver, HSCs experience developmental maturation, limited ex-
pansion and lineage differentiation. They begin to produce progeny with multiple
lineages already in the first trimester foetal liver and move to BM staying quies-
cence for postnatal life during the second trimester (Figure 2(a)).

Mouse haematopoiesis is broadly comparable with that of human, with the pro-
cess occurring over much shorter periods (Figure 2(a)). HSC activity cannot be
detected in the murine foetal liver until the embryonic day of development 10.5
(E10.5) [16]. After E12.5, foetal liver becomes main site where HSCs undergo ex-
pansion and differentiation, reaching a maximum amount of ~1000 by E15.5 -
16.5 [17]. This parallels human fetal development, where the fetal liver serves as
the critical niche for HSC maturation, supporting lifelong hematopoiesis.

In addition to human and mouse, zebrafish (Danio rerio) is a popular model to
study HSCs because of embryo transparency, ease of genetic manipulations, con-
served hematopoietic pathways and rapid development. In contrast to human and
mice, zebrafish definitive HSCs colonize the first niche, caudal haematopoietic
tissue (CHT), where expansion and differentiation to multilineages take place,
functionally equivalent to mammalian foetal liver in haematopoiesis, and this is
followed by migration to the kidney marrow (Figure 2(b)). Table 1 compares the
anatomical sites of hematopoiesis across different species, including humans,
mice, and zebrafish. Many studies explore the interactions between HSCs and
their niches in CHT of zebrafish. Upon arrival of HSCs within the CHT, the vas-
cular niche is remodelled by CXCRI1 to promote HSPC engraftments [18]. Once
HSCs lodged in the CHT, a stem cell pocket was formed by a small group of en-
dothelial cells surrounding a single HSC, in a process referred to as “Endothelial

Cuddling” [19]. This arrangement ensures that endothelial and stromal cells
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remain in direct contact with HSCs, promoting HSC proliferation. Strikingly, pro-
longed HSCs in the CHT with lycorine treatment, as a promoter of HSPC-niche
interactions, can ultimately lead to an expanded stem cell pool into adulthood
[19]. This research provides evidence of the dynamic nature of niche interactions
upon stem cell colonization. Besides, NACA (nascent polypeptide-associated
complex alpha subunit) deficient stromal cell progenitors within the CHT niche
compromise to maturation, resulting in a niche failed in supporting HSPCs
maintenance, expansion and differentiation in zebrafish [20]. Caudal hematopoi-
etic embryonic stromal tissue (CHEST) cells isolated from CHT produce hemato-
poietic-supportive cytokines and exhibit properties of perivascular endothelial
cells that support HSPCs expansion and differentiation in vitro[21]. Additionally,
isml (isthmin 1), a secreted protein with human orthologous, is required to form
and modulate HSPCs and their progeny during zebrafish haematopoiesis [22] (p.
1)]. These findings allow comparison of hematopoietic-supportive niches in
zebrafish and mammals, contributing to a deeper comprehension of the evolution

of the vertebrate hematopoietic system.

Table 1. Anatomical site of haematopoiesis in Human, Mouse and Zebrafish.

Species Definitive HSC Deﬁnitive. HSC Postnat'fd .
emerge expansion hematopoiesis
Human AGM FL BM
Mouse AGM FL BM
Zebrafish VDA/AGM CHT KM/Thymus

However, it not feasible to directly translate the mouse and zebrafish findings to
human contexts or to assess functional maturation in mice and zebrafish, due to
different timing of developmental milestones and anatomy of extraembryonic
structures. The function and development of these structures can vary significantly
among different species. For instance, humans have a gestation period of approx-
imately 280 days, in stark contrast to mice, which have a much shorter gestational
span of about 20 days. While zebrafish do not have a gestation period in the same
way that mammals like humans and mice do, as they are oviparous, meaning they
lay eggs that hatch approximately 2 to 3 days post-fertilization (dpf) at standard
temperatures. The compressed mice/zebrafish developmental timeline results in
a great overlap between hematopoietic populations and developmental events.
The human placenta is villous, characterized by tree-like chorionic villi structures,
and completely envelopes the embryo and amniotic membrane and the human
yolk sac is a small, balloon-like structure that is inside the amnion. In contrast,
the mouse placenta exhibits labyrinthine architecture, which means it has a com-
plex structure with an intermingled network of maternal and foetal blood vessels,
and the yolk sac is the predominant structure surrounding the embryo and am-

nion. Zebrafish not only lack a placenta and other extraembryonic structures such

DOI: 10.4236/jbm.2024.1211035

438 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2024.1211035

J. Y. Cui

2 o s 4 R T T S < 2ne 39 5
CS15 human embryo 9 a ? £ 3 o a @ ] trimester &
|2 1 |3 . 1 1 |4 |5 |6 8 12|—|25|—||38weeks‘
Human timeline i Embryonic period:Fetal period "
Primitive k Sac_ % i Circulation ” »
....yfé‘:;;«,.m ... .{&.... * ° ™ F™
/ Placenta i ha Placenta
HsC- Transient-De Liver
independent —> as ° m.o. i o.. . :. . .. e o "
bryo )
Definitive Ik Sac Liver Bone marrow
e :e oo o o,
HSC-forming Sl ® °s° 2 ¥ i -.,‘ s
AGM  placenta o ige #%0 00, (o
£ ® HsC
o - n P
E11 mouse embryo g @ % o o 2L @ 3weeks ® YSMP (human)
- > ® EMP (mouse)
Placenta Yolk sac Mouse timeline J ! Circulatlion : 8 Liver . ' e LMP
/_:i& Primitive 1 i s B . .. > .. o © % :Primitive Ery
/ Yolk Sa ..‘ i@ L] e g ® Fetal-adult Ery
5 H . : © Megakaryocyte
l Hsc- Transient-Defin| . Liver . & : ¢ Granulocyte
X o8 1/ independent —> e o L) “ © L/ S, o .0 Lymphoid
N / .E ?). o Cl e: 0 “ Mono/M¢
/ Mbryo H enlend y
: - Bk Sac  Liver { Bone marrow 5« t‘/hirbogha (e
Y Liver : Definitive 15703 o ec e e DX O e
. HSC-forming e O :® o F e Oth
AGM AGM Placenta ¢ ' e Sy tissueg-resident
macrophages
(a)
Primitive wave Definitive wave
blood !
" R |
circulation !
i
1
i
i
|
i
i
i
i Thymus
i AGM:-like region
:
i
hpf dpf
? ? 1|2 llB 24 30 36 42 48 1 4 ? ? 7 8 ? 10
ek TN I N % S 1 |
(b)

Figure 2. Haematopoiesis map during human, mouse and zebrafish development. (a) Cited from [23]. Mammalian haematopoiesis

occurs in three temporal waves in multiple anatomical niches during embryonic development, that give rise both differentiated

blood cells required for embryonic development and undifferentiated HSCs for life-long haematopoiesis. Primitive wave of haema-

topoiesis is derived from yolk-sac at CS7 or E7, in human or mouse respectively, producing transient hematopoietic cells to satisfy

the urgent needs of the developing embryo. The second (transient-definitive) haematopoiesis wave also initiates in the yolk sac and

probably embryo at around CS8-9 or E8, in human or mouse respectively. In human, the second wave is marked by the emergence

of Yolk Sac-derived Macrophage Progenitors (YSMPs) which primed for myeloid specification. In contrast, the equivalent progen-

itors in mouse yolk sac (EMPs) exhibit a tendency towards erythromyeloid differentiation. Before the definitive haematopoiesis,

“primitive” and “transient definitive” hematopoietic waves generates extra-embryonic derived blood progenitors populating the

embryo, but those will not contribute to most adult multilineage haematopoiesis. Definitive haematopoiesis generate nascent HSCs
in AGM region during CS14-17 in human, and E10.5-birth in mice. (b) Cited from [24]. Between 12 - 24 hpf, primitive haemato-
poiesis occur in intermediate cell mass. Between 26 and 48 hpf, definitive haematopoiesis arises in the ventral wall of the dorsal aorta

in AGM region. Definitive HSCs and progenitors then enter the circulation and colonize the caudal hematopoietic tissue, followed
by movement to the kidney and thymus. YSMPs, Yolk Sac-derived Macrophage Progenitors; EMPs, erythromyeloid progenitors;

hpf, hours post fertilization.
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as the amniotic sac and allantois, but their yolk sac also does not participate in
haematopoiesis.

Single-cell RNA sequencing studies of human HLF+ HSCs over time revealed
changes in gene expression during their residency in the liver, indicating the mat-
uration of HSCs [15]. During HSCs functional maturation, transcriptional pro-
grams are enhanced and surface phenotypes change, pinpointing distinct biolog-
ical processes. They show increased expression of the self-renewal regulator
MLLT3 and its targets, including HLF, HEMGN, and MSI2, while suppressing
fetal genes such as LIN28B and IGFBP2. Additionally, they acquire specific ma-
turity markers, including CD133 (Prominin 1) and HLA-DR. These markers allow
researchers to track HSC maturation in real-time during iPSC-derived HSPC cul-
ture experiments.

Recent studies using mouse models and confetti-based lineage tracing challenge
the existing belief that the foetal liver primarily functions as a site for extensive
HSC expansion, arguing that most cell divisions undertaken by FL-HSCs in mice
do not result in an expanded pool of cells destined to contribute to the adult HSC
pool. Instead, FL-HSCs that significantly proliferate during E12.5 - 14.5 in foetal
liver are biased to differentiation rather self-renewal [25]. Hence, HSC with life-
long haematopoiesis potential only modestly expands in the foetal liver, implying
that the increase in transplantable HSCs seen in the mouse foetal liver may be due
to maturation rather than proliferation. This revised understanding of the fetal
liver’s role provides new insights into the mechanisms of HSC development and

could inform strategies for optimizing HSC expansion in vitro.

3.1. Stromal Cells

Understanding the spatial location and cell types of the FL-HSC niche has long
remained a significant focus of scientific research. Haematopoiesis already begins
in the foetal liver before the hepatic vascular system has fully developed or ma-
tured. As a result, HSCs and hematopoietic cells within in the liver parenchyma
can directly interact with various types of cells. A research group led by Paul Fre-
nette found that mouse FL-HSCs are closely associated with Nestin+NG2+ peri-
portal stromal cells which create a niche that supports HSC expansion [26]. This
relationship scales with the fractal branching patterns of portal vessels, which are
tributaries of the umbilical vein. Following the closure of the umbilical inlet after
birth, a transition in portal vessels occurs, coinciding with the loss of Nes-
tin+NG2+ cells and the migration of HSCs away from these vessels. The study
suggests that the expansion of HSCs is synchronized with the growth of Nes-
tin+NG2+ cells and portal vessels, supporting a niche-driven expansion model,
rather than the concept of an HSC expansion driven by increased expression of
HSC niche genes (SCF, Angplt2, IGF2) which remain at similar levels from E12
to E14.5.

To identify the stromal cells and factors that support HSCs and expansion of

HSCs, stromal cells from the foetal liver were extracted and tested for their ability
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to support HSC. AFT024, a single stromal cell line derived from foetal liver in
mouse, has been reported the capacity to sustain long-term repopulating mouse
stem cells for 4 to 7 weeks in vitro [27]. Later, a study found that AFT024 stromal
cell line can support survival and maintenance of human hematopoietic progeni-
tors in vitro in an undifferentiated state with engraftment and multilineage dif-
ferentiation potential, superior to human stromal cells [28]. This undifferenti-
ated/more primitive state of human hematopoietic stem and progenitor cells
(HSPCs) maintained by AFT024 cell line is achieved through specific histone
modifications, suggesting a mechanism by which the microenvironment can in-
fluence stem cell characteristics and potentially improve their therapeutic utility
by preserving their stemness [29].

Besides, Lodish team identified a novel stromal population in mice: CD3*Ter119~
cells, isolated from E15 foetal liver, which have HSC-supportive ability with a sig-
nificant expansion of long-term HSCs (LT-HSCs) in culture, distinguishing them
from other CD3* cell populations [30]. These FL CD3* cell express high levels of
insulin-like growth factor 2 (IGF-2) identified as a growth factor for HSCs. All
mouse FL and adult BM HSCs express IGF-2 receptors, and the study demon-
strated that IGF-2, when supplemented with other growth factors, significantly
enhances the quantity and function of LT-HSCs. They subsequently identified an-
giopoietin-like proteins specifically expressed in these cells, particularly Angio-
poietin-like 2 (Angptl2) and Angiopoietin-like 3 (Angptl3), as potent stimulators
of in vitro HSC expansion [31]. However, later investigations using RT-PCR
showed that this FL population did not express CD3 protein complex, and sug-
gested CD3+ surface phenotype of these cells to constitute an artifact [32]. These
cells are actually SCF+DLK+ hepatic progenitors, expressing a range of factors
crucial for HSC expansion not only including Angptl and IGF2, but also stem cell
factor (SCF/KitL), thrombopoietin (TPO) and CXCL12. These key cytokines and
growth factors produced by fetal liver cells that support HSC culture are summa-
rized in Table 2. Therefore, SCF+DLK+ cells are likely the primary stromal cells
in the foetal liver supporting HSC expansion, maintenance and homing. Based on
these findings, a serum-free culture system for both FL and BM-HSCs was devel-
oped, containing low but saturating levels of just IGF-2, Angptl3, SCF and TPO,
shown > 20-fold expansion.

Stellate cells (Ito cells), described as fat-sorting cells by Toshio Ito, are a subtype
of stromal cells that are Desmin-positive and express alpha-smooth muscle actin
(a-SMA) [33] [34]. They are located in the perisinusoidal space of the liver, also
known as space of Disse, and found in close contact with, particularly intercalated
between, hepatocytes [35]. Hepatic stellate cells in mice express a variety of cyto-
kines and extracellular matrix mRNAs which likely contribute to a supportive
niche for liver haematopoiesis, such as SCF/KitL, colony-stimulating factor (CSF),
erythropoietin (EPO), TPO, oncostatin M (OSM), FMS-like tyrosine kinase 3 lig-
and (FIt31), and remarkably high levels of insulin-like growth factor (Igf2) [36]

[37]. By genetic dissection of the developing liver niche in mice, perisinusoidal
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hepatic stellate and endothelial cells were identified as the primary source of SCF,
a key factor for HSC niche maintenance, and almost all HSCs were depleted when
SCF was removed from both hepatic stellate and endothelial cells [38]. Most HSCs
were found to be located close to the sinusoidal vasculature. SCF from endothelial
or hepatic stellate cells synergistically promote HSC maintenance in the foetal
liver with only modest depletion of HSC was observed when SCF was deleted from
either endothelial or hepatic stellate cells. The redundancy of these cells as sources
SCF could confer extra robustness to the system, potentially providing an evolu-

tional advantage.

3.2. Endothelial Cells

As HSCs are derived from endothelium, a range of endothelial-cell specific anti-
gens are expressed on developing HSCs. The expression of endothelial cell-selec-
tive adhesion molecule (ESAM), a lifelong marker of HSCs in mouse and human,
on HSCs and endothelial cells is crucial for definitive haematopoiesis, particularly
adult-type erythropoiesis, in the foetal liver [39] [40]. Despite ESAM-deficient
HSCs in foetal liver retained their long-term ability to regenerate and give rise to
erythrocytes, their ability to produce adult-type globins was significantly impaired
[40]. Therefore, interactions mediated by ESAM may be indispensable for the ac-
quisition of authentic differentiation potential in developing HSCs.

The majority of HSCs are in direct contact with endothelial cells in mouse foetal
liver [41], as well as in the zebrafish CHT [19]. Notably, the study found that two
subtypes of endothelial cells, arterial endothelial cells (AECs) and sinusoidal en-
dothelial cells (SECs), along with other foetal liver cell types contribute unique
signalling molecules to the niche of HSCs, suggesting their unique roles in sup-
porting HSCs [41]. This contact might be mediated by E-selectin and VCAM1
[42] [43]. In addition, the endothelial protein C receptor, encoded by PROCR
gene and expressed by murine and human FL-HSCs, stands out as one of the most
reliable and conserved surface markers for the isolation and identification of FL-
HSCs [44] [45]. This activates signalling through protease-activated receptor 1,
which suppresses apoptosis and sustains the self-renewal activity of HSCs [45]
[46].

Apart from endothelial factors expressed on HSCs, endothelial cells also express
genes crucial for promoting HSC expansion and maturation. Endothelial cell-de-
rived WNTS5A, involvement in the non-canonical Wnt pathway, from the human
foetal liver vascular niche has been demonstrated to serve a pivotal function in
supporting maturation and expansion of foetal liver multilineage HSPCs in a cell
autonomous manner [47]. The addition, soluble WNT5A can indeed improve the
maturation and proliferation of HSPCs in stromal-free conditions. However, this
setup does not recapitulate quantitatively the robust generation of phenotypic
HSPCs or multilineage colony-forming progenitors achieved through co-cultur-
ing with foetal liver endothelial cells, indicating that further studies are needed to

uncover additional niche factors involved in foetal liver haematopoiesis, potentially
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working alongside WNT5A, to fully understand and replicate the supportive en-

vironment provided by the foetal liver endothelium.

3.3. Hepatoblasts

Interaction between HSCs and hepatoblasts was observed in the human foetal
liver. Yong et al. identified a novel cell population in the human foetal liver, with
low CD34 and CD133 expression [48]. Isolated CD34"°CD133" foetal liver cells at
15 - 23 weeks of gestation, shown to express hepatic and mesenchymal markers
including AFP, CK18, CK19 and EpCAM, and can differentiate into hepatocytes
both in vivoand ex vivo [49]. These CD34°CD133" cells express essential growth
factors (e.g., SCF, IGF2, CXCL12 and Angiopoietin-like proteins) known to sup-
port the expansion of human HSCs. In co-culture experiments, they not only sup-
port and expand autologous and allogenic HSCs derived from cord blood but also
maintain their self-renewing and repopulating ability after 7 days co-culture,
highlighting their pivotal role in establishing a conducive microenvironment for
HSC proliferation [48].

Most studies of the niche compartments crucial for foetal haematopoiesis were
focused primarily on specific subsets of cells, often analysing individual stages,
and neglecting the initial phase of haematopoiesis. A recent study explored the
intricate dynamics of haematopoiesis in the foetal liver, defined by an environ-
ment that is surprisingly characterized by low levels of cytokines [50]. At E12.5
mice, hematopoietic progenitors from the yolk sac (YS) and intraembryonic
sources converge to the foetal liver sub-mesothelial region characterized by the
presence of CXCL12-producing stellate cells, hepatoblasts and mesothelial cells
that produce KITL. YS and intraembryonic-derived progenitors have been shown
to make direct contact with hepatoblasts but not with stellate or endothelial cells.
During this stage, the sub-mesothelial region is notably low in oxygen, a condition
that could be responsible for the detected peak levels of EPO in hepatoblasts. At
E14.5, mesenchymal cells, primarily perivascular cells, show an increase in
CXCL12 expression, leading to an increase in CXCR4 levels in intraembryonic
hematopoietic progenitors which then move away from the sub-mesothelial area.
Meanwhile, YS-derived progenitors, which lack CXCR4 expression, remain in the
sub-mesothelial region. Later in development, by E18.5, hepatic cells, predomi-
nantly cholangiocytes and hepatocytes, show a reduction in the production of
KITL, IL-7, CXCL12 and EPO. This occurs simultaneously with the initiation of
haematopoiesis in BM. Throughout development, foetal liver is strikingly a low
cytokine niche compared to BM, revolutionizing our understanding of the FL
HSC niche properties.

Novel single cell RNA-sequencing (scRNA-seq) studies in human foetal liver
have highlighted the heterogeneous cell composition of this organ throughout hu-
man development, highlighting a predominant haematopoietic component in the
foetal liver (Figure 3) [51]. Nonetheless, despite the growing body of knowledge,

the specific physical and molecular interaction of each cell type to HSCs within
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this dynamic organ needs further investigation [15]. Understanding these pro-
cesses is crucial for harnessing the regenerative potential of HSCs and could pave
the way for novel therapeutic strategies in the treatment of haematological dis-

eases.

Table 2. Summary of growth factors/cytokines produced from foetal liver in vivo that may
be crucial for HSC culture.

Cytokine/growth factor Expressing cell Reference

Nestin+ cells [26]
Angptl

SCF+DIk1+ hepatoblasts [32]

Stellate cells [37]

Nestin+ cells [26]
SCF/KitL

DIk1+ hepatoblasts [32] [52]

CD34°CD133% cells [48] [49]

Stellate cells [37]
TPO

SCF+DIk1+ hepatoblasts [32]
FGF-1 DIk1+ hepatoblasts [32]

SCF+DIk1+ hepatoblasts [32] [52]

Nestin+ cells [26]
IGE-2

Stellate cells [37]

CD34°CD133" cells [48] [49]
CSF Stellate cells [37]
OSM Stellate cells [37]

Stellate cells [37]
EPO

SCF+DLK1+ hepatoblasts [32] [52]
Flt31 Stellate cells [37]

CD34°CD133" cells [48] [49]
CXCL12

SCF+DIk1+ hepatoblasts [32] [52]

3.4. Metabolic Factors and Others

In addition to various cellular elements of foetal liver niche, other metabolic
factors and small molecules may also play an important role in HSC expansion
and maturation in the foetal liver. Even with the elevated production of proteins
during HSC expansion, FL-HSCs are resilient to the accumulation of un-
folded/misfolded protein, endoplasmic reticulum (ER) stress, because of the
protective role of bile acids which traditionally known for fat digestion and nutri-
ents absorption. Maternal and foetal bile acids serving as chemical chaperones are
essential in mitigating ER protein stress in expanding HSCs [55]. Reducing bile
acids level in vivo results in elevated ER-stress levels, and the accumulation of
protein aggregates, as well as a substantial decrease in the number of FL-HSCs.

Interestingly, bile acids treatment 7n vitro maintained engraftment ability of
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Figure 3. UMAP Analysis of Human Fetal Liver Cells at 7 to 17 Weeks Post-Conception. UMAP analysis of human fetal liver cells
at 7 to 17 weeks post-conception, identifying 27 major cell states via 10x Genomics Chromium Single Cell 3° RNA-sequencing. Cells

were sequenced on an Illumina NovaSeq 6000 with an average depth of 50,000 reads per cell. Data were processed with the Cell

Ranger pipeline and analyzed using the Seurat package in R. The black-circled population represents HSCs and multipotent pro-

genitors (HSC_MPPs). Neutrophils, basophils, and eosinophils were not detected [51], consistent with granulocyte development

during the fetal bone marrow stage [53]. Early samples favored erythroid lineages, while lymphoid and myeloid lineages emerged
later, in line with previous findings [54]. Data from https://developmentcellatlas.ncl.ac.uk//datasets/hca liver/.

cultured FL HSCs, indicating a promising application of bile acids for in vitro ex-
pansion of HSC.

Metabolism plays an essential role in maintaining normal functions of HSCs.
Genes linked to mitochondrial oxidative phosphorylation gradually supressed in
human FL-HSCs during maturation in foetal liver, transiting to a more homeo-
static state [15]. However, the molecular mechanisms by which mitochondrial dy-
namics are regulated to orchestrate metabolism and HSCs stemness are not yet
fully understood. Zhang et al. found that Zebl, an EMT inducer, is essential for
maintaining long-term stemness in both adult BM- and FL-HSCs in mice [56].
They found that a subset of functional LT-HSCs, Zeb1+Lin—Sca-1+c-Kit+ cells,
inhibit mitochondrial fusion, specifically by suppressing the action of a fusion
protein Mitofusin-2, therefore sustaining a low mitochondrial metabolic state and
an immature mitochondrial machinery with reduced mitochondrial ROS levels,
membrane potential, mass and oxidative phosphorylation activities. These attrib-
utes together benefit the long-term self-renewal and multilineage commitment of
HSCs.

4. Liver Organoids

Understanding the function of embryo/foetal liver niche components in culture
for their effects in HSC maturation and ultimately recapitulate the HSC functional
maturation in a dish is important to interpret transcriptomic and phenotypic data.
One way to model this 7n vitro for functional testing would be the generation of

foetal liver organoids. An organoid is a 3D structure derived from stem cells that
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can recapitulate its 7n vivo counterparts through a process of self-organization.
Nowadays, scientists can generate liver organoids using various cell sources, but
some design principles have to be considered (Table 3): 1) Space design: compo-
sition of starting cell population (derivation from homogenous or heterogenous)
along with their shape and size (single cell or cell aggregate). 2) Biological envi-
ronmental control: include factors/cytokines (BMP, FGF, RA), liver specific ECM
(collagen, glycosaminoglycans, laminin, fibronectin, and scaffolds/molds), FL-
specific cell types (stellate cells, LSECs, Kupffer cells, cholangiocytes); specifica-
tion signals from niche (STM, cardiac mesoderm, tissue boundary [57]-[59]). 3)
Synthetic niche factors: gene circuits engineering [60], match the physiological

stiffness by mechano-modulatory 3D culture system [61], hexagonal bioprinted

constructs [62] or needle-array system for scalable FL-like tissue [63].

Table 3. Design principles of human liver organoid.

. ] Homogenous [64]
Starting cell population
) Heterogenous [65]-[67]
Space design
Single cells in ECM
Size & Shape
Multicellular spheroid/aggregate
BMPs
(8]
FGFs
Retinoic acid [68]
Soluble factors/cytokines Liver X receptors/retinoid X receptors (LXR/RXR)  [69]
Platelet-derived growth factor (PDGF)
Transforming growth factor beta (TGF) [70]
Insulin-like growth factor 1 (IGF1)
Collagen
Glycosaminoglycans
Liver specific ECM Laminin [71] [72]
Biological factors ) .
Fibronectin
Scaffolds/mould
Stellate cells
LSECs
FL-specific cell types Kupffer cells [73]
Cholangiocytes
Hepatic nervous system
. . . STM
SPec1ﬁcatlon signals from Cardiac mesoderm (57]-[59]
niche
Tissue boundary
Gene circuits [60]
Stiffness modulation [61]
Synthetic factors Hexagonal bioprinted constructs [62]
Needle-array system [63]
3D perfusable chip system [74]
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4.1. Generation of Human Liver Organoids from Pluripotent
Stem Cells

Hepatic cell lineages derived from hPSCs offers a valuable cell source that could
revolutionize our knowledge of how embryonic cells achieve functional maturity.
Advancements in human stem cell research enable several groups reported suc-
cessful generation of hPSCs-derived liver organoid (Figure 4).

Early studies by Michalopoulos and their team on various adult rat liver cells
led to the development of tissue structures that mimicked liver architecture, mark-
ing the first documentation of liver organoids [75]. It wasn’t until 2013 that stud-
ies demonstrated the ability to maintain liver organoids with self-renewing prop-
erties, showing phenotypic and genetic stability, derived from a progenitor popu-
lation in adult mouse liver [76]. In the same year, Takebe and colleages initiated
the first creation of 3D liver tissue cultures that emulated the developing liver bud
during early embryogenesis, pioneered in using hiPSC-derived hepatic endoderm
cells [77]. These cells were cultivated with human umbilical vein endothelial cells
and human BM mesenchymal stem cells to form liver bud organoids. This inno-
vative approach successfully replicated the initial phase of liver development, pro-
ducing a vascularized liver bud organoid that matured into functional liver tissue
upon transplantation into mice. This system has been refined by 2017, in which
they utilized hiPSCs to generate hepatic endoderm, endothelial, and STM cells,
combined at a ratio of 10:7:2, producing a scalable human liver bud entirely from
hiPSCs (Figure 4(a)) [65]. Upon seeding the triple progenitors onto the omni-
well plate, endothelialized liver buds were self-organized. In 2019, Pettinato et al.
outlined a comparable approach, where hPSCs were co-cultured with human ad-
ipose microvascular endothelial cells (HAMECS) at a ratio of 3:1, leading to their
differentiation into hepatocytes (Figure 4(a)) [67]. This protocol generates liver
organoids composed of 89% Albumin+ cells and 15% CD31+ cells, demonstrating
a higher yield of differentiation and substantial enhancements in various hepatic
functions. Interestingly, HAMECs self-organized within the organoids in rosette-
like structures. Another approach involved forming 3D aggregates of hPSCs-de-
rived hepatoblast-like cells, which were then cultured together with human foetal
liver mesenchymal cells (hNFLMCs) at a 2:1 ratio (Figure 4(a)) [66]. By day 14 of
differentiation, the expression of albumin, a marker of mature hepatocytes, was
predominantly higher along the periphery of the organoids, while PDGFR- A+
hFLMCs were mainly located at the centre. Moreover, co-culture with hFLMCs
was shown to enhance hepatic differentiation in the hEHOs, as indicated by in-
creased levels of hepatic function markers, including albumin secretion, CYP3A4
activity, and urea production.

Besides beginning with mixed cell types to generate human liver organoids,
other research has shown methods for developing complex human liver organoids
from homogenous cell populations. Ouchi et al. from Takebe group successfully
developed a reproducible way to create hPSCs-derived multicellular liver organ-

oids consisting of hepatocytes, stellate cells, Kupffer-like cells, and other liver-
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Takebe et al., 2017

specific cell types, exhibiting transcriptomic similarities to human liver tissues in
vivo (Figure 4(b)) [64]. Initially, hPSCs were differentiated into foregut spheroids
through definitive endoderm specification. These spheroids were then embedded
in Matrigel and incubated with retinoic acid (RA), a compound known to con-

tribute to the specification of both parenchymal and non-parenchymal cells.
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Figure 4. A summary picture of strategies for the generation of human liver organoids from PSCs. (a) Starting from heterogenous
cell population such as, differentiated hepatic cell lineages or isolated human cells that support the differentiation and maturation

of liver organoid. (b) Starting from homogenous cell population. This figure was created from BioRender and adapted from [78].

4.2. Biological and Non-Biological Environmental Control

4.2.1. Biological Factors

A range of soluble factors are employed to recapitulate the early liver development
that starts from iPSCs-induced definitive endoderm, followed by the specification
of the posterior foregut, and then the specification of hepatocytes. [12] showed a
pseudo-temporal map depicting the liver development in mice from E7.5 to E10.5.
The study elucidated crucial interactions between cells, mediated by paracrine and
juxtracrine signalling, such as TGFfSs, IGF1, and PDGF, which play pivotal roles

in the early establishment of the sinusoidal structure.
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Apart from soluble elements and paracrine cues, direct interactions through
cell-to-ECM contacts play a crucial role in promoting the self-organization of liver
organoids. A study focused on enhancing the functionality of liver organoids
through the use of a 3D liver-derived extracellular matrix hydrogel (LEMgel) [71].
This system was developed through an optimized decellularization method from
sheep liver, preserves essential components including glycosaminoglycans, lam-
inin, collagen, and fibronectin. These components are crucial for maintaining the
structural and functional integrity of the liver organoids. Additionally, decellular-
ized liver scaffolds preserved intact vascular structure and bile duct network are
utilized as channels for cell seeding, blood flow, and bile flow for generation of
transplantable human liver graft [72].

By definition, cells that reside in their native niche, are inherently exposed to
appropriate cues which enable their proper development and function. Interac-
tions between anterior and posterior gut spheroids in a three-dimensional culture
allow for the RA-dependent emergence of organ domains, hepato-biliary-pancre-
atic (HBP) primordium, without extrinsic factors [57]. The study by Wiilnow et
al. presents a comprehensive examination of the developmental trajectories and
lineage differentiation within the hepato-pancreato-biliary (HPB) system, reveal-
ing the existence of a multipotent progenitor niche, situated at the liver and pan-
creato-biliary boundary, that contributes to the liver, pancreas, and gallbladder
[58]. Thus, liver organoids with physiological and homeostatic functions require
not only interactions at cellular or tissue levels but also inter-organ crosstalk for

accurately simulating human liver development in vitro.

4.2.2. Synthetic Factors

Recent advances in fine-tuning liver development in vitro involve non-biological
elements including synthetic gene circuits, 3D biomaterials/bioprinting, etc.
Through engineering and integrated analysis of gene regulatory networks, we can
steer the maturation and vascular morphogenesis of liver organoids in vitro via
included overexpression of specific transcription factors (PROX1 and ATF5) and
CRISPR-based activation of endogenous gene (CYP3A4), which reprogrammed
tissue gene regulatory networks and improved native liver functions [60]. This
approach led to the development of organoids with superior liver identity, featur-
ing hepatocyte, biliary, endothelial and stellate-like cell populations, and exhibited
functional hepatic features both in vitro and in vivo. In addition, research by
Yusuke et al. introduces innovative techniques for producing scalable liver bud-
like spheroids optimized for 3D printing, leading to the successful biofabrication
of liver-like tissue that exhibits self-organization and functional integration upon

transplantation [63].

5. Summary and Discussion

The primary challenge limiting patient access to HSC-based therapy is the scarcity
of safe, transplantable HSCs that perfectly match the recipient, coupled with our

restricted capabilities to modify or increase HSC numbers outside the body.
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Overcoming these obstacles could be possible through the efficient production of
transplantable HSCs from patient-specific iPSCs. This dissertation dissects the in-
tricate environment of HSC niche within the foetal liver and PSC-derived 3D or-
ganoid generation aimed to mimic the foetal liver niche.

While previous research has predominantly honed in on cell type differentia-
tion by replicating early developmental stages, these populations are not suitable
for function in an adult tissue niche where they would be transplanted. Hence,
future effort should pivot towards comprehending the acquisition of functional
HSC maturation in foetal liver post-specification, a big gap towards therapeutic
applications, intended as the ability of robust engraftment and hematopoietic re-
constitution upon transplantation. Understanding the environmental and molec-
ular cues provided by various foetal liver cell types is essential for studying the
physiological and developmental context of the HSC functional maturation pro-
cess. However, foetal liver niche, particularly in humans, is barely understood.
Therefore, an in-depth investigation of the various cell populations in human em-
bryonic and foetal liver is critical. Such research will illuminate the role of the
foetal liver niche in guiding HSC maturation and how to emulate these conditions
in vitro for generating fully functional HSCs.

The protocols described above are shown to effectively generate hepatic cell and
precursors of all the main lineages expected to be present in the embryonic and
foetal liver, which sustain HSC function and maturation. However, these human
liver organoids are missing the other main components present in the foetal liver:
HSC with HSC-derived progenitors, and non-definitive yolk sac-derived hemato-
poietic progenitors. To fully recapitulate human in vivo foetal liver, it is essential
to integrate iPSCs-derived AGM-like HSPCs and iPSCs-derived hematopoietic
progenitors and cells resemble those from yolk sac into the foetal liver organoid
protocol. Generating a heterogeneous organoid system containing cells from mul-
tiple lineages will be challenging, yet undertaking this effort could enable more
accurate simulations of early liver organogenesis and recapitulate in a dish the
process of HSC functional maturation in foetal liver.

Although autologous iPSC-based approaches represent the ideal source for pa-
tient-tailored regenerative medicine, it is arguably considered not widely available
to the major population soon. Making “off-the-shelf” HSC products from hy-
poimmunogenic PSCs is a more feasible strategy, in which these cells are univer-
sally compatible and simpler for mass production, offering a practical option for
standard treatments aimed at blood reconstitution. Several research teams are
currently pursuing this strategy, but refined protocols for HSC functional matu-
ration are still required [79] [80]. The potential societal and economic benefits of
these breakthroughs are substantial, as these treatments are primarily curative,
thereby eliminating the expenses and burdens associated with continuous therapy
and a diminished quality of life. However, the success of these applications hinges
on our capacity to generate safe and effective HSCs from a readily available and

limitless source.
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