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Popular science summary of the thesis

The blood system is one of the largest systems in the human body and is
responsible for various functions such as oxygen transport and immune defense.
To ensure the maintenance of the blood system, the cells are continuously
sustained by an extremely rare stem cell (SC) population. These cells have two
defining properties. First, their ability to divide and produce more of themselves,

and second, their ability to give rise to all other cells in the blood system.

Many different types of SCs exist in our body, and within the same kind of SCs,
there are various subpopulations. The blood SC population is one of the SC types
that have different subpopulations, each producing a preferred type of blood cell.
However, even though different blood SCs with various functions have been
observed, the reason for such functional differences remains unclear. Blood stem
cell functions can only be tested using transplantation assays. To make things
more challenging, there are currently no effective methods to identify different
blood SCs due to the lack of standardized SC cell surface marker definition. This
limitation therefore makes it very difficult to study the mechanisms causing blood

SCs to perform different functions, representing a major challenge in the field.

To understand the underlying mechanisms of functionally different SCs in the
blood SC pool, it is first necessary to identify cell surface markers that can reliably
separate the different SCs. In study |, CD49b has been identified as a cell surface
marker that can further separate the conventional blood SC pool into a CD49b*
subpopulation that enriched for SCs that prefer to produce lymphoid cells, and a
CD49b~ subpopulation that enriched for SCs that prefer to produce myeloid cells.
In addition to differences in their preference to divide to a specific cell lineage,
these two subpopulations also showed differences in their DNA accessibility. This
led us to hypothesize that the observed differences in DNA accessibility prepare
blood SCs to produce their preferred cell types. Although CD49b is a useful
marker for enriching different blood SCs, each of the CD49b population still
contains other cells. Therefore, in the follow-up study I, CD229 was included as
an additional cell surface marker. This allowed for the identification and exclusion
of a non-functional SC population, thereby further purifying the SC pool.

Beyond understanding the underlying processes that resulted in functionally
different SCs, earlier reports have shown that the blood SC pool expands with age,
with an increase in the number of SCs that favor myeloid cell production. However,

the cause for this aging phenomenon remains unresolved. As differences between



functionally distinct blood SCs become more prominent with age, we performed
molecular analyses to investigate this potential underlying cause. Similar to the
findings in study |, we observed distinct DNA accessibility differences between
functionally different blood SCs, in addition to aging differences. Furthermore, it is
likely that the same protein is responsible for regulating these differences. This
suggested that different blood SCs can be distinguished by their DNA
accessibility.

In summary, studies I-lll have identified reliable cell surface markers that can
separate functionally distinct blood SCs. We also demonstrated that differences
in chromatin accessibility might be responsible for both blood SC aging and their
preference to make different cells.



Abstract

Stem cells are necessary for generating all cells in the body and are defined by
two unique properties. First, their multilineage differentiation potential and

second, their self-renewal ability.

The hematopoietic stem cells (HSCs) are a rare population of cells that generate
all blood cells in the human body and sit at the top of the hematopoietic hierarchy.
However, the exact underlying molecular mechanisms that regulate their behavior
remain partially obscure, which is a crucial part to elucidating HSC behavior.
Previously, it was thought that the HSC population was homogeneous and
generated all blood cells without any preference. However, this was disproved by
various subsequent studies showing the presence of functionally different HSCs
in the HSC pool. This included myeloid-biased (M-bi) HSCs, lymphoid-biased (L-
bi) HSCs, and platelet-biased HSCs which show specific lineage differentiation
preferences; as well as HSCs with a balanced output. Currently, the molecular
mechanisms differentiating lineage-biased HSCs are unclear because they could
not be prospectively isolated since the exact immunophenotypic definition of
lineage-biased HSCs is not well characterized. As HSCs cannot be characterized
based on cell surface markers, transplantation assays have to be done to confirm
their long-term (LT) self-renewal and multilineage capability; highlighting the need

to identify and understand the factors that discriminate them.

Study | showed that CD49b is a reliable marker to further separate the
conventional LT-HSC population into subpopulations that enrich for either the
CD49b~ M-bi or the CD49b* L-bi HSCs. The two CD49b HSC populations differ in
their chromatin accessibility even though gene expression comparisons showed
no differences. This suggested that different HSCs are already primed to a
preferred blood lineage before differentiation. The enrichment of lineage-biased
HSCs in both CD49b populations demonstrated the usefulness of adding cell

surface markers, though both CD49b subsets remain heterogeneous.

Since residual heterogeneity in the HSC pool was observed in both CD49b subsets
from study |, we attempted to further purify the functional LT-HSC population by
including CD229 as a cell surface marker in study Il. A multipotent progenitor
(MPP) population was identified when both CD49b and CD229 were used in
combination to subfractionate the LT-HSC pool. This showed that the addition of
CD229 can help further purify the heterogeneous HSC population by eliminating
the MPPs from the conventional LT-HSC population.



Additional challenges in HSC studies, on top of a heterogeneous HSC population,
is the reduction in hematopoietic system function with age, which leads to an
overall decrease in HSC fitness and a higher chance of developing hematopoietic
malignancies. One of the characteristics of an aging hematopoietic system is the
increase in M-bi HSCs and a decrease in L-bi HSCs, but the underlying cause for
such a shift in the HSC pool remains unclear.

Therefore, to identify key regulators in directing HSC lineage bias and changes in
HSCs with age, we studied the aging of CD49b HSC subpopulations in study .
From the in vivo studies, it was found that with age, both CD49b HSC subsets
become more myeloid-biased. From the molecular studies, it was found that
chromatin accessibility increases with age, that the additional accessibility gained
in old age was de novo, and this gain of chromatin accessibility progresses through
the adult age. Furthermore, it was suggested that the same transcriptional factor

might be regulating both HSC aging and lineage bias.

Taken together, studies I-lll have shown that by adding cell surface markers in HSC
selection, the HSC pool can be further purified and HSC subsets enriching for
different lineage biases can be identified. Even though the subsets cannot be
distinguished on the transcriptomic level, they show chromatin accessibility
differences. In addition, we have found a potential transcription factor that is
responsible for both HSC aging and lineage bias. These studies, taken together,
not only help the field in understanding more about HSCs, but also provide the

basis for future translational studies and therapeutic research.
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Introduction

The hematopoietic system is one of the largest systems in the human body. It is
responsible for essential physiological processes such as oxygen transport and
immune defenses. A population of rare hematopoietic stem cells (HSCs) was
discovered in the early 1960s by McCulloch and Till. Since then, there has been a
continuous interest in HSCs and their underlying regulatory mechanisms.
Hematopoietic stem cells possess the unique multilineage differentiation
potential and the ability to self-renew. However, it was unclear how they are being
regulated. In addition, subsequent studies have shown that the HSC population
comprises of functionally different HSCs. However, there is currently no
standardized immunophenotype to prospectively isolate functional LT-HSCs. This
makes mechanistic studies challenging, and further confounded by the presence
of functionally different lineage-biased HSCs in the stem cell pool. As a
consequence, what is known from current studies on HSC mechanisms is a
summation of all the different cells in the HSC pool, rather than targeted studies
on distinct HSC populations.

Furthermore, the HSC population changes with age, including an expansion of the
HSC pool, along with an increase in myelopoiesis. This highlights the importance
of understanding the underlying differences between lineage-biased HSCs in

order to begin to unravel the cause for such differences.

The studies carried out in this thesis aimed to address current challenges in the
field by elucidating the underlying mechanisms governing functional differences
between lineage-biased HSCs, and how they change with age. To achieve that,
reliable cell surface markers that can further purify functional LT-HSCs and
identify functionally distinct HSCs have been identified in studies I-II; while study
Il followed up on how lineage-biased HSCs functionally and molecularly change
with age. These studies would provide new information to future studies on
lineage-biased HSCs and are clinically relevant for treating different leukemias and
HSC malignancies.

To summarize, studies I-lll addressed the challenges currently being faced by the
field and this thesis will include discussions on how they fit into the larger context.
These studies will also be evaluated from both the technical and conceptual
perspectives, in addition to discussing them in the future perspectives.






1 Background

1.1 The hematopoietic system

The hematopoietic system is responsible for all the blood cells in an individual. It
is well characterized that the hematopoietic stem cells (HSCs), which reside at the
apex of the hematopoietic hierarchy, differentiate and give rise to all downstream

progenitor and mature cells with continuous replenishment to the hematopoietic
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Figure 1. A simplified hematopoietic hierarchy. Image created with Biorender.

The classical model of the hematopoietic hierarchy recognizes that the HSCs
differentiate into the common myeloid progenitors (CMPs) and the common
lymphoid progenitors (CLPs)2. The CMPs give rise to megakaryocytes and their
progeny, platelets, that are involved in blood clotting or coagulation®. CMPs also
give rise to erythrocytes that deliver oxygen and scavenge for nitric oxide®®.
Additionally, CMPs give rise to mast cells that are involved in innate and adaptive
immunity responses, allergies, and asthma’; as well as granulocytes, monocytes,
and macrophages involved in response to tissue damages and infections®. The
CLPs give rise to the natural killer (NK) cells involved in infections and tumor
formation response®. Moreover, CLPs give rise to T cells for immune response and

B cells for antibody production®". Dendritic cells are also part of the



hematopoietic system and are involved in the innate immune response by

presenting antigens to lymphocytes®.

As more insights are shed from ensuing studies, the hematopoietic hierarchy is
constantly being revised. Differentiation from HSCs to terminally differentiated
mature blood cells goes through multipotent, oligopotent, and unipotent
progenitors with progressively restricted lineage fates and reduced self-renewal
ability. In the most primitive pool of cells in the hierarchical tree, cells can be
grouped as long-term (LT), intermediate-term, and short-term (ST) HSCs based
on their ability to self-renew™ . They are followed by multipotent progenitors
(MPPs), granulocyte-monocyte progenitors (GMPs), CLPs, and lymphoid-primed
multipotent progenitors (LMPPs)"®". In the latest model, ST-HSCs are termed MPP],
which retain their multipotency but have reduced self-renewal ability. MPP2
shows a differentiation bias towards the myeloid, erythrocyte, and platelet
lineages. MPP3 differentiates preferentially to the granulocytes and monocytes.
MPP4, also called the LMPPs, are lymphoid primed but can give rise to myeloid and
lymphoid cells equally well®® MPPs 5 and 6, which were identified recently, lie
between MPP1 and MPPs 2-4. MPP5 is suggested to be an HSC reserve that is
activated in emergency hematopoiesis, and showed LT lymphoid lineage
reconstitution, therefore is more potent than MPPs 2-4 but less than MPP1. MPP6
are ST-HSCs that are hierarchically above MPP5 and exhibit multilineage
differentiation potential®. However, no long-term in vivo analyses or serial
transplantation studies were done with MPPs 5 and 6, therefore, their exact
functions remain to be characterized. Regardless, with new studies revealing
insights into the hematopoietic system, the model is constantly refined to help
understand the intricacy of the hematopoietic tree.

1.2 Hematopoietic stem cells

The ability of the hematopoietic system to be self-replenishable was first
observed when transplantation of adult bone marrow (BM) into lethally irradiated
mice rescued the hematopoietic system by Jacobson and colleagues in 1951%.
Subsequent limiting dilution assays attempting to identify the minimum number
of BM cells required to repopulate the hematopoietic system have revealed a rare
population of cells that is responsible for maintaining the BM in the mouse,

implying the presence of HSCs'.

Hematopoietic stem cells are a population of rare adult SCs (0,005% - 0,01% of
all nucleated BM cells) that can self-renew and have multilineage differentiation



potential, thereby giving rise to all cell types in the hematopoietic system?. With
the establishment of the hematopoietic hierarchy model, pursuits to identify and
understand the rare HSC population that sits on the top of the tree have been
underway. Currently, transplantation is the only way to functionally distinguish
HSCs in vivo, where transplanted cells are determined based on their self-renewal
ability and multilineage potential. Therefore, all studies in the field are
retrospective as current available HSC markers can only enrich for functional
HSCs, and they yet have a definitive immunophenotype.

121  Strategies to identify HSCs

To discern the different cell types in the hematopoietic system, fluorescence-
activated cell sorting (FACS) is used to detect diverse cluster of differentiation
(CD) molecules present on the surface of hematopoietic cells. Nakauchi's group
demonstrated that negative CD34 expression can reliably further enrich for the
HSC population in the mouse after selecting for the Lineage™ Sca-1* c-kit* (LSK)
population?. Similarly, Thy-1.1 was proposed to be useful in distinguishing HSCs
and progenitors?. Flt3 was later found to be capable of further separating HSC

and progenitors based on FIt3 expression level?*°.

Non-cell surface marker identifications of HSCs have also been employed to
distinguish HSCs using dyes marking intracellular activity. Hoechst staining was
used to identify a rare side population (SP) that has low Hoechst fluorescence.
The SP cells constitute 0.1% of the total BM population and are enriched for
multilineage HSCs in transplantation experiments?®?%. Similarly, the use of
rhodamine-123, assessing mitochondria activity, was used to identify HSCs which

are low on rhodamine but with multilineage potential®.

However, it was the identification of SLAM family receptor markers (CD150, CD48)
that helped the field make a significant step to further purify the HSC population,
where HSCs and MPPs can be separated using SLAM marker expression levels?93°,
Since then, the field has widely adopted the definition of LSK CD48- CD34- CD150*
for HSCs3?. Despite so, these markers still cannot isolate functional HSCs to
absolute purity, because not all transplanted cells are able to repopulate the
hematopoietic system in recipient mice32 The current marker combinations can

only enrich the HSC population for up to 40-50% purity®.



1.2.2 Heterogeneity within the HSC pool

In addition to the HSC pool being heterogeneous, the Muller-Sieburg group has
found that when carrying out whole BM bulk cell transplantation experiments,
there are HSC subpopulations with a skewed myeloid to lymphoid cell output in
their reconstitution patterns. Secondary transplantation experiments further
showed that the reconstitution patterns persist, suggesting that HSC lineage bias
is predetermined and stable through life*. More recent evidence has indicated
that HSC lineage predetermination happens already during developmental
hematopoiesis®*-%. With the adoption of SLAM markers in identifying the HSC
population, the Nakauchi group has found that, by performing transplantation
studies, CD150 expression levels can further distinguish HSCs of different self-
renewal ability and lineage differentiation. HSCs with CD150M"s" (CD150")
expression showed the most long-term self-renewal ability, as well as a
preference towards myeloid cells. HSCs with CD150™ expression showed a
balanced lineage, while HSCs with CD150" expression showed the lowest self-
renewal ability and a preference for lymphoid cells. These lineage bias patterns
continue during serial transplantation, further supporting earlier reports of the

persistence of HSC lineage bias™®.

The Goodell group has further found that within the SP cells, low SP are more
myeloid biased (M-bi) and high SP cells are more lymphoid biased (L-bi)*®. The
Eaves group has combined rhodamine dye and lineage™ cell surface markers to
further enrich for HSCs in the SP. From their serial transplantation studies, they
have categorized the HSC population into 4 subpopulations: a-, -, y-, and &-
cells. a- and B-cells showed robust self-renewal ability where a-cells showed the
most M-bi lineage output and B-cells showed a balanced lineage output. Both y-
and d-cells are mainly lymphoid-restricted cells with the least self-renewal
ability®54°, Myeloid-biased HSCs showed more long-term reconstituting abilities
than L-bi HSCs and exhibited LT-HSC characteristics. Lymphoid-biased HSCs are
more associated with ST-HSCs with reduced self-renewal ability'3¢. More
recently, platelet-biased HSCs have also been identified, further showing the
heterogeneity within the HSC pool*. Moreover, the Li group has identified 2
different populations of HSCs, LT reserve HSCs (rHSCs), and primed HSCs (pHSCs)
that are transient cells between LT rHSCs and ST-HSCs*2 They showed that during
chemotherapy and irradiation, the pHSCs were abolished. However, the rHSCs
persisted and repopulated and regenerated the HSC population in the

hematopoietic system post-irradiation*2.



As new insights are being shed with more HSC studies, it is evident that HSC
heterogeneity is a complex topic that needs to be resolved to study lineage-
biased HSC functions. As prospective isolation of a purified lineage-biased HSC
pool is currently not possible, there are continuous efforts to better separate the
HSC pool and define lineage-biased HSCs based on cell surface markers such as
CD#61, CD229, and CD49b304344,

1.3 Hematopoiesis

Native hematopoiesis, also termed steady state hematopoiesis, is how HSCs
behave in vivo without any external perturbation. Steady state hematopoiesis
studies are challenging due to difficulties in identifying HSCs in situ and monitoring
them through differentiation. Therefore, the gold standard of studying HSC
function is through transplantation assays to assess for HSC self-renewal and
regenerative abilities, as well as their homing ability. Though transplantation is the
most conventional method, it might not faithfully represent what happens in
steady state hematopoiesis. Firstly, because HSCs are no longer in their quiescent
state and are driven to divide and differentiate. Secondly, the HSCs no longer
reside in a homeostatic environment as they are being transplanted into irradiated
recipients that are ablated of niche cells important for homing and cell-cell
communication. Thirdly, in transplantation experiments, a limited number of HSCs
are put under stress to regenerate the hematopoietic system. This is unlike an
unperturbed setting, where there is a larger pool of HSCs maintaining
hematopoietic homeostasis.

To study native hematopoiesis, several tools have been developed to circumvent
perturbing HSCs from their quiescent state. In situ labeling, fate-mapping,
transposon tagging, and genetic barcoding have been employed to follow HSC
differentiation over time by utilizing Cre recombinase activities that are active
under cell specific promoters*5-%°, Using these tools, some argued that the HSCs
are largely not involved in native hematopoiesis, but rather, homeostasis of the
hematopoietic system is maintained by MPPs%%2 However, others have shown
that there is a robust contribution from the HSCs during native hematopoiesis®.
These conflicting results might have occurred because first, HSC labeling
efficiency is not absolute, which might not be reflective of the whole HSC pool.
Second, labeling of the cells will be different depending on the specificity and
strength of different Cre activities.



Using both Fit3—Cre and von Willebrand factor (vWF)-eGFP reporter have been
successful in the identification of platelet-restricted HSCs in the Jacobsen
group®®s. However, there remains room for further optimization to examine
lineage-biased HSCs in hematopoiesis®®. With the contribution of HSCs during
native hematopoiesis from lineage tracing and fate mapping studies still under
discussion, transplantation is still the most used method to prospectively study

HSCs and their progenitors in hematopoiesis.

1.3.1 Fetalliver transition to adult HSC

Before HSCs obtain their characteristic quiescent nature, they undergo dynamic
changes in their cellular activities from development to the adult stage. Studies
done by the Eaves group have demonstrated that mice up to 3 weeks post birth
showed active HSC cycling but the cells then become quiescent within a week®78,
This period of drastic change in HSC activity has been termed the HSC fetal liver
(FL)-to-adult transition. Not only is there a change in cell cycling activities, but
there are also differences between FL HSCs and adult BM HSCs in their
engraftment ability®®. This indicated that HSCs undergo major intrinsic reforms
from the embryonic to the FL state, and eventually remain quiescent starting from
adult to aged HSCs®.

1.3.2 Aging hematopoiesis

Hematopoiesis alters in response to changes in microenvironment and the
physiology of an individual. Consequences of an aging hematopoietic system
include anemia and dysregulated immune system®. Hematopoietic stem cell
number increases with age, but HSCs become more quiescent, divide less, and
proliferate less®®. Old HSCs also show functional defects including reduced
engraftment and self-renewal ability®. It has been suggested that the increase in
HSC number is to compensate for the reduced stem cell function and to maintain
the overall homeostasis of the hematopoietic system?®.

The increase in HSC number observed with age is mostly due to an increased
number of M-bi HSCs, leading to increased myelopoiesis®. The myeloid-skewed
phenomenon makes an individual more susceptible to clonal hematopoiesis
(CHIP) where HSCs gain mutations that give them a selective advantage. This is
also observed clinically where older individuals with CHIP are more predisposed

to myeloid malignancies®”.



In addition to increased M-bi HSCs in the HSC pool, there is decreased
lymphopoiesis with age. Both extrinsic and intrinsic mechanisms have been
suggested to influence aging. For studies on the role of extrinsic factors in HSC
aging, it was proposed that L-bi HSCs do not show a decreased lymphoid
differentiation potential with age, and both young and aged HSCs showed similar
lymphoid differentiation capabilities. Some found that the proportion of L-bi HSCs
does not decrease and factors such as niche microenvironment, cytokine
signaling, cell-cell communication, and inflammation are responsible for the

reduced lymphoid output in the hematopoietic system with age®®°.

Intrinsic factors such as elevated reactive oxygen species levels, increased DNA
damage, increased mitochondrial activity, and dysregulated autophagic activity,
mark the aging phenotypes within an HSC?7°-72, Molecularly, transcription factor
(TF) PU.1 activity has been proposed to be high in young HSCs and kept low in old
HSCs via epigenetic regulation”. Likewise, the downstream TGF-B signaling
pathway, involved in hematopoiesis, has been reported to be downregulated in
aged HSCs, with a concomitant reduction in Egrl TF expression’. It was also found
that during aging, a set of lymphoid genes is downregulated while a set of myeloid
genes is upregulated in aged HSCs’®. Furthermore, data from single cell RNA-
sequencing have shown that changes in cell proliferation and cell cycle were found
to be intrinsically altered with age’s’¢. Currently, there are efforts to collate a library
of aging signature genes by comparing transcriptomic analyses across different

studies”’.

Despite the known increase in myelopoiesis with age from aging studies on the
composite HSC population, heterogeneity within the HSC pool has not been
extensively addressed in the context of aging since it is not possible to segregate

lineage-biased HSCs.

1.4 Molecular regulation of the HSC

141 Gene expression and epigenetic mechanisms

Despite exhibiting a lineage-biased behavior in vivo, HSCs are still capable of
giving rise to all lineages when cultured in vitro®. This suggests that the intrinsic
primed lineage-biased HSCs retain their multilineage plasticity and can change
their behavior when need be’®. Molecularly, this strongly implies that epigenetic
regulation is at play in HSC lineage bias due to the flexible differentiation ability of
lineage-biased HSCs’. However, with the immunophenotype of lineage-biased

HSCs yet to be fully characterized and transplantation being the only way to
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assess HSC lineage bias, molecular mechanisms underlying differences among

HSCs in their lineage differentiation preference are still poorly understood.

Epigenetic regulation is the regulation of the chromatin landscape by histone
protein modification, DNA methylation, or chromatin remodeling that causes
reversible changes in gene expression without altering the DNA sequence®.
Transcription factor accessibility to transcription start sites and subsequent
downstream gene expression are dependent on DNA methylation state and how

tightly the DNA is wound to the histone proteins®.

Epigenetic regulation is a proposed molecular mechanism in HSC lineage bias®2
However, as the immunophenotypes of lineage-biased HSCs are still to be
defined, studies nowadays are correlative because of two main reasons. First, due
to the lack of prospective markers for lineage-biased HSC, it is not possible to
know whether the studied cell is a lineage-biased HSC until transplantation has
been carried out. Second, the same cell that is used in functional assays is not the
same cell that is being used in molecular analysis. Despite so, chromatin
remodeling protein SATB1 has been identified to be involved in priming the HSCs
towards the lymphoid lineage as SATBI*HSCs have a strong preference to produce
the B cell lineage®. Sirtuin 1, SIRT], is an NAD-dependent deacetylase and another
epigenetic regulator in HSC lineage bias which was found to lead to increased
myelopoiesis when lost, with an acquisition of an aging phenotype®:. Reduced PU.1
expression was suggested to lead to a decrease in B lymphocyte development
and have positive feedback with cell cycle states®. However, the direct cause-
effect relationship of how epigenetic regulators influence HSC lineage bias

remains postulative.

Looking back at the very first attempt to understand the underlying processes in
HSCs using single cell polymerase chain reaction (PCR), current technologies have
allowed us to use more sophisticated approaches to address the question®®. By
performing the assay for transposase-accessible chromatin using sequencing
(ATAC-seq) and single cell RNA-seq (scRNA-seq) methods, a few groups have
shown that lineage bias could be assessed by the chromatin accessibility state
exhibited by different lineage-biased HSCs*#®. Scadden and colleagues have
aimed to directly address the question by following labeled cells in situ and assess
their self-renewal and regenerative potentials long-term, before performing

genomic profiling to ensure that the molecular characterization done on the cells



can be compared to their in vivo function®. This method provides a possibility for

both functional and molecular characterization to be done on the same HSC clone.

Therefore, understanding the role that epigenetic regulation plays in influencing
downstream gene expression and signaling pathways is crucial in identifying key
regulators in these processes. It will also serve as a good platform for the initial

steps in paralleling murine and human physiology for future translational studies.

1.4.2 HSC niche and cell signaling

Aside from HSC intrinsic processes and regulation, the HSC niche in the BM also
plays a significant role in HSC cell-cell communication and signaling. The HSC
niche is a specialized hypoxic microenvironment where HSCs reside®. It is made
up of various cells including stromal cells, blood vessels, neural cells, and the
extracellular matrix*?°°®. Furthermore, it was suggested that the LT rHSCs are
localized in the endosteal region of the bone marrow and maintained by N-
cadherin expressing cells, while the pHSCs reside in the perivascular region®2°2,
The crosstalk between the various cell types in the niche is essential to
maintaining HSCs function and their downstream progeny®. Several signaling
pathways have been shown to be crucial in HSC maintenance and function,
including the Notch, Wnt, hedgehog, and TGF-B signaling pathways®.
Disruptions in signaling between the niche and the HSCs have been shown to

impact HSC function and were associated with leukemia® 8,

1.5 Human lineage-biased HSCs and disease association

With lineage-biased HSCs also implicated in the human HSC pool®®°, similar
attempts to purify the HSC population to resolve their functional heterogeneity
have been ongoing. However, it is more challenging than the mouse model due to
less well-defined and undercharacterized human HSC immunophenotypes, as well
as species-to-species variation in genetics®2 This hinders progress in studying
lineage-biased HSCs in human, and the underlying molecular mechanisms of
human HSC lineage bias. Despite so, there are evolutionarily conserved behaviors
between mouse and human in that the HSC pool showed reduced lymphopoiesis,

increased bone marrow cellularity, and a higher risk of myeloid malignancies with
age100,103—105.

With declining HSC self-renewal and regenerative ability, and an increase in the
frequency of M-bi HSCs, coupled with higher incidence of CHIP in aged individuals,
there are still yet studies directing a relationship between HSC lineage bias and



disease development®. Given the presence of lineage-biased HSCs, the
phenotypes of different hematopoietic malignancies may be due to a difference
in cellular origin. For example, it has been suggested that platelet-biased HSCs are
the target HSC in JAKY®"F myeloproliferative neoplasms'®. Understanding the cell
of origin in hematologic diseases may provide opportunities to explore lineage-
biased HSCs for gene therapy'’.

Therefore, to begin to understand the role of lineage-biased HSCs in malignancies,
it is necessary to characterize them in order to understand the cell of origin for
disease development. Currently, disease treatments targeting epigenetic
regulators in HSCs have yet to consider lineage-biased HSC of origin for disease
development™©®°® Therefore, more extensive epigenetic profiling of mouse
lineage-biased HSCs will provide insight into their underlying mechanism, while
profiling the human lineage-biased HSCs will give a comprehensive overview of

the connections between HSC lineage bias and disease development.



2 Research aims

The overall research aim of the thesis is to evaluate cell surface markers in their
efficiency to prospectively identify lineage-biased HSC in the heterogeneous LT-
HSC pool, as well as to understand the cellular and molecular differences between
the different populations. Further, the thesis aims to investigate how aging
influences functional and molecular changes of lineage-biased HSCs. The specific

aims for the individual studies are:

Study | — To evaluate CD49b as a marker to further subfractionate the LT-HSC
population, and characterize underlying molecular mechanisms of functionally
different HSC subsets.

Study Il — To explore the use of CD49b and CD229 as a marker combination to
further purify the HSC population.

Study lll - To investigate functional and molecular changes in lineage-biased

HSCs during aging.






3 Materials and methods

Detailed experimental procedures and materials specific to individual studies can
be found in respective publications.

3.1 Ethical considerations

Approval by the regional ethical committee, Linképing ethical committee in
Sweden, was obtained prior to any mouse work. All studies were carried out under
the ethical permit Dnr 882 (2017/06/01 — 2022/06/01). Study Il was additionally
carried out under Dnr 02250-2022 (2022/03/03 — 2027/03/03).

All personnel had to have the required certification in laboratory animal science
before being allowed to do any animal work by law. For study-specific procedures,
new members were trained and assessed by experienced group members before
being allowed to perform procedures independently in the animal facility.

Because in vitro experiments cannot fully recapitulate the in vivo 3D structure and
cell-cell communication and signaling, the majority of the assays were carried out
using mice. Furthermore, transplantation is the only method to assess for

functional HSCs, leaving any substitutions unfeasible.

However, protocol optimization discussions were carried out continuously so a
minimal number of mice to achieve statistically reliable data were included for
each experiment to follow the 3Rs (replace, reduce, refine). The number of mice
used was reduced by combining experiments whenever applicable and mice
breeding was also planned strategically to prevent an unnecessary excessive

number of animals.

To comply with the animal welfare guidelines, 2-5 animals were housed in the
same cage and single housed animals were avoided as much as possible. Animal
well-being was assessed according to the Karolinska Institutet Veterinary
guidelines and plan.

3.2 Mouse models

Since transplantation is the only method to assess HSC function, it is crucial to
distinguish between donor and recipient cells during the assessment of these
experiments. Therefore, either the C57BL/6J or the Gatal-eGFP (CD45.2) mouse
strain was used as donors, and the B6.SJL-Ptprc®Pepc?/BoyJ (CD45.1) mouse

strain was used as recipients. The Gatal-eGFP mouse strain is advantageous as it



allows the detection of donor platelets and erythrocytes, which would otherwise
be unmeasurable with the regular CD45.1/2 congenic mouse models. Mice were
obtained either from the internal breeding of the animal facility or bought from the

Jackson Laboratory and Charles River.

3.3 Isolation and preparation of hematopoietic cells

FACS buffer (Dulbecco’s phosphate buffered saline + 2-5% fetal bovine serum +
2mM Ethylenediaminetetraacetic acid (EDTA)) was used to process the samples.

To assess the donor reconstitution and myeloid activity, tail vein bleeding was
performed on recipient mice during routine peripheral blood (PB) analysis. Either
heparin-coated or EDTA-coated collection tubes were used for PB collection to
prevent blood clots. The platelet fraction was first separated from the leukocyte
fraction using centrifugal spinning. Following platelet isolation, samples were
diluted in 2% FACS buffer, mixed with 2% dextran, and incubated at 37°C to allow
the separation of erythrocytes and leukocytes. The leukocyte fraction was further

treated with ammonium chloride (NH4CI) to lyse residual erythrocytes.

To assess donor myeloid and HSC reconstitution, hind- and forelimbs were
isolated and crushed into single cell suspensions using a pestle and mortar in
terminal BM analysis. The single cell suspension was then passed through a 70pm
filter. Unfractionated BM was counted using the XP-300-Hematology Analyzer. To
enrich for the HSC population, CD117 (c-kit) MicroBeads enrichment was carried
out and c-kit expressing cells were selected using immunomagnetic separation
prior to antibody staining.

All samples (except platelet samples) were Fc-receptor blocked with either
purified CD16/32 or fluorophore conjugated CD16/32, for at least 10 minutes.
Following Fc-block, cells were stained with a mixture of fluorophore-conjugated
monoclonal antibodies against cell surface marker antigens for 15 minutes at 4°C,
in the dark. Bone marrow samples were filtered through a 50um filter prior to

sample run to prevent clogging during analyses.

3.4 Flow cytometry and cell sorting

Samples were analyzed on FACSymphony™ A5 and LSR Fortessa™ following cell
preparation for phenotypic analyses. FACSAria™ Fusion cell sorters were used to
sort HSCs for in vitro and functional tests. Compensation controls and

fluorescence minus one (FMO) controls were included for every experiment. To



validate single cell experiments, 488-nm beads were sorted into individual wells
and evaluated by the visualization of 1bead/well using a fluorescence microscope
both pre- and post-sort. Alternatively, a colorimetric assay was carried out by
using the horseradish peroxidase driven oxidation of the TMB substrate, resulting
in color change in the wells. For post-acquisition analyses, Flowjo software v10 was
used. To gate and double check our HSC populations of interest, FMOs, and back-

gating were performed.

3.5 HSC in vitro tests

To evaluate the physiological role that CD49b plays as an integrin in directing HSC
behavior, HSC migration and cobblestone-area forming cell assays were
performed™. CD49b~ and CD49b* HSCs were bulk sorted and 100 cells were each
seeded into 96-well plates pre-seeded with mesenchymal stem cells (MSCs).
Non-migrated HSCs were counted 24- and 48-hours post seeding and
subtracted to evaluate HSCs that have adhered and migrated through the MSC
layer. The cobblestone forming ability of migrated HSCs was assessed 28 days
post-seeding by counting the number of colonies under an inverted microscope.
A cluster of more than 3 cells was considered a cobblestone colony.

Since HSC potential cannot be assessed based on immunophenotype alone. The
CD49b HSC subsets were sorted to assess their functions in vitro. To test for their
myeloid and B cell differentiation potential, OP9 assays were carried out by single
cell sorting into 96 wells pre-coated with OP9 stromal cells, followed by myeloid

and/or B cell phenotypic analysis by FACS 3 weeks post-sort.

3.6 Cell proliferation and cell cycle assays

To assess the megakaryocyte differentiation potential of different HSC subsets,
HSCs were single cell sorted into individual wells of 72-well Terasaki plates and
evaluated for the presence of megakaryocytes by morphology by visualization
using an inverted microscope 11 days post-sort. To evaluate cell division, HSCs
were single cell sorted into individual wells and the number of cells was tracked
every day for 3 days post-sort. All cells were incubated under standard incubator
conditions in a humidity box.

To assess cell proliferation differences, the 5-Bromo-2'deoxyuridine (BrdU)
incorporation assay was used, where BrdU was incorporated into newly
synthesized DNA strands during the S phase of the cell cycle, thereby allowing cell

proliferation assessment. To maximize the number of labeled HSCs, mice were



intraperitoneally injected with 1 dose of BrdU by weight, followed by 3 days of BrdU
given in drinking water. To evaluate HSC cell cycle states, Ki-67 staining was used
since the Ki-67 protein is expressed throughout active cell cycle stages. Both
experiments were performed following the manufacturer's recommended

protocol.

3.7 HSC transplantation

To assess HSC self-renewal and multilineage potential, transplantation
experiments were carried out as only functional HSCs could repopulate and
continuously replenish the hematopoietic system.

Prior to transplantation experiments, mice were myeloblated with 12Gy irradiation
split over 2 days in study . In studies Il and Ill, mice were myeloablated with 10Gy
split over 2 days, except for adult mice in study lll, where they were subjected to
a total of 12Gy over 2 days.

For single cell transplantations in study |, one HSC was sorted from each of the
CDA49b subsets. For bulk cell transplantations, 5 cells were sorted, except for the
old mice in study lll, where 100 cells were sorted instead. All donor HSCs were
injected together with 200 OO0 whole BM support cells. In secondary
transplantations, 10 million whole BM cells were transplanted into 1-5 recipient
mice for all studies.

3.8 RNA-and ATAC-sequencing

SmartSeq?2 scRNA-seq was performed by sorting single cells individually into 384
well plates. The libraries were single-end sequenced using dual indexing. The RNA
samples were then demultiplexed and aligned to the mmIO reference genome. In
bulk RNA-seq, 250 or 500 cells were sorted and paired-end sequenced according
to a previously published protocol™. The sequenced reads were mapped to the

mm1O reference genome and reads were quantified using HOMER.

For bulk ATAC-seq, 500 cells were sorted and paired-end sequenced using a
modified omni ATAC protocol*. Samples were then aligned to the mmIO reference
genome using the nf-core pipeline. Peaks were called using either MACS2 or
HOMER. Quality checks (QCs) were done on the samples and poor-quality
samples were excluded. Following QC, the median normalized read coverage for
each population was calculated and visualized. HOMER was used to annotate and
quantify reads in consensus peaks before additional analyses in R.



3.9 Bioinformatics analysis

R was used to carry out all further bioinformatics analyses in both scRNA-seq and
ATAC-seq. In scRNA-seq, the Seurat package was used for the analysis. QC was
done on the cells before normalization and dimensionality reduction. Following
that, differential expression analysis was done and gene set enrichment analysis
was run. The hscScore tool was additionally used to calculate HSC-scores in study
ll.

In ATAC-seq analysis, read counts were logio transformed and quantile normalized
for visualization, followed by differential analysis. In study lll, adult samples from
study | were included for aging comparisons. GREAT was used for gene ontology
analysis, and motif enrichment was done using HOMER.

3.10 Statistical analysis

GraphPad Prism or R was used for carrying out the statistical analyses. In studies
[ and Il, non-parametric tests were performed and either the Kruskal-Wallis or the
Mann-Whitney tests were done on all data. In study lll, a preceding Shapiro-Wilk
normality test was carried out to determine if the data followed a normal bell curve
distribution and passed the normality assumption. Parametric tests were
performed with ANOVA, t-tests, or the Wilcoxon signed-rank test if the data
passed the normality assumption. Non-parametric tests were carried out using
the Mann-Whitney or the Kruskal-Wallis with Dunn’s post-hoc test if the data

failed the normality assumption.






4 Study |

The original concept of a hematopoietic hierarchy assumed that HSCs are
multipotent and generate all blood cells equally, which was later disproved by the
identification of myeloid-biased (M-bi), lymphoid-biased (L-bi), platelet-biased,
and lineage-balanced HSCs with varying self-renewal abilities; showing that
functionally distinct HSCs are present in the HSC pool.

The HSC pool is found within the LSK (Lin-Sca-1*c-kit*) fraction in the BM, though
the frequency is low. Adding cell surface markers to LSK improved HSC isolation,
but functionally distinct HSCs still cannot be prospectively isolated and
determined until functional tests are carried out due to the lack of definitive cell
surface markers for the exact immunophenotype of lineage-biased HSCs. CD150"
HSCs were previously shown to be M-bi with the most LT self-renewal ability, while
the CD150" population exhibited the most short-term and transient self-renewal
ability with a lymphoid bias®. However, variations within each population were still
observed.

Therefore, one of the challenges that the field currently faces is the prospective
isolation of functionally different HSCs. As a result, it impeded ensuing studies
attempting to understand the underlying molecular mechanisms that functionally

distinguish them.

Hence, the overall goal of this study is to resolve HSC heterogeneity by
understanding the underlying molecular mechanisms of functionally different
HSCs by identifying reliable markers for their prospective isolation.

4.1 Results

Shortly after the Morrison group showed that functional LT-HSCs reside in the
CD150* population, the Rossi and Eaves groups also demonstrated strong
evidence for the reliability of CD150 in enriching for the rare LT-HSC population,
even with age?°612, Soon following that, the Nakauchi group managed to further
subfractionate the CD150* population and showed that LT-HSCs reside in the
CD150" fraction, however, heterogeneity remained in the CD150" population®®.
During our screening for potential candidates that could further subfractionate for
LT functional lineage-biased HSCs in the CD150" population, we observed that
CD49b expression showed heterogeneity, suggesting its potential as an additional
marker to resolve the heterogeneous CD150" population. However, we did not

know whether the observed phenotypic separation also indicated functional
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differences. Therefore, we decided to further characterize the two CD49b
populations to understand the functional and underlying molecular differences
between them.

Both CD49b subsets were multipotent and we observed a faster cell division and
cell cycle kinetics in the CD49b* cells than the CD49b- cells, though both were
quiescent. This suggested that there was a distinguishable difference in cell
kinetics between the two CD49b subsets despite both being highly quiescent.

However, because stem cells are assessed based on their LT self-renewal and
multilineage differentiation ability, we performed transplantation experiments to
assess functional HSCs. Given that it was reported that the CD150" population
exhibited a M-bi pattern, the CD150™ population a balanced lineage output, and
the CD150" cells a L-bi pattern, we carried out bulk cell transplantations from the
CD49b-, CD49b*, CD150™, and CDI150- populations. We saw that the CD49b
subsets were the most durable and generated all blood cells long term while
CD150" cells exhibited transient myeloid repopulation and a high lymphoid
repopulation, consistent with previous report®. Interestingly, the CD49b- subsets
exhibited a myeloid skew while the CD49b* showed a lymphoid skew, even though
both subsets resided within the CD150" M-bi population. Hence, the LT lymphoid
bias observed in the CD49b* subset differs from the ST/transient CD150-

lymphoid bias seen in previous publications®.

Since bulk cell transplantation gave an averaged output of the transplanted cells,
single cell transplantation was required to quantify and compare lineage bias
between the CD49b subsets on a clonal level. Consistent with bulk cell
transplantation results, both CD49b HSCs showed comparable reconstitution and
repopulation levels, but CD49b~ HSCs showed enrichment for myeloid bias while
CD49b* HSCs showed enrichment for lymphoid bias (B, T, and NK). To evaluate
their extensive LT self-renewal ability, we performed secondary transplantation of
phenotypic CD49b HSC subsets generated from primary recipients. We noticed
that first, lineage bias patterns persisted through secondary transplantation and
second, CD49b* HSCs were less efficient than CD49b~ HSCs in generating
phenotypic HSCs, especially in secondary transplantation. This meant that
CD49b~ was the more LT and durable HSC, showing myeloid bias. The CD49b*
subset, on the other hand, showed lymphoid bias but not as extensive HSC activity
as the CD49b- HSCs. Overall, though both CD49b subsets sustained LT
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multilineage potential and exhibited persistent lineage bias, their efficiencies
differed.

Having observed functional differences between the CD49b subsets, we wanted
to elucidate their underlying molecular differences using RNA-seq analysis.
However, both bulk and single cell RNA-seq showed few transcriptomic
differences between the CD49b populations, suggesting that CD49b functional
differences could not be resolved on the gene expression level.

With little transcriptomic differences observed in RNA-seq analyses, we
speculated that the differences could lie in the epigenetics of the subsets, since
we observed a persistence of lineage bias from primary to secondary
transplantation, consistent with published studies proposing epigenetic
mechanisms at play"#. Our ATAC-seq showed distinct separation within CD150*
populations in the principal component analysis (PCA). CD49b- and CD49b* also
showed differentially accessible regions (DARs), where the CD49b* subset
showed more overlapping open chromatin regions with CD150™ and CD150~
populations, which were more downstream of the CD150" population. This
suggested that CD49b~ was hierarchically above the CD49b* subset. The distinct
DARs between the CD150* cluster and progenitor cells suggested that significant

chromatin remodeling occurred when HSCs generate downstream progenitors.

In addition, cell quiescence and genetic imprinting pathways were more
associated with the CD49b~ subset, while processes regulating cell number,
proliferation, and differentiation were more associated with the CD49b* subset.
This corresponded to our cell cycle and proliferation results, where CD49b~ was
more quiescent. Motif enrichment analysis suggested that the same group of
transcription factors (TF) might regulate both CD49b subsets despite functional
differences.

Taken together, our functional and molecular data suggested that the observed
M-bi in CD49b~ HSCs and L-bi in CD49b* HSCs are due to differences in their

chromatin accessibility.

4.2 Conclusions and discussions

Given the functionally heterogeneous HSC pool, we have identified CD49b as a
useful and reliable marker to further subfractionate the phenotypic CD150" HSC
poolinto a CD49b" subset enriching for M-bi HSCs, and a CD49b* subset enriching
for L-bi HSCs with discernable differences in cell proliferation and kinetics
between the CD49b subsets, despite both residing in the CD150" pool.

21



As opposed to the previously described CD150~ population, which showed a
lymphoid skew with ST or transient ability®, the CD49b* L-bi HSCs in the CD150"
pool in our study showed LT multilineage potential. This highlights the necessity
to include CD150 in differentiating functionally distinct cells. We also showed that
though the CD49b* cells could sustain LT-HSC activity, they are less good at
sustaining LT self-renewal ability than CD49b~ HSCs. Further, due to the lower
efficiency in generating downstream progenitors from the CD49b* HSCs, in
addition to the high overlap in chromatin accessibility between CD49b* and
downstream CD150 and CD150- populations, the CD49b~ subset can be inferred
to be hierarchically above the CD49b* subset.

Even though absolute isolation of homogeneous lineage-biased HSCs was still not
possible, the addition of CD49b in our study showed that it was possible to further
enrich for LT M-bi and L-bi HSCs in the CD150" LT-HSC pool. Our attempt to add
a combination of both CD229 (lymphoid marker) and CD41 (myeloid marker) to
additionally purify functionally distinct HSCs did not show significant differences
in cell proliferation and cell cycle assays. Therefore, more comprehensive
functional tests are needed to resolve the remaining heterogeneity within each
subset.

Since we could use CD49b to further enrich for LT M-bi and L-bi HSCs, we
performed molecular analyses on them as previous genome wide analyses
included the whole HSC pool and insufficient molecular analyses were done on
functionally distinct HSC populations. However, our transcriptomic analyses
showed high similarity between the CD49b subsets. This suggested that either
very few genes are responsible for HSC lineage bias, or that RNA-seq is not
sensitive enough to detect small gene expression changes. It also suggested that
the differences observed in our cell kinetics analyses were not due to differences
in gene expression levels, but by other factors. Hence, the differences detected in
chromatin accessibility between the CD49b HSC subsets in our epigenetic
analysis suggested that lineage-biased HSCs were primed and ready to
differentiate in specific lineages while retaining their stem cell properties.

In addition, because CD49b is an integrin, we do not know how it influences HSC
homing during transplantation, which could lead to the CD49b~ HSCs localizing to
different locations from the CD49b* HSCs. Some studies have suggested that
HSCs localize to different regions in the bone, where they might receive different

signaling cues from the niche microenvironment*%. However, because we did not
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investigate the role of the niche in lineage-biased HSCs, this question remains to

be elucidated.

All'in all, study | has shown that by incorporating CD49b as an additional marker
to the conventional LT-HSC immunophenotypic definition, we were able to further
subfractionate the HSC population into a subset of CD49b~ HSCs that enriches
for M-bi HSCs and a subset of CD49b* HSCs that enriches for L-bi HSCs which
showed chromatin accessibility differences. This showed the reliability of CD49b

as a marker for prospective isolation of lineage-biased HSCs.
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5 Study

True functional LT-HSCs remain not well defined, and their underlying molecular
mechanisms remain obscure due to the presence of multipotent progenitors
(MPPs) in the HSC pool. MPPs are cells with ST self-renewal ability that can only
be distinguished from LT-HSCs through transplantation experiments assessing for
self-renewal and multilineage abilities in retrospect.

It is therefore crucial to purify the HSC pool as much as possible to minimize cell
contamination when carrying out HSC molecular studies. Both CD49b and CD229
have been reported to be good candidates to separate functionally different HSCs

individually, though they still could not fully exclude non-HSC cells3044,

Therefore, this study sets out to characterize whether the CD49b and CD229
marker combination could further purify and refine the LT-HSC pool.

5.1 Results

Using previously reported CD49b and CD229 markers, we could subfractionate
the CD150" HSC pool into CD49b~CD229-, CD49b-CD229*, CD49b*CD229", and
CD49b*CD229* subpopulations. Our cell cycle and proliferation studies showed
that the CD49b~ subsets were more quiescent than both CD49b* subsets and in
vitro analysis showed that all 4 populations were multilineage. These observations
were consistent with the results in study | and suggested that CD49b was more

effective in differentiating cell kinetics than CD229.

To assess HSC function and LT self-renewal ability, we carried out limited dose
bulk cell transplantation from each subset. All 4 populations showed similar
reconstitution levels, implying comparable homing abilities, however,
CD49b*CD229* showed declining platelet, erythrocyte, and myeloid lineages over
time. The diminishing myeloid repopulating activity indicated that CD49b*CD229*
cells had the least LT regenerative activities compared to the other 3 populations
because myeloid cells are short lived and need to be constantly replenished. It
was also the least efficient in regenerating HSCs and progenitor cells, again
indicating ST activity. Secondary transplantation showed further reduction of
reconstitution, as well as reduced myeloid and HSC repopulation of the
CD49b*CD229* population. All transplantation data indicated that CD49b*CD229*
did not exhibit LT regenerative ability, but because it exhibited multilineage

potential, it was most likely a population of MPPs contaminating the LT-HSC pool.
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This observation was further supported by limiting dilution calculations, which
estimated the lowest functional HSC frequency in the CD49b*CD229* population
in both primary and secondary transplantations.

Aside from the least HSC activity observed in the CD49b*CD229* population, the
other 3 subsets showed either stable or increasing LT repopulation of all lineages.
The highest myeloid repopulation was observed in the CD49b-CD229- population
and one of the highest lymphoid repopulation in CD49b*CD229" in both PB and
BM analyses, suggesting that M-bi HSCs might reside in the CD49b-CD229-
population, while L-bi HSCs could reside in the CD49b*CD229" population.

Together, these data highlighted the effectiveness of using both CD49b and
CD229 as cell surface marker combinations in further purifying the functional LT-

HSC pool, but also a sustained heterogeneity in the leftover HSC populations.

5.2 Conclusions and discussions

Currently, functional LT-HSCs cannot be prospectively isolated in the field, which
limits our understanding of them because of the presence of other non-HSC cell
types in the HSC pool, especially their underlying molecular mechanisms. It is
therefore crucial to overcome this limitation to elucidate the precise mechanisms
that direct HSC behavior.

In study II, we have shown that by combining CD49b and CD229 as cell surface
markers, the CD150" population can be further subfractionated into 4
subpopulations. In vitro and functional tests showed that all populations were
multilineage with self-renewal abilities, except CD49b*CD229*, where it did not
exhibit extensive LT reconstitution and showed the most MPP-like properties. This
has thereby allowed us to further purify the LT-HSC pool by eliminating the
CD49b*CD229* MPP cells. However, heterogeneity within each of the remaining
subpopulations was observed in our functional tests, indicating that the
subpopulations still contain cells that might not be true functional HSCs. Thus,
more work is needed to improve the purities of the remaining subpopulations

before achieving the goal of prospectively isolating true functional LT-HSCs.

Taken together, study Il showed that by using CD49b and CD229 as cell surface
marker combinations, we can further isolate LT-HSCs by eliminating MPPs from
the HSC pool. This showed that prospective isolation of functional HSCs is
possible either by identifying functional HSCs or by eliminating non-HSCs from
the population.
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6 Study Il

With age, the HSC pool expands, along with an increase in myelopoiesis. However,
itis still unclear whether the aging related myeloid expansion is due to an increase
in the number of M-bi HSCs and a decrease in the number of L-bi HSCs within the

HSC pool, or intrinsic alterations within individual HSCs.

Despite continuously being a topic of interest in the field, aging studies in
previously published reports failed to cover a comprehensive age span in their
work. Mice 3-4 weeks old (juvenile) - where a period of dynamic tissue remodeling
and cell activities occur - were not included. Consequently, there is a black box of
HSC activity and the underlying molecular changes that occur between juvenile
and old mice during HSC aging. Furthermore, previous published studies
considered the HSC population as homogeneous and the presence of lineage-
biased HSCs was not taken into account. As a result, our current understanding of
how functionally different HSCs behave with age is a sum of all subsets, and

mechanisms underlying distinct HSC subsets have not been elucidated.

Therefore, the goal of this study is to understand the functional and molecular

changes that occur from juvenile to old age in lineage-biased HSCs.

6.1 Results

Since we have shown CD49b as a reliable marker to segregate lineage-biased
HSCs in the CD150" HSC population in study |, we wanted to understand it in the
context of aging. The persistent subfractionation of the CD150" HSC population
into CD49b~ and CD49b* subsets indicated the stability of CD49b as a marker to
phenotypically separate the heterogeneous LT-HSC pool throughout aging. We
also noticed that the juvenile age group was most proliferative and most cycling,
while the adult and old age groups were quiescent. Additionally, both CD49b

subsets in all ages showed comparable multilineage differential potential.

Even so, transplantation assays are needed to definitively assess HSC LT self-
renewal ability. Both subsets showed similar reconstitution and multilineage
potential in all age groups in primary transplantation. However, significant
differences in reconstitution ability and blood lineage distribution were displayed
between CD49b subsets in juvenile and old ages in secondary transplantation. We
also observed an increase in myeloid cells with age in both CD49b subsets. To
quantify the lineage distribution, we calculated the lymphoid to myeloid cell ratio

(L/M ratio) of transplanted mice using the PB of unmanipulated adult mice. We

27



observed that in juvenile and adult age groups, the CD49b~ subset enriched for
M-bi cells, while the CD49b* subset enriched for L-bi cells. However, mice
transplanted with old HSCs showed an extreme myeloid skew, which made it
challenging to discern any differences in L/M ratio between the CD49b subsets.
Hence, we calculated the L/M ratio of old transplanted mice using the L/M ratio
from old unmanipulated mice to normalize the myeloid skew and discovered that,
unlike in juvenile and adult age groups, CD49b* in old age marked lineage-
balanced HSCs. In brief, we observed that similar to study |, CD49b~ subset
enriched for a population of M-bi HSCs while CD49b* enriched for a population of
L-bi HSCs in juveniles and adults. However, in old age, CD49b* marked a
population of HSCs with balanced output. This suggested that with age, there was
an overall shift away from lymphoid bias in the CD49b* HSC subset. We also
observed in vitro cell adhesion and migration differences between the subsets
although it was unlikely due to the BM HSC niche, since we did not see any

differences in BM localization between the subsets.

Despite observed functional differences, our scRNA-seq analysis showed no
subset differences, instead, a predominant age difference was observed. This
suggested that on the transcriptomic level, aging played a bigger effect on HSC
behavior. However, even though we could observe cluster separation after UMAP
dimensionality reduction, subsequent differential analysis did not yield genes that

were significantly differential between subsets.

ATAC-seq analysis also showed a major aging difference in our PCA where
differential analysis showed that the most differential regions corresponded to
previously published datasets. When comparing chromatin accessibilities, we
observed that first, there were more open chromatin regions in the old age group
than in the juvenile age group. Second, there was a progressive increase in
chromatin accessibility regions with age, through the adult period. Third, the
majority of the gain in chromatin accessibility in old HSCs was acquired de novo.
Interestingly, the accessibility differences with age were only observed in HSCs
and not propagated to downstream progenitors. This suggested that significant
chromatin remodeling in the HSCs occurred during aging, already beginning at the
juvenile to adult stage, and motif enrichment analysis showed that SpiB TF could
be responsible for the chromatin accessibility differences observed in the juvenile

age group.
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In addition to the observed aging differences, we wanted to elucidate the
molecular differences between CD49b subsets, and therefore carried out
differential analysis between the subsets within each age group. However, no
significant differences were detected on the epigenetic level given subset

similarity, especially in the juvenile age group, thereby hindering further analyses.

Considering that we have a very M-bi subset (old CD49b") and a very L-bi subset
(juvenile CD49b*), we instead exploited the extreme lineage bias between them
by comparing these populations in our differential analysis. However, age posed a
significant variable during the analysis. Therefore, we subtracted all aging related
differentially accessible regions (DARs) from lineage DARs to exclude any aging
effects and observed 2 distinct clusters. Motif enrichment analysis again showed
that SpiB TF was enriched in the L-bi cluster. However, further functional studies

are required to validate their roles in lineage-biased HSCs during aging.

6.2 Conclusions and discussions

By studying M-bi and L-bi enriched HSC subsets using CD49b as a cell surface
marker, we observed distinct functional changes in aged HSCs, as opposed to
their younger counterparts. The differences observed in in vitro cell migration and
adhesion differences between CD49b subsets were unlikely due to their
localization, since there were no significant differences in their distribution
patterns in the BM. Furthermore, instead of marking L-bi enriched HSCs, CD49b*
marked HSCs with a balanced output in old age.

Even though transcriptomic analysis revealed more significant differences with
aging than between subsets, it did not provide sufficient insight into potential
gene regulation. Differential expressed gene analysis on aging differences
validated previous published aging candidates while differential analysis on
subset differences yielded little result due to the similarity between both subsets.
Our epigenetic analysis, on the other hand, showed that chromatin remodeling
started already in the juvenile age, and that the same TF, SpiB, might be regulating
both HSC aging and lineage bias.

There are currently two models to explain the increased myelopoiesis in the HSC
pool with age. On the one hand, it was thought that the change in the composition
of the HSC pool was due to an increase in the number of M-bi HSCs and a
decrease in the number of L-bi HSCs, with lineage-biased HSCs retaining their
differentiation preference. On the other hand, it was theorized the increased
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myelopoiesis is due to a decrease in the ability of HSCs to produce lymphoid cells.
Our study looking at lineage-biased HSCs, which showed an observed shift away
from lymphoid bias in both old CD49b HSCs, supported the model where HSCs
undergo intrinsic alterations in lineage differentiation properties.

Taken together, study Il suggests that HSCs of the same immunophenotype
undergo functional and epigenetic changes with age, already beginning in the
juvenile age group. These results thus support the cell intrinsic concept, where
individual HSCs undergo intrinsic changes with age, and demonstrate that CD49b
as a cell surface marker can not only subfractionate phenotypic HSCs, but also
distinguish functional and molecular differences throughout aging. Furthermore,
this is the first study to propose that the same TF might be regulating both HSC
lineage bias and aging, suggesting that aging and lineage bias are perhaps not

mutually exclusive events.
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7 Points of perspective

The three studies included in the thesis focused on elucidating the underlying
molecular mechanisms of lineage-biased HSCs in the LT-HSC pool by using cell
surface marker combinations and various sequencing techniques to understand
the fundamental differences that resulted in functionally different HSCs.

7.1 Current technical limitations and challenges

The idea that cellular functions should reflect transcriptomic profiles was not
observed in our molecular analyses. Instead, we saw more associations between
chromatin accessibility and functional differences when comparing lineage-
biased HSCs. One potential reason could be the different states that the HSCs
were in at the time of assay. Our functional data looked at HSCs that have
undergone transplantation and therefore were under pressure to repopulate the
entire hematopoietic system in myeloablated recipients, while HSCs used in
sequencing analyses were from steady state mice, and hence not under stress.
This highlighted one of the biggest challenges in the field, which is the inability to
use the same cell in both functional and molecular tests. The HSCs might be
immunophenotypically similar, but it is not possible to know if they are functionally
the same. This presented a question on whether transplantation could reliably and
accurately reflect what happens in steady state HSCs, since transplanted HSCs
are under stress, not to mention the loss of the niche microenvironment in
myeloablated recipients that will indubitably affect HSC homing and cell-cell
communication. Nonetheless, though these conditions do not realistically reflect
the natural environment that HSCs reside in, transplantation remains the gold
standard in assessing HSC self-renew ability (the ability to undergo several cell
divisions while remaining undifferentiated) and multilineage differentiation

potential (the ability to give rise to all downstream progenitor and mature cells).

Using additional markers to further purify the HSC population is possible, as shown
by study I, which demonstrated that with the inclusion of CD229, further
phenotypic and functional subfractionation of the CD49b subsets was observed.
Alternatively, using fewer cell surface markers to screen for functional HSC cell
surface markers, similar to what the Géttgens group has done, will provide a more
unbiased approach®. Nonetheless, as more cell surface markers are being
identified, the HSC population becomes further enriched. However, negative
selections are always more challenging than positive selections because while we

know what cells express surface markers in positive selection, it is difficult to know
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what cells are present in the negative population since it will contain a mixture of
other cell types. Therefore, the addition of different positive selection markers in
the future would be useful to help navigate the prospective isolation of functional
HSCs and lineage-biased HSCs when used in combination with negative selection
markers. We observed that the CD49b CD229* subset showed the highest
reconstitution and multilineage ability among the 4 populations in study Il In
addition, it showed one of the highest estimated HSC frequencies, indicating the
validity of CD229 as a positive selection marker when used in combination with
CDA49b negative selection. However, since only bulk cell transplantation was done,
follow-up single cell transplantation experiments will be required to show which

lineage-biased HSCs reside in individual subsets.

The question that follows would be the purpose of prospectively isolating HSCs if
we could retrospectively identify them through functional studies. Not only would
the prospective isolation of lineage-biased HSCs help the field pinpoint functional
HSCs prior to performing the experiments, but it would also give insight into the
molecular differences between them based on immunophenotype. In order to
label HSCs in their native state while retrieving mechanistic regulation information,
the Weissman group combined viral transduced cell labeling, sequencing, and
DNA barcoding to label HSCs and follow HSC differentiation on the single cell
level®®. The Camargo group has been working on the in vivo labeling of functional
HSCs to trace them without perturbing HSC steady state, while the Scadden group
has barcoded transplanted HSCs to understand the epigenetic regulation that
underlies HSCs when under stress®™™, |n a broader sense, prospective isolation
of lineage-biased HSCs, when translated to the clinical setting, will help in
designing personalized medicine based on patient blood malignancies. Targeted
therapy of lineage-biased HSCs such as gene or base editing could help retain
patient HSCs without having to irradiate the whole HSC pool by targeting only the
mutated HSC subsets; thereby preserving the integrity of the remaining HSC pool

and minimizing invasive treatment™"".

One also could not overlook the fact that the majority of the current strategies
used to identify phenotypic HSCs are based on cell surface marker selections,
where the cell surface proteins are involved in other cellular functions such as cell-
cell communication. Additionally, one drawback of using flow cytometry is the loss
of spatial information of the interaction of HSCs to their niche microenvironment2.
Spatial transcriptomics could potentially overcome the challenge by maintaining

the microenvironment that the HSCs reside in and has been done in studies
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looking at the relationship between fetal liver HSCs and the niche™"™. When mice
are lethally irradiated during transplantation, niche cells, which are essential for
HSC homing, maintenance, and function, are lost®?°. To overcome irradiation
related damages, the Thomson group generated a kit**/¥ mouse model that
allowed HSC engraftment without the need for myeloablation?. The Forsberg
group generated a model which ablates specifically the HSC population, thereby
allowing the retention of other hematopoietic cells'?? while the Yamazaki group
cultured HSCs in serum-free media prior to transplantation'?®. These new models
have avoided the loss of important niche cells from irradiation, though further

optimizations are needed to preform single cell transplantations.

Additionally, to avoid potential bias in HSC cell surface marker identification, the
Gottgens group has shown that HSC and progenitor populations can be
segregated without cell surface marker information as they show distinct TF
expression levels'?*. However, the problem persists in that cells used to validate
HSC self-renewal and multilineage differentiation potential are not the same cells
being analyzed in transcriptomic analyses. Even though these methods have been
proposed to be good options, they could not circumvent the challenge of the
collected data being correlative.

Although the field has become more single cell driven, single cell analysis could
not provide the same depth as bulk cell analysis. Since both CD49b subsets were
so similar, we wanted to sequence as deep as possible to capture maximum
information and differences from these cells. Therefore, although bulk cell ATAC-
seq reduced the resolution that we could get from single cell analysis, it was the
most suitable in our studies as it could give us an overview of the CD49b subsets
that are enriched for lineage-biased HSCs as individual populations. Other
sequencing techniques such as ChlP-seq, Cut&Tag, or Cut&Run could
complement our ATAC-seq data and give additional information on the single cell
level5-130, Multi-omics techniques are also now possible in the field to perform
different analyses and retrieve data from the same cell instead of relying on their
immunophenotypes®™®2 From the sequencing data in studies | and lll, observable
differences on the bulk cell level gave us confidence for future subsequent single
cell and multi-omics analyses.

Study Il supported the idea of using chromatin accessibility as a method for
assessing HSC age in future studies since juvenile HSCs show distinct chromatin

accessibilities from old HSCs in our analysis. Horvath's epigenetic clock, which
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determines the age of a cell based on DNA methylation states, has been used in
various tissues and mature cell types™® and could be a good complementation to
chromatin accessibility analyses. In mice, methylation at the CpG sites in HSCs
has been suggested to be a good indicator of aging, as reported by the Goodell
lab7#34, In humans, there have been reports which looked at DNA methylation of 3
CpG sites (Itga2b, Aspa, Pde4c) in the blood and in the induced pluripotent stem
cell model®5¥7. Currently, in vivo labeling has been used to study the hierarchical
and lineage specification within the hematopoietic system™™. Applying a similar
concept and technique to lineage-biased HSCs could give us an alternative to

resolve the underlying mechanisms of lineage-biased HSCs.

Aside from epigenetic and transcriptomic studies, proteomics analyses on HSCs
have also been able to provide insight into changes in HSC metabolic pathways
during HSC aging™™°. It was suggested that HSCs show post-transcriptional
changes during aging, where the level of mRNA is unproportional to the level of
proteins®. It was also shown that protein synthesis is lower in HSCs to minimize
misfolded proteins in the cell, thereby maintaining HSC function. However,
limited studies on lineage-biased HSCs were performed, calling for more attention
on proteomics analyses on functionally distinct HSCs.

7.2 Additional discussions on the HSC concept

Apart from the current technical limitations in the HSC field, there are also varying
ideas of the HSC concept that require reconciliation. First, one would argue for the
need of lineage-biased HSCs because it allows the HSCs to respond quickly to
injuries and stress since they are already primed for a specific lineage. Some
proposed that emergency hematopoiesis recruits MPPs instead of HSCs'2 Others
suggested that lineage-biased HSCs epigenetically alter their lineage preference
during emergency granulopoiesis, though given the resources and energy that the
HSCs need to expend, the rationale behind this idea remains debatable™?.
Regardless, USP22 was suggested to be involved in emergency response in
HSCs"4. The Jacobsen group has identified a population of platelet-restricted
HSCs that bypasses the conventional hematopoietic hierarchy differential
pathway*%%. These studies implied that the presence of lineage-biased HSCs
allows for quick responses if needed.

With the two current concepts to explain the increased myelopoiesis with age in
the HSC pool, there are several possible explanations. In the intrinsic model,
compositional changes in the HSC pool could be due to HSCs intrinsically altering
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their differentiation preference with age, with limited influence from the niche
microenvironment’57®15 On the other hand, the extrinsic model suggested that
there is an increase in the number of M-bi HSCs and a decrease in the number of
L-bi HSCs with age®®®® The possibility that M-bi HSCs outcompete lineage-
balanced and L-bi HSCs with age could not be excluded, when it was proposed
that MPPs compete with HSCs for the niche'¢. Additionally, some reports have
suggested that different lineage-biased HSCs reside in distinct niche regions and
different cell-cell communication occurs*’'8 Several studies looking at the role of
the niche in HSC aging showed that aged HSCs improved in fitness when the niche
was rejuvenated into a more youthful phenotype, and showed a decrease in
myeloid output when old HSCs were transplanted into young niches"®*°. In
relation, aging associated inflammation (inflammaging) has also been proposed to

be another factor in decreased HSC function and increased myeloipoiesis**".

7.3 Future perspectives

Though mice remain an extremely well-characterized model for HSC studies, it is
not without limitations®™2. The cost, the time taken to perform the analyses, and
the ST in vivo and in vitro assays, are all areas with room for optimization. The
generation of humanized mouse models allowed the field to study human HSCs in
the mouse, although it might not faithfully translate mouse studies into the human
context™. Perhaps at best, we could optimize the mouse model while carrying out
HSC studies to eventually reach a point where more focus is put on conceptual
discussions without being limited by techniques or model systems.

Nonetheless, shared genetic similarities between mice and human permitted
information from mice studies to be extrapolated into human hematopoiesis.
Previous studies on human cord blood have shown that the CD34*CD38-
CD90*CD49b* population enriches for LT reconstituting HSCs'®. Attempts to use
whole genome sequencing to track human HSCs and their progenies have also
allowed the field to understand the behaviors of different HSC clones™®. The
different LT-HSC immunophenotypes between humans and mice calls for more
human HSC studies to faithfully translate what is known about mouse HSCs to
human HSCs.

With our molecular characterization of the LT-HSCs in mice, it would also be very
interesting to see how much of the mouse hematopoietic stem and progenitor
cell (HSPC) profiles overlap with the human HSPC transcriptomic and epigenetic
profiles, which might be a gateway for us to use steady state data from mice and
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compare it to human HSPCs to get more comparable datasets, and therefore allow
us to infer human cellular processes drawn from mouse studies, and associate

mouse to human data'™®.

Given that all our studies looked at normal hematopoiesis, it is also important to
look at the function and role of lineage-biased HSCs in the disease context™. The
Philadelphia chromosome positive (Ph*) chronic myelogenous leukemia, with a
hallmark signature of a BCR-ABL1 fusion oncogene, is a leukemia with stem cell-
of-origin, though the underlying mechanisms remain obscure. In our preliminary
data, we observed that there is a difference in leukemia development in different
lineage-biased HSC subsets, as well as the type of leukemia developed. Mice with
fusion oncogene induced in the CD49b™ subset died rapidly while mice with fusion
oncogene induced in the CD49b* subset survived up to a year. This suggested
that the intrinsic lineage bias of the HSCs might be playing a role in disease
development (CD49b~) and disease protection (CD49b*)%8. More in-depth
studies into leukemia development in different lineage-biased HSCs and
understanding differences in their underlying molecular mechanisms would give
us more insight into the regulation of lineage-biased HSCs and complement our
studies on steady state hematopoiesis.

In addition, when put into the clinical context, clonal hematopoiesis with
indeterminate potential (CHIP) is another hematological malignancy that is
prevalent in aged individuals. It is the expansion of a population of HSCs with an
acquired mutation that have gained selection advantage, which allowed them to
expand better than wildtype HSCs in the HSC pool®®. Several key epigenetic
regulators involved in CHIP mutations have been shown to be TET2, DNMT3A, and
ASXLT*®, Individuals with CHIP are more prone to develop blood malignancies such
as myelodysplastic syndromes and acute myelogenous leukemia, and often with
increased risk of cardiovascular diseases™. It was proposed that CHIP mutant
clones are more resistant to inflammation and aging when compared to wildtype
clones, thereby giving them a selection advantage™2 However, CHIP studies in the
context of lineage-biased HSCs remain unclear and more need to be done.

Taken together, despite existing challenges and limitations that have to be
overcome both technically and conceptually, the progress that the field has made
since HSCs were first discovered cannot be discredited.
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