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Abstract

The human hematopoietic system is established over several overlapping extra- and in-
traembryonic waves through the formation of transient progenitor cells and definitive
hematopoietic stem cells (HSCs). Findings of B cell acute lymphoblastic leukemia (B-
ALL) driver mutations at birth suggests fetal development is also a time of vulnerability
to formation of certain preleukemic clones. Properties specific to fetal hematopoietic
stem and progenitor cells (HSPCs), such as lineage priming or plasticity, or transient
progenitor populations, may play a role in developmental susceptibility but have not
been fully explored. In Paper I, we simultaneously profiled the single-cell transcrip-
tome and surface marker expression of CD34+ HSPCs from first-trimester human fetal
liver (FL) and compared them to an adult bone marrow (BM) dataset. Analyses un-
covered an erythro-myeloid primed multipotent progenitor population in the FL that
was nearly absent from adult BM, possibly constituting a transient progenitor popula-
tion, and a fetal-specific gene expression signature that was enriched in the youngest
patients with KMT2A::AFF1 ALL compared to older pediatric patients. In Paper II,
we showed through multilineage-promoting single-cell cultures that FL HSCs were to
a larger extent multilineage in output, while adult BM HSCs were mainly unilineage
and myeloid-biased. Profiling the chromatin accessibility of first-trimester FL HSPCs
by single-cell ATAC-seq, we found that FL HSCs did not exhibit clear indications of
chromatin-level lineage priming, while adult BM HSCs showed signs of myeloid and
megakaryocyte priming. We further found indications of lower activity of the B-lineage
master regulator PAX5 in FL lymphoid progenitors compared to adult, evident through
reduced accessibility of the PAX5 motif and putative regulatory elements. In Paper III,
a murine model with inducible expression of KMT2A::AFF1 showed that fusion gene
expression could result in a CD24+ preproB population with preleukemic properties.
This population only emerged when expression was induced at the HSPC stage dur-
ing embryonic development, indicating that developmental context is highly relevant
to transformation. In Paper IV, we presented a model where KMT2A::AFF1 is in-
troduced through CRISPR/Cas9 in induced pluripotent stem cell-derived HSPCs, thus
recapitulating features of the human prenatal setting. Upon transplantation, edited cells
resulted in aggressive B-ALL with features characteristic of infant disease. In all, these
works provide new insights into the priming and plasticity of human fetal HSPCs and
early events in the leukemogenic process.
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Popular Science summary

Our blood system is made up of oxygen-transporting red blood cells, blood-clotting
platelets, and the immune cells, which protect against infection. These include the in-
nate immune cells, primarily myeloid cells, which provide protection through more
general mechanisms, and the adaptive B and T lymphoid cells, which learn to recog-
nize pathogens and infected cells in order to better combat them in the future. The
blood system is replenished with billions of new cells every day by the hematopoietic
stem cells (HSCs) in the bone marrow. HSCs possess the properties of self-renewal,
meaning that they can divide to give rise to new HSCs, and multipotency, meaning that
they are able to produce all types of mature, functional blood cells. They do this by
giving rise to progenitor cells, which in turn give rise to new progenitor cells, in a pro-
cess referred to as differentiation. The progenitors produced become more and more
directed, or ”primed” towards a certain cell type, or lineage, and eventually lose the
ability to give rise to other lineages, referred to as lineage restriction. This process is
regulated by a complex network of signaling molecules, proteins called transcription
factors which regulate the gene expression in the cell, and changes in the structure of
the tightly packed DNA, making certain genes more or less available. Despite multipo-
tency being a defining HSC characteristic, HSCs are not all equal, but can exhibit bias
towards a certain lineage.

TheHSCs in our body all stem from a pool of HSCs produced before birth. However, the
development of the blood system does not begin with HSCs: in humans, primitive blood
progenitor cells start to emerge from the yolk sac around 2.5 weeks after conception.
HSCs begin to form in a blood vessel inside the embryo around 4weeks post-conception
and migrate to the fetal liver, which is the main blood forming organ during most of
the first trimester. At the start of the second trimester, HSCs begin to move to the
bone marrow, although the FL remains an active site of blood formation. Previous
research has shown that fetal blood differs from that in the adult in terms of proportions
of different cell types and gene expression, but a lot is still unknown, particularly about
blood formation during the first trimester.

Fetal development is also a time period that appears vulnerable to certain mutations that
can give rise to acute lymphoblastic leukemia (ALL), one of the most common forms
of cancer in children. In ALL, lymphoid progenitor cells, most often of the B cell lin-
eage, have acquired mutations that lead to unchecked growth of non-functioning cells,
disrupting the normal functions of the bone marrow. Mutations known to drive several
different types of childhood ALL have been shown to already be present in the blood of
some children at birth. Although most of these mutations appear to require additional
events in order to transform into a leukemia, and childhood ALL generally has a very
good prognosis with over 90% survival rate, certain mutations, such as KMT2A::AFF1,
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are known to cause a rare, very aggressive and poor-prognosis form of ALL in infants
younger than 1 year. How exactly this disease begins is unknown, but it is highly likely
that the fetal context where the mutation occurs plays a role. In the works presented in
this thesis, we have investigated the properties of normal human fetal blood formation
and how it differs from that in the adult, and studied the effects of the KMT2A::AFF1
mutation on blood cells in fetal and adult settings and at different stages of differenti-
ation.

In Paper I, we profiled the gene expression of individual HSCs and progenitor cells
from first-trimester human fetal liver and compared the data to corresponding cell pop-
ulations in the adult bone marrow. Doing so, we found a population of progenitor cells,
seemingly primed towards the red blood cell, platelet and myeloid lineages, that was
nearly absent from the adult data, thus potentially representing cells from an early, pre-
HSC wave of blood formation. We also extracted a list of genes that were more highly
expressed in fetal blood progenitors than in adult, and showed that this fetal signature
was enriched in the youngest patients with KMT2A::AFF1 ALL compared to older
children.

In Paper II, we assessed differences in lineage priming and output between first-
trimester fetal and adult bone marrow blood stem and progenitor cells. Through in-
dividual cultures of single HSCs, we showed that fetal HSCs are more flexible in their
lineage output, more often giving rise to cells of multiple different lineages. Further-
more, while single-cell gene expression can provide a lot of information about the cell,
it can be difficult to assess lineage priming due to the sometimes low expression of
lineage-defining transcription factors. However, as a cell differentiates, it also changes
the accessibility of certain regions of its genome. We therefore investigated the ac-
cessibility of the genome in fetal liver cells, finding that fetal HSCs did not appear to
be strongly primed towards any specific lineage, while adult HSCs showed signs of
priming towards myeloid cells and platelets. We also showed that fetal lymphoid pro-
genitor cells appear less restricted to the B cell lineage, an intriguing flexibility that we
proposed may play a role in the initiation of childhood ALL.

In addition to studying normal blood formation during development, we also studied
the effect of the KMT2A::AFF1 mutation. In Paper III, we presented a mouse model
where expression of KMT2A::AFF1 could be activated either in blood stem cells and
very immature progenitors, or in progenitors at different steps of B cell commitment.
We showed that the gene has different effects depending on the cell type it first becomes
active in and when activated in early development compared to in adulthood. Most
importantly, activating the gene specifically in stem and progenitor cells during fetal
development lead to the emergence of a B cell progenitor with abnormal features, such
as HSC-like self-renewal ability and the ability to give rise to other lineages than B cells.
We proposed that these cells represent a pre-leukemic stage in leukemia development.

xiii



Genes expressed more highly in these cells where also found to be expressed in certain
patients with KMT2A::AFF1 leukemia, showing that the model can provide insights
that are applicable to the disease in humans.

Finally, in Paper IV, we developed a model system to study the mutation in a human
setting. Induced pluripotent stem cells are cells from, e.g., skin, which have been re-
programmed to pluripotent stem cells similar to those in the very early stages of the
embryo, able to give rise to all different tissues in the body. By culturing these cells in
conditions that differentiate them to blood, cells similar to those found in fetal blood de-
velopment are produced. Using the ”genetic scissor” CRISPR/Cas9 to give the cells the
KMT2A::AFF1 mutation, we showed that this model could produce B cell progenitors
with expression of genes that are also expressed in patients. Furthermore, when these
mutated cells were transplanted into mice, they resulted in an aggressive B cell ALL
similar to the one seen in infant patients. These results established our model system as
a promising platform for future studies of the disease in a setting that emulates the one
in which the mutation arises in humans.
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Populärvetenskaplig sammanfattning

Blodsystemet består av syretransporterande röda blodkroppar, blodplättar som stoppar
blödningar och immuncellerna, som skyddar mot infektion. Till dessa räknas det med-
födda immunsystemet, som främst består av myeloida celler och skyddar genom mer
generella mekanismer, och de adaptiva, lymfoida B och T-cellerna, som lär sig att kän-
na igen patogener och infekterade celler för att bekämpa dem mer effektivt i framtiden.
Blodet fylls på med miljarder nya celler varje dag tack vare de hematopoietiska stam-
cellerna (HSCs), som finns i benmärgen. HSCs har egenskaperna självförnyelse, d.v.s.
att de kan dela sig för att ge upphov till nya HSCs, och multipotens, d.v.s. förmågan att
bilda alla typer av mogna blodceller. De gör detta genom att ge upphov till progenitor-
celler, som i sin tur ger upphov till nya blodceller, en process som kallas differentiering.
Progenitorerna blir allt mer inriktade på en identitet som en specifik celltyp, och förlo-
rar så småningom förmågan att bilda andra typer av celler, och är därmed låsta till en
specifik identitet. Denna process regleras av ett komplext nätverk av signalmolekyler,
proteiner som kallas för transkriptionsfaktorer som reglerar genuttrycket i cellen, samt
förändringar i det tätt packade DNAts struktur som gör olika gener mer eller mindre
tillgängliga för cellen. Trots att multipotens är ett av de utmärkande dragen för en HSC
är inte alla HSCs lika, utan de kan uppvisa en preferens i vilka typer av celler de bildar.

Alla HSCs i kroppen har sitt ursprung i en mängd HSCs som bildades före födseln.
Utvecklingen av blodsystemet börjar dock inte där: hos människor bildas de första pri-
mitiva blodprogenitorcellerna i gulesäcken ca 2.5 veckor efter befruktningen. HSCs
börjar bildas i ett blodkärl i embryot ca 4 veckor efter befruktning och migrerar sedan
till levern, som är det huvudsakliga blodbildande organet under större delen av första
trimestern. I början av andra trimestern migrerar HSCs slutligen till benmärgen, även
om levern fortsätter att vara aktiv i blodbildningen. Tidigare forskning har visat att fetalt
blod skiljer sig från det hos vuxna sett till proportioner av olika celltyper och genuttryck,
men mycket är fortfarande okänt, särskilt när det gäller första trimestern.

Fosterutvecklingen är också en period som verkar vara mottaglig för vissa mutationer
som kan ge upphov till akut lymfatisk leukemi (ALL), som är en av de vanligaste for-
merna av cancer hos barn. I ALL förökar sig lymfoida icke-fungerande progenitorceller,
oftast av B-cellstyp, okontrollerat och förhindrar benmärgens normala funktioner. Fle-
ra mutationer som kan driva ALL hos barn har visat sig redan finnas i blodet hos vissa
barn vid födseln. Även om de flesta av dessa verkar kräva ytterligare mutationer för att
omvandlas till en leukemi, och ALL hos barn generellt har en god prognos med >90%
överlevnad, kan vissa mutationer, så som KMT2A::AFF1 orsaka en ovanlig, väldigt
aggressiv form av ALL med dålig prognos hos spädbarn yngre än 1 år. Exakt hur sjuk-
domen uppstår är okänt, men det är sannolikt att den fetala kontexten där mutationen
uppstår spelar en roll.
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I arbetena som presenteras i denna avhandling har vi undersökt egenskaperna hos nor-
mal human blodbildning och hur den skiljer sig från hos en vuxen, och studerat effek-
terna av KMT2A::AFF1 på blodceller i en fetal respektive vuxen kontext samt i olika
stadier av celldifferentiering.

I artikel I profilerade vi genuttrycket hos individuella HSCs och progenitorceller från
fetal lever från första trimestern och jämförde vår data med motsvarande cellpopula-
tioner från vuxen benmärg. Genom detta fann vi en population progenitorceller som
verkade inriktade på att bilda röda blodceller, blodplättar och myeloida celler, som näs-
tan helt saknades i datan från vuxna, och därmed kan representera celler från en tidig
våg av blodbildning som föregår bildandet av HSCs. Vi tog också fram en lista på gener
som var mer uttryckta i fetala celler än vuxna, och visade att denna fetala gensignatur
var anrikad hos de yngsta patienterna med KMT2A::AFF1-ALL jämfört med äldre barn
med sjukdomen.

I artikel II fokuserade vi på skillnader i cellers inriktning på specifika identiteter samt
produktionen av olika celltyper mellan första trimestern och vuxen benmärg. Genom
att odla HSCs individuellt kunde vi visa att fetala HSCs var mer flexibla i sina val,
då de oftare producerade flera olika typer av celler från en enda HSC. Vidare, medan
genuttryck i individuella celler kan ge mycket information kan det vara svårt att stude-
ra cellers inriktning på specifika identiteter då viktiga transkriptionsfaktorer kan vara
uttryckta till en låg grad. Men när celler differentierar ändras också tillgängligheten av
vissa delar av genomet. Vi studerade därför tillgängligheten av genomet i fetala blod-
celler och fann att fetala HSCs inte visade tecken på att ha valt någon specifik celltyp
att bilda, medan vuxna HSCs visade tecken på att bilda myeloida celler och blodplättar.
Vi visade även att fetala lymfoida progenitorer visade tecken på att de inte var lika låsta
till att bilda B-celler, en flexibilitet som vi föreslår kan spela en roll i uppkomsten av
ALL hos barn.

Utöver att studera normal blodbildning under fosterlivet studerade vi också effekten
av KMT2A::AFF1. I artikel III använde vi en musmodell där vi kunde aktivera ut-
trycket av KMT2A::AFF1 i antingen HSCs och väldigt omogna progenitorer eller i
progenitorer i olika steg av inriktning på en B-cellsidentitet. Vi visade att genen har
olika effekt beroende på i villken celltyp den aktiveras och beroende på om den ak-
tiveras under fosterutvecklingen eller i vuxenlivet. Framförallt så ledde aktivering av
genen specifikt i HSCs och omogna progenitorer under fosterutvecklingen till utveck-
landet av en B-cellsprogenitor med onormala egenskaper, så som en HSC-lik förmåga
till självförnyelse och förmågan att ge upphov till andra celltyper än B-celler. Vi fö-
reslog att dessa celler motsvarar ett preleukemiskt förstadium i utvecklingen av ALL.
Gener som uttrycktes mer i dessa celler var också mer uttryckta i vissa patienter med
KMT2A::AFF1-ALL, vilket visade att modellen kan ge insikter som kan tillämpas på
sjukdomen hos människor.
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Slutligen utvecklade vi i aritkel IV en sjukdomsmodell där mutationen kan studeras i
en mänsklig kontext. Inducerade pluripotenta stamceller är celler från exempelvis hud,
som har programmerats om till pluripotenta stamceller liknande de som finns i embry-
ot i ett väldigt tidigt skede och som kan ge upphov till alla vävnadstyper i kroppen.
Genom att odla dessa celler på ett sätt som driver dem till att differentiera till blod
kan celler som liknar de som finns i blodbildningen hos foster bildas. Med hjälp av
”gensaxen” CRISPR/cas9 gav vi sedan dessa celler mutationen KMT2A::AFF1, och
visade att vår modell kunde bilda B-cellsprogenitorer som uttryckte gener kopplade till
KMT2A::AFF1-ALL. När dessa muterade celler transplanterades i möss gav de upp-
hov till en aggressiv ALL som efterliknade flera karaktäristiska drag hos sjukdomen i
spädbarn. Dessa resultat etablerar vår modell som en lovande plattform för framtida
studier av sjukdomen i en kontext som efterliknar den i vilkem mutationen uppstår hos
människor.
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Background

The hematopoietic hierarchy

Billions of new blood cells are produced every day to maintain the hematopoietic sys-
tem, which is responsible for oxygen transport, wound healing and protection against
infections. The hematopoietic cells can be divided into three main groups: the red blood
cells, or erythrocytes, which transport oxygen through the body; the megakaryocytes
and the platelets they produce, responsible for blood clotting; and the leukocytes, or
immune cells. The leukocytes can be further subdivided into myeloid (to which the ery-
throcytes and megakaryocytes are often also counted) and lymphoid cells. The myeloid
immune cells include monocytes, macrophages, granulocytes and dendritic cells (DCs),
which fight infections in the form of innate immunity, through mechanisms such as
phagocytosis and the release of signaling molecules to regulate inflammation and im-
mune cell recruitment. The lymphoid cells include B and T cells, which constitute the
adaptive immune system, as well as the innate natural killer (NK) cells.

With very few exceptions, the mature blood cells performing these functions all origi-
nate from the hematopoietic stem cells (HSCs), which in mammals reside in the bone
marrow (BM). The defining features of the HSC are its ability to give rise to all mature
hematopoietic cells in the body, i.e., multipotency, and its ability to give rise to new
HSCs, i.e., self-renewal. In the early 1960s, transplantation experiments using irradi-
ated mice showed that bone marrow cells could give rise to multilineage colonies in
the spleen [1], that colonies could arise from a single cell [2], and that cells from the
colonies could be transplanted into new mice and there give rise to new colonies [3],
thus providing evidence for both. Three decades later, the isolation and transplantation
of single HSCs into irradiated mice proved their ability to support long-term reconsti-
tution of the hematopoietic system upon transplantation [4].

The classical text book model of hematopoiesis, largely based on studies in the murine
system, typically shows the first step of lineage choice as a separation into two branches
downstream of HSCs. After the HSC transitions into a short-term HSC (ST-HSC) or
multipotent progenitor (MPP) with limited self-renewal capacity, the ability to produce
B cells, T cells and NK cells resides in the common lymphoid progenitor (CLP), while
all other lineages stem from the commonmyeloid progenitor (CMP), which further sep-
arates into a megakaryocyte-erythroid progenitor (MEP) and a granulocyte-monocyte
progenitor (GMP) [5–7]. During the 2000s and early 2010s, discovery of a lymphoid-
primed multipotent progenitor (LMPP) or multilymphoid progenitor (MLP), which re-
tains myeloid capacity, showed that lymphoid andmyeloid fates are more closely linked
than previously thought, indicating that the first step in lineage commitment is rather
segregation of the lymphoid fate from the megakaryocyte/erythroid (Figure 1) [6–8].
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Figure 1: The hematopoietic hierarchy. Adapted from [6].

More detailed analyses have revealed heterogeneity within phenotypically defined pop-
ulations [9, 10], different routes of neutrophil and eosinophil/basophil differentiation
[11] and evidence of a direct branching towards the megakaryocyte fate from HSCs
or MPPs, bypassing intermediate stages such as the CMP [12, 13]. Furthermore, with
the advent of single-cell genomics, HSPCs have been shown to form a transcriptional
continuum [14, 15], indicating that populations like the MPP or CMP do not represent
discrete cell states. This has challenged the stepwise hierarchical structure and sparked
discussions on whether the hematopoietic landscape should be regarded as a strict hier-
archy with clear, stepwise commitment, as a continuous pool of low-primed progenitors
from which unipotent progenitors emerge [14], or as something in-between, such as a
punctuated continuum [16]. The heterogeneity of HSPCs extends to the HSC compart-
ment, as phenotypical HSCs can vary substantially in both their self-renewal capacity
and their bias towards generating certain hematopoietic lineages [17]. Thus, while a
hierarchy like the one presented in Figure 1 is helpful, it can by no means be regarded
as a definite and all-encompassing description of hematopoiesis.
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Development of the hematopoietic system

The formation of the hematopoietic system takes place across a number of different
tissues in the developing embryo, and later fetus, as hematopoietic cells emerge in tem-
porally overlappingwaves (Figure 2). During the first ~8weeks of human development,
which constitute the embryonic period, developmental stage is usually reported based
on the 23 morphology-based Carnegie stages (CS). After the transition into the fetal
period, development is usually measured in post-conceptional weeks (pcw).

Figure 2: Timeline of hematopoiesis during human and murine development. Adapted from [18, 19].

In humans, the first hematopoietic cells appear in the yolk sac (YS) around 16-18.5 days
post-conception (CS7-8) in the form of primitive erythroid, macrophage and megakary-
ocyte progenitor cells [20–22]. By day 21-23 (CS10), erythroblasts can be found in the
cardiac cavity, suggesting that they enter circulation around the time of onset of car-
diac contractions [23]. This primitive wave of hematopoiesis is followed by another
HSC-independent wave of progenitor cells, which in the murine system largely con-
sists of erythro-myeloid and lymphoid-primed progenitors which emerge from the YS
and migrate to the fetal liver (FL) [24, 25]. While this wave is not as well-characterized
in the human system, single-cell RNA sequencing (RNA-seq) studies have shown the
presence of myeloid and innate lymphoid progenitor cells in the YS at CS10-11, which
likely go on to seed the liver [26, 27].

The third, definitive wave of hematopoiesis is marked by the generation of HSCs,
emerging from intra-aortic hematopoietic clusters of CD34+CD45+ cells which appear
in the aorta-gonad-mesonephros (AGM) region around 27 days post-conception (CS13)
and disappear by day 40 [23, 28]. HSCs, as defined by their ability to provide long-
term multilineage engraftment upon transplantation into immunodeficient mice, have
been detected in the AGM from CS14 and in the YS from CS16, suggesting that they
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migrate there from the AGM [29]. The placenta is believed to be an additional site of
HSC formation in the murine system [30]. Although phenotypic fetal HSCs, expressing
CD90 and GPI-80, can be detected in the placenta at 5 weeks [31], before colonization
of the FL, multilineage engraftment has not been reported before week 9 [32].

Cells with a gene expression profile matching nascent HSCs from the AGM can be
detected in the FL from CS16 (~5.5 pcw) [33], but transplantable HSCs are very rare
before 7-8 pcw [29, 34–36]. At this point in development, the liver is the main site of
hematopoiesis, containing a mix of transient and definitive HSPCs. In the FL, HSCs
mature, downregulating fetal-specific genes such as LIN28B, HMGA2 and HOXB7-9,
and upregulating PROM1 and major histocompatibility complex (MHC) class II genes
[33]. In the developing bone marrow, the first hematopoietic cells observed are CD68+
myeloid cells, which appear prior to vascularization at around 8 weeks post-conception
[37]. Transplantable HSCs are present in the BM from ~12 pcw [38], but the liver
remains an important site of hematopoiesis throughout the second trimester.

Certain types of immune cells, including microglia, the tissue-resident macrophages of
the brain, as well as subsets of innate-like tissue-resident T cells and B1a cells, are al-
most exclusively formed during fetal development and persist into adulthood [39–41].
Due to the limited possibilities to study human development, these cell types, as well
as many other aspects of developmental hematopoiesis, have been more thoroughly
investigated in the murine system. Murine hematopoiesis begins in the YS at embry-
onic day (E) 7, followed by a second wave of HSC-independent progenitors starting
at E8.5. HSCs begin to emerge at E10.5 and colonize the FL by E12, before finally
migrating to the BM at E17.5, only a few days before birth [18]. Hematopoietic pro-
genitor cells formed alongside HSCs have been shown to be responsible for the majority
of hematopoiesis in the FL, with only limited contribution from definitive, long-term
HSCs before birth [42]. Whether this is the case in humans, who have a much longer
gestation time, remains to be determined.

Regulation of lineage choice

The transition from HSC to mature hematopoietic cell occurs through a complex in-
terplay of cell-extrinsic and cell-intrinsic signals (Figure 3). While the production of a
protein requires that its corresponding gene is transcribed into RNA, the regulation of
transcription is largely epigenetic.

4



Extrinsic signals

Cytokines are small proteins that function as important signaling molecules during
maintenance and differentiation of hematopoietic cells. As different cytokines are in-
volved in regulation of different lineages, many cytokine receptors are also used as
surface markers to distinguish different cell populations.

Key factors in HSC maintenance include thrombopoietin (TPO) and stem cell factor
(SCF) [43, 44]. TPO is mainly produced by hepatocytes, but both TPO are SCF are
also produced in the BM niche [43, 45].

Colony-stimulating factors (CSFs), namely macrophage-CSF (M-CSF), granulocyte-
CSF (G-CSF) and granulocyte-monocyte-CSF (GM-CSF), can be produced bymultiple
tissues in the body and are important for the maintenance, proliferation and activation
of myeloid immune cells [46, 47]. Erythropoiesis is largely regulated by erythropoi-
etin (EPO), which is produced in response to hypoxia in the fetal liver and postnatally
mainly in the kidneys [48]. In addition to its role in regulation of HSCs, TPO is also an
important factor in megakaryopoiesis [49].

Fms-like tyrosine kinase 3 ligand (FLT3L) and interleukin-7 (IL-7) are key factors in
lymphoid differentiation [50]. Deletion of the Flt3l gene results in reduced numbers
of B cell progenitors, although B cells are still present and appear normal in function
[51], and mice lacking IL-7 are still able to produce the embryonic and early-life B1
cells [52]. However, mice deficient in both IL-7 and FLT3L are devoid of B cells [53].
IL-2 and IL-15 are both involved in NK cell regulation and development [54]. IL-7 is
also involved in early steps of T cell development, which is mainly dependent on Notch
signaling occurring in the thymus [55].

Transcription factors

At themolecular level, gene expression is regulated by transcription factors (TFs) which
bind to gene promoters and enhancer elements to promote or suppress expression. TF
binding sites, or motifs, are generally very short (6-12 bp) degenerate DNA sequences,
and their binding is modulated through a number of different mechanisms [56].

Important TFs in human HSCs include HLF [57], MLLT3 [58], GATA2 [59] and
MECOM (EVI1) [60]. During fetal development, RUNX1 [61, 62] and medial HOXA
genes such as HOXA7 and HOXA9 [63, 64] are critical in HSC specification. HOXB
genes have been found to be expressed in hematopoietic progenitor cells preceding the
definitive wave and in immature HSCs, but are later downregulated, while conversely,
medial HOXA genes are absent in primitive hematopoiesis [33].
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Figure 3: Examples of cytokines (black text) and TFs (blue text) involved in hematopoiesis. Ery = erythrocytes, Mk =
megakaryocytes, Mono = monocytes.

GATA1 is a key player in differentiation to the erythroid and megakaryocyte lineages
[5, 65], and ectopic expression is enough to convert lymphoid and myeloid progenitor
cells to the megakaryocyte/erythroid (MkE) lineage [66]. Erythroid specification fur-
ther involves KLF1 [67], while NF-E2 is more specific to megakaryocytes [68]. Com-
mitment to the myeloid and lymphoid lineages generally involves upregulation of PU.1,
encoded by the SPI1 gene. GATA1 and PU.1 repress each other and upregulation of one
or the other represents an early step in hematopoietic lineage commitment [5, 69, 70],
although tracking of cell divisions in individual HSPCs suggests that the lineage choice
is controlled by other factors upstream of changes in GATA1/PU.1 expression [71, 72].

Downstream of PU.1, C/EBPα directs progenitor cells towards the GMP state and sup-
presses lymphoid differentiation [73, 74], after which, among others, GATA2 is in-
volved in the formation of basophils and mast cells and IRF8 in monocytes and den-
dritic cells [59, 69, 73]. B cell specification and commitment is largely orchestrated
by Ikaros (IKZF1), E2A (TCF3), EBF1 and PAX5 [75, 76], while TCF1 (TCF7) and
GATA3 are important factors in T cell development [77].

While TFs typically require the region around their motif to be open, or accessible,
in order to bind, certain pioneer TFs such as PU.1 and PAX5, can promote chromatin
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remodeling, opening up previously inaccessible sites and and permitting other TFs to
bind [56].

Epigenetic control

In addition to TF binding, the transcription of a gene is regulated through its accessi-
bility to the transcriptional machinery. The DNA in the cell is wound around histones
to form chromatin, some of which contains few genes and is highly condensed (het-
erochromatin), and some which is overall more accessible for transcription (euchro-
matin).

Histone modifications play an important role in the regulation of gene expression and
can act as either transcriptional activators or silencers. Sites of histone modification are
often enhancer elements: short DNA sequences, located at a distance from the gene they
regulate, that through recruitment of specific TFs can be brought into contact with the
promoter region of a gene to regulate transcription [78]. While the mechanisms behind
enhancer-driven regulation of gene expression are not fully understood, they typically
allow for binding of multiple different TFs in a combinatorial fashion [56] and display
cell type-specific activity [79]. Acetylation of histone 3 lysine 27 (H3K27ac) is amarker
for active enhancers, whereas monomethylation of histone 3 lysine 4 (H3K4me1) or
H3K4me2 is found at both active, primed and poised enhancers, the latter additionally
marked by the repressive H3K27me3 [80].

Furthermore, themethylation of the cytosines of cytosine-guanine dinucleotides (CpGs)
conveys gene silencing through preventing TFs from binding or through promoting
the compaction of the chromatin [81]. CpG methylation undergoes extensive global
changes throughout development and plays a role in the regulation of lymphoid versus
myeloid fate in HSCs [82].

Even without investigating histone and CpG modifications, the chromatin accessibil-
ity profile alone is sufficient to assign individual cells to different cell types [83, 84].
Accessibility of lineage-affiliated enhancer elements has been shown to occur before
RNA expression of the gene in question becomes evident [85, 86], and accessibility
of distal, putative enhancer, elements has been suggested to be a better identifier of
hematopoietic cell subtypes than mRNA expression [87].

Importantly, the amount of a given protein in the cell is also regulated post-
transcriptionally through a number of other mechanisms, such as the timing and rate
of synthesis and degradation of the protein, meaning that gene expression level does
not always correlate well with the amount of the corresponding protein in the cell [88].
In the context of hematopoiesis, single-cell proteomic analysis of human HSPCs has
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shown that protein and mRNA levels correlate better in more lineage-committed pro-
genitors, while HSCs show poor concordance [89].

Lineage priming and output before birth and in adulthood

A number of different studies have investigated the lineage priming and functional out-
put from human embryonic or fetal HSPCs. Findings from some of these studies are
summarized below.

Functional output of single HSPCs

Although many studies have reported results of in vitro culture of human prenatal
HSPCs, the exact developmental stages and populations investigated vary greatly. Stud-
ies utilizing single-cell cultures, which is necessary to distinguish multipotency of in-
dividual cells from a mixture of lineage-restricted cells, have often been restricted to
very specific developmental stages. While providing insights into, e.g., lymphomyeloid
potential of pre-definitive wave YS HPCs [27] or differences in lineage bias between
disomic and trisomy 21 cells [90, 91] or between FL and fetal BM from the same donor
[90, 92], these studies do not provide information about transitions in lineage potential
and bias throughout ontogeny, and results between different studies cannot be directly
compared due to differences in culture protocol used and technical factors.

The 2016 paper by Notta et al provided important insights into differences between fetal
and adult hematopoiesis. Through single-cell cultures of second-trimester, neonatal CB
and adult BM HSPCs, they found that the FL CD34+CD38+ progenitor compartment
contained a large fraction (~30%) cells with multipotency within the Mk/Ery/My lin-
eages, a property that was largely restricted to themore primitive CD34+CD38- in adults
[13]. Popescu et al performed more detailed comparisons of different stages of fetal de-
velopment, finding that trilineage as well as erythroid output from single HSC/MPPs
decreased between the first and second trimester, whereas bulk cultures resulted in al-
most no B cells from first-trimester (7-8 pcw) samples [93].

Lineage priming

Efforts have also been made to determine the lineage priming of prenatal HSPCs. As
described, HSPCs are heterogeneous at the single-cell level, and studies focusing on
the single-cell transcriptomic landscape will be summarized here.
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The aforementioned study by Popescu et al profiled the single-cell transcriptomes of
a large number of first and second-trimester hematopoietic cells, providing a compre-
hensive overview of hematopoietic and immune cells during human development, but
did not extensively explore and compare transcriptional priming in the HSC/MPP com-
partment across developmental stages [93]. Another such study of different stages of
the second trimester and neonatal CB found FL HSC/MPPs to be erythroid-biased com-
pared to fetal BM, which was more biased toward neutrophils and B cells [90].

Two studies that covered CD34+ cells from the first trimester to adult or aged BM
[94, 95], thus providing a more detailed survey of the HSPC compartment, reported
somewhat contradictory results regarding the priming of HSCs throughout ontogeny
and in adulthood. While one found indications that first-trimester FL HSC/MPPs
are erythroid/megakaryocyte-primed and that both fetal and postnatal BM had more
myeloid priming than FL [94], the other reported that most first-trimester and second-
trimester HSCs were myeloid or lymphoid-primed, adult HSCs had a relatively bal-
anced distribution and aged HSCs were mostly erythroid or myeloid-primed [95].

A few reports on the chromatin accessibility landscape of second-trimester HSPCs have
also been published, profiling gene expression and chromatin accessibility separately or
jointly in the same cell. One found no clear transcriptional priming in HSC/MPPs but
reported that cells displayed chromatin priming, although they did not investigate dif-
ferences in lineage affiliation between FL and fetal BM further [92]. The other focused
on differences between disomic HSCs and cells with trisomy 21, finding the latter to be
more erythroid-biased [91].

B cell development

The early stages of B cell development are of particular relevance to the work in this
thesis, and will therefore described in more detail below.

The first steps in B cell development occur in the BM (Figure 4). Ikaros and E2A pro-
mote early steps in lymphoid commitment, after which activation of FOXO1 and EBF1
begins to drive cells towards the B cell lineage. This is followed by expression of
PAX5, another critical regulator of B cell commitment, promoting expression of B cell
genes and repressing alternative fates [96, 97]. The lineage-committed CD10+CD19+
proB cell then begins undergoing rearrangement of the immunoglobulin (Ig) genes,
largely orchestrated by the Recombination-activating genes RAG1 and RAG2, progress-
ing through a preB stage and losing surface CD34 expression before generation of a
functional Ig results in an immature B cell expressing the B cell receptor (BCR) IgM
on its surface [97–99]. Immature B cells leave the BM and migrate to the spleen for
further maturation. The understanding of B lymphopoiesis is largely based on studies
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Figure 4: Surface markers at different stages of human B cell commitment. Adapted from [97].

in mice. While many regulators of murine B cell development are known to also play
important roles in the human setting, certain differences have been observed, such as
the fact that in humans, E2A appears to be a key regulator of BCR rearrangement [97].

During human development, B lymphopoiesis is evident by 7 pcw from the presence
of both CD10+CD19+ proB cells and CD10-CD19+ preproB cells, the latter of which
are rare in adult BM [100]. A fetal IL7R+CD10-CD19- early lymphoid progenitor [101]
has been proposed based on single-cell transcriptomics data to be a prenatal counterpart
to the CLP [102].

The conventional B cells of BM origin are also sometimes referred to as B2 cells. In
mice, innate-like B1 cellsmainly reside in the peritoneal and pleural cavities, can secrete
IgM independent of T cell activation, and are mostly produced in prenatal and early
life, including a pre-definitive wave originating from the YS early in development [41].
While cells with functional characteristics of B1 cells have been identified in humans,
this cell population has not been as extensively characterized in the human setting [103].

Pediatric acute lymphoblastic leukemia

In children, acute lymphoblastic leukemia (ALL) is one of the most common forms of
cancer [104], with incidence peaking at around 2-5 years of age, whereas acute myeloid
leukemia (AML) increases in frequency with age [105]. Pediatric ALL, which is most
often of the B-cell lineage (B-ALL), differs from the disease in adults in terms of the
cytogenetic abnormalitites driving the disease: BCR::ABL1, one of the most common
subtypes in adult ALL, is relatively rare in children, whereas ETV6::RUNX1 and high
hyperdiploidy are far more common (Figure 5) [106, 107]. Genetic drivers of ALL
include aneuploidy, with gain or loss of multiple chromosomes; alterations of the PAX5
gene; and chromosomal translocations which either place an oncogene under the control
of a transcribed gene, as is the case whenMYC is translocated to the IGH promoter, or
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Figure 5: Distribution of common subtypes of B-ALL across age groups. Data from [107].

result in the expression of a novel fusion protein, such as ETV6::RUNX1 [107, 108].

Multiple pediatric ALL driver mutations have been detected in neonatal blood spots
[109, 110]. Together with identical genomic breakpoints and immunoglobulin and T
cell receptor rearrangements in concordant ALL in monozygotic twins [111, 112], this
provides evidence for the in utero formation of a preleukemic clone. In the case of
ETV6::RUNX1, the mutation has been estimated to occur at a 100 to 500-fold higher
rate than the leukemia itself [113, 114], indicating that additional events, or secondary
hits, are required for overt leukemia. Abnormal immune responses to infection have
been suggested to play a role in this transformation [115].

KMT2A rearrangements

In infants below the age of 1 year, chromosomal translocations resulting in rearrange-
ment of the histone-lysine-methyltransferase 2A (KMT2A) gene are present in the ma-
jority of ALL cases [106]. Whereas pediatric ALL overall has reached a survival of
>90% [107], the prognosis for infants with KMT2A-rearranged (KMT2Ar) ALL re-
mains poor [116].

KMT2A, also known as mixed-lineage leukemia 1 (MLL1), is a crucial epigenetic reg-
ulator during embryonic development and plays a role in maintenance of HSCs [117].
There are ~80 known fusion partners that generate an in-frame fusion protein, including
AFF1 (AF4), MLLT3 (AF9) andMLLT1 (ENL), with the most common fusion in infant
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ALL being KMT2A::AFF1 [118]. The fusion protein, which retains domains involved
in chromatin binding from KMT2A, results in transcriptional dysregulation, including
upregulation of HOX genes and the cofactor MEIS1, which are normally expressed in
immature HSPCs and then downregulated [119]. While this may be conferred by the
transcriptional elongation properties of AFF1 [119], the KMT2A::AFF1 protein has
also been associated with aberrant enhancer-promoter interactions [120]. Compared to
other subtypes of B-ALL, KMT2Ar ALL has a relatively clean mutational landscape
[121, 122], which combined with the early onset of the disease suggests that the muta-
tion alone may be sufficient for leukemic transformation.

Interestingly, manyKMT2A rearrangements are able to give rise to bothALL andAML,
although usually with different frequencies (Figure 6). Some KMT2A fusion partners
also show different distributions of myeloid and lymphoid leukemias across age groups:
in infants and children, KMT2A::MLLT3 can give rise to both ALL and AML, whereas
it almost exclusively results in AML in adults [118]. If and how this relates to the capac-
ity of KMT2Ar leukemia to undergo a lineage switch upon relapse, an event that may
be increasing in frequency as CD19-directed immunotherapies become more common
[123], is not yet known. Analysis of AML relapse in KMT2A::AFF1 ALL has shown
that the lineage switch can occur at different stages of B-lineage commitment, includ-
ing some cases where shared BCR rearrangement between the presentation ALL and
relapse AML were found [124]. Epigenetic dysregulation [124] as well as preexisting
LMPP-like and myeloid-primed blasts [125] have been implicated in post-treatment
lineage switch.

Figure 6: Distribution of KMT2A fusion partners across age groups. Data from [118].
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KMT2A::AFF1 infant ALL can be divided into two subgroups based on expression of
eitherHOXA9 or IRX1, another homeobox gene [126], where theHOXA9- or IRX1+ sub-
type is associated with a worse prognosis [127, 128]. IRX1 can downregulate HOXA9,
and instead tends to increase expression of HOXB4 and EGR family members, likely
promoting a stem cell program [129].

Models of KMT2A::AFF1 leukemia

A number of attempts have been made to model KMT2A::AFF1-driven B-ALL in vivo.
Many of these have resulted in B-cell lymphoma or AML, and pro-B ALL without the
introduction of cooperative mutations has proven difficult to achieve [130]. One study
showed that the overexpression of a microRNA that is upregulated in KMT2A::AFF1
patient blasts in murine Kmt2a::AFF1-positive FL cells recapitulated some features of
the disease in patients and could result in pro-B ALL upon transplantation [131], but a
reliable model of the prenatal events leading to the development of a pro-B ALL has
proven difficult to produce.

Different approaches have also been taken to model KMT2A::AFF1 leukemia in vitro.
Lentiviral transduction of human embryonic stem cells with KMT2A::AFF1 resulted in
upregulation of multiple HOX genes andMEIS1, but despite an increase in hemogenic
specification, the output of CD45+ hematopoietic cells was impaired by the fusion gene
and the cells did not engraft when transplanted [132]. Another study showed that tran-
sient transfection of induced pluripotent stem cell (iPSC)-derived hematopoietic cells
with KMT2A::AFF1 conferred multilineage reconstitution capacity upon transplanta-
tion, which in many cases resulted in B-ALL, although often not in secondary trans-
plantations [133].

The effect of KMT2A::AFF1 has also been studied in primary human cells. Retroviral
transduction of umbilical cord blood (CB) HSPCs with a human-murine KMT2A::Aff1
hybrid gene recapitulated several molecular features of the disease and led to pro-B
ALL in vivo [134]. Besides using the murine Aff1 to circumvent issues with producing
lentiviral vectors carrying the human homologue, this approach also has the drawback
that fusion gene expression level is unlikely to be similar to endogenous expression.

Multiple studies have used the clustered regularly interspaced short palindromic re-
peats (CRISPR)/Cas9 system to induce double-stranded breaks in theKMT2A andAFF1
genes, allowing the chromosomes to spontaneously rearrange to form the translocation
[135–138]. CRISPR-induced KMT2A::AFF1 expression in second-trimester FL was
able to recapitulate key features of infant KMT2Ar ALL, such as central nervous sys-
tem infiltration [136], and the same model system has been used to study the role of the
fetal-specific gene LIN28B in the leukemogenesis [139].
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Comparative studies have shown that the same editing approach can have a different ef-
fect on cells from different stages of ontogeny. One study found that cells derived from
CB, but not adult BM, could be immortalized in cultures through KMT2A::AFF1 edit-
ing, as opposed to KMT2A::MLLT3 which could immortalize both, although B-lineage
output or in vivo engraftment was not reported in this study [140]. In line with this, a
study using lentiviral transduction withKMT2A::MLLT3 could more efficiently immor-
talize CB HSPCs than adult BM, and only CB-derived cells gave rise acute leukemia
in vivo [141]. Another study comparing second-trimester FL with CB found that both
could be transformed by KMT2A::AFF1, but that FL cells were more sensitive to the
choice of intronic breakpoint when assessed for leukemogenic potential in vivo [142].
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Methodology

Assessing the output of HSPCs

Central to this thesis is the composition and lineage potential of the HSPC compartment.
Over the past century, numerous methods have been developed to assess different as-
pects of this matter; the most important ones will be described below.

Flow cytometry and FACS

For decades, studies of the hematopoietic system have relied heavily on the use of flow
cytometry. By staining cells with a cocktail of fluorochrome-conjugated antibodies and
interrogating them with lasers, internal and surface marker proteins can be profiled at
the single-cell level in millions of cells, allowing for the identification, and in the case
of fluorescence-activated cell sorting (FACS) also purification, of different populations.

Many cell surface markers are cytokine receptors, including c-KIT (CD117, receptor
for SCF), IL-7 receptor (CD127) and FLT3 (CD135). Example combinations of sur-
face markers for different human HSPC populations are outlined in Table 1. Impor-
tantly, certain surface antigens have been found to differ in their capacity to distinguish
a population between fetal and postnatal life. For example, GPI-80 and CD201 (EPCR)
are not typically used to isolate HSCs from adult BM, but both have been shown to
enrich for HSCs in human FL [31, 143]. In the murine system, primitive HSPCs are
located in the LIN-c-KIT+Sca-1+ (LSK) compartment, and HSCs can be further defined
as CD150+CD48-CD135- [144].

Table 1: Surface marker combinations commonly used to define human HSPC populations. Based on [145, 146].

Population Surface marker
HSC LIN-CD34+CD38-CD90+CD45RA-

MPP LIN-CD34+CD38-CD90-CD45RA-

LMPP LIN-CD34+CD38-CD90-CD45RA+CD10+

MEP LIN-CD34+CD38+CD45RA-CD135-CD10-

GMP LIN-CD34+CD38+CD45RA+CD135+CD10-

In vitro culture assays

Certain properties of HSPCs, namely their self-renewal capacity and lineage potential,
can be investigated through in vitro culture assays. In addition to not requiring the
use of animals, such assays can provide a more flexible and high-throughput approach.
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Most in vitroHSPC culture systems rely on the addition of cytokines to maintain and/or
differentiate the cells.

In colony-forming cell (CFC) assays, cells are cultured in a semi-solid medium such as
methyl cellulose [147]. An advantage of this assay is that serial replating of the cells
can be used to investigate their self-renewal capacity [148, 149]. As the motility of the
cells is restricted due the medium, the output of individual cells can also be assessed
based on morphology. While it is possible to achieve lymphoid differentiation from
murine cells in methyl cellulose culture [150], it is not done routinely, and the ability
to determine the differentiation capacity of a cell is typically limited to the myeloid and
megakaryocyte/erythroid (MkE) lineages, in particular from human HSPCs.

HSPCs can also be co-cultured with BM stromal cells, which can provide certain signals
that would normally be provided by the BM niche. The murine OP9 cell line, which
does not produce functional M-CSF due to a mutation, can facilitate B-lineage output
[151]. OP9 cells modified to constitutively express the Notch ligand Delta-like-1 (OP9-
DL1), lose their B-lineage promoting function, but instead allow for generation of T
cells [152]. Another murine stromal cell line, MS-5, can support both myeloid and B-
cell differentiation from single LIN-CD34+CD38low HSPCs even without the addition
of human cytokines [153].

In recent years, more advanced, three-dimensional in vitro culture systems have been
developed. BM organoids are 3D structures recapitulating features of the BM niche
and can be generated through multilineage differentiation of pluripotent stem cells to
form vasculature, mesenchyme and hematopoietic cells, allowing for both the study of
the normal hematopoietic system and hematological disorders [154, 155]. The fact that
current pluripotent stem cell-derived BM organoids emulate the embryonic niche rather
than the adult may pose an obstacle in the study of many adult-derived leukemias, but
could be an advantage for leukemias of prenatal origin [154]. BM organoids present a
versatile strategy, ethically preferable to animal studies and amenable to manipulation,
but do as of now not fully replace the in vivo setting.

While in vitro culture assays can be very useful, they can also be sensitive to minor
technical differences, including the batch of serum used [156]. The lineage output is
also highly dependent on the cytokine combination used, making it difficult to translate
the behavior of the cells to that in their native niche.

In vivo assays

The gold standard definition of an HSC remains its ability to reconstitute the hematopoi-
etic system upon transplantation. Prior to transplantation, the recipient mouse is usually
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sublethally or lethally irradiated to make space in the BM niche and thus allow for en-
graftment of the transplanted cells. Output frommurine donor cells can be distinguished
from the cells of the recipient mouse through using strains with different isoforms of the
pan-hematopoietic surface marker CD45 (CD45.1 and CD45.2), or through detection
of Y-chromosome DNA from male donor cells in female hosts [150]. The long-term
repopulating capacity of an HSC can be assessed through secondary transplantations
into new hosts.

Xenotransplantation of human HSCs was compromised by host rejection of the foreign
cells. Establishment of the severe combined immune-deficient (Scid) mouse [157], was
an important step in transplantation of human hematopoietic cells. The lack of adaptive
immunity allowed for the reconstitution of the human B and T lineages, although the
lack of myelopoiesis, likely due to poor cross-reactivity with murine myeloid cytokines,
made it difficult to ascertain the engraftment of human HSCs [8]. The Scid mouse was
later crossed with the nonobese diabetic (NOD) mouse, which instead shows defect in-
nate immunity, resulted in the NOD-scid mouse strain [158]. NOD-scid mice, which
still retain functional NK cells, were then crossed with mice with truncation or dele-
tion of the IL-2 receptor gamma chain, the latter referred to as the NOD-scid-gamma
(NSG) mouse, which resulted in improved multilineage reconstitution by CD34+ hu-
man HSPCs [159, 160]. As NSG mice still showed poor myelopoiesis and long-term
engraftment of human HSCs, mice engineered to express human versions of cytokines
such a TPO, IL-3 and GM-CSF have also been developed to better support these aspects
[161].

While long-term engraftment of human HSCs can be achieved in the mouse, this set-
ting cannot perfectly recapitulate the human BM. Therefore, strategies to better emu-
late the human BM niche have been developed. In humanized ossicles (hOss), human
mesenchymal stromal cells are seeded on a scaffold to form 3D structures that when
implanted into immunodeficient mice result in the formation of bone and bone marrow
that can support transplanted healthy and leukemic human hematopoietic cells [162].

Nevertheless, due to the stress caused by ex vivomanipulation of donor cells and irradia-
tion of the recipient, the transplantation setting is not equivalent to native hematopoiesis.
Efforts have been made to trace hematopoietic output without removing the cells from
their niche. Mouse strains have been developed where induced expression of e.g. a
recombinase or nuclease results in a random modification that works as a barcode to
track subsequent cell divisions, and single-cell readouts of mitochondrial or genomic
DNA mutations or CpG island methylation patterns have been used to infer clonal re-
lationships in humans [163]. These approaches provide complementary information to
transplantation assays.
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Investigating molecular properties of HSPCs

Over the past few decades, rapid technological advances have resulted in assays that
allow for dissection of the genetic, transcriptomic and epigenetic landscape of cells at
an unprecedented scale. The technologies of particular relevance to the work in this
thesis are described below.

RNA sequencing

The advent of high throughput sequencing meant that large-scale interrogation of the
transcriptome was no longer dependent on on microarray assays, opening up for un-
targeted studies [164]. Sequencing of the transcriptome of a single cell using high
throughput sequencing was first reported in the late 2000s, where single mouse blas-
tomeres and oocytes were manually isolated and sequenced [165]. The technology then
rapidly expanded to profiling hundreds or thousands of cells. Many single-cell RNA-
seq protocols rely on partitioning of the reverse transcription reactions through either
the sorting of single cells into wells on a plate [166], encapsulating the cells in droplets
[167, 168] or distributing them on an array of microwells [169]. During the sequencing
library generation, material from each cell is labeled with a unique sequence through
which molecules from different cells can later be distinguished.

In the most common droplet-based methods, cells are passed through a microfluidic
channel and partitioned into droplets together with beads coated in reverse transcrip-
tion primers, where they are lysed in order for the first few steps of library generation
to take place (Figure 7). The primers contain a bead-specific DNA ”barcode” as well
as a unique molecular identifier (UMI) sequence on each primer, ensuring that each
reverse-transcribed cDNA molecule can be assigned to a specific cell and that unique
mRNA copies can be quantified through the UMIs [167, 168]. The cDNA is then fur-
ther amplified and fragmented to produce the final sequencing library. Droplet-based
methods allow for higher throughput than plate-based ones, with the downside that they
typically only allow for either the 3’ or 5’ end of the mRNA to be captured.

While single-cell RNA-seq has become highly used in studies of the hematopoietic land-
scape, it still suffers from dropout events. The absence of a certain transcript in a cell at
the time of capture can, but does not necessarily, mean that the gene is not expressed; it
could also be due to technical factors resulting in inefficient conversion of the mRNA to
cDNA, or due to the sampling of molecules for sequencing [170, 171]. Additionally, the
fact that gene transcription often occurs in bursts rather than continuously provides an
intrinsic, technology-independent, source of variance [171]. Therefore, bulk RNA-seq
still serves a purpose.
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Figure 7: Schematic of the first steps of droplet-based single-cell RNA-seq library generation.

ATAC-seq

First published in 2013, the assay for transposase-accessible chromatin using sequenc-
ing (ATAC-seq) has become a widely used technique for the profiling of accessible
chromatin in a relatively unbiased manner (Figure 8). Using isolated nuclei as the start-
ing material, ATAC-seq takes advantage of the ability of a hyperactive Tn5 transposase
to introduce breaks in the DNA at accessible sites in the chromatin and insert DNA
fragments, which are used as PCR handles in subsequent library preparation steps [172].
Compared to the other commonly used methods DNase-seq andMNase-seq, the ATAC-
seq protocol is faster and requires fewer cells [173].

Early reports of single-cell ATAC-seq profiled a few hundred up to ~15,000 cells utiliz-
ing a programmable microfluidics platform [83] or split-pool combinatorial barcoding
[174]. With the adaptation of droplet-based single-cell technologies, data generated in
individual studies reached the hundreds of thousands [175, 176].

Just as single-cell RNA-seq suffers from dropout events, single-cell ATAC-seq has its
limitations: as a mammalian nucleus typically only contains two copies of each chro-
mosome, single-cell ATAC-seq data is by its nature sparse and nearly binary, meaning
that individual genomic sites are very sensitive to noise [83].

19



Figure 8: Schematic of ATAC-seq.

Multiomic assays

With the establishment of single-cell RNA-seq and ATAC-seq techniques, a logical next
step is to combine the two. This was first accomplished through split-pooling techniques
where cells are labeled through combinatorial barcoding [177, 178], but droplet-based
technology soon followed [179].

Methods such as REAP-seq and cellular indexing of transcriptomes and epitopes by se-
quencing (CITE-seq) stain cells with surface marker antibodies labeled with polyadeny-
lated DNA barcodes before processing for single-cell RNA-seq to simultaneously cap-
ture transcriptome and surface markers [180, 181]. The antibody-specifc barcode is
then used to assign sequenced fragments to their corresponding surface marker.

Over the years, numerous other techniques for joint profiling of different transcriptomic,
epigenomic and proteomic modalities have emerged [182], but they are beyond the
scope of this thesis.
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Processing and visualizing single cell omics data

Initial processing

Once raw sequencing data has been generated, the sequencing reads are typically
aligned to a reference genome and quantified with the goal of generating a matrix con-
taining the genomic features, e.g. the genes, and the cells (or, in the case of bulk RNA-
seq, the samples). Reads are assigned to specific cells, or demultiplexed, based on
the cell barcodes. In the case of RNA-seq, reads are mapped to the genome using a
splice-aware software such as STAR [183], and the resulting cell-gene matrix is used
for further analysis.

In ATAC-seq, the chromatin regions are not usually used directly. Instead, peak calling
is performed to find genomic regions that are enriched for sequenced fragments, referred
to as ”peaks”, using a software such as MACS [184]. Due to the near-binary nature
of single-cell ATAC-seq data, peak calling cannot be performed on individual cells.
Instead, peak calling is performed on the aggregated data from the whole dataset or
on a per-population basis (Figure 9). The latter can preserve rare cell type-specific
peaks that would be lost in peak calling on the whole dataset [185], but requires a priori
knowledge of cell types or an iterative approachwhere peaks called on the whole dataset
are first used to inform cell clustering, and then peak calling is performed on individual
clusters. Alternatively, the genome can be divided into bins and fragments quantified
within each bin [186]. The cell-peak or cell-bin matrix is then used for further analysis.

Figure 9: Schematic of peak calling in single-cell ATAC-seq.
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Quality control

Once the feature-cell matrix has been generated, downstream data analysis usually be-
gins with filtering out low-quality cells, e.g. dead or dying cells, and potential doublets
where two cells have received the same cell barcode. These steps, and subsequent anal-
yses, are often largely performed using tools specifically designed for single-cell data
analysis. A popular choice for the R environment, and the one primary used in the work
presented in this thesis, is the Seurat package [187, 188] for single-cell RNA-seq and
Signac [185], which provides Seurat-compatible tools for single-cell ATAC-seq data
analysis.

Cells with a low number of unique features, e.g. gene transcripts or peaks, or with
a high percentage of reads from mitochondrial genes may represent dying cells with
leaking cell membranes, and cells with unusually high feature or total read counts are
potential doublets [189]. Specialized software for the detection of doublets [190, 191]
and the removal of ambient RNA (cell-free RNA encapsulated in the droplet together
with a cell) [192, 193], can also be employed. For single-cell ATAC-seq data, cells can
additionally be filtered based on enrichment of sequenced fragments at transcription
start sites (TSS enrichment) and the ratio of nucleosome-length to non-nucleosome-
length fragments (nucleosome signal) [189].

Dimensionality reduction, visualization and batch correction

Once the data has been filtered based on the aforementioned quality parameters, this is
usually followed by normalization to account for differences in sequencing depth be-
tween individual cells. A common type of normalization for single-cell RNA-seq is
log-normalization, where transcript counts are normalized based on the total number of
transcripts detected in the cell, after which a pseudo-count of e.g. + 1 is added before
log-transformation [194]. Other methods, such as the negative binomial regression-
based sctransform of Seurat, have been proposed to better stabilize the variance across
different sequencing depths [195, 196], although a study comparing different transfor-
mationmethods found that the simpler log-transformationmethod overall performswell
[194].

After normalization, highly variable genes are selected and are used as input for dimen-
sionality reduction. Despite the thousands of genes included in most datasets, single-
cell RNA-seq data can be regarded as relatively low-dimensional due to the covariance
of many genes, making it highly suitable for dimensionality reduction using principal
component analysis (PCA) [197]. In PCA, the dimensionality of the data is reduced
by finding the linear combinations of the variables, i.e., the genes, that best capture the
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variation within the dataset [198].

PCA is not usually used to visualize single-cell data directly. Instead, the principal
components that capture the majority of dataset heterogeneity are used as input for
non-linear dimensionality reduction methods such as t-distributed stochastic neighbor
embedding (t-SNE) [199] or uniform manifold approximation and projection (UMAP)
[200]. As UMAP tends to better preserve global relationships between cell types [201],
it has become a popular choice for the visualization of single-cell data. However,
UMAP is still a non-linear reduction method, meaning that distance or lack thereof
between different populations should not be interpreted as biologically meaningful.

For single-cell ATAC-seq data, latent semantic indexing (LSI) [202] is commonly used
instead of log-transformation and PCA [185, 189]. In LSI, peak counts are first normal-
ized based on sequencing depth and then across the dataset based on the inverse of their
frequency, thus giving more weight to rare peaks, and this normalized matrix is then
used as input for singular value decomposition (SVD) [174]. The SVD dimensions are
then used as input for UMAP generation.

In single-cell RNA-seq combined with surface marker analysis, as in CITE-seq, the
readout of the antibody barcodes, or antibody-derived tags (ADTs) can be analyzed
separately, but are often analyzed jointly with the transcriptome data. The ADT counts
matrix is normalized separately using, e.g., centred log-ratio transformation, and the
different modalities measured in the same cell can be used to create joint dimensionality
reduction embeddings for visualization and further analysis [189].

When combining multiple datasets, technical variation can result in considerable batch
effects on the clustering and visualization, and a number of different methods have
been developed to integrate different datasets to correct for this. One commonly used
method is Harmony [203], which has been found to performwell on both relatively non-
complex single-cell RNA-seq datasets and on single-cell ATAC-seq data when bench-
marked against other methods [204]. Harmony takes PCA embeddings as input, and
corrects the embeddings by iterative soft assignment of cells to clusters, penalizing
clusters with cells from few different batches, and calculation of a correction factor for
each dataset based on the cluster centroids [203].

Factors such as the cell cycle status can also obscure cell-type specific features of the
dataset, and it may be desirable to remove these effects from the analysis [189, 205].
However, cell cycle status can also provide relevant biological information, and there-
fore it is sometimes preferable to not correct for cell cycle, but instead analyze the data
with these effects in mind.
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Grouping and ordering cells

In order to identify, analyze and compare cell populations, similar cells need to be
grouped together, or clustered. Clustering based on a nearest neighbor-based graph
representation, where cells are nodes connected to their most similar neighbors based
on Euclidean distances in the PCA space, has been found to work well for single-cell
data [189, 206]. Communities of densely connected regions in the graph are detected
using algorithms such as Louvain [207] or Leiden [208]. Importantly, the number of
clusters detected depends on the clustering resolution, which is set by the user. Appro-
priate clustering resolution depends on the dataset, and the number of clusters produced
needs to be evaluated based on insight into the sample biology and the research question.

In addition to studying differences between discrete clusters of cells, it is sometimes de-
sirable to study gradual changes in a genomic feature over a process such as hematopoi-
etic differentiation. This can be accomplished by ordering the cells along a trajectory
based on their pseudotime [209]. A benchmarking study comparing a large number of
trajectory inference methods [210] found that Slingshot, which uses clustered cells as
a starting point to draw a minimum spanning tree connecting the most similar clusters
[211], overall performed well. Partition-based graph abstraction (PAGA) [212], which
estimates the strength of connectivity between different Louvain clusters using a sta-
tistical model, performed better on more complex trajectories and can handle multiple
disconnected trajectories. Monocle 3 [213] is built on the same principles as PAGA but
with further smoothening and pruning of small branches.

The performance of many trajectory inference methods has been shown to vary greatly
between different datasets [210]. Furthermore, there is no guarantee that the inferred
trajectories will recapitulate true biological phenomena. Therefore, while pseudotime
ordering is a valuable tool for calculating and visualizing gradual changes across the
dataset, caution should be exercised when drawing conclusions about biology based on
the inferred trajectories.

Dataset annotation

Once cells have been clustered, the clusters are usually assigned labels based on the type
of cell they primarily consist of. Oneway to do this in single-cell RNA-seq data analysis
is by assessing the expression of cell type-specific genes, or marker genes. This process
often starts with finding differentially expressed genes. There are a number of different
methods that can achieve this; the default method in Seurat uses the Wilcoxon rank-
sum test for statistical evaluation and reports the results as log-fold difference between
clusters [188, 214].
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In single-cell ATAC-seq, individual peaks are typically not used as cell type markers
the way individual genes are. The aggregated peak counts overlapping a gene body
can be informative, but this measurement is usually quite noisy compared to mRNA
expression. An alternative approach for the sparse chromatin data is to calculate the
relative accessibility of TF motifs, or ”motif activity”, in each cell, and then evalu-
ate the difference in motif activity between clusters. The chromVAR package [215]
was developed for this purpose. chromVAR calculates how the number of fragments
in peaks containing a given TF motif in each cell deviates from the expected number
based on dataset average, adjusted for background such as GC content of the peak set.
This results in a relative measure of TF motif activity compared to the other cells, and
differences in motif activity between different clusters can then be used to assign cell
type labels, similarly to differences in gene expression.

Annotating clusters using this approach requires curated lists of marker genes or TFs
based on biological insight. A marker that is specific to a certain group of cells but not
differential between subtypes of said cell type within the dataset might also fail to be
detected. Instead of relying on curated lists for manual cell type annotation, previously
published annotated data can be used as a reference. Seurat accomplishes this by iden-
tifying ”anchor” cell-cell pairs across the query and reference datasets based on mutual
nearest neighbors [216] and then annotating the query cells based on the anchors to the
reference data in its local neighborhood, scoring the prediction based on the consistency
between different anchors [217].

For single-cell ATAC-seq data, the total number of sequenced fragments overlapping
the gene body can be used as a proxy for RNA expression of the gene to facilitate
annotation based on a single-cell RNA-seq reference dataset [185]. It is also possible to
take advantage of a separate multiome dataset as ”bridge” to translate between RNA-seq
and ATAC-seq modalities [188].

Reference mapping, or label transfer, has the advantage that multiple datasets can be la-
beled using the same reference, providing a degree of standardization [218]. However,
the label transfer strategy is highly dependent on high-quality, well-annotated refer-
ence datasets. Over the past decade, efforts have been made to produce organism-wide
single-cell omics datasets, such as the Human Cell Atlas [219] and the Tabula Muris
[220]. In parallel, new tools, such as those leveraging machine learning algorithms, are
rapidly being developed to annotate new datasets based on reference data [218]. Still,
a reference dataset comprised of healthy adults may not encompass all cell types and
states required to fully and accurately annotate a dataset derived from, e.g., prenatal
development, aged individuals, disease or in vitro-generated cells. As an alternative
to reference mapping, generative artificial intelligence (AI)-based annotation has been
introduced as an automated method that relies on marker genes and shown to overall
agree well with manual annotation [221]. However, as with other uses of generative
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AI, this method has limitations when it comes to determining the source of the infor-
mation used to annotate the data, reproducibility and the risk of hallucination. Results
therefore still require careful manual evaluation. The best approach is therefore likely
a combination of automated and manual annotation.

Hematopoietic differentiation of iPSCs

20 years ago, screening of factors involved in the maintenance of embryonic stem cells
led to the discovery that enforced expression of Oct3/4, Sox2, c-Myc and Klf4 was
enough to reprogram somatic murine cells into pluripotent stem cells able to form all
three germ layers, termed induced pluripotent stem cells (iPSCs) [222]. The generation
of human iPSCs soon followed [223, 224]. As opposed to embryonic stem cells, iPSCs
do not require the destruction of an embryo, and the fact that they can be generated
from essentially any donor make them a promising avenue for disease modeling and
therapeutics.

The in vitro differentiation of pluripotent stem cells towards hematopoietic cells has
been shown to recapitulate properties of developmental hematopoiesis [225, 226], mak-
ing them a suitable platform for the study of human hematopoietic development. De-
pending on the type of mesoderm patterning and the inhibition or induction of pathways
such as WNT and Nodal/activin, the hematopoietic process can be modeled after ex-
traembryonic, i.e., yolk sac, or intraembryonic hematopoiesis [226]. Hematopoietic
progenitor cells derived from iPSCs can be further differentiated in vitro to produce
different lineages, including erythrocytes [227], myeloid cells [228] and B cells [229].

Although the in vitro generation of human HSCs holds great promise for therapeutic
HSC transplantations, cells with long-term multilineage reconstitution capacity have
proven difficult to produce. Human multilineage-engrafting iPSC-derived HSCs were
first reported from teratomas resulting from injection of iPSCs into immunodeficient
mice [230, 231], but thismethod is not suitable for large-scalemanufacturing for clinical
applications. Another study showed that lentiviral vector-based transduction of seven
TFs in human pluripotent stem cell-derived hemogenic endothelium could confer long-
term multilineage engraftment upon transplantation into NSG mice [232], but genetic
manipulation may still pose a risk in a clinical context. However, intense research has
recently led to reports of transgene-free human iPSC-derived HSCs capable of long-
term multilineage engraftment in mouse transplantation experiments, first in cultures
including human plasma [233], and more recently with a more refined protocol using a
completely defined medium [234].
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Ethical considerations

The work in this thesis has included both primary human material and animal experi-
ments. Each of these comes with their own ethical considerations, which will be de-
scribed below.

Human primary material

The findings presented in this thesis include analysis of human material from fetal
tissue, umbilical cord blood and adult bone marrow. Samples were collected anony-
mously, with informed consent, and handled according to the ethical principles out-
lined in the Declaration of Helsinki [235], which was created to ensure that research
involving human participants is conducted with respect for their health and rights. Per
regulations regarding collection and use of human samples for research purposes in
Sweden, approval by the Swedish Ethical Review Authority is also required.

Research using human samples can only be approved when the value of the research can
be considered greater than the risks it poses to the research subject and no acceptable
alternative method exists. The overall purpose in this case was to better understand the
initiation of pediatric ALL, which can hopefully lead to improved patient outcomes in
the future. Due to the differences between murine and human biology, and the fact that
in vitromodel systems using pluripotent stem cell lines cannot yet perfectly recapitulate
all aspects of human hematopoiesis, the use of primary human material is motivated.

While genomic data can be anonymized in the sense that no sample information that
could lead to identification of the donor is kept, the genomic data itself is unique to
each individual and may be identifiable, and could for this reason be regarded as sensi-
tive data [236]. Therefore, raw sequencing data generated during the work was stored
securely, and only processed data was published in a freely accessible manner.

Animal experiments

Experiments conducted inmice were also included in the work. Animal experiments are
necessary in the cases where no sufficient alternative methods, such as in vitro culture
systems, exist. As described in previous sections, existing in vitro methods modeling
human prenatal hematopoiesis and the BM niche are promising, but not able to fully
replace the in vivo setting.

Animal experiments were performed according to the 3Rs principles, meaning that they
should be replaced whenever possible, reduced in number, and refined with regards to
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the severity of the procedures the animals are subjected to, principles that have been
widely adopted across the world [237]. Experiments were repeated enough times that
the results could be considered reliable and significant, but not conducted in unnec-
essarily large numbers. Some experiments required the mice to develop leukemia, in
which case they were carefully monitored for signs of illness and humanely sacrificed
when disease was evident, in order to prevent unnecessary suffering.
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Aims of the thesis

The overall aims of this thesis were to investigate the human fetal hematopoietic context
and to study the initiation of KMT2A-rearranged ALL in a prenatal setting. These
topics have been approached through a combination of single-cell genomic assays, in
vitro cultures and flow cytometry readouts, and experiments introducing the human
KMT2A::AFF1 fusion gene in murine and pluripotent stem cell-based models.

The aims can be summarized as addressing the following questions:

1. What are the molecular properties of human fetal liver HSPCs, and how do they
differ from those in the adult setting? (Papers I and II)

2. Can connections be drawn between features of normal prenatal hematopoiesis and
pediatric ALL? (Papers I and II)

3. What are the effects of the KMT2A::AFF1 fusion gene at different stages of B-
lineage commitment and at different ontogenic stages? (Paper III)

4. What are the effects of the KMT2A::AFF1 fusion gene on HSPCs in a human,
prenatal-like setting? (Paper IV)
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Author’s contribution to included papers

Paper I

This project was ongoing when I started my PhD, and I contributed with analysis of pre-
viously published RNA-seq data. Mymain contributions are related to Figure 5. During
revisions, after the first author had left the lab, I took on a bigger role in addressing the
reviewers’ questions, contributing to data analysis and interpretation as well as revising
the manuscript text.

Paper II

The single-cell ATAC-seq dataset had been acquired and the raw data processed before
I took over, after which I performed virtually all of the included analyses of the dataset.
The project as presented in the paper was conceived and the manuscript written by me
and my supervisor. My contributions constitute the majority of Figures 2-5, and I par-
ticipated in the experiments presented in Figure 1. Together with my supervisor, I was
also in charge of communication with the journal and addressing reviewer comments.

Paper III

My contributions to Paper III were primarily to the analysis of human bulk and single-
cell RNA-seq data seen in Figure 6. Before the first submission of the paper, I added
additional analyses and reviewed code written by another author. During revision of
the paper, when further analysis of human data was needed, I took the lead on those
analyses. I also reviewed and gave feedback on the manuscript before the first and
revised submissions.

Paper IV

In Paper IV, I was in charge of establishing the protocol for the CRISPR-induced chro-
mosomal translocation. I then continued to be involved in planning and execution of
experiments and interpretation of data throughout the project. I also took the lead on
planning and coordinating, as well as participated in, generation of the single-cell RNA-
seq dataset which constitutes a large part of the manuscript. Once the sequencing data
was obtained, I was the main person processing and analyzing it. My contributions to
the paper are mainly found in Figures 1, 2 and 4, and in the writing of the manuscript.
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Summary of included papers

Paper I

Single-cell multiomics of human fetal hematopoiesis define a developmental-
specific population and a fetal signature

Better understanding of the development of the human blood system may aid in the
efforts to produce transplantable HSCs in vitro and in the understanding of the pre-
natal initiation of pediatric leukemia. The heterogeneity of the hematopoietic system,
especially as the FL at this stage contains a mixture of transient and definitive-wave
HSPCs [225], motivates the use of single-cell technologies. In this study, we set out to
molecularly profile first-trimester HSPCs and compare them to adult BM counterparts.
By sorting LIN-CD45+CD34+ cells from CS22 (~8 pcw) FL and subjecting them to
CITE-seq, we simultaneously obtained single-cell transcriptomes and surface marker
expression data from around 6,700 cells from two donors.

Using the combination of transcriptome and surface markers, we were able to select cell
populations corresponding to traditional surface marker-based phenotypes, such as CLP
and GMP, and then assess the transcriptional profile of these populations. We found that
certain populations, such as HSCs and LMPPs, corresponded well to transcriptome-
based definitions of the same populations. However, other phenotypically defined pop-
ulations, such as CMPs and GMPs, showed high transcriptional heterogeneity, contain-
ing a mix of transcriptionally defined primitive and lineage-primed populations. We
also found that IL-7 receptor (IL7R) was a better surface marker to capture a fetal tran-
scriptional CLP-like population than CD10, which is more commonly used for postnatal
cells.

In order to compare the fetal HSPCs to adult counterparts, we used the fetal dataset as
a reference and projected a previously published adult BM HSPC dataset [238] onto
the fetal data and labeled the adult cells based on their predicted corresponding cell
type. Doing so, we found that the MPP-I population, which made up ~17% of of the FL
dataset, was nearly absent from adult HSPCs. Performing CITE-seq on CS16 and 9 pcw
FL cells, and evaluating previously published FL, fetal BM, CB and postnatal BM data
[94, 238], we could confirm that this MPP population was largely specific to the FL.
Differentially expressed genes between the MPP-I, MPP-II and HSC clusters indicated
that MPP-I constitutes an erythro-myeloid primed multipotent progenitor population.

To investigate transcriptional differences between FL and adult BM HSPCs, we pseu-
dobulked each cluster, using the predicted FL cell types from the label transfer for the
adult BM dataset, and calculated differentially expressed genes on a per-cluster ba-
sis. Selecting genes that were differentially expressed in all primitive, lymphoid or
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erythromyeloid populations, we extracted fetal and adult signature gene sets which we
validated using external datasets [94, 239]. Using a publicly available RNA-seq dataset
containing samples from a large number of B-ALL patients [240], we could show that
in the case of KMT2A::AFF1, fetal gene signature was more highly expressed in the
youngest patients, aged 0-2 years, whereas the adult gene set was more highly expressed
in the other age groups.
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Paper II

Chromatin Accessibility Shapes Developmental-Specific Lineage Plasticity in
Hematopoiesis

In this study, we further investigated the HSPC compartment of early human FL, eval-
uating differences in functional lineage output and chromatin-level priming.

While previous studies have assessed the in vitro lineage output of human fetal HSCs
[13, 90, 92, 93, 95], multilineage-promoting single-cell cultures that facilitate B lym-
phopoiesis and direct, parallel comparisons to adult HSCs, particularly the combination
of the two, have been few or nonexistent. We addressed this knowledge gap by index
sorting single LIN-CD45+CD34+CD38-/lowCD90+CD45RA- HSCs from first-trimester
FL, neonatal CB and adult BM and culturing them in an MS-5 co-culture system al-
lowing for broad lineage output. We found that the colonies emerging from adult HSCs
were to a large extent (~70 %) unilineage, usually myeloid, whereas both FL and CB
cultures resulted in around 40% multilineage clones. Additionally, FL and CB HSCs
readily produced B cells, even in the absence of human IL-7, while the same conditions
rarely resulted in B-cell positive colonies in adult BM HSC cultures.

To profile the chromatin landscape of early FLHSPCs, we performed single-cell ATAC-
seq on LIN-CD45+CD34+ cells from CS22 FL. Taking advantage of previously pub-
lished single-cell ATAC-seq data from adult BM HSPCs [238], we projected our FL
dataset onto the adult BM UMAP and annotated them by their predicted identities. We
then compared the HSCs of the two datasets by finding differentially accessible peaks
and searching for enriched TF motifs within these peaks. In the FL HSC-upregulated
peaks, the relatively few enriched motifs included motifs for HOXB7 and HOXB8, but
little indication of hematopoietic lineage priming. In the adult HSCs, on the other hand,
myeloid-associated TFs such as JUN and megakaryocyte-associated NF-E2 [241, 242]
were enriched in upregulated peaks and also appeared occupied by their corresponding
TF as per TF footprinting analysis.

Incorporating the CS22 FL and adult BM CITE-seq datasets analyzed in Paper I, we
could also show that at the transcriptome level, FL HSCs scored higher for a gene set
associated with multilineage HSCs while adult HSCs scored higher for a platelet bias
gene set [243]. Integrating the ATAC-seq and RNA-seq data to create pseudo-multiome
data, we used SCENIC+ [244] to infer enhancer-driven gene regulatory networks. Cer-
tain factors, such as the HSC-associated HLF [57], were found to be active in both FL
and adult BM HSCs, but known fetal-associated factors such as LIN28B and HMGA2
[245] were found to be more active in the FL HSCs, whereas adult BM HSCs scored
higher for, e.g., gene or chromatin region sets associated with FOS, which forms com-
plexes with JUN and acts in myelopoiesis [241, 246] and the erythroid TF NFI-A [247].
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Overall, the analysis of the chromatin landscape and transcriptome indicated that early
fetal HSCs exist in a more permissive, less lineage-restricted state, whereas adult HSCs
are primed towards the myeloid and MkE lineages.

We then investigated the lymphoid progenitor compartment. Calculating TF motif ac-
tivity using chromVAR [215] and selecting differentially active motifs between HSCs
and the lymphoid (Ly)-II and GMP-II clusters, we found that motifs upregulated in
GMP-II had a clearly myeloid gene expression profile in both the FL and adult BM
datasets. However, in the FL dataset, the Ly-II cluster displayed a lympho-myeloid
profile that stood in contrast to the more distinctly lymphoid profile in the adult coun-
terparts, suggesting that early fetal Ly progenitors retain some degree of myeloid plas-
ticity. Additionally, the motif for PAX5, a master regulator of the B-cell lineage [248],
was upregulated in adult, but not FL, Ly-II cells.

We further investigated the regulation of the B-lineage by using the Cicero package
[249] to find distal peaks co-accessible with peaks in promoter regions and intersecting
these with peaks differentially accessible between FL and adult Ly-II cells, we identified
3 peaks which were co-accessible with the PAX5 promoter and upregulated in adult Ly-
II cells. These peaks overlapped histone enhancer marks and binding sites for PAX5 and
EBF1, suggesting they are regulatory elements of the B-lineage. Finally, we used PCA
tomore generally profile the lymphoid compartment. Selecting variable motifs between
the Ly-I, Ly-II and GMP-II clusters for PCA, we found that the FL Ly-II cells clustered
closely with the more immature Ly-I cells, while the two populations separated in adult
BM. Performing the same analysis on cells from a 12 pcw FL dataset [91], we found
that they exhibited an intermediate behavior. In all, these results suggest that at the
chromatin level, early FL lymphoid progenitors are less restricted to the B-cell lineage
than adult counterparts.
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Paper III

Ontogeny-specific induction of the KMT2A::AFF1-fusion drives development of
a distinct CD24 positive pre-leukemic state

To accurately model the initiation of KMT2A::AFF1-driven infant ALL, the oncogene
should be introduced in the prenatal setting where it occurs in human patients. In this
project, we used an inducible murine model of KMT2A::AFF1 leukemia and evaluated
the effect of oncogene induction in different hematopoietic populations and at different
stages of development.

Through crossing of different mouse strains, we generated a model where the human
KMT2A::AFF1 fusion gene could be induced in Vav-Cre-expressing HSPCs and their
downstream progeny. Inducing expression of KMT2A::AFF1 in HSPCs from early
stages of embryonic development resulted by E18.5 in increasedHoxa9 expression and
a reduction in LSKs and LMPPs, with severely impaired in vitro cloning efficiency in
the HSC compartment and increased myeloid bias in both HSCs and LMPPs. In the
B220+CD43+ B-cell progenitor compartment, KMT2A::AFF1 expression led to an in-
crease in preproB and proB cells, as well as expansion of a CD24+CD19- preproB pop-
ulation that was barely detectable in controls. These expanded KMT2A::AFF1+ CD24+
preproBs also showed increased cloning efficiency and aberrant myeloid output.

Inducing KMT2A::AFF1 in lympho-myeloid or B cell progenitors using Rag1-Cre
or Mb1-Cre strains did not result in significant changes in the early B cell progeni-
tor compartment and only minor increases in Hoxa9 expression. When induction of
KMT2A::AFF1 in HSPCs was delayed until post-birth, HSCs still exhibited reduced
cloning efficiency and the LMPPs higher myeloid bias, but there was no difference in
preproBs or proBs. In combination, these results show that prenatal KMT2A::AFF1 in-
duction at the HSPC stage is needed for the B220+CD24+ preproB phenotype to emerge,
indicating that both developmental stage and target cell play a role in the leukemogenic
properties of KMT2A::AFF1.

Upon prenatal HSPC induction, the KMT2A::AFF1+ CD24+ preproB population was
further shown to possess self-renewal capacity in a replating assay, making it a likely
leukemia-initiating cell candidate. LSKs and CD24+ preproBs were transplanted into
adult sublethally irradiated NSG mice. While control CD24+ preproBs did not result
in long-term reconstitution, KMT2A::AFF1+ counterparts showed long-term multilin-
eage engraftment, producing T and myeloid cells despite their initial preproB pheno-
type. Several of the engrafted KMT2A::AFF1+ CD24+ preproB mice showed enlarged
spleens and an immature Lin-CD19-IL7R+ lymphoid population, properties that were
not observed when transplanting LSKs.
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Having observed in vitro and in vivo effects of KMT2A::AFF1 induction on pro-
liferation, self-renewal and lineage bias, we next profiled the transcriptome of
KMT2A::AFF1+ and control cells using single-cell RNA-seq. In the KMT2A::AFF1+
preproBs, KMT2A::AFF1 target genes such as Hoxa9 and Meis1 and stemness-
associated genes such as Hlf and Mecom were upregulated compared to controls,
whereas downregulated genes overall showed a proB profile. We found a subpopulation
of KMT2A::AFF1+ cells that clustered together with the more primitive cells and also
expressed Cd24a. By selecting genes upregulated in this population compared to both
the primitive, HSC-like cells they clustered with and to the control preproBs, as well
as genes downregulated compared to the same populations, we extracted a preleukemic
gene signature.

Using publicly available bulk RNA-seq data fromB-ALL patients [240], we could show
that the preleukemic gene set was enriched in KMT2A::AFF1 patients compared to
other subtypes. Analysis of single-cell RNA-seq data from infants with KMT2A::AFF1
ALL [125, 250] further showed that cells positive for the preleukemic signature were
present in patient samples, but not in a healthy BM reference. Thus, the murine model
provided insights into the early stages of leukemogenesis, uncovering transcriptional
changes that were also applicable to human patients.
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Paper IV

A human iPSC model of KMT2A::AFF1 captures the developmental trajectory of
pediatric acute B-cell leukemia

Studies of the earliest steps of leukemic transformation in pediatric ALL of in utero
origin, such as infant KMT2A::AFF1 ALL, are hindered by the lack of model systems
recapitulating human prenatal hematopoiesis. While it has been shown that introduc-
tion of the fusion gene in human fetal HSPCs can generate an aggressive B-lineage
leukemia upon transplantation [136], human fetal tissue is scarce and comes with ethi-
cal concerns. In this study, we present an iPSC-based model of KMT2A::AFF1-driven
ALL.

We first evaluated our culture system’s ability to recapitulate prenatal hematopoiesis.
We differentiated iPSCs to HSPCs and then co-cultured them with MS-5 stromal cells
to allow for B-lineage differentiation. We sampled the cultures at day 0, meaning the
point of harvest of CD34+ cells, and after 7 days of MS-5 co-culture. Mapping our
data onto a reference compiled from pre- and postnatal human hematopoietic datasets
[33, 94], we found that the majority of cells at day 0 mapped to YS, AGM and early
FL populations. Furthermore, the dataset contained cells predicted to be HSPCs, MPPs
and lymphoid progenitor cells, suggesting that populations of relevance to the prenatal
initiation of B-lineage ALL could be generated using this culture system.

To study the effect of the chromosomal translocation on the cells, we used
CRISPR/Cas9 to simultaneously induce double-stranded breaks in the KMT2A and
AFF1 loci. Maintaining the cells in MS-5 co-culture, we observed an increase over
time in output of CD19+ cells compared to control cultures and an increase in proportion
of fusion-carrying cells, indicating that mutated cells gained a proliferative advantage.
Edited cultures also showed higher expression of HOXA9, IRX1 and HMGA2, genes
previously implicated in KMT2Ar leukemia. IRX1 in particular is associated with a
more aggressive subtype of infant KMT2A::AFF1 ALL [126].

Investigating different populations of the edited cultures, we found that the CD133+
(PROM1+) fraction was enriched in the CD34+ compartment. CD133 has been previ-
ously shown to be expressed inKMT2Ar leukemia [127] andKMT2A::AFF1 expression
was highest in this population in our cultures. Purifying CD133+ cells for further cul-
ture showed that cells from edited cultures produced higher proportions of CD133+ cells
compared to controls. These results indicated that the fusion gene conferred increased
self-renewal capacity to this population.

We next performed single-cell RNA-seq on cells from day 7 and day 28 of MS-5 co-
culture. When projecting the data onto a healthy BM reference [125], no major differ-
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ences in cell type distribution were seen at day 7, but by day 28 an increased propor-
tion of HSPC-like and B cell progenitor-like cells were found in the KMT2A::AFF1
cultures. Differential gene expression analysis also revealed upregulation of the stem
cell-associatedHMGA2, as well asHOXB genes, in CD133+ cells, overall indicating an
immature population with fetal-like properties that was maintained over several weeks
of culture.

Finally, we transplanted cells from day 7 of MS-5 co-culture into NSG mice implanted
with humanized ossicles, providing a humanized niche for the cells [251]. While cas9
control cells did not show engraftment, mice transplanted with KMT2A::AFF1-edited
cells succumbed to leukemia within ~5 months. In addition to enlarged spleens, his-
tological examination showed that blasts had infiltrated the brain, a trait characteris-
tic of infant KMT2Ar ALL [252]. In secondary intravenous transplantations, all four
leukemias caused recipients to develop leukemia with shorter latency compared to the
primary transplantations. Single-cell RNA-seq of leukemic cells from the BM of pri-
mary transplant recipients showed that they had very low expression of HOXA9. In-
stead, 3/4 leukemias expressed IRX1, indicating a subtype associated with particularly
poor prognosis [127]. In agreement with the expression of IRX1, when mapped onto
a reference dataset comprised of KMT2Ar infant ALL samples [125, 250], the iPSC-
derived leukemias mainly projected to patients of the IRX1 subtype.

In all, the results in this study establish the iPSC-based KMT2A::AFF1-driven ALL
model as a platform for future investigation of leukemogenesis in a setting recapitulating
the otherwise largely inaccessible early stages of human hematopoietic development.
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Discussion

Properties of the fetal hematopoietic landscape have been implicated in the in utero ori-
gin of pediatric leukemia [100], but many aspects of human prenatal hematopoiesis and
how it differs from that in adulthood are not fully explored. Through the work described
in this thesis, we have addressed outstanding questions regarding both normal devel-
opmental hematopoiesis and leukemic transformation in the prenatal setting. Findings
from these studies will be discussed below.

Using the combined transcriptome and surface marker data in Paper I, we showed that
immunophenotypically defined cell populations are transcriptionally heterogeneous. In
particular, CMP and GMP populations showed high heterogeneity. This is in line with
other studies showing that human phenotypic CD38+ progenitor populations are mostly
comprised of cells with different unilineage priming and potential [14]. We also found
that surface expression of CD10 did not delineate the CLP-like Ly-II cluster in first-
trimester FL, whereas IL7R was highly specific to this population. In agreement with
this, a recent publication proposed that the fetal-specific CD10- early lymphoid progen-
itor population is transcriptionally equivalent to the postnatal CLP [102].

Using a reference mapping approach, we found that when using adult BM data as the
reference, most of the cells defined as HSCs in the FLwere predicted to beMPPs instead
of HSCs. This could be due to transcriptional differences between HSCs at different
developmental stages, such as the fact that early FL HSCs have higher expression of
genes associated with proliferation [33, 94] in comparison to the more quiescent adult
BM [94]. When instead using the CS22 FL as the reference, we identified an MPP
population that was present in FL from multiple stages of development, but nearly ab-
sent in adult BM. While it is possible that transcriptional differences between function-
ally equivalent populations also played a role here, an alternative explanation is that
this cluster represents a fetal-specific, possibly pre-definitive wave progenitors, which
would be in line with the finding that HSC-independent progenitor cells contribute sub-
stantially to FL hematopoiesis during murine development [42]. If a suitable surface
maker combination could be identified, such a population could be of interest in the
context of prenatal leukemia initiation.

By population-wise comparison of the CS22 and adult datasets, we were able to extract
a list of genes that were upregulated in fetal our adult cell types, respectively. Applying
this signature to a dataset covering both fetal and postnatal HSPCs [94], we found that
the fetal signature decreased in the second trimester and was also slightly lower in fetal
BM than FL from the same donor, while the adult-derived signature showed the opposite
trend. The difference between the two niches at the same developmental stage suggests
that the microenvironment may play a role in regulating the expression of these genes.
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In Paper II, we further investigated the differences between fetal and adult HSPCs. Par-
allel single-HSC cultures showed that first-trimester FL HSCs had a higher percentage
of multilineage clones compared to those from adult BM, which were mainly of unilin-
eage myeloid output. We also found that the fetal HSC clones often contained B cells,
in contrast to a previous study where very few B cells were generated by HSC/MPPs
from 7-8 pcw FL [93], possibly due to differences in culture conditions.

At the chromatin level, we found adult BM HSCs to be enriched for myeloid and
megakaryocyte-associated motifs, some of which also appeared to be differentially oc-
cupied by their corresponding TF. In line with this, a postnatal switch to increased
chromatin-level megakaryocyte priming in HSCs has been previously reported in the
murine system, and attributed to downregulation of the fetal-specific RNA-binding pro-
tein LIN28B [253]. Although we did not observe higher output of megakaryocytes
from adult HSCs in vitro, human HSCs have been shown to become myeloid and
megakaryocyte-biased with age [243, 254], and we also found that adult BM HSCs
scored higher than those from FL for platelet bias at the transcriptional level. One
possible explanation for this is that chromatin and transcriptional priming towards the
megakaryocyte lineage emerges relatively early in life, but is not realized in the form
of functional bias until much later.

Jacobsen and Nerlov previously pointed out the lack of transcriptional lymphoid prim-
ing in adult HSCs, proposing that future studies of the single-cell chromatin landscape
might provide information about regulatory networks driving cell fate [7]. However,
despite abundant B cell output in vitro, our analysis did not result in clear evidence of
lymphoid chromatin priming in FL HSCs. One possible explanation is that lymphoid
priming is in fact very low at the HSC stage, both transcriptionally and epigenetically,
and that lymphopoiesis is dependent on a low degree of priming towards other lineages
rather than a high degree of priming towards the lymphoid lineage. Another explanation
is that HSC lymphoid priming is manifested through molecular mechanisms that are not
yet fully elucidated. Further analyses of enhancer elements may provide insights here.

Seemingly contradictory to the high frequency of B-lineage positive HSC-derived
colonies, we found the fetal lymphoid progenitor compartment to exhibit signs of re-
duced PAX5 activity, including the inaccessibility of putative enhancer elements that
were accessible in adult counterparts. Likewise, while the FL contains a lot of ery-
throid cells [93], we did not see clear indications of erythroid priming in the HSCs,
although these cells produced more erythroid colonies than adult HSCs in vitro. These
discrepancies may be explained by the fact that at this stage of development, the liver
contains a mixture of definitive HSCs and pre-definitive wave progenitor cells [19], and
the progenitors profiled in our datasets may stem from HSC-independent waves.

Alongside the reduced PAX5 activity, we found indications of a retainedmyeloid profile
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in the FL lymphoid progenitor populations. While we did not assess if these cells have
higher functional myeloid output than adult counterparts, IL7R+ progenitor populations
with B cell and myeloid potential have been reported early in both murine and human
fetal development [25, 239]. The Ly-II cells in our CS22 FL ATAC-seq dataset are
most likely IL7R+, based on mapping onto the CITE-seq dataset from Paper I (data
not shown). In the mouse, this progenitor was shown to emerge from the YS prior
to definitive HSCs [25]. Although the origin is more difficult to trace in the human
setting, the fact that CD34+IL7R+ cells are present in the FL already at CS17 [239],
very soon after the first HSCs have been proposed to migrate there [33], makes an
HSC-independent origin likely. It is possible, however, that at CS22 this population
also contains HSC-derived progenitors.

Prenatal development constitutes a period duringwhich thewhole hematopoietic system
is established, and at the same time, an apparent vulnerability to certain malignancies.
Despite therapeutic advances over the last few decades, KMT2A::AFF1-driven infant
ALL remains a disease with poor prognosis [116]. Knowledge of the type of cell the
disease originates from and what regulatory programs are active at the time could help
in the development of therapeutic or preventive measures. A fetal B cell differentia-
tion trajectory where myeloid potential is retained for longer could be of interest in the
context of B-ALL of in utero origin, especially considering the lineage plasticity that
KMT2A::AFF1 infant ALL demonstrates in its ability to relapse as a lineage-switched
AML.

We showed in Paper I that when applied to publicly available patient data, our fetal gene
signature was enriched in the youngest KMT2A::AFF1 patients. The hypothesis that a
fetal gene expression program is the result of a fetal cell of origin has been presented
before, as discussed in [255], although postnatal cells can also acquire fetal-like gene
expression through oncofetal reprogramming upon mutation [256]. The fact that gene
expression in overt leukemia cannot be assumed to directly correspond to the state of the
cell of origin necessitates the use of model systems where the effect of the introduction
of a leukemic driver mutation can be studied.

It has proven difficult to model KMT2A::AFF1 ALL in murine models, with most at-
tempts failing to generate pro-B ALL. In the model we presented in Paper III, mice also
did not develop overt leukemia, but a preleukemic preproB state displaying enhanced
self-renewal and aberrant lineage plasticity, emerged when fusion gene expression was
induced prenatally. This stage was absent when inducing expression postnatally, sug-
gesting that a fetal HSPC state is required for transformation. In line with this, hu-
man CB and FL HSPCs have been shown to be more susceptible to transformation by
KMT2A::AFF1 and NUP98::NSD1 than adult BM cells [140, 257], although neither of
these studies investigated B-ALL. Additionally, niche age has been previously shown
to play a role in other KMT2Ar acute leukemias, as a study showed that transplantation
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into neonatal mice resulted in mixedmyeloid and B-lineage leukemia, whereas the adult
niche primarily promoted myeloid leukemia [258]. Together, these findings, along with
our findings in Paper III, provide compelling arguments for studying the fusion gene in
the developmental context where it occurs in infants with this disease.

Moreover, induction of the fusion gene at more lineage-committed progenitor stages
did not result in a preleukemic phenotype, suggesting that even if the cell ultimately
transforming into overt leukemia is a lymphoid progenitor, upstream events driven by
the fusion protein may be required for this to occur. One reason for this could be that the
KMT2A::AFF1 requires access to certain target genes that are more active in primitive
HSPCs, such as Hox genes and Hmga2 [245, 259] to initiate a leukemogenic program.

Finally, the iPSC-derivedmodel of leukemia initiation presented in Paper IV has several
advantages over other methods. Compared to animal models, the model provides a
promising avenue for investigation of the cell of origin, as populations of interest can
be purified before or after genomic editing to assess the effect of the fusion gene on
specific cell types. As opposed to CD34+ human FL cells, which have also successfully
been edited using CRISPR/Cas9 to induce KMT2A::AFF1-driven B-ALL [136], iPSCs
can be maintained in culture and expanded near-indefinitely and do not bring the same
ethical challenges. Importantly, we demonstrated that most HSPCs derived from our
culture system were transcriptionally similar to cells from early in the first trimester,
where primary cells are nearly inaccessible to these types of perturbations due to their
scarcity. On the other hand, this system does not recapitulate the prenatal niche that the
murine model from Paper III provides.

Compared to, e.g. a retroviral transduction, the introduction of the fusion gene through
simultaneous double-stranded breaks in both loci followed by spontaneous rearrange-
ment has the advantage of better replicating the occurrence in the patient, resulting in
the loss of one copy of the wild-type KMT2A gene and placing the fusion gene under
the control of the endogenous KMT2A promoter. However, this also means that there is
no marker through which successfully edited cells can be enriched. While we showed
in Paper IV that the CD133+ compartment is enriched for the fusion gene, this popu-
lation also exists in non-edited cultures, and CD133 can therefore not be considered a
marker specific to fusion-positive cells. Therefore, the model relies on cells carrying
the translocation out-competing the non-edited cells in culture.

We found that CD133+ cells from edited cultures showed increased expression of stem-
and fetal-associated genes compared to primitive control cells, even after several weeks
ofMS-5 co-culture. This indicates that aspects of an early leukemic program are evident
in vitro, which is important, as the early stages of transformation are difficult to study
in an in vivo setting. In future studies, this model system may therefore provide new
insights into early events during leukemogenesis.
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All four mice transplanted with cells from KMT2A::AFF1 edited cultures developed
CD19+CD10- ALL, but showed variable surface expression of CD34, CD133 and IL7R.
Furthermore, not all mice had clear expression of IRX1. The cells transplanted came
from separate cuvettes of nucleofected cells, but all cells were from the same pool of
CD34+ iPSC-derived HSPCs. This suggests some degree of stochasticity in the trans-
formation event, where highly similar target cells can result in leukemias with a different
molecular profile. Further investigation may determine the details of this.

In all, these works have led to new insights regarding the composition, priming and
plasticity of the progenitor compartment in human hematopoietic development, as well
as leukemogenic transformation. The new datasets and model systems presented here
have the potential to contribute to future investigations of both normal and malignant
hematopoiesis.
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Future perspectives

At the moment, our understanding of and ability to manipulate hematopoiesis are de-
veloping rapidly through advances in single-cell omics, lineage tracing and in vitro
generation of human HSCs.

The single-cell datasets generated from human fetal liver in Papers I and II allowed
for a detailed dissection of the molecular properties of the early HSPC compartment,
but the chromatin accessibility data was nevertheless produced from different cells, and
different donors, than the transcriptome and surface marker data. As technologies ad-
vance towards lower cost and higher quality data, single-cell multiomic assays covering
both transcriptome and chromatin accessibility will likely become standard procedure,
allowing for more accurate inference of, e.g., gene regulatory networks through com-
bined analysis of gene expression and accessibility of transcription factor binding sites
in the same cell [244]. Already, assays such as DOGMA-seq, which allows for simulta-
neous profiling of RNA expression, chromatin accessibility and surface marker proteins
in single cells, have been presented [260].

Though we found indications that certain cell populations in our datasets were derived
from pre-definitive hematopoietic waves, we were not able to prove that. In the future,
joint profiling of transcriptome or chromatin accessibility and, e.g., mitochondrial DNA
[261] or epigenetic mutations [262] may be able to resolve relationships between and
within different populations in the early fetal liver.

Finally, advances in in vitro culture of induced pluripotent stem cells have led to systems
modeling different waves of extra- and intraembryonic human hematopoiesis [226],
while bone marrow organoids strive to emulate the bone marrow niche [154]. These
hold potential for dissection of the leukemogenic process with unprecedented levels of
insight and control, which will likely lead to more accurate and precise modeling of
disease initiation and development of therapeutic interventions.

In all, recent findings provide many promising avenues to pursue and, hopefully, even-
tually, a brighter outlook for the patients and their families suffering from a vicious
disease.
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