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Abstract
Haematopoietic stem cells (HSCs) maintain the turnover of all blood cell
lineages and reside within the bone marrow (BM), where they are critically dependant
on interactions with complex and specialised niches. Severe infections can have
profound effects on haematopoiesis and HSCs will adapt their progeny output to
promptly cope with the increased demand for immune cells. This can often lead to
exhaustion of the stem cell pool. BM niches have been shown to be altered during
ageing and haematopoietic malignancies, but whether they play a role in mediating
the effects of infection on HSCs remains an open question.
Using a murine model of malaria infection, I established, through phenotypic
analysis and mathematical modelling, that the entire haematopoietic stem and
progenitor cell (HSPC) compartment is affected and activated by Plasmodium berghei
infection, with significant changes in their proliferation rates (Chapter 3).
Transplantation assays demonstrated a loss of long-term function of HSCs exposed to
P. berghei and this was accompanied by an overall loss of the transcriptional HSC
signature and rewiring of haematopoiesis assessed by single cell RNA sequencing
(Chapter 4). I also show that, as well as a global interferon (IFN) response by HSPCs,
IFN dramatically affects the BM microenvironment with diffuse disruption of BM
vascular integrity and a systemic loss of osteoblasts over the course of P. berghei
infection (Chapter 5). By targeting the osteolineage with parathyroid hormone, I was
able to reduce osteoblast loss, lower local and systemic IFN levels and prevent HSC
proliferation.
Together, this thesis provides an insight into how severe infection affects both
haematopoiesis and the BM microenvironment and opens up new avenues for further
research and therapeutic interventions that may improve the health of survivors of
severe infection.
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Chapter 1
Introduction

1.1 – Haematopoiesis
Haematopoiesis is the developmental process that maintains the production of all
mature blood cells (including erythrocytes, platelets and immune cells) throughout
the lifespan of vertebrates. Adult haematopoiesis primarily takes place within the
bone marrow (BM) – where haematopoietic stem cells (HSCs) reside. In 1961, Till and
McCulloch were first to demonstrate that the transplantation of fresh haematopoietic
cells from the BM into lethally irradiated recipient mice lead to the production of
macroscopic splenic colonies, proportional to the number of cells injected, and the
reconstitution of their haematopoiesis (Till & McCulloch, 1961). This suggested the
presence of a “self-renewing unit” in the haematopoietic system that sits at the apex
of the developmental hierarchy – later identified to be HSCs. Through asymmetric
division, these cells can maintain a long-lived pool of stem cells that give rise to
differentiated progenitors and eventually lineage-restricted cells playing important
roles in immune surveillance, oxygen transport, tissue repair and blood clotting.
Among other functional assays, serial transplantation remains the gold standard for
measuring the long-term capacity of the cells in question to regenerate the whole
haematopoietic tissue. In this way, the original HSCs no longer exist to be assayed.
However, over the years, with the identification of cell surface makers for HSCs, the
field has been able to overcome this obstacle.
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In mice, early haematopoietic cells are identified based on their lack of surface markers
associated with lineage-commitment (Lineage negative; Lineage-; Lin-) (Figure 1.1).
This population can be further enriched for progenitors based on the expression of
stem cell growth factor receptor (c-Kit) and stem cell antigen (Sca-1). This fraction of
the BM is known as Lineage- c-Kit+ Sca-1+ (LKS) and can be split again according to
the expression of CD48 and CD150, which are members of the signalling lymphocyte
activation molecule (SLAM) family. Together, this combination of markers is
commonly used to identify the LKS CD150+ CD48low/- (LKS SLAM) cell population,
which is highly enriched for HSCs (Figure 1.1), with an estimated frequency of 1
functional HSC for every 2.1 BM cells (Kiel et al., 2005). Other surface markers can and
have been used to isolate more quiescent and functionally distinct subsets (see section
1.2). Therefore, the mouse provides a robust system for precisely analysing early
haematopoietic stem and progenitor cells (HSPCs).

10

Lineage

10

5

LKS

Lineage- cells

Whole bone marrow

MPP
4

3

0

Lineage0

10

3

10

4

10

HSC

CD48
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5

c-Kit

CD150

Figure 1.1 – Identifying HSPCs by flow cytometry
Representative gating strategy for the identification of HSPCs by flow cytometry. The population shown is
indicated in italics and black boxes demonstrate how subpopulations are identified based on the expression levels
of specific markers, specified on the relevant axes. LK = myeloid-primed progenitors, identified as Lineage- cKit+; LKS = Lineage- c-Kit+ Sca-1+; MPP = mixed lymphoid- and myeloid-primed multipotent progenitors,
+
low/+
identified as LKS minus (CD150 CD48
); HSC = haematopoietic stem cell, identified as LKS CD150
CD48low/-.
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Haematopoietic lineage commitment is tightly regulated by both cell-intrinsic
(including transcription, epigenetic and metabolism) and cell-extrinsic (including
fluid factors and cell-to-cell interaction) mechanisms. Downstream of LKS cells, there
are several progenitor subsets with distinct developmental potential – though the
exact pathway that generates lymphoid and myeloid precursors is not yet definitely
established. The most classical model of haematopoiesis (Figure 1.2) proposes that
after HSCs with long-term reconstitution potential (LT-HSCs) have given rise to HSCs
with short-term reconstitution potential (ST-HSCs) and multipotent progenitors
(MPPs), the latter cells can no longer self-renew and there is a subsequent, absolute
separation of lymphopoiesis and myelopoiesis (Kondo et al., 2003). Both common
lymphoid progenitors (CLPs) (Kondo, Weissman & Akashi, 1997) and common
myeloid progenitors (CMPs) (Akashi et al., 2000) have been identified. It is then
thought that CLPs will give rise to single-lineage progenitors that generate lymphoid
cells (including T cells, B cells and NK cells). On the other hand, CMPs branch into
granulocyte-monocyte progenitors (GMPs), which generate macrophages and
granulocytes

(including

neutrophils)

and

into

megakaryocyte-erythrocyte

progenitors (MEPs), which generate megakaryocytes and erythrocytes. These
myeloid-primed progenitor cells can be found within the Lineage- c-Kit+ Sca-1- (LK)
compartment of cells (Figure 1.1).

More recent work, investigating the process of differentiation at the single cell level,
has suggested that the lineage-commitment of HSCs might occur earlier than
previously predicted (Notta et al., 2011; Paul et al., 2015; Perié et al., 2015; Hoppe et al.,
2016; Velten et al., 2017; Karamitros et al., 2018). These studies revealed that
populations downstream of HSCs which were previously thought to be oligopotent,
such as CMPs, mainly consist of a mixture of functionally lineage-committed-
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progenitors with uni-lineage transcriptional profiles and proposed that lineagecommitment might already occur in the phenotypic HSC or MPP compartments.

Figure 1.2 – The classical model of haematopoiesis
Using various cell surface markers (indicated next to each cell subset in the hierarchy), it is possible to isolate
HSPCs. HSC = haematopoietic stem cell (LT = long-term; ST = short-term); MPP = multipotent progenitor. In the
classical model of haematopoiesis, HSCs sit at the top of the hierarchy and giving rise to MPPs. The first
bifurcation separates the myeloid and lymphoid branches which eventually give rise to more committed
progenitors and various mature cell lineages.
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Some studies have also provided evidence for a later divergence of lymphoid and
myeloid fates and identified myeloerythroid and myelolymphoid progenitor
populations isolated form the LKS fraction of the BM called lymphoid-primed
multipotent progenitors (LMPPs) (Adolfsson et al., 2005; Lai & Kondo, 2006; Yoshida
et al., 2006; Arinobu et al., 2007; Goardon et al., 2011). These cells generate T cells, B
cells and myeloid cells after transplantation in vivo but have no detectable
megakaryocytic and erythroid progeny. Consistent with this, in depth analysis of
MPPs has led to a further subdivision of the compartment into distinct subpopulations
that are lineage-biased and work together to coordinate the output of myeloid and
lymphoid lineages in response to haematopoietic demands (Cabezas-Wallscheid et al.,
2014; Pietras et al., 2015).

1.2 – Haematopoietic stem cells
HSCs are usually subdivided into LT-HSCs, which are highly quiescent and have the
potential to self-renew through asymmetric division, and ST-HSCs that gradually lose
their capacity for self-renewal as they transit to progressively more proliferative and
differentiated progenitor populations. These differences were elucidated thanks to the
introduction of competitive transplantation, whereby the multilineage reconstitution
of haematopoiesis by an unknown source of HSCs is measured against a set known
number of HSCs (usually whole BM from congenic wild-type (WT) mice) transplanted
in lethally irradiated recipient mice (Harrison, 1980). The marker CD34 has been
shown to be one of the most important for identifying primitive haematopoietic cells.
It was discovered through early studies using in vitro assays to identify cells with the
capacity to differentiate into various haematopoietic lineages in clonal cultures (Civin
et al., 1984) and to generate haematopoietic progenitor cells in long-term cultures
(Sutherland et al., 1989). Later work revealed that the CD34low/- murine BM cells
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possessed the most long-term reconstituting ability compared to CD34high when
transplanted in vivo (Osawa et al., 1996). The receptor tyrosine kinase fetal liver kinase
2 (Flk2, also known as Fms-like tyrosine kinase 3 ,Flt3, or CD135) is heterogeneously
expressed in the stem cell pool. It was initially proposed that the Flk2- fraction of the
BM contains the most primitive HSCs (Orlic et al., 1993) and later shown that low
numbers of these cells were able to give rise to long-term multilineage reconstitution
of lethally irradiated recipient mice (Christensen & Weissman, 2001). Subsequent
work showed that a combination of CD34 and Flk2 could separate the LKS
compartment into LT-HSCs (LKS CD34- Flk2-) and ST-HSCs (LKS CD34+ Flk2-) with
more confidence (Challen et al., 2009). More recently, alongside SLAM markers, Flk2
has allowed the discrimination of the lymphoid-primed MPP4 subset from HSCs (or
MPP1) and myeloid-biased MMP2 and MPP3 subsets that have been identified
(Cabezas-Wallscheid et al., 2014; Pietras et al., 2015).

Endothelial protein C receptor (EPCR or CD201) – originally discovered on the surface
of endothelial cells and known to be involved in the regulation of coagulation and
inflammation (Esmon, 2006) – was recently identified as a marker for HSCs in the BM.
Gene expression profiling and reverse transcription polymerase chain reaction (RTPCR) analysis of highly purified haematopoietic cells revealed that murine EPCR+ BM
cells are in fact highly enriched for LT-HSCs (Ramalho-Santos et al., 2002; Balazs et al.,
2006). E-SLAM cells, defined as EPCR+ CD45+ CD48- CD150+, have been isolated from
the BM and shown to possess long-term repopulating ability upon transplantation of
single cells into individual mice (Kent et al., 2009) confirming that EPCR enriches for
one of the more quiescent immunophenotypes of HSC.
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Label retaining assays allow the measurement of the proliferative behaviour of cells
(Braun & Watt, 2004; Sottocornola & Lo Celso, 2012). These techniques are based on
the in vivo labelling of cell nuclei through a ‘pulse’ of 3H-thymidine or nucleoside
analogues such as 5-bromo-2'-deoxyuridine (BrdU), or the expression of high levels of
the fusion protein histone H2B-green fluorescent protein (H2B-GFP) (Kanda, Sullivan
& Wahl, 1998; Foudi et al., 2008; Wilson et al., 2008), followed by a ‘chase’ period in the
absence of a DNA labelling agent. Dividing cells would cause dilution of the label
whereas more quiescent cells would retain the label over time. In combination with
specific cellular markers, this tool has allowed us to study the cell cycle history of
HSCs in vivo. Based on mathematical modelling of data obtained from these assays, it
is thought that LT-HSCs contain a subpopulation that are dormant in the long-term
(Trumpp, Essers & Wilson, 2010). These cells make up approximately 30% of the HSC
population and divide only once every 145 – 193 days, compared to every 28 – 36 days
for the remaining 70% of ‘homeostatic’ HSCs (Wilson et al., 2008; van der Wath et al.,
2009). These dormant HSCs (dHSCs) are maintained in the G0 stage of the cell cycle,
they are the only HSCs able to retain long-term self-renewal capacity and possess
inactive replication machinery as well as low metabolism (Foudi et al., 2008; Wilson et
al., 2008).

The development of reporter mice for the expression of genes that are highly enriched
in HSCs is invaluable to ongoing research. For example, a-catulin-GFP mice were
shown by limiting dilution assays – which aim to determine the frequency of cells
having a particular function that are present in a mixed population of cells – to label
1 HSC with long-term multilineage reconstitution capacity for every 6.7 a-catulinGFP+ (Acar et al., 2015). Furthermore, Hoxb5-tri-mCherry mice were found to be more
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stringent and could label 1 HSC in every 2.1 mCherry+ cells (Chen et al., 2016). Other
genes have been used to construct reporters including Fgd5 (Gazit et al., 2014), Hoxb4
(Hills et al., 2011), Tie2 (Ito et al., 2016) and, most recently, Mds1 (Fernando Camargo’s
group, unpublished, presented at Haematopoietic Stem Cells: From Embryo to the
Ageing Organism 2018, EMBL, Heidelberg, Germany). There is constant work to try
and create the perfect mouse reporter for HSCs as this would greatly simplify imaging
experiments allowing the visualization and study of HSC position and behaviour in
vivo in an unperturbed microenvironment. However, in most cases, complications
arise as other cells may also express the marker of interest or not all HSCs do, thus
highlighting potential functional differences between subsets of labelled and
unlabelled cells.

1.3 – The haematopoietic response to infection
Infection is a natural stressor of the haematopoietic system. Upon stimulation, and in
parallel with the development of innate and adaptive immune responses, HSPCs are
stimulated to adapt the composition of their progeny output to promptly cope with
the increased demand for mature cells. This response can often lead to exhaustion of
the stem cell pool.

Systemic infection with a variety of bacterial, viral and parasitic organisms results in
striking alterations in the BM, most notably an expansion of the LKS compartment –
a known hallmark of many experimental infections (Murray, Young & Daley, 1998;
Feng et al., 2008; Singh et al., 2008; Zhang et al., 2008; Yáñez et al., 2009; Baldridge et al.,
2010; Belyaev et al., 2010; Scumpia et al., 2010; Shi et al., 2011a; Zaretsky et al., 2012;
Rashidi et al., 2014; Vainieri et al., 2016). Although the mechanism driving this
response and whether it provides any specific advantages are not yet fully
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understood, a number of studies have attempted to address how this contributes to
the overall haematopoietic response to infection. Upon exposure to Escherichia coli, it
was shown that there is a 10-fold increase in the number of LKS cells in murine BM as
a result of the accelerated proliferation of cells and a shift of LK cells to the LKS
phenotype (Zhang et al., 2008). Here, the LKS compartment contained more colony
forming unit-granulocyte/macrophages (CFU-GM) and there was a significant
increase of their mobilization into the circulation following infection. Further work
investigating the effects of Candida albicans on haematopoiesis showed both the
induction of LKS proliferation and enhanced differentiation to cells expressing
Lineage markers were dependent on the signalling adaptor molecule myeloid
differentiation factor 88 (MyD88), which is critical for an effective response against a
wide range of microbial pathogens (Yáñez et al., 2009). The expansion of LKS in
response to Plasmodium chabaudi infection (an apicomplexan protozoan parasite from
Central Africa that infects murine rodents) was not accompanied by an expansion of
HSCs with LKS SLAM phenotype, therefore it was hypothesized that this increase in
LKS reflects an amalgamation of the LKS and LK populations (Belyaev et al., 2010).
These proposals were echoed in a study from our research group assessing the effects
of Plasmodium berghei on HSPCs (Vainieri et al., 2016). In more recent work focusing
on lipopolysaccharide (LPS) stimulation as a model of sepsis, contamination of the
LKS population by more differentiated subsets re-expressing Sca-1 was observed but
this contributed only in part to the overall MPP expansion induced (Zhang et al., 2016).
Furthermore, surface expression of Sca-1 was not significantly increased in the LTHSC compartment (defined as Lineage- Sca-1+ c-Kit+ CD150+ CD48- in this study) but
was significantly upregulated in MPPs, which suggests that primitive progenitors
may upregulate and prolong Sca-1 expression as part of the physiological reaction to
sepsis, as it has been shown that Sca-1 is also involved in maintaining HSPC function
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(Bradfute, Graubert & Goodell, 2005; Essers et al., 2009). Overall, further work will be
required to clarify whether this response to infection takes place as a consequence of
exposure to systemic inflammatory stimuli, for example Interferon (IFN) which has
been linked to the increased expression of Sca-1 (Khan et al., 1993; Ma, Ling &
Dzierzak, 2001; Pietras et al., 2014), or if this is part of a more coordinated response by
the host to limit the impacts of infection on the haematopoietic system and beyond.

Infection can have significant impacts on HSCs, altering their cycling properties
(Baldridge et al., 2010; Vainieri et al., 2016), long-term function (Matatall et al., 2016)
and migration patterns within the BM (Rashidi et al., 2014). Despite being long-lived
and frequently dormant, it has been suggested that HSCs directly participate in the
response to pathogens and inflammatory cytokines. Both murine and human HSCs
express Toll-like receptors (TLRs) (Kim et al., 2005; Nagai et al., 2006; Sioud et al., 2006;
Sioud & Fløisand, 2007), suggesting the presence of an early sensing mechanism for
HSCs to detect infection and respond with the immediate production of immune
effector cells. Previous work has demonstrated that TLR signalling is necessary for the
HSC response to systemic infection (Rodriguez et al., 2009) and that LPS can directly
stimulate HSCs in vivo to induce increased cycling (Kaulen et al., 1983; Takizawa et al.,
2017) and mobilization out of the BM (Ueda et al., 2004). It has also been proposed that
HSPCs possess immunosurveillance properties and a subset are continuously
surveying extramedullary non-lymphoid tissues (Massberg et al., 2007). In the
presence of infection, it is thought that this migratory pool is able to act as an
immediate and highly adaptive source of progenitor cells that will proliferate locally
and generate the innate immune effector cells required to overcome the insult.
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Pro-inflammatory cytokines released during infection, such as tumour necrosis factor
(TNF), interleukin- (IL-) 1, IL-6, IL-8 and type-1 and type-2 IFNs, appear to be
important for the maintenance of appropriate numbers of HSCs as well as the
regulation of their proliferation and differentiation during infection (King & Goodell,
2011). Chronic Mycobacterium avium infection resulted in increased proliferation of
HSCs – an important demonstration that HSCs are not only pulled to divide and
differentiate by the depletion of progeny pools but are also pushed to do so as part of
the immune response to infection (Baldridge et al., 2010; Baldridge, King & Goodell,
2011). Furthermore, using Ehrlichia muris as a model of acute bacterial infection,
MacNamara et al. noted the IFN-gamma (IFN-g) dependent transition of LT-HSCs and
early progenitor cells from dormancy to activity, resulting in an overall loss of longterm repopulating HSCs and reduced engraftment in transplantation assays
(MacNamara et al., 2011). Committed progenitor populations are also affected by
infectious and inflammatory stimuli, with reports demonstrating a dramatic loss of
myeloid progenitors (Essers et al., 2009; Rodriguez et al., 2009; Baldridge et al., 2010;
Esplin et al., 2011; MacNamara et al., 2011), as well as the emergence of myeloidprimed, lymphoid-like progenitors (Belyaev et al., 2010).

The exit from quiescence in response to these stimuli has important functional
consequences on HSCs. Data on the effects of infection, specifically on the long-term
reconstitution potential of HSCs is contradictory. It has been demonstrated that HSCs
exposed to pro-inflammatory cytokines induced by LPS have defective long-term
engraftment and, in this particular study, inhibition of the cytokines resulted in the
rescue of HSC function (Chen et al., 2010). LKS cells transplanted into lethally
irradiated recipients from mice infected with Pseudomonas aeruginosa (Rodriguez et al.,
2009) as well as cells from mice infected with M. avium (Baldridge et al., 2010), also
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resulted in poor engraftment. On the other hand, acute pneumovirus has no effect on
overall BM engraftment and the proliferation of HSCs in infected mice was not
measured (Maltby et al., 2014). Previous work from our research group has
demonstrated better long-term engraftment of haematopoietic BM cells harvested
from mice at the peak of their immune response to the natural mouse parasite
Trichinella spiralis (Rashidi et al., 2014). This organism causes extensive tissue damage
and intense acute inflammation in the host; however, there was no difference in the
cell cycle profile of both control and T. spiralis infected mice. Whether there is a link
between varying degrees of HSC proliferation induced by infection and the resulting
long-term function remains to be confirmed.

Increasing evidence for HSPCs responding to infectious insults has given us a better
insight into how HSCs contribute to stressed haematopoiesis. Apart from
inflammatory cytokines, another mechanism by which this response can be mediated
is via the cellular microenvironment surrounding these cells in the BM space.

1.4 – The bone marrow microenvironment
In 1978, Schofield proposed that a specialized stem cell microenvironment, or niche,
is essential for the maintenance of stem cells in their quiescent state and influences
HSC self-renewal and differentiation within the BM (Schofield, 1978). According to
this stem cell niche concept, upon division, HSCs will remain in an anatomically and
functionally defined niche, made up of a limited number of specific cell types, while
progenitor cells will leave the niche and are free to differentiate into downstream
progeny of erythroid, megakaryocyte and lymphoid lineages. Other studies using
Drosophila melanogaster and Caenorhabditis elegans models, validated the stem cell niche
hypothesis and demonstrated a critical role for local signals and niche sites in the
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maintenance of germ stem cells, highlighting a spatial relationship between the cells
themselves, niche components and the stem cell progeny (Xie & Spradling, 1998, 2000;
Lander et al., 2012). Early in vitro studies using haematopoietic cultures with stromal
cells isolated from fresh BM provided evidence for the existence of a supportive
stromal microenvironment in vivo (Dexter, Allen & Lajtha, 1977) and later work
proposed that a BM endosteal niche (Calvi et al., 2003; Zhang et al., 2003) or a vascular
niche (Kiel et al., 2005) supports HSCs. It is now evident that the BM
microenvironment is incredibly complex and it is highly unlikely that a single cellular
component or area within the BM is responsible for HSC regulation - rather it is an
orchestra of stromal cells, immune cells, soluble and metabolic factors (Figure 1.3).

The BM is a highly vascularised tissue, consisting of arteries, distal arterioles and
sinusoids which play a major role in the transport of cells entering and exiting the BM
(Beck et al., 2014; Roth et al., 2014), as well as delivering oxygen, nutrients and growth
factors (Ramasamy et al., 2015). Blood vessels also provide angiocrine signals that
control growth and homeostasis via endothelial cells (ECs). Recent work has
characterized the vasculature in more detail, leading to the identification of different
endothelial subtypes that exhibit differential expression of surface markers, distinct
morphologies, locations and proliferation rates (Kusumbe, Ramasamy & Adams,
2014; Ramasamy et al., 2014; Langen et al., 2017). However, the precise contribution of
vascular ECs to HSC regulation and maintenance and the exact nature of the vessels
HSCs tend to neighbour with still remains controversial. It has been shown that a large
proportion of HSCs localise in close proximity to the sinusoidal endothelium (Kiel et
al., 2005; Kiel, Radice & Morrison, 2007). More recent work has demonstrated that both
dividing and non-dividing a-catulin-GFP+ HSCs are distant from arterioles, transition
zone vessels and bone surfaces and tend to reside in perisinusoidal niches throughout
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the BM (Acar et al., 2015). Other studies have demonstrated that arterial vessels are
critical for maintaining HSCs in a low reactive oxygen species (ROS) state and that the
most quiescent HSCs associate specifically with small arterioles found in endosteal
regions of the BM (Kunisaki et al., 2013; Itkin et al., 2016). Furthermore, the permeable
nature of sinusoids has been shown to specifically promote HSPC activation (Itkin et
al., 2016).

Figure 1.3 – The bone marrow microenvironment at steady-state
HSCs reside within the BM microenvironment, where they rely on critical interactions with a range of stromal
components such as osteoblasts, endothelial cells and mesenchymal stem cells; immune cells such as T cells and
neutrophils; and metabolic factors including reactive oxygen species.
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Numerous studies have shown that endothelium-derived signals, such as Notch and
E-selectin, mediate the HSC response to haematopoietic stresses and, more recently,
evidence is starting to gather for the requirement of these factors at steady-state
(Hooper et al., 2009; Butler et al., 2010; Kobayashi et al., 2010; Winkler et al., 2012). It
has been shown that cultured ECs are able to maintain the self-renewal of HSCs
through the release of angiocrine factors and activation of Notch (Butler et al., 2010)
and it has been demonstrated that Notch signalling in endosteal vessels is essential
for the expansion of HSCs in vivo (Kusumbe et al., 2016). The production of factors
such as vascular endothelial growth factor (VEGF), stem cell factor (SCF) and stromal
cell-derived factor 1 (SDF1 also known as C-X-C motif chemokine 12 or CXCL12) have
also been reported to be essential for HSC maintenance by the vascular niche. Selective
deletion of SCF and SDF1 in ECs was shown to result in the depletion of HSCs in vivo
(Ding et al., 2012; Ding & Morrison, 2013).

Mesenchymal stem cells (MSCs) are a group of self-renewing precursor cells that can
differentiate into bone, fat or cartilage cell types in vivo and form stromal cells of the
BM. They wrap tightly around arterioles and more loosely around sinusoidal blood
vessels and will form colony-forming unit-fibroblasts (CFU-Fs) in vitro. Their activity
has been detected in all major haematopoietic sites, including the BM where they are
mainly found in the perivascular space. MSCs are major contributors of factors
including CXCL12, SCF and IL-7 – all important for the regulation of HSCs (Mendes,
Robin & Dzierzak, 2005; Ding et al., 2012; Ding & Morrison, 2013; Greenbaum et al.,
2013; Gomes et al., 2016). Several markers have been used to define MSCs including
Nestin, Nerve/glial antigen 2 (NG2) and Leptin Receptor (LepR). Perivascular niche
cells, which are marked by a Nestin-GFP transgene in the BM, were shown to be most
closely associated with HSCs and the sympathetic nervous fibres that transmit
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circadian regulation to the HSC niche (Katayama et al., 2006; Méndez-Ferrer et al.,
2008, 2010). It was later discovered that the platelet-derived growth factor receptor
alpha+ (PDGFRα+) CD51+ subset of Nestin+ cells is enriched in major HSC
maintenance genes and, in human foetal BM, these cells represent a small subset of
CD146+ cells enriched for MSC and HSC niche activities (Pinho et al., 2013).
Furthermore, using the variable brightness of Nestin-GFP+ cells in the Nestin-GFP
reporter mouse, alongside cell morphology, two subsets of MSCs were identified
(Kunisaki et al., 2013). Nestin-GFPbright cells were shown to represent a rare
population associated with arterioles, whereas the Nestin-GFPdim population were
more abundant and associated with sinusoids. Detailed image analysis provided
evidence that quiescent HSCs were more likely to be found near arterioles (Kunisaki
et al., 2013). In addition to this, SCF is highly expressed by LepR-Cre-labelled
perivascular cells (Ding et al., 2012) and when SCF was deleted in LepR+ stromal cells,
HSCs were depleted from the BM. Recent work attempted to bring together the two
MSC types and demonstrated that Nestin+ MSCs are fundamental sources of both SCF
and CXCL12 and, if either factor is depleted, this leads to a reduction in HSC numbers
(Asada et al., 2017). However, the selective depletion of CXCL12 but not SCF in
periarteriolar MSCs and the specific deletion of SCF but not CXCL12 in perisinusoidal
LepR+ stromal cells also caused a reduction in HSC numbers (Asada et al., 2017).
Together, these data reveal the heterogenous niche factor contributions by different
stromal niche cell types.

It is important to note that, in recent times, there has been growing controversy over
what the term ‘MSC’ truly describes along with a move to abandon this term
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altogether as the literature has filled up with claims related to MSCs that are poorly
characterized and of uncertain relationship to the actual skeletal stem cells in the BM
- leading to some confusion both within the scientific community and the public. It
may soon be more acceptable to call these BM perivascular cells by their specific
marker names or mesenchymal ‘stroma’ rather than ‘stem’ cells or ‘skeletal stem cells’
as has been used recently (Zhou et al., 2017).

Bone-lining osteoblasts are derived from MSC differentiation and are responsible for
the synthesis and deposit of components of the bone matrix. Early studies used
techniques such as imaging ex vivo labelled and transplanted HSPCs and colony
forming assays to suggest that more primitive progenitors tend to reside closer to the
bone (Lord, Testa & Hendry, 1975; Gong, 1978; Lambertsen & Weiss, 1984; Haylock et
al., 2007). However, these data could not be used as evidence for an osteoblastic, or
endosteal, niche as they were carried out ex vivo i.e. in non-steady-state settings.
Eventually, with the development of genetic mouse models in which osteoblasts could
be conditionally manipulated, further light was shed on this endosteal niche
population that could influence HSPC numbers. The first in vivo demonstration of this
was through experiments revealing HSC expansion following the expansion of
osteoblasts (Calvi et al., 2003; Zhang et al., 2003). Further work went on to show that
the most quiescent HSCs could be found in direct contact with osteoblasts (Arai et al.,
2004) and enriched in the endosteum (Wilson et al., 2004). This was corroborated using
intravital microscopy (IVM), to monitor cells transplanted in vivo, where it was shown
that HSCs tend to reside in close proximity to osteoblasts and their downstream
progeny reside, on average, at a greater distance away (Lo Celso et al., 2009).
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The direct role of osteoblasts was subsequently brought into question when it was
demonstrated that their deletion in mice led to a reduction of HSCs, but only weeks
after an acute depletion of more early lymphoid progenitors (Visnjic et al., 2004; Zhu
et al., 2007). Further evidence for the argument was provided when the specific
deletion of HSC maintenance factors SCF (Ding et al., 2012) and CXCL12 (Greenbaum
et al., 2013; Oguro, Ding & Morrison, 2013) in osteoblasts did not lead to a decrease in
HSC numbers, suggesting another niche component may be playing a more important
role. Therefore, current opinion is that osteoblasts may play more of an indirect rather
than direct role in the regulation of HSCs within the BM (Morrison & Scadden, 2014).

There are a number of non-classical stromal cell types residing in the BM
microenvironment that also directly or indirectly regulate HSC maintenance through
a range of mechanisms. Nerve fibres and Schwann cells are not required for HSC
maintenance within the BM (Méndez-Ferrer et al., 2008) but play an important role in
the regeneration of haematopoiesis after certain types of stress, for example
chemotherapy (Lucas et al., 2013). Nerve cells specifically regulate the circadian
rhythm of HSC mobilization from the BM to the blood by controlling the cyclical
expression of CXCL12 by stromal cells (Méndez-Ferrer et al., 2008). On the other hand,
Schwann cells play a more important role in regulating the activation of transforming
growth factor (TGF) -b in the BM - which promotes HSC maintenance (Yamazaki et
al., 2011). HSC and stromal cells are not directly innervated as they do not localise near
nerve fibres themselves, but it is thought that they may be regulated by signals that
are transmitted by the networks or influenced by diffusible factors produced by nerve
fibres or Schwann cells (Yamazaki et al., 2011; Acar et al., 2015). The adult BM also
contains adipocytes, which tend to increase in abundance as the proportion of nonhaematopoietic fatty marrow increases with age. It has been shown that HSC
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frequency is lower in tail vertebrae, where there is a large number of adipocytes, then
in thoracic vertebrae, where adipocytes are rare therefore it had previously been
proposed that adipocytes are negative regulators of HSC function and haematopoietic
recovery though it was not clear if this reflected direct effects on HSCs or an indirect
effect on the niche (Naveiras et al., 2009). More recently, it has been shown that BM
adipocytes specifically express high levels of SCF and that it is the SCF from these cells
that promotes the regeneration of HSCs and haematopoiesis after irradiation or 5fluorouracil (5-FU) treatment (Zhou et al., 2017).

More modern models of haematopoiesis have proposed that there is a very close
relationship between the megakaryocyte lineage and HSCs and that the
megakaryocyte lineage may even bypass differentiation from MPPs and differentiate
directly from HSCs instead (Yamamoto et al., 2013; Grover et al., 2016; Carrelha et al.,
2018; Rodriguez-Fraticelli et al., 2018). Megakaryocytes have been shown to reside in
close proximity to HSCs and their ablation from the BM microenvironment results in
increased HSC proliferation and number (Zhao et al., 2014). These cells regulate HSC
function through the production of TGF-b1, which promotes HSC quiescence in vivo
(Yamazaki et al., 2009; Zhao et al., 2014). They are also a source of CXCL4 and mice
deficient for this molecule have higher numbers of HSCs that are significantly more
proliferative (Bruns et al., 2014).

In recent years, there has been an increasing appreciation for the role of BM-resident
immune cells as contributors to the HSC microenvironment. The specific deletion of
macrophages from the BM has been shown to cause a reduction in CXCL12
expression, thus promoting the mobilization of HSCs (Winkler et al., 2010; Chow et al.,
2011). The BM also harbours a reservoir of T cells that have distinctive characteristics
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to those in the periphery, but their precise role in haematopoiesis and HSPC
regulation is not completely clear (Rosa & Santoni, 2002; Zeng et al., 2002). For
example, it has been suggested that activated CD4+ T cells have a positive regulatory
role in maintaining normal haematopoiesis (Monteiro et al., 2005; Monteiro &
Bonomo, 2005) but more in-depth studies demonstrated that CD4+ CD25+ regulatory
T cells (Tregs) are able to inhibit the differentiation of IL-3 responsive progenitors
(Urbieta et al., 2010). Tregs are enriched within the BM, compared to other peripheral
sites (Zou et al., 2004; Zhao et al., 2012) and contribute to the HSC niche by providing
an immune-privileged environment (Fujisaki et al., 2011). Interestingly, recent work
uncovered a unique BM niche-associated Treg subpopulation that highly expresses
the marker CD150 and is thought to control HSC quiescence and engraftment by
protecting them from oxidative stress and preventing rejection during transplantation
(Hirata et al., 2018). Thus, the general view is that the ultimate effect on haematopoiesis
depends on the class of the T cell response which can be determined by analysing the
cytokines produced and released by the specific T cell subset (Matzinger & Kamala,
2011).

One of the most abundant myeloid leukocytes in the BM and circulation of humans
and mice are neutrophils. They are extremely short-lived therefore large numbers
need to be produced, stored, released and cleared daily, even under steady-state
conditions. This process has been shown to be regulated in a rhythmic circadian
manner that precedes those occurring in the haematopoietic niche (Casanova-Acebes
et al., 2013). In this study, the circadian clearance of neutrophils within the BM also
modulated the size and function of the haematopoietic niche and subsequently HSPC
retention and mobilization into the periphery. Neutrophils also play a protective role
towards other niche components that are important for haematopoietic regulation. For
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example, a recent study demonstrated that TNF-a-producing neutrophils promote
vascular recovery post-irradiation via TNF-a receptors expressed on ECs (Bowers et
al., 2017).

As more and more evidence for HSCs having pre-determined differentiation
outcomes accumulates (Dykstra et al., 2007; Höfer et al., 2016; Hoppe et al., 2016; Yu et
al., 2016), the niche concept has been challenged. Historically, the BM
microenvironment is said to regulate or impose the differentiation state, number and
persistence of HSCs (Schofield, 1978), but more recently it has been suggested that the
niche may be a resting place of convenience for these highly autonomous cells
(Baryawno, Severe & Scadden, 2017). As discussed above, modifying or selectively
deleting specific stromal cell elements can impact the number and cell cycle state of
HSCs and can even lead to BM failure or other malignancies (Sánchez-Aguilera &
Méndez-Ferrer, 2017). Now, as the field moves towards the idea that HSC
differentiation fate is strongly cell-intrinsic, it will become necessary to rethink how
the niche participates in differentiation and perhaps welcome a shift towards the view
that the niche provides a more supportive rather than instructive input to the already
scripted functions of HSCs.

1.5 – The bone marrow niche under stress
While a number of studies have considered the consequences of infection-induced
haematopoiesis and have shown that a range of dramatic haematopoietic cell
responses take place as a result of this within the BM microenvironment, very little is
currently known about the response of stromal cells themselves to infection and
inflammation and what their role may be in regulating the observed changes in
haematopoietic cell dynamics. Using IVM of ex vivo labelled HSCs transplanted into
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lethally irradiated recipient mice, previous work from our research group could show
that HSC-niche interactions are dynamic and prone to changing in nature following
infection with T. Spiralis (Rashidi et al., 2014). Those exposed to the parasite were
found to be interacting with a larger niche compared to control. However, few studies
have attempted to resolve the mechanism and function of these HSPC-niche
exchanges during stressed haematopoiesis.

The BM vasculature is lined by ECs and functions as a protective barrier between sites
of infection, inflammation and surrounding immune cells. Recent work using
Polyinosinic:polycytidylic acid (Poly I:C) and recombinant IFN-a to stimulate an acute
inflammatory response in mice demonstrated that enhanced vessel remodelling
occurs due to the rapid activation and increase in proliferation of ECs (Prendergast et
al., 2016). This seems to be mediated by an increase in VEGF production by BM cells,
including HSCs. Furthermore, in this study, increased vascular permeability was
shown to be consistent with the boost in transit of immune cells and outflow of plasma
in response to the stimulus. Augmented vascular leakiness is a hallmark of stressed
vasculature (Passaro et al., 2017) and during the acute phase of P. berghei infection, it
has been shown that there is also a significant increase in vascular leakiness which is
thought to mediate parasite accumulation in the tissue (Niz et al., 2018). ECs
themselves, due to the expression of a range of TLRs, sense pathogens and are able to
contribute to the immune response (Khakpour, Wilhelmsen & Hellman, 2015). Upon
stimulation with LPS and TNF-a, haematopoietic progenitor populations have been
shown to expand by a Notch-dependant mechanism and these stimulants can
modulate the levels of ligand expression and activation in the BM microenvironment
in vivo (Fernandez et al., 2008). Previous work has established that the expression of
TLR4, for example, was required to recruit neutrophils to specific sites of local LPS
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administration, suggesting that, in the BM, ECs function as one of the primary sentinel
systems for detecting bacteria (Andonegui et al., 2009). Moreover, ECs were shown to
upregulate the expression of both TLR4 and MyD88 in mice exposed to LPS or E. coli
and subsequently produce Granulocyte-colony stimulating factor (G-CSF), resulting
in the initiation of emergency granulopoiesis (Boettcher et al., 2014).

Similarly, MSCs - through a collection of receptors - are able to recognise
inflammatory signals generated locally or systemically upon infection (Shi et al.,
2011b). It is thought that the activation of these pathogen-sensing receptors leads to
the production of additional factors, for example pro-inflammatory cytokines, that
regulate the cytokine and chemokine expression profile of MSCs. Two key studies,
using acute viral and parasitic infection models respectively, demonstrated that MSCs
are stimulated to secrete IL-6, resulting in an expansion of myeloid progenitors,
downregulation of genes known to control haematopoietic progenitor differentiation,
followed by a boost in the production of mature myeloid cells (Chou et al., 2012;
Schürch, Riether & Ochsenbein, 2014). Furthermore, the upregulation of G-CSF
during infection directs MSCs to enhance myelopoiesis and actively suppress
lymphopoiesis by targeting stromal cells that contribute to lymphoid niches in the
BM, for example osteoblast lineage cells (Day et al., 2015). This increase in G-CSF has
also been shown to inhibit the production of CXCL12, resulting in the mobilization of
HSCs into the circulation (Schajnovitz et al., 2011). Interestingly, MSCs are
occasionally directly targeted by pathogens for their own benefit. A study looking at
the life cycle of Mycobacterium tuberculosis in both mouse and human samples
demonstrated that dormant strains use MSCs as a long-term reservoir, potentially
leading to cases of reinfection of the host (Das et al., 2013).
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In addition to MSCs, CXCL12-abundant reticular (CAR) cells participate in the egress
of cells during infection by upregulating expression of the pro-migratory chemokine
CCL2. An increase in the number of circulating monocytes by this mechanism was
shown to be critical for efficient clearance of Listeria monocytogenes infection (Shi et al.,
2011b).

The role of bone-lining cells and how they interact with the immune system during
inflammatory insults is less well studied. In the context of acute inflammation, using
a murine sepsis model, it was recently shown that osteoblasts are rapidly ablated in a
G-CSF-dependant manner (Terashima et al., 2016). This resulted in the reduction of
osteoblast-derived IL-7, known to regulate early lymphopoiesis, therefore an overall
reduction in the number of CLPs and haematopoiesis being skewed towards myeloid
lineages. Despite evidence suggesting that Plasmodium parasites infect (Imai et al.,
2015) and reside within (Joice et al., 2014) BM cells, how malaria infection exactly
affects the BM microenvironment remains to be elucidated. A recent study, addressing
the direct effects of malaria on bone cells, revealed a suppression of osteoblasts upon
infection as a result of MyD88-dependant inflammatory responses in osteoclast and
osteoblast precursors driven by an accumulation of Plasmodium products in the BM
microenvironment (Lee et al., 2017).

As previously mentioned, megakaryocytes have been shown to co-localise with HSCs
and promote their quiescence through the production of CXCL4 (Bruns et al., 2014)
and TGF-b1 (Zhao et al., 2014). Humanised mice infected with Dengue virus have been
shown to suffer from both leukopenia and thrombocytopenia and the loss of platelets
was found to be mediated by a depletion of megakaryocytes in the BM rather than as
a result of antibodies in the periphery (Sridharan et al., 2013). The specific effects of
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this loss of megakaryocytes in the niche during infection on HSCs have not yet been
studied. However, more recently, it has been shown that the HSC compartment
contains a stem cell-like megakaryocyte-committed progenitor population that shares
a number of features with multipotent HSCs and serves as a lineage-restricted
emergency pool for inflammatory insults (Haas et al., 2015). Under stress conditions,
acute inflammatory signalling triggers cell cycle activation of these quiescent cells,
driving the rapid maturation into cells that can produce sufficient platelets to replace
those lost after inflammation-induced thrombocytopenia.

Immune cells have been shown to play a key role in the regulation of haematopoiesis
(McCabe & MacNamara, 2016; Wei & Frenette, 2018). Nevertheless, studies
addressing how these cells, in their role as BM niche components, are influenced by
infection and inflammation are few. A number of outstanding questions remain such
as whether these cells are resident cells or are transiently present in the BM and
whether they play a role in preserving specific niches at times of stress.

While a large body of literature describes the cell-autonomous effects of IFNs on
haematopoiesis, IFN-g secreted by cytotoxic T cells in response to lymphocytic choriomeningitis virus (LCMV) infection has been shown to affect MSCs directly and bias
them towards supporting the production of myeloid cells (Schürch, Riether &
Ochsenbein, 2014). Tregs promote the maintenance of long-lived plasma cells in the
BM, which is critical for the production of antibodies (Hirata et al., 2018). However,
the impact of infection-driven changes in number and activity of BM Tregs on
haematopoiesis has only recently been investigated. In mice challenged with
Toxoplasma gondii it was shown that changes in the BM microenvironment led to a
reduction in the number of Tregs and a subsequent loss of plasma cells – a loss that
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could be rescued by preventing the Tregs decrease in the niche (Zaretsky et al., 2017).
While we know that Tregs contribute to HSC survival at steady-state (Fujisaki et al.,
2011), and this recent work connects Tregs with the maintenance of BM plasma cells
during infection, it is likely that Treg cell activity in the BM may also affect the role of
HSCs upon stress.

BM resident macrophages are ready to respond to infection via a battery of receptors
for pro-inflammatory cytokines and chemokines. How these cells regulate
haematopoiesis under stress has not been explored in detail. Many bacterial and
fungal infections elicit G-CSF secretion, which promotes emergency granulopoiesis,
and causes the mobilization of HSPCs into the circulation (Lieschke et al., 1994;
Schuettpelz et al., 2014). G-CSF reduces the number of macrophages in the BM and,
although the mechanism for this has not yet been clarified, it has been hypothesized
that G-CSF-induced macrophage loss may drive HSPC mobilization (Winkler et al.,
2010; Christopher et al., 2011; Westerterp et al., 2012). IFN-g, on the other hand,
promotes the classical activation of macrophages and has also been shown to affect
HSCs directly (Baldridge et al., 2010; de Bruin et al., 2012) or indirectly via its effects
on niche components (Schürch, Riether & Ochsenbein, 2014; McCabe et al., 2015).
Using a mouse model of intracellular bacterial infection, E. muris, IFN-g was found to
act on macrophages to drive a reduction in HSC number and loss of their function as
the number of CD11b+ macrophages were significantly augmented while CD11blow
macrophages were maintained in the BM (McCabe et al., 2015). The mechanism by
which IFN-g signalling restricts HSC numbers is not yet understood. During LCMV
infection, IFN-g causes anaemia by inducing macrophage-dependant phagocytosis of
red blood cells (Zoller et al., 2011). IFN-g might also induce the production of
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additional inflammatory factors by macrophages, such as TNF-a, that could act
directly on HSCs via their niche to drive HSC differentiation and/or apoptosis. Thus,
it appears that BM resident macrophages represent an essential player in regulating
demand-adapted haematopoiesis in response to inflammatory mediators.

Neutrophil recruitment is an important aspect of the inflammatory programme and is
critical for clearing a variety of pathogens. Upon induction with G-CSF, neutrophils
are mobilized as the process of emergency granulopoiesis takes place, which is usually
suppressed at steady-state in order to maintain homeostasis (Bucher et al., 2015). It has
been suggested that macrophage dependant efferocytosis is responsible for
differentially regulating granulopoiesis during homeostasis and also during
inflammation (McCabe et al., 2015). Neutrophil recruitment has been shown to be
regulated by pro-inflammatory cytokines such as IL-1b which lead to the upregulation
of IL-17 and chemokines CXCL1 and CXCL2 to attract further neutrophils (Park et al.,
2005; Miller et al., 2006, 2007; Amulic, Cazalet & Hayes, 2012). More recent work has
associated neutrophils with IL-1b production upon bacterial infection suggesting that
they could play more central roles in modulating inflammation (Cho et al., 2012; Chen
et al., 2014; Karmakar et al., 2015). Interestingly, these cells also generate higher levels
of ROS compared to other cells (Nathan & Shiloh, 2000; Silva, 2010) and ROS has been
shown to play an important role in altering HSC function, as mentioned previously.
It has been demonstrated that cross-talk of neutrophils with ECs also leads to an
induction of granulopoiesis, suggesting that endothelial-specific G-CSF reduces BM
macrophage numbers and in turn enhances granulopoiesis responses (Boettcher et al.,
2014; McCabe & MacNamara, 2016). Further investigation will be required to draw
conclusions about the specific effects of infection on neutrophils, as a component of
the BM microenvironment, and whether this has any impact on HSPCs themselves.
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While a known hallmark of acute inflammation includes the accumulation of large
numbers of neutrophils which induce major shifts in tissue metabolism, the greater
focus of research so far has been on how BM cellular components directly sense and
are affected by the external insults. Metabolic factors such as levels of oxygen, redox
state, perfused nutrient availability, glucose and fatty acid concentrations can also be
affected by infectious or inflammatory stimuli and can, in turn, have an impact on
normal haematopoiesis and tissue homeostasis. During bacterial infection, it was
shown that ROS concentration in the BM increases and this is dependent on the
expression of Nicotinamide Adenine Dinucleotide Phosphate (NADPH)-oxidase in
myeloid cells and essential for myeloid progenitor expansion (Kwak et al., 2015). These
results were corroborated by Zhu et al. who additionally showed similar responses
can be initiated by sterile inflammation, triggered by non-infectious agents such as
chemicals or physical impacts (Zhu et al., 2017). Therefore, it is clear that both sterile
and pathogen induced inflammation converge to a common point: NADPH-oxidase
dependant ROS production by BM myeloid cells. Furthermore, “Inflammatory
hypoxia” has been shown to result from a combination of oxygen consumption by
migrating inflammatory cells, local cell proliferation and the use of oxygen by
oxygenases that are expressed in multiple cell types in the inflammatory
microenvironment (Colgan, Campbell & Kominsky, 2016). The role of hypoxia during
inflammation can be tissue specific (Taylor & Colgan, 2017) but there are a lack of
studies looking specifically at the mechanism in the BM microenvironment during
infection and inflammation and this will be important to address with future work.

A number of studies have started to shed some light on the effects of infection and
inflammatory stimuli on the stem cell niche (Figure 1.4). Further insights into how the
physiology of these cells changes under inflammatory stress will be useful for finding
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Figure 1.4 – The bone marrow microenvironment during infection and inflammation
A summary of some of the main impacts to the BM microenvironment and stromal components that have been
discovered in response to inflammatory stimuli. There is a G-CSF mediated loss of osteoblasts. MSCs produce IL6 and CCL2 which can activate macrophages to produce TNF. VEGF mediates an increase in the proliferation of
ECs and ECs upregulate MyD88 and TLR4 expression resulting in increased G-CSF production and triggering
emergency granulopoiesis. CXCL12 production is also reduced as a result of the increased G-CSF production
leading to increased mobilization of HSCs into the circulation. T cells produce high levels of inflammatory
cytokines and there is also an increase in the concentration of ROS found in the BM. Note: curved arrows
represent the increase in HSC proliferation not self-renewal.

novel links to infection-induced changes in haematopoiesis. It will also be particularly
important to elucidate how these insults impact the BM microenvironment in the
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long-term and, although most infections are eventually resolved, it remains unclear
whether the BM microenvironment ever truly returns to steady-state or whether an
accumulation of insults throughout one’s lifetime results in a higher likelihood of
developing haematopoietic malignancies, for example BM failure or malignant
haematopoiesis.

1.6 – Malaria and the Plasmodium berghei model of perturbed
haematopoiesis
Malaria is a severe and life-threatening disease that continues to cause significant
morbidity and mortality, particularly across Africa, Asia and South America. In 2016,
there were an estimated 216 million new cases of malaria worldwide, with
approximately 445,000 deaths (WHO, 2017). The disease is caused by protozoan
pathogens of the Plasmodium species and, in humans, P. falciparum and P. vivax are the
most common species and responsible for the largest public health burden (Phillips et
al., 2017). Malaria is largely transmitted by the bites of Plasmodium-infected female
mosquitos of the Anopheles genus. During a blood meal, the infected mosquitos
inoculate, along with their anticoagulating saliva, sporozoites – which are infective
and motile stages of Plasmodium. These sporozoites then migrate through the skin to
the lymphatics and into hepatocytes in the liver. Inside hepatocytes, a single
sporozoite can generate tens of thousands of merozoites (the stage that results from
multiple asexual fissions of a sporozoite within the body of the host) which are
subsequently released into the blood stream where they enter red blood cells to
replicate. A small fraction of merozoites become sexually committed, and differentiate
into male and female gametocytes, and at this stage are capable of infecting the female
mosquito host when it takes a blood meal.
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The consequences of Plasmodium infection vary in severity depending on the species
and host factors, including the level of host immunity to the parasite. The disease is
largely characterised by considerable perturbation of blood cell haematopoiesis, as a
result of the invasion of erythrocytes by Plasmodium parasites, systemic inflammation
and immunosuppression (Villeval, Lew & Metcalf, 1990; Stevenson & Riley, 2004;
Langhorne et al., 2008). Severe malaria in humans is often fatal and presents with
severe anaemia and various manifestations of multi-organ damage which can include
cerebral malaria due to microvascular obstruction caused by the presence of red blood
cell-stage parasites in capillaries. This disease is therefore well suited to studying the
complex relationship between the haematopoietic response, loss of differentiated cells
and immune cell responses.

Murine models of malaria, including Plasmodium berghei, have been used to
understand the mechanisms of anaemia onset and also allow the study of several
aspects of haematopoiesis in the context of an acute infection. These parasites have
highly comparable life cycles and developmental stages as other mammalian including human - malaria parasites such as P. vivax and P. falciparum and any
differences tend to be restricted to the duration of development and the size of the
various dividing stages. Furthermore, the genome organisation and metabolic
pathways are conserved between both rodent and human malaria parasites. Although
small differences exist which are directly related to the interaction of these various
parasites with their individual hosts, the murine strains are highly practical models
for the experimental study of mammalian malaria. Previous work has demonstrated
that malaria infection induces changes in early haematopoietic cell populations
(Maggio-Price, Brookoff & Weiss, 1985; Belyaev et al., 2010; Harris et al., 2012).
However, these studies used the induction of malaria in rodents by the direct injection
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of infected blood, which – whilst being highly informative – has two critical
limitations. Firstly, it neglects the liver (and skin) stage of disease. Secondly, it is based
on an injection that transfers not only parasites but also other components from the
immune system of the previously infected donor animal, which may trigger
immediate and unwanted responses in the recipient. In order to understand the
haematopoietic response to Plasmodium infection from the early stages and how they
develop through the natural course of disease progression, our lab decided to use the
natural route of sporozoite inoculation by the bites of P. berghei-infected mosquitos.

Due to the fact that Plasmodium infects and destroys red blood cells, multiple studies
have investigated its impact on erythropoiesis (Dörmer et al., 1983; Maggio-Price,
Brookoff & Weiss, 1985; Wickramasinghe et al., 1989; Boehm et al., 2018) and it is
generally accepted that malaria survivors have compromised haematopoietic and
immune function in the short- and long-term (Orf & Cunnington, 2015; White, 2018)
which has been linked to alterations in cells of myeloid lineages (Orf & Cunnington,
2015; Mamedov et al., 2018). It is likely that these effects can be traced back to changes
in the earliest stages of haematopoiesis, including the HSC compartment, however so
far very little published work directly addresses the effect of Plasmodium infection on
HSPCs. In order to fully assess the role of malaria in the progression of these
pathologies and to potentially devise therapeutic strategies that preserve HSC
function, further understanding of the impact of malaria on HSCs is necessary. Recent
work has highlighted the BM microenvironment as a valuable therapeutic target in
the context of leukaemia-driven loss of HSC function (Hawkins et al., 2016; Duarte et
al., 2018). This may also be the case in the context of infection.
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Using a murine experimental model based on the natural route of sporozoitemediated infection, previously published work from our research group put together
a thorough view of haematopoietic perturbations during malaria development
(Vainieri et al., 2016). We demonstrated significant activation of HSCs and early
progenitors at the later timepoints of infection, as parasitaemia reached peak levels in
the blood. We found a sustained increase of Sca-1+ LKS cells and predicted that this is
most likely the product of the sum of increased MPP proliferation and re-expression
of Sca-1 by LK cells. We proposed that the boundary between MPP and LK
compartments during P. berghei infection is blurred, concurrent with other work that
demonstrated the presence of myeloid biased Sca-1high haematopoietic progenitor
cells during P. chabaudi infection (Belyaev et al., 2010).

Altogether, the study led to the hypothesis that multiple points of the haematopoietic
hierarchy are affected simultaneously in response to P. berghei and that this model is
an appropriate and biologically relevant system to further investigate cellular and
molecular mechanisms involved in the complex haematopoietic response to a natural
infection.

This work raised questions about what cell-intrinsic and -extrinsic mechanisms
mediate the haematopoietic response to P. berghei infection. In particular:
A. What proliferation dynamics sustain stressed haematopoiesis?
B. What molecular mechanisms drive them?
C. What is the effect on long-term function of HSCs?
D. How is the BM microenvironment affected by infection?
E. How do microenvironmental changes potentially contribute to the HSC
phenotypes observed?
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What happens to the haematopoietic system and to the BM of those who survive
malaria in the long-term has not been investigated at all. With recent work uncovering
the BM as a reservoir or hiding place for malaria parasites to evade the host immune
response, it has become increasingly relevant to determine how this particular
infection impacts the tissue as a whole.
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1.7 – Project aim and research questions
The overarching hypothesis of this project is that HSC and BM microenvironment
interactions change during infection because of alterations to niche components,
resulting in both short- and long-term consequences on HSC dynamics and function.
I will focus on three main research questions:

1. How do the dynamics of HSC and progenitor cell populations change during
P. berghei infection? (Chapter 3)

2. Is HSC function and differentiation affected by P. berghei infection, could this
be linked to changes at the transcriptional level of haematopoietic cells and can
we identify the molecular mechanisms driving these alterations? (Chapter 4)

3. How does P. berghei infection alter the BM microenvironment and can this be
manipulated to control the HSC phenotype observed? (Chapter 5)
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Chapter 2
Materials and methods

2.1 – Mice
2.1.1 – Ethics
All animal work was performed in accordance with the UK Home Office guidelines
under the Animals (Scientific Procedures Act) 1986 and the Animal Welfare and
Ethical Review Body (AWERB) at Imperial College London and Sir Francis Crick
Institute. The work described here was carried out under project licenses 70/8403 and
70/8788 and all regulated procedures were performed by me after obtaining
accreditation by the Society of Biology (Certificate Number: IMP/15/146) and a
personal license (Reference: ID648C5E6).

2.1.2 – Mouse strains
All mice were bred and housed at Imperial College London or Sir Francis Crick
Institute. C57Bl/6 wild-type (WT) and Tuck CD1 mice were purchased from Harlan
UK Ltd and Charles River UK. mT/mG mice (Muzumdar et al., 2007) were purchased
from Jackson Laboratories (Stock number: 007576; ME, USA). Flk1-GFP mice (Xu et
al., 2010) were a gift from Alexander Medvinsky (University of Edinburgh). Col2.3GFP mice (Kalajzic et al., 2002) and Col2.3-CFP mice (Paic et al., 2009) were gifted by
David Rowe (University of Connecticut Health Centre). Nestin-GFP mice (Mignone et
al., 2004) were a gift from Simon Méndez-Ferrer (University of Oxford). mT/mG x
Flk2:cre mice (Boyer et al., 2011) and CD45.1 (B6/SJL) mice were bred at Imperial
College London and Sir Francis Crick Institute. IFN-gR1KO (Huang et al., 1993) mice
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were kindly provided to us by Jean Langhorne (Sir Francis Crick Institute). Routine
parasite maintenance and mosquito infections were carried out in female Tuck CD1
mice greater than 4 weeks old. For flow cytometry experiments and as BM donors for
transplantation assays, cohorts of at least 8-week-old male or female WT mice were
used. As recipients in transplantation assays, 8-week-old female WT mice were used.
For IVM, male and female Col2.3-GFP, Col2.3-CFP, Nestin-GFP and Flk1-GFP mice
greater than 8 weeks old were used.

2.1.3 – Genotyping
Flk1-GFP and Nestin-GFP mice were genotyped by mounting a sample from the ear
onto a microscope slide and analysing the presence of GFP signal emitted by
endothelial and perivascular cells, respectively, under the microscope. mT/mG and
mT/mG x Flk2:cre mice were genotyped by polymerase chain reaction (PCR) and
CD45.1 (B6/SJL) by flow cytometry when not homozygous from breeding. Col2.3GFP and Col2.3-CFP mice were genotyped by analysing the presence of GFP or CFP
signals emitted by the bones of new-born pups with “GFP goggles” (Model GFsP-0;
BLS Ltd., HU), which had a blue light source and appropriate filters.

2.1.4 – Parathyroid hormone treatment
For parathyroid hormone (PTH) treatment of mice, Rat PTH (1-34) (Bachem) (80µg/kg
body weight) or phosphate buffered saline (PBS; used as the vehicle control) were
injected intraperitoneally (i.p) five times a week for two weeks prior to the infection
and for a further week through the infection until mice were sacrificed for analysis.
For these experiments, strictly 6-week-old female mice were used.
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2.2 – Plasmodium berghei experimental model
2.2.1 – Generation of infected mosquitos and sporozoite infection of
mice
Routine parasite maintenance was carried out by Mark Tunnicliff (Blagborough lab),
as previously described (Ramakrishnan et al., 2013; Vainieri et al., 2016). Briefly, P.
berghei ANKA wild-type clone 2.34 was maintained in 4 to 10-week-old female Tuck
CD1 mice by serial blood passage and according to Home Office approved protocols.
Hyper-reticulocytosis was induced in donor mice 2 – 3 days prior to infection by
treating them with 6mg/ml phenylhydrazine chloride (ProLabo). These mice were
infected by i.p injection of blood containing parasites and parasitaemia monitored (see
2.2.2).

For each individual infection, a group of five female Tuck CD1 phenylhydrazine
chloride-treated mice were infected i.p with parasitized red blood cells, followed by
feeding to mosquitos 3 days post-infection. At this point, the infected mice were
anaesthetized (Ketaset/Rompun) and exposed to cages containing 500 starved female
Anopheles stephensi mosquitos. Blood-fed mosquitos were isolated and maintained on
8% (w/v) fructose, 0.05% (w/v) p-aminobenzoic acid and at 19°C with 80% relative
humidity until 21 days post-infection, at which point the number of sporozoites in the
salivary glands were at their peak.

To infect mice with P. berghei for experiments, naïve mice were anaesthetized and
exposed to 5 P. berghei-infected mosquitos per mouse for 10-20 minutes (this ratio
assumes that approximately 200 sporozoites are delivered per bite and 1000
sporozoites provide a 94% probability of a blood-stage infection (Vanderberg,
Nussenzweig & Most, 1969)). Control mice received 5 mosquito bites from naïve, non58

infected mosquitos in parallel (to control for potential mosquito saliva-mediated
effects). Successful feeding was confirmed by the presence of blood in the abdomen of
mosquitos after 20 minutes. Mice were subsequently recovered on a heat mat and
observed until they were fully revived. Blood parasitaemia and symptoms of malaria
were monitored regularly, and mice sacrificed for analysis at the timepoints of interest
and before the onset of cerebral malaria.

2.2.2 – Calculating parasitaemia
A small drop of blood was transferred onto a glass side. The edge of another glass
slide was rested just ahead of the drop of blood and was used to encourage the blood
to fully disperse along the edge by gently drawing the top glass slide backwards. Next,
the blood was smeared into a thin layer by immediately sweeping the top slide
forward along the bottom slide. These slides were air dried and subsequently fixed in
methanol for approximately 20 seconds. Any excess methanol was tipped off and the
slides stained with 10% Giemsa (v/v) for 10 – 20 minutes before rinsing with tap water
and air drying.

The Giemsa-stained slides were observed under oil immersion at a minimum of 400x
magnification by light microscopy. The average parasitaemia for three random fields
(at least 500 red blood cells) was calculated and expressed as a percentage of total
parasitaemia.

2.3 – Flow cytometry
2.3.1 – Bone marrow cell isolation
For the analysis of HSPC compartments, the tibias, femurs and ileac bones of control
and infected mice were harvested and gently crushed using a mortar and pestle in
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fluorescence activated cell sorting (FACS) buffer, containing Dulbecco’s PBS (Sigma)
supplemented with 2% heat inactivated fetal bovine serum (FBS) (Life Technologies),
in order to release the BM. The cells were resuspended, filtered through a 40µm
strainer and centrifuged at 500 x g for 5 minutes at 4°C. The samples were
subsequently resuspended in red cell lysis buffer (0.001g/ml Potassium bicarbonate,
0.008g/ml Ammonium chloride, 20mM EDTA, all from Sigma, and 5% (v/v) FBS in
Milli-Qã water) and washed in FACS buffer as before. At this point, the BM cells were
ready to be stained for analysis.

For the analysis of stromal cells, the tibias and femurs were minced with scissors and
then gently crushed with a mortar and pestle. The resulting mix of cells and bone chips
were transferred directly to a 50ml Falcon tube and resuspended in 3ml of Collagenase
I solution (0.25% (w/v) Collagenase, Type I, powder in Hank’s balanced salt solution
(HBSS), both from Gibco). The tubes were incubated at 37°C for 30 minutes with
110rpm agitation. Cells obtained were filtered through a 70µm strainer into a new
50ml Falcon tube, washed with FACS buffer and were ready to be stained for analysis.

2.3.2 – Cell staining and sample acquisition
Cells were stained in FACS buffer for 30 minutes at 4°C in the dark and washed in
FACS buffer by centrifuging at 500 x g for 5 minutes at 4°C prior to carrying out a
secondary stain and incubating for a further 30 minutes at 4°C (if necessary). Cells
were resuspended in an adequate volume of FACS buffer prior to acquisition. All
primary antibodies were used at 1:100 dilution, apart from anti-CD34 (1:50) and EPCR
(1:50). All secondary antibodies were used at a 1:1000 dilution. Specific details for the
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fluorochrome-conjugated and biotinylated or streptavidin antibodies used in
experiments can be found in Table 1.

Antibody

Clone

Source

Catalogue
No.

Biotin anti-mouse CD3e

145-2C11

BioLegend

100304

APC/Cy7 anti-mouse CD3e

145-2C11

BioLegend

100330

Biotin anti-mouse CD4

GK1.5

BioLegend

100404

Biotin anti-mouse CD8a

53-6.7

BioLegend

100704

Biotin anti-mouse Ter119

TER119

BioLegend

116204

APC/Cy7 anti-mouse Ter119

TER119

BioLegend

116223

Biotin anti-mouse/human
CD45R/B220

RA3-6B2

BioLegend

103204

Pacific Blue anti-mouse/human
CD45R/B220

RA3-6B2

BioLegend

103227

PE/Cy7 anti-mouse/human
CD45R/B220

RA3-6B2

BioLegend

103222

Biotin anti-mouse Ly6G/Ly6C (Gr-1)

RB6-8C5

BioLegend

108404

Biotin anti-mouse CD11b

M1/70

BioLegend

101204

FITC anti-mouse CD11b

M1/70

BioLegend

101206
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APC/Cy7 anti-mouse CD117 (c-Kit)

2B8

BioLegend

105826

APC anti-mouse CD117 (c-Kit)

2B8

BioLegend

101212

PerCP/Cy5.5 anti-mouse Ly6a/E
(Sca-1)

D7

BioLegend

108124

Pacific Blue anti-mouse CD48

HM48-1

BioLegend

103418

PE/Cy7 anti-mouse CD48

HM48-1

BioLegend

103424

BV650 anti-mouse CD150 (SLAM)

TC1512F12.2

BioLegend

115931

PE/Cy7 anti-mouse CD150 (SLAM)

TC1512F12.2

BioLegend

115914

Anti-mouse CD34 eFluorâ 660

RAM34

ThermoFisher
Scientific

50-0341-82

Anti-mouse CD34 FITC

RAM34

ThermoFisher
Scientific

11-0341-82

PerCP/Cy5.5 anti-mouse CD45.1

A20

BioLegend

110728

PE anti-mouse CD45.1

A20

BioLegend

110708

APC anti-mouse CD45.2

104

BioLegend

109814

APC/Cy7 anti-mouse CD45

30-F11

BioLegend

103116

PE/Cy7 anti-mouse CD31

MEC13.3

BioLegend

102524

Invitrogen

S32365

Streptavidin Pacific Orange

Table 1 – Details for all antibodies used in flow cytometry experiments
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The biotin-conjugated lineage cocktail contained the following antibodies at equal
ratios: CD3, CD4, CD8, B220, Ter119, Gr-1 and CD11b. Live and dead cells were
distinguished using 4,6-diamidino-2-phenylindole (DAPI) (NucBlueÔ Fixed Cell
ReadyProbesÔ Reagent; Invitrogen, Cat. No. R37606) or, where necessary, a fixable
viability dye (LIVE/DEADÔ Fixable Green Dead Cell Stain Kit, for 488nm excitation;
Invitrogen, Cat. No. L23101). Single colour controls were always prepared on WT BM
and fluorescence-minus-one (FMO) controls were used where appropriate.

Calibrite Beads (BD Calibrite 3 Beads Unlabelled, FITC, PE and PerCP Beads; BD
Biosciences Cat. No. 340486) were used to calculate absolute cell numbers as
previously described (Hawkins et al., 2007). Briefly, single colour calibrite beads were
suspended in PBS at a concentration of 1 x 106 beads/ml and resuspended using a
10ml pipette to ensure homogenous distribution of beads. Subsequently, a specific
volume of beads, for example 100µl containing 100,000 beads, was added to the
sample to be acquired. The final absolute numbers were back-calculated using the
number of acquired beads, the number of acquired cells and the proportion of initial
cell suspension used for each staining.

For the analysis of cell proliferation, control and infected mice were administered
BrdU (Invitrogen, Cat. No. B23151) i.p. 12 hours prior to BM harvest (1mg BrdU per
6g body weight). The incorporation of BrdU was assessed using the APC BrdU Flow
Kit (BD Biosciences, Cat. No. 552598) according to the manufacturer’s protocol.
Briefly, after surface staining the cells as detailed above, they were fixed,
permeabilised and treated with DNase to expose the incorporated BrdU. Cells were
subsequently incubated with an antibody against BrdU, washed and analysed by
FACS.
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Quantitative analysis of haematopoietic cell proliferation kinetics was carried out
using the dual-pulse labelling method developed by our research group (Akinduro et
al., 2018) using a combination of the APC BrdU Flow kit and the Click-iT™ EdU Pacific
Blue™ Flow Cytometry Assay Kit (Invitrogen, Cat. No. C10418). 5-ethynyl-2’deoxyuridine (EdU; Invitrogen, Cat. No. A10044) was administered via the tail vein
(1mg EdU per mouse) 2 hours prior to BrdU (2mg BrdU per mouse) and the BM
harvested a further 30 minutes later. After surface staining, cells were fixed in 200µl
Fixation Buffer (BD Biosciences, Cat. No. 554655) and permeabilised in 200µl
Permeabilization Buffer Plus (BD Biosciences, Cat. No. 561651). EdU was next labelled
using the Click-iT™ kit and following the manufacturer’s instructions. This was
followed by an incubation for 20 minutes in 250µl DNase I (Sigma-Aldrich, Cat. No.
11284932001) at 37°C. After washing twice with the Click-iT™ saponin-based
permeabilization and wash reagent (provided with the Click-iT™ EdU kit), cells were
stained with anti-BrdU (BrdU Monoclonal Antibody, MoBU-1; Invitrogen, Cat. No.
B35128) for 45 minutes before analysis by FACS.

For the analysis of HSPC and stroma oxidative stress by measuring cellular ROS
levels, the CellROX™ Deep Red Reagent kit (Invitrogen, Cat. No. C10422) was used
following manufacturer’s instructions. Briefly, after surface staining, cells were
incubated with CellROX™ reagent at a final concentration of 5µM for 30 minutes at
37°C. Samples were subsequently washed three times in PBS, resuspended in FACS
buffer and analysed by FACS.

All samples were analysed with an LSR Fortessa (BD Biosciences), sort-purified using
a FACSAria III (BD Biosciences) and data were analysed with FlowJo (Tree Star). The
gating strategies used for the following groups can be found below:
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Haematopoietic stem and progenitor cells (Figure 2.1)
Mature lineages (Figure 2.2)
Stroma and endothelial cells (Figure 2.3)

2.4 – Lineage depletion
Lineage depletion was carried out prior to all cell-sorting experiments as well as for
the preparation of Lineage negative (Lineage-) BM cells for relevant transplantation
assays. It is important to note that protocols ending with transplantation of cells to
recipients were carried out under strictly sterile conditions. Tibias, femurs, ileac bones,
vertebrae and sternum from control and infected donor mice were harvested, washed
and red blood cells lysed as described above. Whole BM cells were subsequently
incubated with a cocktail of biotinylated antibodies (CD3, CD4, CD8, Ter119, B220,
Gr1 and CD11b at equal ratios) in sterile FACS buffer for 30 minutes at 4°C. After
washing, cells were resuspended in 1ml PBS and 30µl streptavidin magnetic
Microbeads (Miltenyi Biotech, Cat. No. 130-048-101) for 30 minutes at 4°C. Depletion
was carried out using the MACS Column Technology (Miltenyi Biotech). In parallel
with the incubation, LD columns (Miltenyi Biotech, Cat. No. 130-042-901) were
equilibrated with 3ml PBS per column. At the end of the incubation, 2ml PBS was
added to tubes containing the cells and transferred to the LD columns through a 40µm
strainer. The lineage depleted BM samples were collected in 15ml Falcon tubes. When
the whole sample passed through, the columns were rinsed with an additional 3ml
PBS and, if relevant, the samples subsequently stained with appropriate antibodies.
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Figure 2.1 – FACS gating strategy for isolating HSPCs in the BM
Representative FACS plots from the BM of control mice analysed by flow cytometry. Black boxes indicate the
gates used for isolating counting beads, gating on BM cells to exclude debris, excluding doublets by gating on
single cells, Lineage-, myeloid-primed progenitors (LK), LKS, mixed lymphoid- and myeloid-primed multipotent
progenitors (MPP) and haematopoietic stem cell (HSC) compartments.
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Figure 2.2 – FACS gating strategy for isolating mature cell populations
Representative FACS plots from the peripheral blood of control mice analysed by flow cytometry. Black boxes
indicate the gates used for gating on peripheral blood to exclude debris , excluding doublets by gating on single
cells, T cells, B cells and non-lymphoid cells to isolate myeloid cells. Note: the same gating strategy was used for
the BM.
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Figure 2.3 – FACS gating strategy for isolating stroma and endothelial cell populations
Representative FACS plots from the BM of control mice analysed by flow cytometry. Black boxes indicate the
gates used for isolating counting beads, gating on BM cells to exclude debris, excluding doublets by gating on
+
+
single cells, CD45 Ter119 haematopoietic cells, CD45 Ter119 mixed stromal and haematopoietic cells, and
endothelial cells including arteriolar and sinusoidal subsets.
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2.5 – Transplantation assays
2.5.1 – Lineage- BM transplants
Cells from control or infected mT/mG or CD45.1 donor mice were harvested at the
relevant timepoints post-infection and lineage depleted, as described previously. 8 x
104 Lin- BM cells were transplanted alongside 2 x 105 support BM cells from a WT
donor into lethally irradiated WT recipients (two doses of 5.5Gy, administered at least
three hours apart). Baytril antibiotic was administered to all recipient mice for 6 weeks
post-transplant. For secondary transplant, whole BM was harvested from the control
and infected recipients, pooled together and 2 x 105 cells transplanted per mouse into
a new cohort of lethally irradiated recipient mice.

2.5.2 – HSC transplants
HSCs (defined here as Lineage- c-Kit+ Sca-1+ CD150+ CD48low/-) from PBS- or PTHtreated, control or infected mT/mG or CD45.1 donor mice at day 7 post-infection were
FACS-purified as described previously. 200 HSCs were transplanted into lethally
irradiated WT recipients alongside 3 x 105 support BM cells from a WT donor. For
secondary transplants, whole BM was harvested and pooled from primary recipients
of HSCs harvested from PBS- or PTH- treated, control or infected donor mice, resorted for HSCs and transplanted into a second cohort of lethally irradiated WT
recipients, with each mouse again receiving 200 HSCs and 3 x 105 support WT BM
cells.
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For transplantation of CD48low and CD48neg HSCs, cells were FACS-purified from the
BM of mT/mG donor mice and 100 were transplanted into lethally irradiated
recipients alongside 2 x 105 support BM cells from a WT donor. For secondary
transplant, whole BM was harvested and pooled from primary recipient groups, resorted for pooled tomato+ HSCs (LKS CD150+ CD48low + neg) and transplanted to a
new batch of lethally irradiated WT recipients. Each mouse received 100 HSCs
alongside 2 x 105 support BM cells.

2.5.3 – Monitoring multilineage engraftment
For the analysis of peripheral blood, approximately 10µl of blood was obtained from
mice via the tail vein and mixed with EDTA in a 96 well plate to prevent clotting. Red
blood cells were lysed by adding approximately 150µl red cell lysis buffer to each well
and centrifuging at 800 x g for 2 minutes. This was repeated two further times to
remove all red blood cells before washing once more with FACS buffer. The samples
were subsequently stained with relevant antibodies (including CD3 for T cells, B220
for B cells, CD11b for myeloid cells and, if relevant, CD45.1 and CD45.2 to distinguish
between donor- and recipient-derived cells).

Multilineage engraftment of the recipients was monitored by analysing the peripheral
blood every 4 weeks post-transplant up to week 20 and BM reconstitution was also
analysed at week 20 for all transplants.
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2.6 – Mathematical modelling
Simple mathematical models for the population growth, proliferation rates and
turnover of the HSC and MPP cell populations in control and infected mice were
developed by Dr Ken Duffy (Hamilton Institute, National University of Ireland,
Maynooth) in order to extrapolate from the empirical data. For specific details and
mathematical formulae, used by our collaborator, please see Appendix A.

2.7 – Single cell RNA sequencing and analysis
All experimental work and analysis were carried out at University of Cambridge in
Prof. Berthold Göttgens’s laboratory, driven by Dr Nicola Wilson and Mr Samuel
Watcham (MRC Stem Cell Institute, University of Cambridge, Cambridge). For 10x
Chromium™ (10x Genomics, Pleasanton, CA) experiments, Lineage- c-Kit+ cells were
sort purified, as described above, and processed according to the manufacturer’s
protocol. After quality control, variable genes were identified for all samples and
clustering carried out to identify various lineages within the dataset and a primitive
HSPC zone within the control and infected plots. Differential expression analysis was
also performed between control and infected cells for each cluster and genes at least
4-fold upregulated in infected compared to control were selected as an initial set of
“driving genes” involved in the infection before adding to the list by finding other
genes whose expression highly correlated with the initial 20. For more specific details
and technical information from our collaborators please see Appendix A.

2.8 – Enzyme-linked immunosorbent assay (ELISA)
To obtain BM supernatants, tibias and femurs were harvested from cohorts of PBS- or
PTH- treated, control or infected mice. The metaphysis and diaphysis of long bones
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were separated with scissors and 80µl of PBS was flushed through each diaphysis into
an Eppendorf tube, collected and re-flushed through the diaphysis. Cells were
pelleted by centrifugation at 400 x g for 5 minutes. The supernatant was removed, and
any remaining cells excluded by further centrifugation at 500 x g for 5 minutes. Serum
was prepared by collecting blood by cardiac puncture after terminal anaesthesia with
pentobarbital. Blood was incubated at 4°C for at least 3 hours to clot and subsequently
centrifuged at 12,000 x g for 10 minutes at 4°C. The serum supernatant was transferred
to a new Eppendorf tube. BM supernatants and serum were stored at -20°C until
required for ELISA. IFN-g ELISAs (Mouse IFN-γ ELISA MAX™ Deluxe; Biolegend,
Cat. No. 430804) were performed according to the manufacturer’s instructions and by
diluting the BM supernatant samples 1:4 and serum samples 1:2.

2.9 - Bone marrow histology
Femurs were harvested from control and infected animals at day 7 post-infection,
fixed in 4% paraformaldehyde (PFA) at 4°C overnight and decalcified in 10% EDTA
for 3 days. The bones were subsequently embedded in paraffin, sectioned and
processed for haematoxylin and eosin staining at the NHLI histopathology facility at
Imperial College.

2.10 – Intravital microscopy
IVM was performed using a Zeiss LSM 780 upright confocal/two-photon hybrid
microscope equipped with Argon (458, 488 and 514nm), a diode-pumped solid-state
561nm, a Helium-Neon 633nm, and a tuneable infrared multiphoton laser
(Spectraphysics Mai Tai DeepSee 690 – 1020nm), 4 non-descanned detectors (NDD)

72

and an internal spectral detector array. Signal was visualised using a Zeiss W PlanApochromat 20X DIC water immersion lens (1.0 NA).

Surgical procedures and live imaging of the calvarium BM were carried out as
described in previously published reports and according to Home Office approved
protocols (Scott, Akinduro & Lo Celso, 2014; Hawkins et al., 2016; Duarte et al., 2018).
Anaesthesia of the mice was induced and maintained with isoflurane in medical
oxygen throughout the procedure (4% isoflurane in 4 L/min O2 for induction and 1 –
2% isoflurane in 1 L/min for maintenance). Surgery was performed to remove the
skin and tissue on the skull, as demonstrated in Scott et al. A custom-made imaging
window was subsequently attached using Diamond Carve Dental Cement
(Associated Dental Products; Cat. No. SUN527). The dental cement was prepared by
combining 3 measured spoons of powder with 2 drops of liquid provided in the kit.
After attaching the headpiece, the cement was allowed to solidify before transferring
the mouse to the microscope stage. The mouse was placed on a heatpad and its
temperature monitored throughout the procedure with a rectal probe equipped with
a thermal sensor. Blephagel eye ointment (SpectrumThea) was applied to prevent eye
dryness and corneal injury as a result of exposure to the lasers. The lock-and-key
mechanism of the imaging window allowed the accurate positioning and stable
imaging of the mouse on the microscope stage. A drop of PBS was placed on the
calvarium before lowering the lens for imaging.

Blood vessels were labelled with 80µl of 8mg/ml Cy5-Dextran (nanocs, MA) or 50µl
of TRITC-dextran (40mg/ml, 150kDa; Sigma) injected intravenously (i.v). Second
harmonic signal was excited at 860 – 880nm and detected with external detectors. CFP
signal was excited at 870nm or 458nm and detected using external or internal
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detectors; GFP signal was excited at 880nm or 488nm and detected using external or
internal detectors; mTomato and Cy5 signals were excited at 561nm and 633nm
respectively and detected using internal detectors. Large three-dimensional (3D) tile
scans of the entire BM cavity space in the calvarium were acquired by stitching
adjacent, high-resolution z-stack images, allowing the visualisation of the calvarium
BM with single cell resolution. Positions within the tilescan could be selected and
imaged over a period of time to produce time lapse movies of cells within the BM.

Assessment of vascular leakiness with infection was carried out by adapting
previously published protocols (Itkin et al., 2016; Passaro et al., 2017). Briefly, with the
mouse ready on the microscope stage and positions for analysis selected, 60µl of low
molecular weight TRITC-dextran (3mg/ml, 65 – 80kDa; Sigma) was injected i.v before
continuously recording (1 frame per minute) for 10 minutes post-injection with the
dye.

2.11 – Image processing and quantification
Zen black (Zeiss, Germany) software was used to stitch 3D BM tilescans. Image J was
used to visualise and process raw data. ImageJ was also used to manually crop out
autofluorescent signal from the tissue. Automated cell segmentation and volume
measurements were performed in Definiens (Definiens Developer 64, Germany) using
local heterogeneity segmentation to isolate Col2.3-GFP+, Col2.3-CFP+, Nestin-GFP+
and Flk1-GFP+ cells (Khorshed et al., 2015). For time lapse data, movement of the Zstacks caused, for example, by breathing were corrected by applying fourdimensional (4D) data protocols implemented in ImageJ which allow for the
registration of the acquired time lapses (Preibisch et al., 2010).
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For analysis of TRITC-dextran extravasation in time lapse movies from control and
infected mice, the pixel intensity within 3 equally sized and randomly placed regions
of interest was calculated per time frame. The average of these values was
subsequently calculated and the fold change increase in intensity in control and
infected samples plotted in a graph.

2.12 – Quantification and statistical analysis
Raw data was processed and visualised using Microsoft Excel and GraphPad Prism
(GraphPad Software Inc.). Group means were compared using the unpaired Student’s
t test. For multiple comparisons, one-way ANOVA with post-hoc Tukey test or
Bonferroni correction was used. For all data, differences were considered significant
whenever p < 0.05. * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001
and **** represents p < 0.0001. Specific statistical details, including the number of
animals used, can be found in the figure legends.
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Chapter 3
Analysing the effects of Plasmodium berghei
infection on HSC and progenitor cell dynamics

3.1 – Introduction
HSCs are responsible for the production of all blood and immune cells required
throughout the lifespan of vertebrates – the process known as haematopoiesis.
Infection can severely stress the haematopoietic system, resulting in the rapid
consumption of mature cells as innate and adaptive immune responses are triggered
and HSPCs are stimulated to modify their output in order to cope with this increase
in demand (Essers et al., 2009; Esplin et al., 2011; King & Goodell, 2011; MacNamara et
al., 2011). Consequently, this process can lead to the exhaustion of the stem cell pool.
It has also been shown that HSCs directly sense and respond to inflammatory and
infectious stimuli which can often be as a result of the impacts of infection on the
protective stem cell niche, composed of various cellular components within the BM
microenvironment (Essers et al., 2009; Sato et al., 2009; Baldridge et al., 2010; Takizawa
et al., 2011).

Our research group was interested in using P. berghei as an experimental model to
gain a more global view of haematopoietic perturbations during the course of
infection. The first study published from our group using this pathogen demonstrated
that multiple components of the haematopoietic tree simultaneously respond to and
are affected by P. berghei infection and we uncovered a particularly dramatic increase
in the proportion of proliferating HSPCs at the advanced stages of blood infection
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(Vainieri et al., 2016). We also found that the number of cells in the LK compartment,
containing myeloid-primed progenitor cell subsets and termed “committed myeloid
progenitors” in that study, declines and these effects are coupled with the early signs
of anaemia in the BM. However, this work raised questions about what cell-intrinsic
and -extrinsic mechanisms mediate the haematopoietic response to P. berghei
infection. More specifically, we wanted to determine what proliferation dynamics
sustain stressed haematopoiesis and in what capacity HSC activation contributes to
the overall magnitude of the response. Furthermore, how the transition from stem to
progenitor cells may be altered in an infected setting and whether more quiescent
subsets of HSCs are triggered to respond in the same way as those that proliferate
more readily remains to be elucidated.

In this chapter, I use a dual-pulse labelling method, recently developed by our
research group to measure the proliferation rates of HSPCs over the course of P.
berghei infection. Mathematical modelling of this data allows a comparison of the
production of cells at steady-state and under stress to explore how HSCs and early
progenitors contribute to more differentiated compartments under both conditions.
Finally, with further experimental analysis and mathematical modelling, I question
whether HSC subgroups respond and contribute to the flux of cells during infection
in a similar manner or if there is a subpopulation of more quiescent and lessresponsive HSCs potentially able to maintain the stem cell pool in the long-term.

3.2 – The P. berghei infection model provides a system to analyse
perturbed haematopoiesis
Malaria allows the study of several aspects of haematopoiesis in the context of an
acute infection. In this study, I wanted to use the P. berghei model to elucidate the
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complex relationship between the HSC response and the loss of differentiated cells in
order to understand how this may ultimately impact the haematopoietic system and
whether this response may be linked to infection-induced alterations in the BM
microenvironment. As discussed in Chapter 1, by exposing mice to the bites of
mosquitos carrying the infective sporozoite stage of the P. berghei parasites (using
naïve, uninfected mosquito bites as control in parallel) I could study the
haematopoietic responses, from the early liver stage, and how they develop through
the natural course of disease progression until the terminal development of cerebral
complications (Figure 3.1A). Visible symptoms of cerebral malaria developed
consistently within 8 days in my hands, therefore I focused my studies on the first 7
days post-sporozoite infection (psi). Parasitaemia was monitored over time by
analysing Giemsa-stained tail blood smears for the proportion of infected red blood
cells in peripheral blood. During the development of infection, merozoites are first
generated in the liver and are undetectable in the peripheral blood up to day 3 psi.
Red blood cell invasion is subsequently initiated and there is a significant increase in
measurable parasitaemia by day 5 psi and this is further augmented by day 7 psi
(Figure 3.1B).

To monitor the HSPC response to P. berghei, I used flow cytometry analysis of the BM
of control and infected mice. Striking changes developed over time and were most
prominent at day 7 psi, with a notable upregulation of Sca-1 expression within
undifferentiated (Lineage-) haematopoietic cells (Figure 3.1C). Consistent with our
previous observations, the ratio of LK cells (Lineage- c-Kit+ Sca-1-, myeloid-primed
progenitors), and more primitive LKS cells (Lineage- c-Kit+ Sca-1+) was inverted, with
the number of cells within the LK population decreasing while the LKS compartment
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Figure 3.1 – P. berghei infection model and the effects on HSPC populations in the BM
(A) Mice are exposed to bites by control or P. berghei-infected A. stephensi mosquitos at day 0. The duration of the
liver and blood stages of disease, as well as the onset of cerebral complications are indicated. (B) Parasitaemia in
peripheral blood over time post-infection is calculated from Giemsa-stained blood films taken from infected mice
and quantified. (C) Representative FACS plots showing the changing pattern of Sca-1 and c-Kit expression in
Lineage- BM haematopoietic cells. The population shown in the plot is indicated in italics and boxes indicate the
gating strategy used for LKS, myeloid-primed progenitors (LK), mixed lymphoid- and myeloid-primed
multipotent progenitors (MPP) and haematopoietic stem cell (HSC) compartments. (D) A comparison of the
absolute number of HSCs obtained when gating with (LKS SLAM) and without (LK SLAM) the marker for Sca-1
in the BM of infected mice at day 7 psi. In (B) and (D) each dot represents one mouse and data are pooled from
at least 2 independent infections. Bars represent the mean ± s.e.m. Statistically significant differences determined
using Student’s t-tests (**** represents p < 0.0001).
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increased. This expansion of the LKS subset has previously been shown to be a
hallmark of the haematopoietic response to inflammation – particularly to IFNmediated insults (Dumont & Coker, 1986; Malek, Knis & Codias, 1989; Khan et al.,
1993; Holmes & Stanford, 2007; Whitmire, Eam & Whitton, 2009; Baldridge et al., 2010;
Zhao et al., 2010; Matatall et al., 2014; Pietras et al., 2014; Hirche et al., 2017).

Within the LKS population, I used the SLAM markers CD48 and CD150 (Kiel et al.,
2005; Bryder, Rossi & Weissman, 2006; Foudi et al., 2008; Wilson et al., 2008; Grassinger
et al., 2010; Oguro, Ding & Morrison, 2013) to separate the cell population most
enriched for HSCs from their immediate progeny - mixed lymphoid- and myeloidprimed multipotent progenitors (defined as MPPs in this work). While the LKS
CD150+ CD48low/- phenotype enriches for HSCs, it is known not to result in a pure
HSC population (Wilson et al., 2008; Oguro, Ding & Morrison, 2013; CabezasWallscheid et al., 2014; Akinduro et al., 2018). Throughout my thesis, I label this
phenotype as “HSCs” for brevity, however it should be considered as a primitive
HSPC population. I included Sca-1 in the gating strategy because it is widely adopted
in studies focusing on the effects of infection on early HSPCs (Essers et al., 2009;
Baldridge et al., 2010; King & Goodell, 2011; MacNamara et al., 2011; Pietras et al., 2014;
Matatall et al., 2016; Zhang et al., 2016) as summarised in Table 2. Furthermore, in my
hands, Sca-1 was largely redundant when combined with CD150 and CD48 and I
demonstrated that there was no difference between the absolute number of HSCs
identified when gating with (LKS SLAM) and without (LK SLAM) the marker for Sca1 in the BM of infected mice at day 7 psi (Figure 3.1D). By day 7 post-infection with P.
berghei, the ratio of HSCs to MPPs was clearly skewed to MPPs, with a dramatic
expansion of the latter population (Figure 3.1C). This is in line with previous
observations, including a study investigating the effects of chronic type-1 IFN
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exposure, where mice were treated with Poly I:C and the increase in LKS
compartment size was due to the elevated frequency of MPPs within the LKS
compartment (Pietras et al., 2014).

Cell surface markers
Reference

Other

Lineage

Sca-1

c-Kit

CD48

CD150

CD34

Flk2

Essers et al., 2009

✓

✓

✓

✓

✓

╳

╳

╳

Baldridge et al., 2011

✓

✓

✓

╳

✓

✓

✓

✓

Esplin et al., 2011

✓

✓

✓

✓

✓

╳

✓

╳

MacNamara et al., 2011

✓

✓

✓

✓

✓

✓

✓

╳

Matatall et al., 2014

✓

✓

✓

╳

╳

╳

╳

✓

Pietras et al., 2014

✓

✓

✓

✓

✓

╳

✓

╳

Haas et al., 2015

✓

╳

✓

✓

✓

╳

╳

╳

Pietras et al., 2015

✓

✓

✓

✓

✓

╳

✓

╳

Matatall et al., 2016

✓

✓

✓

✓

✓

✓

╳

╳

Rashidi et al., 2016

✓

✓

✓

╳

╳

✓

✓

╳

Zhang et al., 2016

✓

✓

✓

✓

✓

╳

╳

╳

Hirche et al., 2017

✓

╳

✓

✓

✓

✓

╳

╳

(Side Population,
EPCR etc.)

Table 2 – A summary and comparison of cell surface marker combinations used to identify HSCs in
studies investigating the effects of infection on early HSPCs.

3.3 – P. berghei induces an increase in the proportion of proliferating
HSPCs at various points during infection
Prior to the first malaria study from our research group, published in 2016 (Vainieri et
al., 2016), the specific effects of malaria on HSCs themselves had not yet been studied.
This particular model and strain of Plasmodium provided us with the perfect way to
analyse perturbed haematopoiesis in response to an acute infection, while gaining
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some insight into the mechanisms by which malaria may be affecting other
haematopoietic processes. We could clearly see significant phenotypic responses in
the early haematopoietic progenitor compartment and I was especially interested in
dissecting this further in order to gain a more thorough view of HSPC responses over
the whole course of the infection, both through the liver stages and as parasitemia
becomes detectable and increases in the blood.

Previous work in the research group had focused on days 3, 7 and 10 post-infection.
In order to gain a more exhaustive insight into HSPC dynamics over the course of P.
berghei infection, and to determine whether there exist any differences between the
liver (up to day 2 psi) and blood stages (from day 3 psi) of infection, I analysed the
proportion of proliferating cells at day 2, 5 and 7 psi. Control and infected mice were
administered BrdU i.p 12 hours prior to harvesting the BM, staining with relevant
antibodies and measuring the proportion of BrdU+ LK, MPP and HSC compartments
by flow cytometry (Figure 3.2A).

At day 2 psi, a significant proportion of all three populations had incorporated BrdU
compared to control mice (Figure 3.2B, C and D). By day 5 psi, and later at day 7 psi,
when parasitaemia reaches peak levels in the blood for these infections and mice begin
to show symptoms of illness, there were significantly higher proportions of MPPs and
HSCs proliferating in infected mice. This was in contrast to LK cells, where there was
a reduction or no change in the proportion of proliferating cells.

The significant increase in proliferating cells at day 2 post-infection indicated that
potentially subtle but important responses take place in the HSPC compartment from
the early stages following sporozoite infection and before blood stage parasitaemia is
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detectable by microscopy. By day 5 psi, and even more by day 7, the proportion of
proliferating HSCs and MPPs continues to grow, however, and similarly to day 2 psi,
this is not the case for the LK compartment. This most likely corresponds to the
dramatic reduction in size of this population as a result of infection-induced
upregulation of Sca-1, enhanced differentiation, or both.
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Figure 3.2 – Analysis of proliferation of HSPC populations through liver and blood stages of P.
berghei infection
(A) Mice are exposed to bites by control or P. berghei-infected mosquitos and 12 hours prior to sacrifice at 2, 5 or
+
7 days psi the mice are administered BrdU. The proportion of BrdU (B) LK, (C) MPP and (D) HSC populations
analysed by FACS from control and infected mice at day 2, 5 and 7 psi. Each dot represents one mouse and data
are pooled from 2 independent infections. Error bars represent the mean ± s.e.m. Statistically significant
differences determined using Student’s t-tests (* represents p < 0.05; ** represents p < 0.01).
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3.4 – A dual-pulse labelling strategy for cell cycle analysis reveals an
increase in HSC proliferation rates but no change to their absolute
number
There are a number of methods available to measure the cell cycle status of a
population including the use of markers for proliferation (e.g. Ki67) coupled with
those for DNA content (e.g. Hoechst 33342) as well as label retention assays. A widelyused method for gaining an insight into the proliferative status of a cellular population
in vivo is the administration and quantification of the uptake of nucleoside analogues,
such as BrdU, over a number of hours or days. This and all other methods mentioned
really only provide a qualitative assessment of the proportion of proliferating cells in
any given population. Previous work carried out by our research group aimed to
develop a dual-pulse labelling method for the analysis of cell production rates in vivo,
providing a better, more quantitative and dynamic method of analysing these
populations and how their proliferative status changes under stress (Akinduro et al.,
2018). Dual pulse-chase nucleoside analogue labelling identifies all cells that have
entered S-phase within a given time-frame (Wimber & Quastler, 1963) and we initially
applied this approach to understand the cellular dynamics underlying acute myeloid
leukaemia (AML) growth and parallel loss of healthy haematopoietic cells.

I wanted to apply this method to the P. berghei infection model to gain an in-depth and
quantitative understanding of how HSPC dynamics change in these adverse
conditions. Briefly, an initial pulse of EdU is followed 2 hours later by the
administration of BrdU and the BM is subsequently harvested for processing 30
minutes later (Figure 3.3). All cells that are in S-phase at the time of the EdU pulse but
have left S-phase by the time of the BrdU pulse become EdU+ BrdU- (blue cells, Figure
3.3). Any cells that are labelled with EdU and are still in S-phase at the time of the
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BrdU pulse will also be labelled with BrdU thus becoming EdU+ BrdU+ (purple cells,
Figure 3.3) and any cells that have entered S-phase in the time frame between the first
and second pulse will be EdU- BrdU+ (red cells, Figure 3.3). By measuring the absolute
number of cells within a compartment as well as the number of EdU- BrdU+ cells in
control and P. berghei-infected mice (Figure 3.4A), I could infer the proportion of the
compartment entering S-phase per hour – i.e. the proliferation rate of each cell
population analysed.

2 hours

30 mins

Figure 3.3 – A dual-pulse labelling strategy for cell cycle analysis
A schematic of the experimental set up and visual representation of how the labelling method works. Mice are
administered EdU 2 hours before BrdU and the BM harvested a further 30 minutes later, which allows the
labelling of cells passing through distinct parts of the cell cycle to be distinguished and proliferation rates to be
+
+
+
+
calculated. Blue cells: EdU BrdU ; Purple cells: EdU BrdU ; Red cells: EdU BrdU Figure adapted from
Akinduro et al., 2018.
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This analysis revealed that the proliferation rate of LK cells remains similar between
control and infected mice across the whole course of infection (Figure 3.4B, top panel).
In contrast, the proliferation rate of MPPs and HSCs remained consistent with controls
only up to day 3 psi, before significantly increasing by day 5 and day 7 psi (Figure
3.4B, middle and lower panels respectively). Consistent with my previous
observations (Figure 3.2), at day 2 psi there was a small but significant difference
between the proliferation rate of MPPs in control and infected mice and, although not
statistically significant, a trend for an increase in HSC proliferation could be identified.
This was concordant with the hypothesis that early HSPCs directly respond to stress
rather than it being a late “domino-effect” response to the exhaustion of immune cells
(King & Goodell, 2011).

In line with previous observations (Zhang et al., 2008; Belyaev et al., 2010; Vainieri et
al., 2016), LK cell absolute numbers were significantly reduced by day 7 psi (Figure
3.4C, top panel), reflecting the upregulation of Sca-1 or increased differentiation
resulting in a shrinking LK population as cells shift towards the LKS compartment in
response to infection. Meanwhile, MPP numbers were significantly amplified by day
7 psi (Figure 3.4, middle panel). Most interestingly, the absolute number of HSCs in
control and infected mice throughout the course of infection remained essentially
unchanged (Figure 3.4, lower panel). This was consistent with data from our previous
study demonstrating no change in population size or death by apoptosis of HSCs
during P. berghei infection (Vainieri et al., 2016) as well as previous work addressing
the HSC response to chronic exposure to type-1 IFNs (Pietras et al., 2014). The lack of
growth of the HSC compartment during infection, despite an increase in the
proportion of HSCs entering S-phase, suggests that these cells could be undergoing
asymmetric division and producing more differentiated progeny.
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Figure 3.4 – Analysing the proliferation rate of HSPC populations in response to P. berghei infection
(A) Representative FACS plots showing the gating strategy for EdU+, BrdU+ and double positive LK, MPP and
HSC populations in control and infected mice at day 7 psi. (B) Proliferation rate (the proportion of the population
entering S-phase per hour) and (C) Absolute number of LK, MPP and HSC populations analysed at day 1, 2, 3, 5
and 7 psi in control (ctrl) and infected (inf) mice. Each dot represents one mouse and all data pooled from 3
independent infections. Error bars represent the mean ± s.e.m. Statistically significant differences determined
using Student’s t-tests (* represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001).

3.5 – Mathematical modelling provides insight into changes in flux
from HSC to differentiated progenitors in response to P. berghei
infection
Using the absolute cell number of the various HSPC populations per mouse coupled
with the number of cells entering S-phase per hour, in collaboration with Dr Ken
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Inf

Day 7

Duffy (Hamilton Institute, National University of Ireland, Maynooth) we performed
mathematical modelling of the data presented above. Our aim was to model and
understand changes in flux from HSC to progenitor cells under stress and investigate
how each cell population contributes to the next in both steady-state and infection.

Firstly, in order to investigate whether the increase in number of MPPs observed could
derive solely from the additional input from the HSC compartment, we performed
quantitative inference via a simple mathematical model. Consistent with the flow
cytometry data, in the model we assumed that both HSCs and MPPs from infected
mice produce cells at the same rate as their respective controls until day 3 postinfection, followed by a linear increase in the number of cells entering S-phase per
hour between days 3 and 5 psi (Figure 3.5A). This subsequently plateaus and remains
constant through until day 7 psi.

In the model, the HSC compartment size is statistically consistent with controls and
constant through infection (Figure 3.5B, top panel), while the growth in the MPP
compartment size is inferred under different assumptions, as follows. In Figure 3.5B
(lower panel), the black line represents the control data where the MPP population
size remains constant. The continuous maroon line models the situation where
additional HSC progeny (beyond those produced at steady-state) differentiate to
become MPPs but all MPP progeny beyond the control baseline continue to exit the
MPP compartment. This model demonstrates that the HSC contribution to the MPP
compartment alone is not sufficient to account for the growth of the MPP population
that was observed experimentally at the later timepoints of P. berghei infection. The
dashed maroon line (Figure 3.5B, lower panel) is an inference of how many MPPs
should have been detected if all additional progeny resulting from the increased
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proliferation of both HSCs and MPPs gave rise to the latter. From this analysis, it is
clear that by day 7 psi the number of MPPs detected is lower than the model predicts.
Consequently, these data are consistent with a hypothesis where the majority of the
additional progeny resulting from the increase in proliferation of HSCs and MPPs up
to day 5 are indeed MPPs, but after day 5 a significant proportion of the additionally
produced cells must have exited the MPP compartment.

It is well known that proliferation affects HSC long-term function and, in particular,
a small number of cell divisions is sufficient to exhaust dormant HSCs (Bernitz et al.,
2016). Therefore, we next assessed how quickly the increase in proliferation of HSPCs
could result in the whole LKS compartment being activated by P. berghei infection.
With information on both the proliferation rate and population size of the HSC and
MPP compartments, we determined the minimum time it would take for each whole
compartment to turnover, under both control and infected conditions, by assuming
that all cells within a compartment cycled sequentially. Based on the model previously
described (Figure 3.5B), in control mice the maximum number of HSCs that could
have passed through S-phase at least once within 8 days would constitute less than
the whole compartment (Figure 3.5C, top panel, black line). However, for infected
mice, by day 5 the whole compartment could have potentially already turned over
once (Figure 3.5C, top panel, maroon line). By day 8, it is possible that the whole HSC
population will have turned over approximately 5 times as a result of the faster
proliferation rates beyond day 3 of infection. When similar considerations are applied
to the MPP population, we calculated that this entire compartment could potentially
turn over once every 8 days in control mice, but, due to the increase of entry into Sphase, this would increase to up to 40 times during the progression of infection (Figure
3.5C, bottom panel). Together, these data demonstrate that P. berghei infection
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drastically impacts HSPC turnover, prompting investigation into whether phenotypic
HSCs, which are still detectable in infected BM, remain functional.
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Figure 3.5 – Mathematical modelling to understand how HSCs can contribute to haematopoiesis and
differentiation during P. berghei infection
(A) Simple mathematical models of the number of HSCs (top panel) and MPPs (lower panel) entering S-phase
per hour. In the control model, the number is constant corresponding to the average of measurements from all
control mice plus the infected mice up to day 3. In the infected model, the number is the same as the control
model until day 3, and then linearly increases in time to the average of the data from infected mice at day 5 and
day 7 psi. Experimental data (circles) are overlaid on the graphs. (B) Simple mathematical models of the HSC (top
panel) and MPP (lower panel) compartment sizes. For both control and infected mice, the HSC population is
modelled as a constant corresponding to the average of data from all control and infected mice. For the MPP
population, the control model is a constant corresponding to the average of measurements from all control mice
plus the infected mice up to day 3. In the first infected model (continuous maroon line), the number is the same
as the control model until day 3, and then increases corresponding to the additional number of HSCs entering Sphase per hour in the infected proliferation model beyond those in the control model. In the second infected
model (dashed maroon line), the number is constant up to day 3, and then increases based on the sum of the
additional number of HSCs and MPPs entering S-phase per hour in the infected model beyond those in the control
mode. Experimental data (circles) are overlaid on the graphs. (C) Mathematical modelling of the maximum
proportion of the HSC compartment (top panel) and MPP compartments (lower panel) turned over as a function
of time. Note: a log scale is used for Y axes. The intersections between dotted line and black or maroon lines
visually represent the first timepoint at which the entire compartment could have completed one turnover.

90

8

3.6 – CD48 expression on HSCs is linked to proliferation and function
Based on the analysis of proliferation rates and calculation of absolute numbers of
HSCs over the course of infection, I had postulated that HSCs undergo asymmetric
division when exposed to P. berghei infection. It has already been demonstrated that
all HSCs have the same likelihood to proliferate and will take it in turn to do so,
although there are subsets that may divide faster or slower than average (Foudi et al.,
2008; Wilson et al., 2008; Busch et al., 2015). Similar to the idea of a dormant HSC
population, it could be hypothesized that HSCs split into two populations – one that
readily proliferates and gives rise to differentiated progeny and another that remains
quiescent to maintain the HSC pool in the long-term.

Through our study of proliferation dynamics of AML and haematopoietic progenitors
(Akinduro et al., 2018), we were interested in exploring simple methods that would
allow studying dormancy - or at least low proliferation rates - of HSCs. When we
investigated the distribution of proliferating cells (EdU- BrdU+, EdU+ BrdU+, EdU+
BrdU+) in the overall LKS compartment, we observed that these cells were particularly
rare within the part of the HSC compartment that is most negative for CD48. The LKS
SLAM cells expressing the lowest levels of CD48 - named CD48neg HSCs – were
proliferating at a significantly lower rate than the remaining HSCs – named CD48low
HSCs (Akinduro et al., 2018).

I wanted to investigate whether there were functional differences between these two
subsets of HSCs and tested their engraftment ability in a transplantation assay (Figure
3.6A). 100 tomato+ mT/mG CD48neg and CD48low HSCs (defined as LKS CD150+
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CD48neg or low) were transplanted alongside 200,000 WT whole BM cells as support
into lethally irradiated primary WT recipients. The proportion of total donor-derived
cells was measured in peripheral blood at 8-, 12-, 16- and 20-weeks post-transplant as
well as the proportions of donor-derived B, T and myeloid cells (as a measure of
multilineage reconstitution). Reconstitution of the whole BM in terms of various
HSPC and mature cell populations in the BM was analysed at week 20.

I was able to demonstrate that recipients of CD48neg HSCs exhibited consistently
higher engraftment across all timepoints analysed in peripheral blood (Figure 3.6B).
Both groups of transplanted HSCs resulted in multilineage output although,
interestingly, CD48neg HSC recipients consistently demonstrated significantly lower
proportions of donor-derived T cells, with higher levels of donor-derived B cells up
to week 16 compared to CD48low HSC recipients. Donor-derived myeloid cell
proportions were comparable up to week 20, when recipients of CD48neg HSCs had a
significantly higher proportion.

Upon analysis of the BM, after sacrificing the animals at week 20 post-transplant, I
confirmed significantly higher engraftment in recipients of CD48neg HSC recipients
(Figure 3.6C). Analysis of donor-derived HSPCs in the BM (Figure 3.6D) revealed that
recipients of CD48neg HSCs had a significantly higher proportion of donor-derived
HSCs (total LKS CD150- CD48neg + low) and the proportions of donor-derived mature
cells (Figure 3.6E) reflected that of the levels found in peripheral blood.
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Figure 3.6 – Analysing the functional potential of CD48low and CD48neg HSCs
(A) BM cells from control mT/mG mice were purified to obtain CD48low and CD48neg HSCs. The representative
FACS plot demonstrates that gating strategy used to separate the 25% of HSCs most negative for CD48 expression
neg
low
(CD48
HSCs) and the remaining 75% (CD48
HSCs). Purified cells were transplanted to lethally irradiated
recipients and reconstitution monitored by flow cytometry. After 20 weeks, WBM from each group was pooled
and HSCs (total LKS CD150+ CD48low and neg were transplanted to lethally irradiated secondary recipients.
Total peripheral blood reconstitution and multilineage potential of engrafted cells were assessed by measuring
the mean proportion of donor-derived B, T and myeloid cells by flow cytometry over the course of the (B) primary
and (F) secondary transplant. The total reconstitution in the BM of recipients was analysed at the end of the (C)
primary and (G) secondary transplant. Analysis of donor derived LK, MPP and HSC populations as well as B, T
and myeloid cells in the BM was also quantified for the (D and E) primary and (H and I) secondary transplants.
n = 10 mice in each group for the primary transplant and n = 11 mice in each group for the secondary transplant.
Error bars represent the mean ± s.e.m. Statistically significant differences were determined using Student’s t-tests
(* represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001; **** represents p < 0.0001).

Serial transplantation allows the measurement of long-term engraftment potential,
which depends on HSC function and, more critically, their ability to self-renew. Whole
BM was pooled from the primary recipients of CD48neg and CD48low HSCs at week
20 post-transplant and tomato+ HSCs (total LKS CD150- CD48neg + low) were purified.
100 cells were transplanted alongside 200,000 WT whole BM cells as support into
lethally irradiated secondary WT recipients. Again, recipients of HSCs from CD48neg
HSC primary recipients had considerably better engraftment than those from CD48low
HSC primary recipients across all timepoints analysed in peripheral blood (Figure
3.6F). This was confirmed by the whole BM analysis at the end of the transplant
(Figure 3.6G). Both groups had multilineage potential when analysing peripheral
blood; however, donor-derived T and B cells were significantly more abundant in
recipients of HSCs from CD48neg primary mice and in contrast to donor-derived
myeloid cells which were significantly reduced. Proportions of donor-derived LK,
MPP and HSCs (Figure 3.6H) as well as myeloid cells (Figure 3.6I) in recipients of
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HSCs from CD48neg HSC primary recipients were significantly higher than those that
received HSCs from CD48low HSC primary recipients.

3.7 – CD48low HSCs proliferate more readily in response to P. berghei
infection when compared to CD48neg HSCs
Next, I wanted to re-analyse the data generated for the proliferation rate and absolute
number of HSPCs over the course of P. berghei infection based on these subpopulations
in order to assess whether there are differences in the response of CD48low and
CD48neg HSCs to infection (Figure 3.7A). Interestingly, at day 2 psi, there was a
significant increase in the proliferation rate of CD48low HSCs in infected mice, but no
difference between control and infected CD48neg HSCs (Figure 3.7B). At day 5 and
day 7 psi, the proliferation rate of CD48low HSCs was significantly higher in infected
mice when compared to control and also compared to CD48neg HSCs in infected mice.
By day 5 psi, CD48neg HSCs from infected mice already demonstrated a trend towards
an increase in proliferation rates compared to control and by day 7 this was significant.
By splitting the HSC compartment into these subgroups, we are able to determine that
CD48low HSCs seem to be the driving force of the overall increase in proliferation
observed, even at the earlier timepoints during the liver stage of infection. However,
it is worth noting that even the more quiescent HSC subpopulation is forced out of
this dormant state to respond in some way to P. berghei infection, addressing
previously raised questions about whether P. berghei affects the entire HSC
compartment. By taking a look at the absolute number of these cells, we can see that
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Figure 3.7 – Analysing the proliferation rate of CD48low and CD48neg HSCs in response to P. berghei
infection
(A) Representative gating strategy for isolating CD48low and CD48neg HSCs in control and infected BM.
Quantification of the (B) proliferation rate and (C) Absolute number of CD48low and CD48neg HSCs analysed at
day 1, 2, 3, 5 and 7 psi in control (ctrl) and infected (inf) mice. All data pooled from 3 independent infections.
Error bars represent the mean ± s.e.m. Statistically significant differences determined using Student’s t-tests (*
represents p < 0.05; ** represents p < 0.01; **** represents p < 0.0001).
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there is a significant increase in the number of CD48low HSCs in infected mice at day
5 and day 7 psi, and this is in contrast with the CD48neg HSC subpopulation, which
by day 7 psi is significantly lower in the infected animals compared to control after
having remained constant over the course of infection (Figure 3.7C).

Again, in collaboration with Dr Ken Duffy, I wanted to model this data with a view to
further understanding whether there is a difference in the activation and exhaustion
of more versus less quiescent subsets of HSCs in response to P. berghei infection. As
before, we could model the production of both CD48low (Figure 3.8A, top panel) and
CD48neg HSCs (Figure 3.8A, lower panel) and, consistent with the model for total
HSCs, up to day 3 psi the production rates of both cell populations in control and
infected animals are similar. Between day 3 and day 5 psi there is an increase in the
proliferation rate of these cells, and this plateaus towards the final days of the
infection. The main difference between the two graphs was that CD48low HSCs
produce 10 times more cells than CD48neg HSCs.

Next, by combining our knowledge of proliferation rates per hour and population
sizes, we could assess how quickly the change in proliferation of CD48low and
CD48neg HSCs could result in the whole HSC compartment being turned over (i.e. the
entire HSC compartment being replaced by completely new cells). We assumed,
again, that all cells within a compartment cycled sequentially. Focussing on the
CD48low HSCs of control mice (Figure 3.8B, top panel), we could see that by the end
of the 8th day, based on our data, the maximum number of cells produced by the
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cycling CD48low HSCs would make up approximately 98% of the compartment.
Therefore, over this time, the whole compartment would turnover and be replaced by
new cells one time. However, in infected mice, by day 4 of infection, the whole
compartment had already turned over one time, and subsequently by day 8 the whole
CD48low HSC population would have turned over approximately 8.5 times – in line
with the boost in proliferation rate of these cells beyond day 4 of infection.

Looking at the CD48neg HSC subpopulation (Figure 3.8B, lower panel), in control
animals these cells are much more quiescent and by the end of 8 days novel
production of cells would have made up approximately 30% of the HSC compartment,
based on the proliferation rates calculated previously. Upon infection, by day 8 psi,
85% of the CD48neg HSC compartment will have been replaced by new cells. Although
this is not as striking as the model for CD48low HSCs (where we essentially observed
an 800% turnover of the HSC compartment - 10 times more than that resulting from
CD48neg HSCs), it is still evidence of activation of this dormant subpopulation of
HSCs and exit from their quiescent state.

Taken together, these data provide an interesting insight into how HSCs proliferate
and become exhausted under stress, in this case as a result of P. berghei infection. By
splitting the HSCs based on CD48 expression, we could hypothesize that P. berghei
infection has a systemic effect on the whole HSC population, regardless of whether
they identify as more or less quiescent. A possible hypothesis is that CD48low HSCs
are primed and ready to respond when required, while CD48neg HSCs maintain the
stem cell reserve, however it seems based on this work that P. berghei infection
98

activated all HSC subpopulations, leading to the hypothesis that malaria infection
causes a general exhaustion of the HSC pool. It will be important to explore whether
the long-term function of HSCs exposed to P. berghei is affected, as well as
investigating the mechanism leading to HSC proliferation as these findings could
have important implications for those who survive malaria or severe infections.
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Figure 3.8 – Mathematical modelling to understand how CD48low and CD48neg HSCs contribute to
compartment turnover at steady-state and during infection
(A) Simple mathematical models of the number of CD48low (top panel) and CD48neg (lower panel) HSCs
entering S-phase per hour. In the control model, the number is constant corresponding to the average
measurements from all control mice plus the infected mice up to day 3 psi. In the infected model, the number is
the same as the control model until day 3 psi and then linearly increases in time to the average of the data from
infected mice at day 5 and 7 psi. Experimental data (circles) are overlaid on the graphs. (B) Mathematical
modelling of the maximum proportion of the CD48low (top panel) and CD48neg (lower panel) HSC subsets
turned over as a function of time. Note: a log scale is used for the Y axes. The intersections between the dotted
line and black or maroon lines visually represent the first timepoint at which the entire compartment could have
completed one turnover.

99

3.8 – Analysing E-SLAM cells could provide another method to
investigate the effects of P. berghei infection on more quiescent
subpopulations of HSCs
The upregulation of Sca-1 expression, leading to the expansion of the LKS subset, has
been shown to be one of the hallmarks of the haematopoietic response to infection and
I also observed it in response to P. berghei. Through my previous analysis, using the
LKS and SLAM markers to enrich for HSCs, the question remained open whether
there may be some contamination of early progenitors within the HSC (LKS SLAM)
compartment. I wanted to explore an alternative HSC identification strategy that I
could use in parallel to this method of HSC isolation with a view to ascertain if this is
the case and, if so, to overcome it.

The EPCR marker has been shown to highly enrich for LT-HSCs with high
engraftment potential even when transplanting very low numbers of cells (Kent et al.,
2009). I wanted to test if this isolation method would work in my hands by FACS
sorting E-SLAM (EPCR+ CD45+ CD48- CD150+) cells from control donor mice and
transplanting up to 200 cells into lethally irradiated recipients (Figure 3.9A and B). As
early as week 4 post-transplant, there was approximately 20% of engraftment
measured by analysing the peripheral blood and this increased steadily up to week
20. This confirmed that staining for E-SLAM cells could provide an alternative
isolation method for HSCs that worked well in my hands.

One of the main advantages of isolating E-SLAM cells is that it does not require the
negative selection of cells expressing lineage markers and, furthermore, it does not
need to rely on the marker Sca-1 in order to identify the final HSC population. This
could be advantageous for analysing HSC dynamics during infection. Comparing the
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gating strategy for control and infected samples, the characteristically dramatic shifts
in populations typically seen when isolating infected LKS SLAM cells are not
observed with the E-SLAM isolation (Figure 3.9C) making it easy to confidently focus
on these LT-HSCs, using the same gates in both control and infected samples.
Interestingly, when I analysed the absolute number of E-SLAM cells, I observed a
significant decrease in infected mice at day 7 post-infection (Figure 3.9D). I questioned
whether E-SLAM cells corresponded to CD48neg cells as their overall absolute number
in infected mice at day 7 showed a trend towards a decrease - though not significant.
By overlaying the LKS population with the E-SLAM population in control and
infected mice, I could observe that E-SLAM cells (blue dots) could be found within
both the CD48low and CD48neg gates (Figure 3.9E).

I next wanted to combine this staining panel with our dual-pulse labelling protocol to
measure proliferation rates of cells. EPCR should enrich for a particularly quiescent
population, therefore it would have been interesting to be able to determine whether
P. berghei infection pushes these cells into an activated state – to further validate this
observation in CD48neg HSCs. However, the E-SLAM staining panel was
incompatible with the fixing and permeabilising steps of this protocol, which
completely impaired the staining making it difficult to isolate the specific populations
required (Figure 3.9F). The EPCR signal seemed to be reduced and this was also the
case when trying the limited range of EPCR antibodies from different manufacturers.
Moreover, EdU and BrdU plots did not show the usually clear four populations
required for analysis of the proliferation rates. Different permutations of the protocol
were tried in a bid to optimize this staining strategy with no success and this is a
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Figure 3.9 – E-SLAM as an alternative method of identifying HSCs and investigating their response
to P. berghei infection
(A) Bone marrow cells from control mT/mG mice were purified by FACS to obtain E-SLAM cells and (B) up to
200 cells were transplanted into lethally irradiated recipients. n = 9. (C) Representative FACS plots showing the
gating strategy for E-SLAM cells in control and infected BM. (D) Absolute number of E-SLAM cells analysed at
day 7 psi in control and infected mice. Data is pooled from 2 independent infections and each dot represents one
mouse. Error bars represent mean ± s.e.m. Statistically significant differences determined using Student’s t-tests
(** represents p < 0.01). (E) Representative overlays of FACS plots for LKS cells (grey) and E-SLAM (blue) cells to
demonstrate their distribution across the CD48 axis and determine where they lie relative to the CD48low and
CD48neg gates. (F) Representative FACS plots showing E-SLAM staining of control BM combined with the dualpulse cell cycle analysis protocol to label EdU and BrdU uptake within the population.

general concern for the field after having discussed protocols with other research
groups.

Thus, it seems, for now at least, using the classic LKS SLAM markers gives us the best
insight into HSC and early progenitor dynamics and properties in response to P.
berghei infection. However, in future, the use of EPCR could yield some answers to
interesting questions about their dynamics over the course of infection and whether
P. berghei-exposed E-SLAM HSCs are more or less functional in a transplantation
setting compared to control would be a key question to address. Furthermore, EPCR
has previously been associated with cerebral malaria and the sequestration of
erythrocytes (Aird, Mosnier & Fairhurst, 2014) so further analysis into the expression
of EPCR in various cell populations with infection – and if this has any implications
for HSCs - would also be interesting to address.

3.9 – Discussion
The aims of this chapter were to use a range of techniques to gain a deeper insight into
how P. berghei infection alters HSPC dynamics; determine whether all HSCs are
activated in the same way or if there may be a subset that is “protected” from

103

stimulation in order to maintain a long-term reserve; and to further dissect the
transition from HSC to progenitors in order to build on previous work from our
research group.

I first carried out the analysis of HSPC proliferation rates over the entire course of P.
berghei infection using a dual-pulse labelling method that we recently adapted to the
haematopoietic system, based on sequential injections of EdU and BrdU, followed by
flow cytometry analysis (Akinduro et al., 2018). Sporozoite infection of hepatocytes
has been shown to influence immune responses (Langhorne, 1994; Spence et al., 2013)
resulting in both CD8+ T cell-mediated (Overstreet et al., 2008) and a type-1 IFN
response leading to the production of the antimicrobial cytokine IFN-g as early as day
1 post-infection (Liehl et al., 2013, 2015) – highlighting the advantage of using the
sporozoite-mediated P. berghei infection model to capture longitudinal HSPC
dynamics in response to infection. Previous work on the effects of infection on the
haematopoietic system mostly focussed on the immune effector cells and their direct
progenitors and any changes to the HSPC compartment were viewed as a response
solely to replenish immune cells. However, it has recently been hypothesized that this
may not be the case (King & Goodell, 2011; Mirantes, Passegué & Pietras, 2014) and
the data I have presented here provide further evidence to the growing idea that HSCs
can directly sense and respond to cytokine signalling, suggesting that while they can
be utilized to generate an appropriate immune response they also contribute to the
maintenance of homeostatic conditions. Nevertheless, it could be argued that, in this
case, it is difficult to conclude that the effects seen are directly related to the liver stage
of infection, as it has been shown that merozoites are released from the liver between
36- and 44-hours post-infection (Khan, Ng & Vanderberg, 1992) and my
measurements have been taken at approximately 48 hours and potentially miss the
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precise window of analysis. This data raises interesting questions about the early
stages of infection and how this contributes to the overall response of HSPCs to P.
berghei. Future work could consider experiments using mutant parasites that are
unable to leave the liver (Nganou-Makamdop & Sauerwein, 2013) and analysing
HSPC responses at more precise timepoints, for example, every 6- or 12- hours postinfection.

Consistent with our previous analysis of early haematopoiesis during P. berghei
infection (Vainieri et al., 2016) and with studies of other experimental models of severe
infection (Baldridge et al., 2010; Rashidi et al., 2014; Matatall et al., 2016), I was able to
detect significantly increased proliferation of HSCs and increased proliferation and
compartment size of MPPs at the later stages of blood infection by day 5 and 7 psi.
Prior to the work presented here, we had produced a simple predictive model based
on BrdU incorporation of the LKS and LK populations at day 3 psi as well as day 7 psi
(Vainieri et al., 2016) with the aim to test the hypothesis that the proliferation of MPPs
was solely responsible for the increase in their numbers. In those calculations, we had
considered the LKS population as a measure of HSCs and made a number of
assumptions – including that after day 3, proliferation levels immediately increased
to the average elevated levels observed by day 7 psi and that all BrdU+ cells completed
S-phase and divided within 12 hours of sampling. Through my work here, using the
dual-pulse labelling system for a more quantitative measure of the proliferation rate
of phenotypically defined HSCs and entering this data into simple mathematical
models, I have been able to refine this and demonstrate the extent of increased
turnover of both the HSC and MPP compartments during P. berghei infection.
Furthermore, this dataset covers a wider range of timepoints, allowing a greater
insight and providing more detail into how haematopoiesis changes over the entire
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course of infection. In particular, I could conclude that the increase in size of the MPP
compartment in infected mice could be solely driven by a combination of HSC and
MPP proliferation and that, by day 5 psi, a significant proportion of MPP progeny
must exit the compartment. Additional work could be carried out to refine the model
even further by elucidating a method to accurately measure apoptosis over the course
of P. berghei infection in order to include these numbers within the calculations. A
major drawback is that some markers, such as CD16/32, are significantly affected by
the infection making it difficult to measure more specific progenitor populations such
as GMPs, MEPs and CLPs, which could contribute an extra layer of specific
information that could be added into the mathematical models.

The observation that there is no clear expansion of the overall HSC population and
their absolute numbers remain constant over the course of infection supports the
hypothesis that the fate of proliferating HSCs could be asymmetric. Further work
could be done to investigate this using lineage-tracing experiments with inducible
genetically labelled cells in control and infected mice, for example using the
ROSA26+/Confetti allele (Confetti allele) system, which is recombined by Cre
recombinase to label cellular progeny randomly with GFP, YFP, RFP or CFP (Snippert
et al., 2010; Ganuza et al., 2017). From this, the fate of labelled cells and their clones
could be tracked over time and analysed quantitatively.

While the data generated here suggested that the overall HSC compartment turned
over more than once over the course of infection, the question remains whether this is
driven by the fast proliferation of a specific subset of HSCs or by slower proliferation
of the entire compartment. In other words, are all HSCs equally affected by infection,
or is there a subset that responds more readily, allowing for another subset to remain
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relatively untouched? Using the CD48 marker as a readout for quiescence (Akinduro
et al., 2018) was useful in this study as I could reanalyse the data I had generated
initially to address this research question. Interestingly, although CD48low HSCs were
responsible for driving the overall response seen over the course of infection, the
mathematical modelling showed that the most quiescent CD48neg HSC population are
responding to some extent. Previous work has demonstrated that in response to
chronic mycobacterial infection, the proliferation of more quiescent LT-HSCs is
induced as IFN-g increases and this has an impact on the engraftment efficiency of the
infection-exposed cells (Baldridge et al., 2010). Moving forwards, it will be important
to address whether the enhanced proliferation observed here is a systemic response
to P. berghei infection or whether there are localised areas of inflammation that cause
cells in that region, or niche, to proliferate.

I attempted validating my conclusions using the marker EPCR to label for the most
quiescent HSCs in the BM (Kent et al., 2009), however this was technically challenging.
Future work could focus on optimizing the protocol for combining this staining with
markers for cell proliferation. It may also be possible to use alternative methods of
analysing cell cycle status that does not require fixing and permeabilising cells to
measure EdU or BrdU incorporation. For example, imaging or analysing cells from
Fluorescence Ubiquitin Cell Cycle Indicator (FUCCI) mice would allow the
measurement of cell cycle kinetics and transition from one phase to another in a more
direct way by labelling the individual nuclei of cells in G1 phase red and those in
S/G2/M phases green (Sakaue-Sawano et al., 2008; Dowling et al., 2014).

The conclusions from studies about how infection and inflammation affect HSC
functionality are varied, with some studies demonstrating a complete loss of HSC
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function and others showing comparable or even better potential upon exposure to
the pathogen (Rodriguez et al., 2009; Baldridge et al., 2010; Maltby et al., 2014; Rashidi
et al., 2014). The evidence showing the extent to which P. berghei infection stimulates
HSPCs as well as the fact that the absolute number of typically more quiescent subsets
of HSCs - namely E-SLAM cells and CD48neg HSCs - are significantly reduced in the
BM of P. berghei-infected mice raises the question of how P. berghei impacts the longterm function of phenotypic HSCs, which were still detectable in infected BM, and this
will be addressed in the following chapter.
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Chapter 4
Assessing long-term function and transcriptional
changes of Plasmodium berghei-exposed HSC and
early progenitor cells

4.1 – Introduction
Primitive HSPCs residing in the BM play an essential role throughout the lifetime of
all vertebrates, producing an estimated 1011 – 1012 blood cells on a daily basis
(Takizawa, Boettcher & Manz, 2012). Upon infection, this number significantly
increases to ensure sufficient production of the mature cells required to combat
invading pathogens and it is now widely accepted that this shift in progeny output
can be driven by HSCs themselves as they are highly responsive to the inflammatory
conditions that exist in the BM during infection and are able to detect pathogens via
the expression of pathogen pattern recognition receptors. As discussed in Chapter 1,
it is also known that various infections and inflammatory cytokines can drive HSCs
out of their quiescent state to induce increased cycling and mobilization out of the BM
(Kaulen et al., 1983; Ueda et al., 2004; Rodriguez et al., 2009; Takizawa, Boettcher &
Manz, 2012). Reports on how these insults alter the function of HSCs are varied but it
is likely that all severe infections, even after they have been cleared, have deleterious
effects on these cells in the long-term. While a vast majority of work to date has
proposed that there is an overall loss of engraftment of cells exposed to bacterial, viral
and inflammatory stimuli (Rodriguez et al., 2009; Baldridge et al., 2010; Chen et al.,
2010; Zhang et al., 2016; Hirche et al., 2017) pneumovirus has been shown to have no
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effect on overall BM engraftment (Maltby et al., 2014) and, in response to T. spiralis
infection, better long-term engraftment was reported from HSPCs harvested at the
peak of infectivity compared to control cells (Rashidi et al., 2014). Interestingly, the
proliferative status of cells in the latter two studies were not reported and, in general,
HSC proliferation and loss of function are typically coupled together.

Given the extent of short- and long-term consequences on haematopoietic and
immune cell function of malaria survivors, very little research has directly addressed
the impacts of Plasmodium infection on primitive HSPCs – including how this may
affect HSC functionality and ability to self-renew. In Chapter 3, I demonstrated that
P. berghei infection significantly impacts the dynamics and turnover of even the most
quiescent HSC subsets in the BM and this raised questions about how this may affect
HSC function in the long-term. Elucidating the effect of malaria disease on HSCs will
be necessary in order to devise therapeutic strategies to combat any resulting
haematopoietic malignancies in those who suffer from malaria.

Further to this, recent studies have suggested that the alterations in haematopoietic
and immune function upon malaria infection can be linked to changes in cells of
myeloid lineages (Orf & Cunnington, 2015; Mamedov et al., 2018). Emergency
myelopoiesis has been described to be induced by multiple infections (MacNamara et
al., 2011; Boettcher et al., 2012; Schürch, Riether & Ochsenbein, 2014) but the specific
mechanism for this in response to malaria has not yet been identified. Both type-1 and
type-2 IFNs have been linked to HSC activation and the differentiation of myeloidbiased HSCs (Baldridge et al., 2010; Matatall et al., 2016). Furthermore, BM isolated
during murine cytomegalovirus (MCMV) infection showed severely impaired
reconstitution in transplantation assays but also contained an increased proportion of
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myeloid-biased HSCs (Hirche et al., 2017) and this has previously been identified and
described as an ageing-associated change in the BM (Beerman et al., 2010). On the
other hand, upon acute LCMV infection, reduced myeloid differentiation was
detected (Matatall et al., 2014) which suggests that depending on the type of infection,
HSC function might be influenced differently.

Overall, the specific cellular and molecular mechanisms leading to the HSC
phenotype and differentiation behaviours observed in response to infection are not
yet completely understood, thus, dissecting them will be a critical step in identifying
how best to preserve stem cells in the long-term for those who suffer from severe
infections, including malaria. More specifically, while it has been shown that
inflammatory signals propagated by the immune system can affect HSC function
(Nagai et al., 2006; Essers et al., 2009; Takizawa, Boettcher & Manz, 2012; Haas et al.,
2015) – and in some instances IFNs have been shown to be HSC regulators – little is
known about how HSPC function is affected by Plasmodium infection, whether and
how IFN signalling plays a role here, and if there may be any other major regulators
of HSC function in this setting.

In this chapter, I explore how P. berghei infection affects HSC function and
multilineage output through transplantation assays and I discover that reconstitution
potential is progressively affected as infection develops. I question how P. berghei
infection may alter differentiation processes through the haematopoietic hierarchy
and, using single cell RNA sequencing (scRNAseq) to take a more global view at the
transcriptional changes taking place in primitive HSPCs post-infection, I explore
whether haematopoiesis is reprogrammed during infection. Using this dataset, I also
examine whether the molecular identity of HSCs changes upon infection, whether we
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can gain any clues as to what molecular mechanisms may be regulating these
alterations and if this could be linked to the HSC phenotype observed with P. berghei
infection.

4.2 – Transplantation of Lineage- BM reveals enhanced engraftment of
cells from P. berghei-infected donors
The functional potential of HSPCs is typically assessed by their transplantation into
lethally irradiated recipient mice. Serial transplantation, in which BM haematopoietic
cells are transplanted into sequential transplant recipients, allows the measurement of
long-term engraftment potential as it depends on the ability of HSCs to function and
self-renew. Given the findings presented in Chapter 3, I wanted to investigate whether
exposure to P. berghei infection has any consequences on HSC long-term function. This
question has important implications for individuals that survive malaria as well as for
understanding the mechanisms involved in HSPC phenotypes.

A first transplantation assay was set up by Nicola Ruivo just prior to my arrival in the
research group. Lethally irradiated WT recipient mice received 80,000 tomato+ LinBM cells, obtained from control and P. berghei-infected mT/mG donor mice, which
ubiquitously express tomato fluorescent protein, at day 7 psi alongside 200,000 WT
whole BM cells as support (Figure 4.1A). I measured donor-derived reconstitution in
the recipients’ peripheral blood at 4-, 8-, 12-, 16- and 20-weeks post-transplant as well
as the proportion of donor-derived B, T and myeloid cells as a measure of multilineage
reconstitution. Reconstitution of the whole BM and multiple HSPC and mature cell
populations in the BM were also analysed at week 20.
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Figure 4.1 – Transplantation assay of Lineage- BM from control and infected donors
(A) Schematic detailing the primary and secondary transplantation assays carried out to measure long-term
reconstitution potential of Lin- BM cells obtained at day 7 psi from control and infected mice. BM cells from donor
mice were lineage-depleted to obtain Lin BM. Cells were transplanted into lethally irradiated recipients and
reconstitution monitored by flow cytometry. After 20 weeks, whole BM from each group was pooled and retransplanted into lethally irradiated secondary recipients. Total peripheral blood reconstitution and multilineage
potential of engrafted cells were assessed by measuring the mean proportion of donor-derived B, T and myeloid
cells by flow cytometry over the course of the (B) primary and (F) secondary transplant. The total reconstitution
in the BM of recipients was analysed at the end of the (C) primary and (G) secondary transplant. Analysis of
donor derived LK, MPP and HSC populations as well as B, T and myeloid cells in the BM was also quantified for
the (D and E) primary and (H and I) secondary transplants. n = 10 mice in each group for the primary transplant
and n = 10 mice in each group for the secondary transplant. Error bars represent the mean ± s.e.m. Statistically
significant differences were determined using Student’s t-tests or one-way ANOVA with post-hoc Bonferroni
correction (* represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001).

There was no significant difference in the proportion of overall donor-derived
tomato+ cells when comparing peripheral blood reconstitution of the recipients of LinBM cells from control and infected donors (Figure 4.1B). Aside from some differences
in the proportions of donor-derived B, T and myeloid cells early on at week 4 and
week 8 post-transplant, by week 20 there was no significant difference in lineage
output. Upon analysis of the BM, after sacrificing the mice at week 20 post-transplant,
I also found no difference in engraftment of “control” and “infected” groups of
recipients (Figure 4.1C). Analysis of donor-derived HSPCs in the BM revealed a
significant increase in the proportion of donor-derived MPPs in recipients of Lin- BM
cells from infected donors and, although not significant, a trend towards an increase
in the proportion of donor-derived HSCs (Figure 4.1D). There was no difference in the
proportion of mature cells in the BM (Figure 4.1E).

To measure the self-renewal potential of HSPCs from control and infected donors, I
subsequently pooled the BM of all primary recipients from “control” and “infected”
groups and I transplanted 2 million whole BM cells into a new cohort of lethally
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irradiated secondary recipient mice (Figure 4.1A). Interestingly, the overall donorderived tomato+ cells of mice that received BM from donors of the “infected” group
was consistently higher compared to “control”. Multilineage output was comparable
over the 20 weeks, with the proportions of donor-derived T cells in recipients of
“infected” BM significantly higher than control by week 20 (Figure 4.1F). Whole BM
analysis at week 20 post-transplant revealed a trend towards increased reconstitution
in the “infected” group of secondary recipients, though not statistically significant
(Figure 4.1G). There were no differences in donor-derived mature cell populations as
well as LK and MPP populations, but still a significantly higher proportion of donorderived HSCs in the recipients of “infected” BM (Figure 4.1H and I).

The data here suggests that P. berghei infection does not affect engraftment of HSPCs
and potentially increases the long-term function of HSCs. However, these transplants
were carried out using lineage-depleted BM which does enrich for HSPCs but only
really provides an indication of the fitness of more primitive cells at later timepoints
in the assay – within subsequent serial transplant rounds. A more accurate readout of
HSC fitness in response to infection specifically would be to transplant purified HSCs
from control and infected donor mice to provide a more direct indication of how these
cells may have been affected functionally.

4.3 – P. berghei-exposed HSCs have significantly reduced engraftment
potential compared to control
Given the finding that P. berghei infection drastically impacts HSPC turnover (Chapter
3), which could lead to exhaustion of the stem cell pool, it became important to address
whether phenotypic HSCs, that could still be detected in infected BM, remained
functional upon exposure to P. berghei.
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To test this hypothesis and to carry out a more specific measurement of HSC function
post-infection, I performed transplantation assays of purified HSCs (LKS SLAM) from
both control and infected CD45.1 donor mice. I injected 200 HSCs alongside 300,000
CD45.2 whole BM support into lethally irradiated CD45.2 recipients (Figure 4.2A) and
monitored their engraftment over 20 weeks. Cells from infected animals had
dramatically reduced engraftment ability (Figure 4.2B). The multilineage potential
was consistent with that of transplanted control HSCs, apart from some variation in
donor-derived B cells and myeloid cells at week 4 post-transplant and an increase in
donor-derived T cells in the peripheral blood of the “infected” group by week 20.
Analysing the BM at week 20 revealed that reconstitution was also significantly lower
in recipients of infected HSCs (Figure 4.2C). The proportions of donor-derived HSPCs
in the BM were reduced in the “infected” group (Figure 4.2D) as well as T cells and
myeloid cells (Figure 4.2E).

Upon secondary transplantation, after pooling the BM of primary recipients and
purifying HSCs from “control” and “infected” groups, I observed similar levels of
reconstitution ability and multilineage potential, despite a trend towards skewed
myeloid lineages, which was not significantly different between the two groups of
recipients (Figure 4.2F). BM reconstitution was consistent with this result, with no
difference in overall donor-derived cells in “control” and “infected” recipient groups
(Figure 4.2G) and no difference in donor-derived LK, MPP, T and B cells (Figure 4.2H
and I). Interestingly, the proportion of myeloid cells in the BM was significantly higher
in the recipients of infected HSCs. Furthermore, the number of donor-derived HSCs
in the BM was significantly reduced in the “infected” group. This was noteworthy as
it could be hypothesized that despite the fact that P. berghei infection drastically affects
the overall HSC compartment and leads to a significant reduction in their specific
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Figure 4.2 – Loss of long-term function of HSCs exposed to P. berghei infection
(A) Schematic detailing the primary and secondary transplantation assays carried out to measure long-term
reconstitution potential of FACS-purified HSCs at day 7 psi from control and infected mice. HSCs were
transplanted into lethally irradiated recipients and reconstitution monitored by flow cytometry. After 20 weeks,
whole BM from each group was pooled and purified again for HSCs to transplant into lethally irradiated
secondary recipients. Total peripheral blood reconstitution and multilineage potential of engrafted cells were
assessed by measuring the mean proportion of donor-derived B, T and myeloid cells by flow cytometry over the
course of the (B) primary and (F) secondary transplant. The total reconstitution in the BM of recipients was
analysed at the end of the (C) primary and (G) secondary transplant. Analysis of donor derived LK, MPP and
HSC populations as well as B, T and myeloid cells in the BM was also quantified for the (D and E) primary and
(H and I) secondary transplants. Data representative of 2 independent infections and transplantation assays. n =
12 mice in each group for the primary transplant and n = 12 mice in each group for the secondary transplant.
Error bars represent the mean ± s.e.m. Statistically significant differences were determined using Student’s t-tests
or one-way ANOVA with post-hoc Bonferroni correction (* represents p < 0.05; ** represents p < 0.01; ***
represents p < 0.001; **** represents p < 0.0001).

function as seen in the primary transplant, those that do remain may be the most
robust and functional as the overall engraftment in the secondary transplant shows
no difference. These cells could be the most quiescent HSCs with high engraftment
ability, for example, expressing the lowest levels of CD48, or E-SLAM cells which
express EPCR and this could be investigated further in future work.

4.4 – HSPC function is progressively affected as infection develops
The results of the Lin- BM and purified HSC transplants were contradictory. To
understand why there was such a difference in outcome of the two transplantation
assays, I set up further experiments to test 1.) a potential role of haematopoietic
progenitors in aiding HSC function, and 2.) whether the strength of infection may
correlate with loss of HSC function.

For the first experiment, I used control and infected CD45.1 donor mice at day 7 psi to
isolate both Lin- BM cells as well as FACS-purified HSCs so I could run the two
transplantation assays in parallel (Figure 4.3A). This would allow me to exclude
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variation in severity of infection as a reason for the observed discrepancy in results
through a direct comparison of the two groups. Surprisingly, in my hands,
transplantation of Lin- BM from infected mice resulted in significantly lower overall
engraftment when compared to control (Figure 4.3B). This result was consistent with
that of the HSC transplantation, which resulted in significantly lower engraftment, as
seen in the previous transplants (Figure 4.3C). The multilineage output of both
transplants were similar to that seen in previous transplantation assays. Analysis of
the BM demonstrated the same trends with recipients of both Lin- BM and HSCs from
infected donors having a significantly lower proportion of donor-derived cells when
compared to their respective controls, and HSCs from infected donors resulting in
significantly lower engraftment when compared to Lin- BM from infected donors
(Figure 4.3D). The proportion of donor-derived HSPCs in both groups were not
different between “control” and “infected” recipients although proportions of donorderived B and myeloid cells in the BM of recipients of infected HSCs was significantly
lower than control (Figure 4.3E and F).

Striking differences were observed when comparing the reconstitution levels of the
initial transplant carried out with Lin- BM and my own (later) repeat. During the early
stages of my PhD project, mouse suppliers had been changed and all transplants set
up by me were carried out after this change. Consistent with other groups studying
malaria in the department, we noticed changes in the speed at which mice displayed
symptoms of cerebral malaria. Whereas previously we could analyse mice up to day
10 psi, in later infections it was not possible to keep mice beyond day 7 psi without
inducing cerebral malaria (and breaches of licence conditions). Away from the core
aims of this project, this raises important questions about how mouse husbandry and
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Figure 4.3 – Comparison of the transplantation of Lineage- BM and HSCs from the same control and
infected donors
(A) Schematic detailing the transplantation assays carried out to measure long-term reconstitution potential of
both Lin- BM and FACS-purified HSCs at day 7 psi from the same control and infected CD45.1 donor mice. Cells
were transplanted into lethally irradiated CD45.2 recipients. Total peripheral blood reconstitution and
multilineage potential of engrafted cells were assessed by measuring the mean proportion of donor-derived B, T
and myeloid cells by flow cytometry up to 20 weeks post-transplant of (B) Lin BM and (C) HSCs. (D) The total
reconstitution in the BM of all recipient groups was analysed at week 20. Analysis of donor derived LK, MPP and
HSC populations as well as B, T and myeloid cells in the BM was also quantified for the recipients of (E) Lin- BM
and (F) HSCs. n = 6 mice in each group. Error bars represent the mean ± s.e.m. Statistically significant differences
were determined using Student’s t-tests or one-way ANOVA with post-hoc Bonferroni correction (* represents p
< 0.05; ** represents p < 0.01; *** represents p < 0.001; **** represents p < 0.0001).

potentially its microbiome affects immune responses and stem cells, as we were also
noticing shifts in the results of experiments contributing to our study on HSPC
proliferation rates in response to leukaemia.

I questioned whether it was just that the infection timescale had been reduced and
perhaps harvesting Lin- BM cells earlier on during the infection could result in similar
findings to the first transplant that had been set up prior to the change in mouse
suppliers. When I compared older parasitaemia data with the measurements I made
throughout my project, there was no difference in parasitemia measured by me at day
5 with the old measurements at day 7 psi and a significant difference in the proportion
of infected red blood cells at day 7 psi suggesting that parasitaemia was growing faster
in the mice from the new supplier (Figure 4.4). Importantly, this experiment would
reveal whether HSC function is progressively affected as infection progresses, with
significant implications for patients.

I transplanted Lin- BM harvested at day 5 psi. As before, 80,000 tomato+ Lin- BM cells
were injected into lethally irradiated WT primary recipients alongside 200,000 whole
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Figure 4.4 – A comparison of the changes in parasitaemia growth over time
The parasitaemia in peripheral blood over time post-infection is calculated from Giemsa-stained blood films
taken from infected mice and quantified. A comparison of measurements made prior to this project and those
made throughout the course of this PhD was carried out. Parasitaemia seemed to grow faster in mice currently
than it did a number of years ago. Error bars represent the mean ± s.e.m. Statistically significant differences were
determined using a one-way ANOVA with post-hoc Bonferroni correction (* represents p < 0.05; **** represents
p < 0.0001).

BM support cells and overall engraftment was monitored in the peripheral blood
every 4 weeks (Figure 4.5A). Transplanted control Lin- BM cells showed a significantly
higher proportion of reconstitution compared to infected, though the difference was
smaller than that observed in the previous Lineage- BM transplant (Figure 4.5B).
Multilineage output was comparable between the two groups. At week 20 posttransplant, the BM was analysed and revealed that there was also a significant
reduction in the engraftment of infected cells compared to control (Figure 4.5C) but
no differences in donor-derived HSPCs in the BM and only a significant increase in
the proportion of donor-derived T cells in recipients of infected Lin- BM cells.
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Figure 4.5 – Transplantation and analysis of control and infected Lineage- BM cells harvested at day
5 psi
(A) Schematic detailing the transplantation assay carried out to measure long-term reconstitution potential of
Lin- BM cells harvested at day 5 psi from control and infected mice. Cells were transplanted into lethally
irradiated primary recipients and reconstitution monitored by flow cytometry. After 20 weeks, whole BM from
each group was pooled and re-transplanted into lethally irradiated secondary recipients. Total peripheral blood
reconstitution and multilineage potential of engrafted cells were assessed by measuring the mean proportion of
donor-derived B, T and myeloid cells by flow cytometry over the course of the (B) primary and (F) secondary
transplant. The total reconstitution in the BM of recipients was analysed at the end of the (C) primary and (G)
secondary transplant. Analysis of donor derived LK, MPP and HSC populations as well as B, T and myeloid cells
in the BM was also quantified for the (D and E) primary and (H and I) secondary transplants. n = 6 mice in each
group for the primary transplant and n = 6 mice in each group for the secondary transplant. Error bars represent
the mean ± s.e.m. Statistically significant differences were determined using Student’s t-tests or one-way ANOVA
with post-hoc Bonferroni correction (* represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001).

At week 20, as before, the BM of both groups of primary recipients was pooled and 2
million whole BM cells were transplanted into lethally irradiated secondary WT
recipients. At week 8 post-transplant, measurement of overall engraftment in the
peripheral blood revealed a similar trend seen in the primary transplant with control
cells yielding significantly better engraftment than infected (Figure 4.5F).
Interestingly, as the weeks progressed this difference reduced and the overall
proportion of donor-derived cells between control and infected groups was no longer
statistically different. Aside from some differences in the proportion of donor-derived
B and myeloid cells at week 16, the overall proportions of mature cells were
comparable. By week 20, analysis of the BM revealed that engraftment was not
statistically different between “control” and “infected” groups, however there was a
trend towards better engraftment in recipients of Lineage- cells from infected donors
(Figure 4.5G). A small but significant increase in LK cells alongside a decrease in B
cells of recipients of the “infected” group was noted in the BM analysis (Figure 4.5H
and I).
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Although the results of the transplant presented here (Figure 4.5) do not completely
reflect those obtained in the first transplant carried out with Lineage- BM at day 7 psi
(Figure 4.1), it does seem that, at this current time, transplanting cells harvested a few
days before symptoms of cerebral malaria begin to appear does reduce the difference
in engraftment potential between cells from control and infected donors. Interestingly,
the outcome of the secondary transplant presented here (Figure 4.5F) is consistent
with the primary transplant of our initial Lineage- BM transplantation assay (Figure
4.1B). Therefore, it seems that the infection of mice has changed over time and it could
be proposed that cells originally harvested at day 7 psi now reflect similar levels of
damage experienced as those now harvested from day 5 psi or earlier. It could be
hypothesized that a small enough level of activation of HSCs by infection could
trigger the active repopulation of the BM in irradiated recipient mice without resulting
in HSC exhaustion and loss of function. It would be interesting to test purified HSCs
in these transplantation assays that have been harvested at various timepoints over
the course of P. berghei infection to pinpoint the time at which their significant loss of
function takes place.

4.5 – Single cell RNA sequencing reveals the extent of haematopoietic
reprogramming that takes place during P. berghei infection
The transplantation of HSCs exposed to P. berghei resulted in poor engraftment in the
primary transplant compared to control and I had hypothesized that this could be due
to the activation of the entire HSC compartment. I also demonstrated through
secondary transplantation of these cells that a few functional HSCs may remain
despite the drastic effects P. berghei has on the overall compartment. These findings
prompted investigation into whether phenotypic HSCs – which could still be
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identified in the BM and whose numbers did not change over the course of infection
– were being altered at the transcriptional level and whether this could explain the
loss of function seen. I hypothesized that some reprogramming of primitive HSPCs
may be taking place in response to P. berghei infection. I decided to investigate this
further by carrying out scRNAseq analysis of these cells.

In collaboration with Berthold Göttgens and Samuel Watcham and Nicola Wilson in
his group at the University of Cambridge, I was able to carry out these studies. In
order to obtain a broad and unbiased understanding of the changes taking place in
HSPCs as a consequence of P. berghei infection, we decided to perform scRNAseq on
Lineage- c-Kit+ cells from control and infected mice (Figure 4.6). This strategy
permitted us to overcome the limitations inherent to the use of the few phenotypic
markers allowed by flow cytometry analysis and allowed us to address two important
questions: firstly, which HSPC populations remained upon infection and to what
extent was early haematopoiesis reprogrammed by P. berghei, and, secondly, what
molecular mechanisms could be driving the observed changes.

Similar numbers of cells were successfully analysed from two control and two infected
animals, with 7270 and 7692 cells in control and 7047 and 7708 cells in infected samples
passing quality control and a median of over 2400 genes detected per cell (Figure 4.6
and detailed quality control summaries from Cell Ranger for each sample can be
found in Appendix B). To gain an insight into the global changes taking place in early
haematopoiesis, we grouped Lineage- c-Kit+ cells from control animals into 6 clusters
representing different lineages by analysing the expression of combinations of specific
genes related to these populations (Figure 4.7). We subsequently mapped the cells
from infected animals against their corresponding control clusters and could display
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Figure 4.6 – scRNAseq on control and infected BM cells at day 7 psi
+
Representative sorting gate used to isolate Lineage c-Kit cells for droplet-based scRNAseq from control and
infected mice at day 7 psi. The table indicates the number of cells that passed quality control and the median
number of genes detected in each scRNAseq sample.

the data using force-directed graphs (Weinreb, Wolock & Klein, 2017), highlighting
the various lineage branches in different colours (Figure 4.8A). This analysis indicated
that, in infected mice, early haematopoiesis was substantially rewired towards
myeloid and basophil lineages, at the expense of erythroid and megakaryocyte
lineages. Quantification of the changes in proportions of each specific group of cells
between control ad infected samples confirmed these initial observations (Figure 4.8B
and C).

These data suggested that during P. berghei infection, the differentiation of early
HSPCs takes a different route compared to control and may be taking place at a
different speed. To investigate this further, I used a mouse model that enables the
direct assessment of differentiation pathways from HSC to more differentiated
progenitors in vivo. mT/mG x Flk2:cre double transgenic mice allow the identification
of HSCs which are Flk2- and therefore express the tomato protein (Figure 4.9A). As
these cells progress through the haematopoietic hierarchy and acquire the marker
Flk2, the cells express the recombinase cre, begin to express GFP and lose tomato
fluorescent protein (Boyer et al., 2011). I decided to examine how the proportions of
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Figure 4.7 – Identifying specific clusters within the scRNAseq data
The expression of genes used to determine the clustering of (A) myeloid, (B) erythroid, (C) megakaryocyte and
(D) basophil cell populations plotted on the force-directed graph embedding for cells from control and infected
mice.
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Figure 4.8 – Analysis of haematopoietic reprogramming triggered by P. berghei infection
(A) Cluster identify of cells from control and infected mice. Control cells were grouped into 6 clusters using
Louvain clustering on the k-nearest neighbour graph. Infected cells were mapped to their corresponding control
cluster and coloured accordingly, specific in the key. (B) Log2 fold change of the percentage of control cells in
each cluster divided by the percentage of infected cells mapped to that same cluster. Left-hand and right-hand
bars indicate fold changes for samples from two separate mice. (C) Bar graph of the abundance of cells in each
cluster calculated as a percentage of all cells from control and infected mice. Each point represents one mouse
and error bars represent mean ± s.e.m.
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Tomato+, Tomato+ GFP+ and GFP+ cells change in the BM of P. berghei-infected mice
in comparison to control to try and gain an initial insight into how differentiation
dynamics are changing over the course of infection.

In the BM overall, I could detect a small but significant increase in double positive
cells in P. berghei-infected mice (Figure 4.9B). These cells are likely transitioning from
the more primitive HSC state into more differentiated progenitor compartments. I
next examined the specific HSPC populations and the distribution of Tomato+ and
GFP+ cells in these compartments. There was a significant decrease in the proportion
of double positive LK cells and MPPs in infected mice, suggesting an overall increase
in differentiation taking place as cells transition through this mid-stage quicker than
they do in control animals (Figure 4.9C and D). Though not significant, there was a
trend towards an increase in the proportion of GFP+ MPPs in infected mice which
could indicate that haematopoiesis is being accelerated and this is what we would
expect under stressed conditions. Focusing on HSCs, it was interesting to see a
significant increase in the proportions of double positive and GFP+ cells in this
compartment in infected mice (Figure 4.9E). We would typically expect the HSCs to
remain red and if GFP is expressed we assume that these cells are beginning to express
progenitor markers, including Flk2. I hypothesized that the GFP expressing HSCs fell
into the CD48low compartment, which we know are closer to becoming progenitors
than CD48neg and reanalysed the HSC data based on CD48 expression. The
proportions of CD48low and CD48neg HSCs expressing the tomato fluorescent protein
were significantly lower than control in infected mice (Figure 4.10A). The proportions
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Figure 4.9 – Assessing differentiation dynamics in vivo
(A) The mT/mG x Flk2:cre mouse model allows you to identify HSCs which are Flk2- and so express the Tomato
fluorescent protein. As these cells differentiate into early progenitors, and begin to express Flk2, they will switch
and begin to express GFP. Representative FACS plots and quantification of the proportion of Tomato+, Tomato+
+
+
GFP and GFP (B) whole BM, (C) LK cells, (D) MPPs and (E) HSCs in control and infected mice at day 7 psi. n

= 5 mice in each group. Error bars represent the mean ± s.e.m. Statistically significant differences were determined
using Student’s t-tests (* represents p < 0.05; ** represents p < 0.01).

of double positive CD48low and CD48neg HSCs in infected mice were significantly
higher than control (Figure 4.10B). Both of these findings so far reflected the overall
trends seen in the total HSC compartment of these mice. Finally, as hypothesized,
there was a striking increase in the proportion of GFP expressing CD48low HSCs in
infected mice with CD48neg HSCs not expressing this protein at all in both groups
(Figure 4.10C). Together these data provide further evidence for the induction of
differentiation in the HSC compartment of animals exposed to P. berghei.

A - Tomato+
*

*

C - GFP+
*

*

25

0.5

80

20

0.4

60
40
20
0

Proportion (%)

100

Proportion (%)

Proportion (%)

*

B - Tomato+ GFP+

15
10

CD48neg

0

0.2
0.1

5

CD48low

0.3

CD48low

CD48neg

0.0

CD48low

CD48neg

Figure 4.10 – All GFP-expressing HSCs in mT/mG x Flk2:cre mice are CD48low
Quantification of the proportion of (A) Tomato+, (B) Tomato+ GFP+ and (C) GFP+CD48low and CD48neg HSCs
in control and infected mice at day 7 psi. n = 5 mice in each group. Error bars represent the mean ± s.e.m.
Statistically significant differences were determined using Student’s t-tests (* represents p < 0.05).
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Recently, it has been shown that using the data obtained from scRNAseq experiments,
it is possible to calculate RNA velocity (the time derivative of gene expression state)
by distinguishing between unspliced and spliced messenger RNA (mRNA) in a
sample (Manno et al., 2018). This results in a high-dimensional vector which can
predict the future state of individual cells and essentially allows the prediction of the
speed at which cells are going through a differentiation process. RNA velocity can be
plotted as a diffusion map, allowing the visualisation of the differentiation process,
for example, in a control or P. berghei-infected sample of cells. Work to apply this
technique to our dataset is ongoing by members of the Göttgens research group.
However, some preliminary results (data not shown) suggest that in infected animals,
there is significantly larger momentum and longer RNA velocity going towards the
myeloid direction and this is much less in the erythroid direction. These initial
findings interestingly fit with the first part of the scRNAseq analysis as well as the
data obtained using the mT/mG x Flk2:cre model suggesting an increase in myeloid
cells and accelerated differentiation during infection. Further work will need to be
carried out to validate this data with confidence, but it could allow us to obtain more
kinetic information from our scRNAseq dataset.

Together, these findings raised questions about the intrinsic identity of HSCs isolated
from the BM of P. berghei-infected mice – given the fact that we could still identify
them using the standard markers for LKS SLAM and the overall numbers were
unchanged throughout the course of infection, if they are, indeed, beginning to
express markers of differentiation or being induced to produce cells from a specific
lineage, how does this impact their identity and function? This is especially important
to examine, in light of the results obtained from the transplantation assays
demonstrating a complete loss of function of HSCs exposed to P. berghei infection.
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4.6 – Primitive HSPCs are significantly reduced in infected mice
Using binary clustering of the scRNAseq dataset, we could separate the cells based on
the co-expression of genes associated with the HSC state (Wilson et al., 2015),
including Ly6a – encoding for Sca-1 – and Procr – encoding for ECPR (Figure 4.11A
and B). As expected, Ly6a was overexpressed in the majority of cells sequenced from
the P. berghei-infected mice. However, when combined with the other genes known to
be associated with HSCs – allowing us to zoom in on a “HSC zone” within this dataset
– the number of cells expressing this primitive HSPC signature was strikingly
decreased compared to cells from control mice (Figure 4.11C, blue cells and quantified
in Figure 4.11D). This result reflected data presented in Chapter 3 where I had
performed flow cytometry analysis of BM cells from control and infected mice at day
7 psi and looked at specific immunophenotypes, known to highly enrich for the most
functional HSCs, including E-SLAM cells and CD48neg HSCs. There was a significant
decrease in the absolute numbers of both of these HSC subtypes in infected mice
(Figure 4.11E and F).

Considering all this data together, from transplantation assays, scRNAseq analysis
and flow cytometry, it seems that despite the numbers of LKS SLAM cells remaining
unchanged throughout the course of P. berghei infection, the function of this cell
population is significantly reduced, which could be due to a drastic reduction in the
number of HSC subpopulations known to be the most functional.

4.7 – P. berghei-exposed HSPCs exhibit a strong interferon response
To try and an identify the molecular mechanisms driving the phenotypes observed,
we re-examined the scRNAseq dataset and asked what genes were differentially
expressed between control and infected samples for each cluster. We focussed on
134

B

Control

Infected

Procr
Control

C

D
Control

**

3.0%

Number of cells

14.3%

E
1500

Infected

Infected

1000

500

0

Control Infected

F
800

**

600

400

200

0

Control Infected

Absolute number of CD48neg HSCs
(LKS CD150+CD48-)

Ly6a

Absolute number of E-SLAM cells
(CD48-CD150+CD45+EPCR+)

A

1000

***

800
600
400
200
0

Control Infected

Figure 4.11 – P. berghei infection results in a loss of the primitive HSPC transcriptional signature
(A) Expression of Ly6a gene plotted on the force-directed graph embedding for cells from control and infected
mice. (B) Expression of Procr gene plotted on the force-directed graph embedding for cells from control and
infected mice. (C) (Left) Binary clustering of the control data with primitive HSPCs in blue and all other clusters
in orange. (Right) Corresponding infected cells mapped to the control binary clusters. The proportion of primitive
HSPCs in control and infected mice is indicated in the graphs. (D) Quantification of primitive HSPCs in both
control and infected samples analysed, displayed in (C). (E) Absolute number of E-SLAM cells (CD48- CD150+
CD45+ EPCR+) in control and infected mice at day 7 psi, analysed by flow cytometry. Data pooled from 2
independent infections. (F) Absolute number of CD48neg HSCs (LKS CD150+ CD48neg) in control and infected
mice at day 7 psi, analysed by flow cytometry. Data pooled from 3 independent infections. Error bars represent
the mean ± s.e.m. Statistically significant differences determined using Student’s t-tests (* represents p < 0.05; **
represents p < 0.01; *** represents p < 0.001).

genes that were at least 4-fold upregulated in all clusters as they were likely to drive
the observed haematopoietic reprogramming. This filtering identified 20 initial genes,
the majority of which were related to IFN and some specifically to IFN-g signalling
(Figure 4.12 and Table 3, gene names in bold). We went on to further analyse the data,
searching for genes whose expression correlated highly with those in the initial
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driving gene set and any genes with a spearman correlation greater than 0.3 was
added to the list of “driving genes”. This procedure added a further 89 genes,
extending the total number of “driving genes” to 109 (Table 3).

Figure 4.12 – scRNAseq reveals a significant interferon signature with P. berghei infection
Violin plots showing the expression of the 20 “driving genes” identified through scRNAseq analysis in control
(black, left panels) and infected (maroon, right panels) mice.
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Table 3 – The 109 “driving genes” identified by scRNAseq analysis. The initial 20 genes identified by
the analysis are highlighted in bold.
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The importance of these genes was demonstrated by combining the control and
infected cells into SPRING plots generated by including or excluding them from the
analysis. When these genes were included, the cells from control and infected groups
were forced away from each other, but when excluded, the two groups of cells
appeared much closer (Figure 4.13A). Given that the majority of genes were related to
IFN signalling, this indicated that IFN is likely to be a main driver of the observed
effects. However, the fact that some separation remained between the control and
infected datasets suggested that, even after filtering, there are still genes remaining
that show global differential expression.

To test the hypothesis generated from the scRNAseq data, that IFN is a major driver
of the phenotypes observed, I measured the levels of IFN-g in the serum and BM
supernatant of control and infected mice. I focussed on IFN-g because this is the IFN
type most widely associated with responses to Plasmodium infection in both mice and
humans (Meding et al., 1990; John et al., 2004; King & Lamb, 2015; Lelliott & Coban,
2016). P. berghei-infected mice had significantly elevated levels of IFN-g in both the
serum and BM supernatant when compared to control (Figure 4.13B). There was also
a significant difference in the levels of IFN-g measured in the serum and BM
supernatant of infected mice.

4.8 – Discussion
In this chapter, I wanted to investigate how P. berghei infection affects the long-term
function of HSCs and whether more primitive haematopoietic cells are pushed to alter
their differentiation processes upon infection. Using scRNAseq, I questioned to what
extent haematopoiesis is reprogrammed by P. berghei infection and whether this
results in any changes to HSC identity at the transcriptional level. Further to this, I
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could examine the dataset for potential mechanisms driving these phenotypic changes
to HSCs and the haematopoietic compartment during infection.
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Figure 4.13 – Elevated local and systemic levels of IFN-g detected in P. berghei-infected mice
A) Single force-graph embedding of combined control and infected cells highlights the large separation between
samples according to their infection status, regardless of cell type. Recalculating the force graph with the 109 IFN
genes removed suggests that these genes are responsible for the majority of changes between control and infected
cells. (B) IFN-g levels in the BM supernatant and serum of control and infected mice measured by ELISA. n = 3
mice per group. Error bars represent the mean ± s.e.m. Statistically significant differences determined using
Student’s t-tests (** represents p < 0.01; *** represents p < 0.001; **** represents p < 0.0001).

Initial transplantation assays set up to assess the potential of Lineage- BM cells from
control and infected mice suggested that P. berghei infection leads to increased
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function in the long-term. This mirrored previous work investigating the effects of T.
spiralis on haematopoietic cells which demonstrated that the transplantation of whole
BM that had been exposed to the parasite resulted in better engraftment compared to
control (Rashidi et al., 2014). This was reported to be linked to infection-induced
changes in the nature of HSC-niche interactions, with HSCs observed in infected mice
interacting with a much larger “niche” than control. However, that work and the
initial P. berghei transplants were carried out using whole BM or lineage-depleted BM,
which enriches for HSPCs but doesn’t provide an indication of HSC fitness until
successive

serial

transplant

rounds.

Further

investigation,

involving

the

transplantation of Lineage- BM cells harvested earlier on in the course of infection, at
day 5 psi, led to the hypothesis that primitive HSPCs could be sufficiently stimulated
to perform better than control cells when reconstituting the BM without causing
immediate exhaustion. Currently, no published work addresses how the
reconstitution potential of HSCs changes over the course of a developing infection. It
could be very insightful to examine how HSCs harvested from the early stages of P.
berghei infection perform compared to HSCs harvested at later timepoints to further
understand the dynamics of HSC function and pinpoint when the switch to nonfunctionality takes place. This could also be correlated with the other observations we
have made about HSC proliferation and differentiation post-infection. While the
transplants carried out here were informative, a more stringent way to carry out the
transplantation of control and infected Lineage- BM cells would have been to FACS
sort for these cells rather than depleting by negative selection. In this way, the exact
identity of the transplanted pool of cells would be known and it would be possible to
back-calculate the number of HSCs that were transplanted into mice from the two
groups.
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I carried out the transplantation of purified HSCs in order to gain a more direct
measure of their specific function. It became clear that their function is significantly
affected, with very low levels of BM reconstitution by HSCs from P. berghei-infected
donors at day 7 psi compared to control and this was in line with previous work with
a range of infection models showing HSC exhaustion upon infection (Rodriguez et al.,
2009; Baldridge et al., 2010; Chen et al., 2010). Interestingly, when I took these cells to
secondary transplant, the few that did engraft were equivalent to control with no
difference between levels of reconstitution, albeit quite low overall. These data
suggested that the HSCs that give rise to those identified at the end of the primary
transplant in the recipients of HSCs from infected donors seem to be the most robust.
It could be hypothesized that these cells express the markers of quiescence, for
example lack of CD48, or high engraftment ability, such as EPCR, or genes linked to
self-renewal such as HoxB5, Runx1 and Gata3 (Cabezas-Wallscheid et al., 2014; Chen et
al., 2016) and future work will determine whether this is the case.

I had the opportunity to carry out scRNAseq on the Lineage- c-Kit+ compartment of
BM cells from control and infected mice and this allowed us to identify significant
haematopoietic reprogramming towards myeloid and basophil lineages at the
expense of erythroid and megakaryocyte differentiation. This was consistent with our
previous work (Vainieri et al., 2016) and the fact that emergency granulopoiesis is
triggered in response to a number of infections in mice (Boettcher & Manz, 2017). The
analysis of RNA velocity could provide an extra layer of information about the
changes in direction and speed at which differentiation processes take place in
infection. This work is ongoing and is consistent with the earlier expression of GFP
that I observed in the mT/mG x Flk2:cre mice.
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The scRNAseq analysis also highlighted a loss of the transcriptional signature for
primitive HSPCs in the samples from P. berghei-infected mice, suggesting that
although we could still isolate HSCs using the LKS SLAM markers and the numbers
are unchanged over the course of infection, their intrinsic identity is drastically
altered. This could explain why HSCs from infected animals performed worse in
primary transplantation assays. However, the secondary transplant reflected the fact
that a significantly reduced but still existent number of cells are expressing the
primitive HSPC signature as we saw that the reconstitution ability of HSCs harvested
from primary donors became consistent with control. While extremely informative,
we could only zoom in on a “HSC zone” using known combinations of genes
expressed by these cells. The use of index sorting, which would allow us to review the
specific phenotype of each single event sorted and sequenced, or scRNAseq of HSCs
themselves could provide a more in-depth analysis of how their transcriptome
changes upon infection with P. berghei.

I subsequently questioned whether we could find any information on the mechanism
that might be driving the HSC phenotype during infection. Overall, it was clear that
IFN was playing an important role in driving the effects seen in the haematopoietic
compartment upon infection with P. berghei and the strength of this IFN signature was
demonstrated in the force-directed graphs. However, the strikingly elevated local and
systemic levels of IFN-g led to the hypothesis that not only HSPCs but rather all BM
cells, including stroma, must be sensing and responding to this inflammatory milieu.
Very little is understood about the role that the BM microenvironment plays during
the response to infection and how this may be linked to observations in the
haematopoietic compartment, and I will begin to address this in the following chapter.
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Chapter 5
Evaluating the effects of Plasmodium berghei
infection on the bone marrow microenvironment

5.1 – Introduction
A range of studies have very recently questioned the effects of infections and
inflammatory stimuli on the BM microenvironment and have generally shown that
BM stromal cells express a battery of receptors that allow them to recognize the
inflammatory milieu generated locally or systemically upon haematopoietic
challenges and can respond to support emergency haematopoiesis (Boettcher & Manz,
2017). As described in Chapter 1, a range of stromal components have been shown to
be affected by these stresses including, but not limited to, an increase in the
proliferation of ECs and vascular permeability in response to IFN-a (Prendergast et
al., 2016), the production of pro-inflammatory cytokines by MSCs (Chou et al., 2012;
Schürch, Riether & Ochsenbein, 2014; Day et al., 2015) and the suppression of
osteoblasts in response to severe infection (Terashima et al., 2016; Lee et al., 2017). The
impacts of infection on components of the BM microenvironment that have been
documented in the literature so far are summarized in Table 4. However, relative to
the number of studies that have shed light on the consequences of infection-induced
haematopoiesis and the responses taking place within the BM microenvironment, our
understanding of infection-mediated changes to the HSC niche itself and how this
may be regulating haematopoietic cell dynamics and function is not as
comprehensive. More relevantly to the project presented in this thesis, the specific
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effects of Plasmodium infection on the BM microenvironment and how this specifically
affects its role as a support system for functional haematopoiesis has not previously
been studied.

BM stroma
component

Endothelial cells

Response to infection or inflammation

Experimental
model

- Increase in number (Prendergast et al., 2016)

- IFN-a

- Activation (TLR4/MyD88/GM-CSF production) (Andonegui et al., 2009; Boettcher et al., 2014)

- LPS
- Sepsis

Osteoblasts

- Reduced bone density and number of osteoblasts (Terashima et al., 2016; Lee et al., 2017)

- P. yoelii / P.
chabaudi
- T. gondii

MSCs

- Production of pro-inflammatory signals (IL-6) (Chou et al., 2012; Schürch, Riether & Ochsenbein, 2014)

- Acute viral
infection

CAR cells

T cells

Myeloid cells

Megakaryocytes

- Production of pro-migratory chemokines (Shi et al., 2011a)

- LPS

- Activation of cytotoxic T cells (Schürch, Riether & Ochsenbein, 2012)

- Acute viral

- Decrease in number of T regs (Zaretsky et al., 2017)

- T. gondii

- Decrease in number of macrophages (Winkler et al., 2010; Christopher et al., 2011; Westerterp et al., 2012)
- Emergency granulopoiesis triggered (Bucher et al., 2015)

- Depletion of megakaryocytes (Sridharan et al., 2013)

- GCSF

- Dengue virus

Table 4 – A summary of published effects of infectious or inflammatory stimuli on various components
of the BM microenvironment

It has recently been shown in humans that the BM acts as a reservoir and potential
niche for Plasmodium falciparum parasites, with the presence of immature gametocytes
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detected in BM aspirates and biopsies of infected individuals (Smalley, Abdalla &
Brown, 1981; Farfour et al., 2012; Aguilar et al., 2013; Joice et al., 2014). A study using
the P. berghei model of infection demonstrated that immature gametocytes are
specifically enriched in the mouse parenchyma, an extravascular niche separated from
the blood by the vascular endothelium (Niz et al., 2018). Here, gametocytes are
protected from immune clearance and are able to attach to and develop within
erythroid precursor cells. This work proposed that parasites home to the BM, move
across the endothelium and upon maturation in the parenchyma, intravasate into the
circulation as mature gametocytes. This recent link between the BM and Plasmodium
parasites highlights the need to thoroughly investigate whether the parasite itself, or
the local and systemic immune responses to this foreign body, might alter the BM
niche structurally or functionally and whether this plays a role in altering
haematopoiesis to respond to infection.

Furthermore, in response to P. chabaudi and Plasmodium yoelii (a murine malaria
species, isolated from thicket rats in Central Africa), bone loss and growth retardation
as a result of chronic bone inflammation induced by Plasmodium products were found
(Lee et al., 2017). These products were shown to induce MyD88-dependant
inflammatory responses in osteoclast and osteoblast precursors, leading to the
overstimulation of osteoclastogenesis which favours bone resorption. Not only did
this data highlight the risk of bone-loss in malaria infected patients and the benefits of
coupling bone therapy with antimalaria treatment but raised a number of questions
about how these significant structural changes within the bone during malaria could
be linked to structural alterations in the BM microenvironment and subsequent
impacts on haematopoiesis and HSCs themselves.
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In this chapter, I investigate how stromal cells are affected by P. berghei infection.
Alongside FACS analysis of the BM stroma, I used IVM of the calvarium BM to
visualise and capture the dynamics and complexities of the BM microenvironment’s
response to P. berghei in vivo and in real time over the course of infection. The BM can
be imaged by carrying out a non-invasive surgery to implant an imaging window on
the calvarium, which ensures steady positioning of the mice on the microscope stage.
It is then possible to acquire a series of Z-stacks across the calvarium and stitch them
together to produce a large 3D tilescan (Figure 5.1). This setup also allows the selection
of specific positions within the tilescan to carry out time-lapse imaging for up to 14
hours (Lo Celso, Lin & Scadden, 2010; Hawkins et al., 2016).
Bifurcation
(front)
Bifurcation
(front)

Central
sinus
Central
sinus

Coronal suture (back)
Coronal suture (back)

Endothelial cells
Endothelial cells
Vessels
Vessels
Bone
Bone

Figure 5.1 – Intravital imaging of the calvarium BM
A schematic demonstrating the method used to acquire 3D tilescan images of the calvarium BM. The mouse is
attached from the headpiece to the microscope set-up using the lock and key system and allowing us to define
an imaging area. A series of Z-stacks can be acquired across the calvarium and later stitched together to form an
overview of the BM space. A typical tilescan is taken from the coronal suture at the back of the skull towards the
bifurcation of the central sinus at the font. Figure adapted from Hawkins et al., 2016.
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Here, I attempted to elucidate the mechanism behind the haematopoietic response to
P. berghei infection and explored whether and how the BM stroma responds to the
elevated IFN levels in the microenvironment. Using IVM of endothelial cell (Flk1GFP), osteoblast (Col2.3-GFP) and perivascular mesenchymal stem/progenitor cell
(Nestin-GFP) reporter mice, I analysed the effects on the number and function of these
stromal populations over the course of infection. I endeavoured to define the link
between these structural alterations to the HSC niche in response to P. berghei and the
HSC phenotype we have observed so far and question whether manipulating the
microenvironment to control the effects on the stroma may provide a way to rescue
HSC proliferation and function in infected mice.

5.2 – The BM stroma exhibits a strong interferon response to P. berghei
infection
Having identified the expression of a strong IFN signature expressed by the Lineagec-Kit+ haematopoietic cells from infected mice by scRNAseq, as well as significantly
higher levels of IFN-g in both the serum and BM supernatant of mice, I hypothesized
that not only HSPCs but rather all BM cells, including the stroma, sense and respond
to the elevated local and systemic IFN.

To test this, I used flow cytometry and assessed the extent of BM cells that were
responding to P. berghei infection by measuring Sca-1 upregulation at day 7 psi as a
proxy of IFN-g-signalling (Ma, Ling & Dzierzak, 2001). In these experiments,
haematopoietic cells were defined as CD45+ Ter119+ and mixed haematopoietic and
stromal cells were defined as CD45- Ter119- (Boulais et al., 2018) (Figure 5.2A). The
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Figure 5.2 – Analysis of the HSPC and BM stromal response to P. berghei-mediated IFN levels
(A) Gating strategy used to analyse and quantify CD45+ Ter119+ and CD45- Ter119- cells by flow cytometry and
representative FACS plots of these populations in control and infected mice at day 7 psi. Quantification of the
+
+
+
+
+
absolute number of (B) CD45 Ter119 (D) CD45 Ter119 Sca-1 (E) CD45 Ter119 (G) CD45 Ter119 Sca-1
+

cells in control and infected mice at day 7 psi. Representative histogram plot demonstrating that (C) CD45+
Ter119+ and (F) CD45- Ter119- cells express high levels of Sca-1 in response to P. berghei. Data representative of 3
independent infections. Error bars represent the mean ± s.e.m. Statistically significant differences determined
using Student’s t-tests (* represents p < 0.05; *** represents p < 0.001; **** represents p < 0.0001).

148

overall absolute number of haematopoietic cells was significantly lower in infected
mice compared to control (Figure 5.2B) and, as expected, those that did remain had
substantially upregulated Sca-1, with a significant increase in the absolute number of
CD45- Ter119- Sca-1+ cells in infected mice at day 7 psi (Figure 5.2C and D). The overall
number of stromal cells appeared to remain unchanged (Figure 5.2E). Interestingly,
the majority of cells in this compartment did upregulate Sca-1 with a significant
increase in the number of CD45+ Ter119+ Sca-1+ cells (Figure 5.2F and G), as was
observed for HSPCs. Together these data confirm my hypothesis and suggest that IFN
affects the BM tissue in a global manner and likely plays an important role in the
response to infection of not only haematopoietic cells but also the stromal components
of the BM microenvironment.

Next, I wanted to further dissect the haematopoietic and stromal responses to IFN and
whether the lack of ability to sense this cytokine could have an impact on HSPC
dynamics. IFN-g receptor 1 (IFN-gR1) is an essential component of the IFN-g
signalling pathway and has been shown to be expressed on all HSPC subsets (Belyaev
et al., 2010). IFN-g is also known to affect a number of niche components both directly
and indirectly (Azuma et al., 2000; Gao et al., 2007; Schürch, Riether & Ochsenbein,
2014; McCabe et al., 2015; Jia et al., 2018). To gain an initial idea of how essential IFN-g
signalling is in the response of HSPCs to P. berghei infection, I analysed the
proliferation rate and absolute number of cells from BM samples of control and
infected mice completely lacking the IFN-gR1 gene. Ifngr1-/- animals showed an
impaired proliferative response in LK, MPP and HSC compartments as well as no
change in the absolute numbers of these cells (Figure 5.3A and B), highlighting the
fact that there was no upregulation of Sca-1 in response to P. berghei infection and
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further suggesting an essential role for IFN-g in the proliferative activation of HSPCs
during P. berghei infection.

B

A
12

N.S

N.S

500000

N.S

400000

8
6
4
2
0

N.S

N.S

300000

Absolute number

Proliferation rate
(% of cells per hour)

10

N.S

Ctrl
LK

Inf

Ctrl

Inf

MPP

Ctrl

Inf

200000
100000
4000

2000

0

Ctrl

HSC

LK

Inf

Ctrl

Inf

MPP

Ctrl

Inf

HSC

Figure 5.3 – Analysis of the HSPC response to P. berghei in Ifngr1-/- mice
(A) Proliferation rate and (B) absolute number of LK, MPP and HSC compartments in control (ctrl) and infected
(inf) Ifngr1-/- mice at day 7 psi. Error bars represent the mean ± s.e.m. Statistically significant differences
determined using Student’s t-tests.

To address whether HSPC activation could be caused by IFN-g-mediated effects on
the stem cell niche, I investigated the role of IFN-gR1 in the response of HSCs, MPPs
and LK cells to P. berghei when it is present on the haematopoietic cells but absent in
the BM microenvironment and vice versa. To do this, I generated a range of BM
chimeras by transplanting 1.) WT (CD45.1) BM into lethally irradiated Ifngr1-/recipient mice (reverse chimeras); 2.) Ifngr1-/- BM into lethally irradiated WT (CD45.1)
recipients and 3.) WT (mT/mG) and Ifngr1-/- mixed BM into lethally irradiated WT
(CD45.1) recipients (50:50 mixed chimeras) (Figure 5.4A). At approximately 12 weeks
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post-transplant all recipient mice were fully reconstituted (data not shown). I
therefore proceeded with the infections and analysed by ELISA the levels of IFN-g in
the BM supernatant (Figure 5.4B) and serum (Figure 5.4C) harvested from these mice.
This analysis demonstrated that infected mice of all three chimera groups had
significantly higher local and systemic levels of IFN-g compared to uninfected
controls. However, the most affected mice were those with receptor-deficient
haematopoietic cells.
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Figure 5.4 – Assessing the production of IFN-g in response to P. berghei infection by Ifngr1-/- BM
chimeric mice
(A) Schematic detailing the way in which each chimera group was made and infected for experiments. IFN-g
levels measured in the (B) BM supernatant and (C) serum of control and infected mice by ELISA from each
chimera group – detailed on the x-axis of the bar graphs. Data pooled from 2 independent infections. Each dot
represents one mouse. Error bars represent the mean ± s.e.m. Statistically significant differences determined using
Student’s t-tests (* represents p < 0.05; *** represents p < 0.001; **** represents p < 0.0001).

151

I next looked at the proliferation rate and absolute number of HSPC subsets at day 7
psi. LK cells from infected mice in all three chimera groups had significantly lower or
no change in proliferation rate compared to control and, as seen previously in infected
WT mice, the absolute number of LK cells was also significantly reduced (Figure 5.5A
and B, top panel). MPPs in the reverse chimeras infected with P. berghei demonstrated
a significantly higher proliferation rate and this trend was seen across all chimeras,
though not significant (Figure 5.5A, middle panel). The number of MPPs, as observed
in infected WT mice, significantly increased in animals exposed to P. berghei compared
to control (Figure 5.5B, middle panel). Interestingly, HSCs from BM chimeras made
by transplanting Ifngr1-/- BM into WT recipients showed comparable proliferation
rates upon infection when compared with control (Figure 5.5A, lower panel), which
mirrored the data seen in infected Ifngr1-/- mice (Figure 5.3). However, HSC
proliferation rates of infected reverse chimeras and the infected mixed chimeras were
significantly higher compared to control in both cases (Figure 5.5A, lower panel).
There was no change in the absolute number of HSCs in control and infected mice
from all chimera groups (Figure 5.5B, lower panel).

Together, these data suggested that IFN-g signalling in stromal cells themselves may
not be required for a dramatic HSC response to take place during P. berghei infection
and perhaps the haematopoietic components of the niche are playing an important
role in the induction of HSC activation during infection. Furthermore, I questioned
whether in the presence of a sufficient number of WT BM cells, the IFN-g and
inflammatory mediators produced could still be sufficient to promote the proliferation
of cells lacking the receptor. To start addressing this, I dissected the response of the
HSCs in mixed chimeras by looking at the respective proliferation rates of Ifngr1-/-
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Figure 5.5 – Using Ifngr1-/- BM chimeric mice to investigate the importance of IFN-g signalling by
haematopoietic cells and BM stroma in the response to P. berghei infection
(A) Proliferation rate and (B) Absolute number of LK, MPP and HSC populations analysed at day 7 psi for each
-/chimera group – specified on the x-axis. (C) Quantification of the respective proliferation rate of Ifngr1 and WT
HSCs from the mixed chimera group. Data pooled from 2 independent infections. Each dot represents one mouse.
Error bars represent the mean ± s.e.m. Statistically significant differences determined using Student’s t-tests (*
represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001; **** represents p < 0.0001).
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HSCs and WT HSCs in these mice (Figure 5.5C). There was a significant increase in
the proportion of proliferating Ifngr1-/- HSCs in infected mice and, although a trend
towards an increase in proliferation of WT HSCs was observed, this was not
significant demonstrating that HSC proliferation could be prompted during P. berghei
infection via other signalling pathways or mechanisms for example interleukins, TNF
(Cruz et al., 2016) or ROS. Together, these experiments show that although IFN does
play an important role, and both haematopoietic and stromal cells demonstrate a
response to it, IFN-g production and signalling could be part of a more complex
orchestra of mechanisms resulting in the HSC phenotype observed, some of which
will be explored below.

5.3 – P. berghei infection alters the integrity of vessels in the BM
microenvironment
Given the increased levels of IFN-g within the BM tissue upon P. berghei infection, and
the fact that there was a response to IFN from the majority of cells in the BM, I wanted
to understand whether HSPC proliferation and loss of function could be linked to
morphological or functional changes in the BM microenvironment. I started by
analysing ECs, which are known to produce critical factors for supporting HSC
maintenance (Hooper et al., 2009; Butler et al., 2010; Kobayashi et al., 2010; Winkler et
al., 2012). Using IVM of the mouse calvarium BM, I studied control and infected Flk1GFP transgenic mice, in which CD45- Ter119- CD31+ phenotypic ECs express GFP
(Duarte et al., 2018), and aimed to identify changes in the distribution, morphology
and function of BM ECs. Tilescans of the calvarium BM in these mice revealed no
changes in BM vessels morphology throughout the course of infection (Figure 5.6A).

154

A
Day 3

Control

Day 7

Day 5

Flk1-GFP+ ECs
Bone

Number of endothelial cells
(CD45-Ter119-CD31+)

Total Flk1-GFP+ cell volume
(x107 voxels)

N.S

3

2

1

0

Control Day 3

Day 5

D
10000

Day 7

N.S

8000
6000
4000
2000
0

Control

Infected

E
4000

Number of Sca-1- endothelial cells
(CD45-Ter119-CD31+Sca-1-)

C
4

Number of Sca-1+ endothelial cells
(CD45-Ter119-CD31+Sca-1+)

B

N.S

3000

2000

1000

0

Control

Infected

4000

N.S

3000

2000

1000

0

Control

Infected

Figure 5.6 – IVM reveals no change in the number of ECs over the course of infection
(A) Representative tilescan (composite of individual tiles) maximum projections of control and infected Flk1-GFP
mice at day 3, 5 and 7 psi. Green, Flk1-GFP+ vessels; grey, bone collagen SHG. (B) Automated segmentation and
volume calculation (voxels) of control and infected Flk1-GFP+ ECs in control and infected mice at day 3, 5 and 7
psi. The absolute number of (C) ECs (CD45- Ter119- CD31+) (D) arteriolar Sca-1 ECs (CD45- Ter119- CD31+ Sca1+) and (E) sinusoidal Sca-1- ECs (CD45- Ter119- CD31+ Sca-1-) in control and infected mice analysed at day 7 psi
+

by flow cytometry. Data pooled from 3 independent infections. Each dot represents one mouse. Error bars
represent the mean ± s.e.m. Statistically significant differences determined using Student’s t-tests or one-way
ANOVA with post-hoc Bonferroni correction.

This was confirmed by quantitative analysis of EC volume, which showed that the
number of GFP+ voxels at days 3, 5 and 7 psi remained constant, and equivalent to
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control (Figure 5.6B). I wanted to corroborate these observations and carried out flow
cytometry analysis of ECs in the long bones of control and infected mice at day 7 psi.
In agreement with the IVM experiments, this analysis indicated that the number of
ECs (defined as CD45- Ter119- CD31+) were unchanged by day 7 psi (Figure 5.6C).
More thorough analysis to separate out the arteriolar Sca-1+ ECs and sinusoidal Sca1- ECs showed that the number of cells from these populations in control and infected
mice were also unchanged (Figure 5.6D and E).

I next used the ability to monitor randomly selected positions over time within the
tilescans through time-lapse IVM to understand whether vascular dynamics and
integrity might be changing upon infection. By taking a Z-stack at selected positions
every 3 minutes for a total of 120 minutes I could produce short movies for analysis
of EC dynamics in control and infected mice at day 7 psi. Despite the fact that vessel
morphology and the numbers of ECs remained unchanged over the course of
infection, these experiments revealed unusual dynamics over the course of a few
hours by day 7 psi. While the vasculature of control mice appeared essentially static
over time (Supplementary Video 1, Appendix C), I detected GFP+ cells separating
from those lining the vessel surface and migrating within the extravascular space with
seemingly random trajectories (Figure 5.7A and Supplementary Video 1, Appendix
C). Previous work from our research group looking at the effects of AML on blood
vessels in the BM showed the appearance of small cellular debris of endothelial origin
in the vascular lumen of AML-burdened mice, which maintained the expression of
phenotypic endothelial markers (Duarte et al., 2018). In response to P. berghei, the
detached GFP+ cells were parenchymal, and in such low numbers that it was not
possible to characterize them by flow cytometry analysis of either blood or BM stroma.
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Figure 5.7 – Time-lapse IVM reveals increased detachment and migration of GFP+ cells in P. bergheiinfected mice
(A) Selected frames from representative time-lapse data of an infected Flk1-GFP mouse at day 7 psi showing the
detachment from the endothelium and migration of GFP+ cells indicated with red arrows and numbered. Scale
bar represents 50µm. Data representative of 7 independent infections and time-lapse experiments. Black, Flk1+
GFP vessels. (B) Representative maximum projection of an area in an infected Flk1-GFP calvarium at day 7 psi,
injected with CD45 antibody. Green, Flk1-GFP+ vessels; Magenta, CD45 APC-conjugated antibody. White arrows
indicate GFP+ cells detached from the endothelium. Scale bar represents 20µm. Data representative of 4
+
independent infections and time-lapse experiments. (C) Absolute number of EdU ECs in control and infected
mice at day 7 psi. Data pooled from 2 independent infections. Each dot represents one mouse. Error bars represent
the mean ± s.e.m. Statistically significant differences determined using a Student’s t-test.

However, to exclude that the migratory cells could be haematopoietic cells that were
expressing Flk1 – as it has been shown, for example, that there is a subpopulation of
HSCs that express VEGF (Danet et al., 2003; Kirito et al., 2005) – I performed in vivo
staining by injecting Flk1-GFP mice with APC-conjugated anti-CD45 antibody prior
to IVM analysis. The resulting data revealed that despite the fact that the size of the
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GFP+ cells was similar to that of small CD45+ cells, they did not express CD45
themselves and therefore did not appear to be haematopoietic (Figure 5.7B). I
hypothesized that the observed GFP+ cells were due to EC proliferation and an
overproduction of ECs meant that they could no longer fit into the vascular structure
and were forced to move into the extravascular space. I measured the proliferation of
ECs exposed to P. berghei infection by flow cytometry and was able to demonstrate
that there was no change in the number of EdU+, proliferating ECs by day 7 psi (Figure
5.7C).

5.4 – P. berghei infection results in increased vascular permeability
Previous work had shown that high levels of IFN-a lead to vascular leakiness
(Prendergast et al., 2016) and that leakiness is a hallmark of stressed vasculature
(Passaro et al., 2017; Niz et al., 2018). I therefore decided to assess whether vascular
damage may develop during the course of P. berghei infection. I carried out time-lapse
imaging of randomly selected calvarium BM areas of control and infected Flk1-GFP
mice at day 7 psi for a duration of 10 minutes following the injection of a low
molecular weight TRITC-labelled dextran. This analysis revealed that infected mice
had highly permeable vessels, with the dextran rapidly diffusing throughout the
parenchyma. This could easily be visualised in the images taken at 10 minutes postinjection (Figure 5.8A and Supplementary Video 2, Appendix C), and quantification
of the fold change in TRITC-dextran intensity in the images over time in control and
infected mice revealed a statistically significant difference in leakiness between the
two groups (Figure 5.8B).
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Figure 5.8 – P. berghei infection induces an increase in permeability of the BM vasculature
(A) Vascular leakiness was assessed by time-lapse imaging of the calvarium for 10 minutes after injecting 3mg 65
– 85 kDa TRITC-dextran i.v. Selected frames from representative time-lapse data of control and infected Flk1GFP mice at day 7 psi showing the extravasation of vascular dye over time to allow quantification of vascular
leakiness are shown. White lines delineate the bone (B) and red boxes highlight regions of interest within the
parenchyma where measurements were taken. Scale bar represents 50µm. (B) Quantification of vascular leakiness
in control and infected mice at day 7 psi quantified by measuring the fold change of TRITC-dextran intensity in
4 regions of interest per position. Data pooled from 4 independent infections. n = 4 control and 5 infected mice
with 4 positions acquired per mouse. Error bars represent the mean ± s.e.m. Statistically significant differences
determined using Student’s t-tests with post-hoc Bonferroni corrections for multiple comparisons. (* represents
p < 0.05).

5.5 – P. berghei infection induces an increase in the intracellular ROS
levels of HSCs
ROS are free radicals derived from diatomic oxygen and have been associated with
cellular injury, affecting cell cycle progression, cell motility and growth factor
signalling in a number of cell types including HSPCs (Juntilla et al., 2010;
Lewandowski et al., 2010). Over the years it has become increasingly evident that the
HSC compartment contains several subpopulations with distinct behaviours and this
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heterogeneity has been attributed, in part, to the existence of stem cell intrinsic
programmes, which are under the influence of different environmental milieus within
the BM. One of these is the presence of high and low oxygen areas, which creates the
conditions for differential production of ROS across the BM microenvironment
(Mangialardi et al., 2014). ROS has also been identified as a stimulus which can skew
the balance away from stem cell self-renewal and towards differentiation with low
ROS zones in the BM tending to contain more undifferentiated cells with high selfrenewal potential and high ROS zones playing a more important role for stem cell
maturation and differentiation.

ECs are exposed to the highest levels of physiological oxygen tension, to the point that
they have developed internal mechanisms for scavenging excess ROS molecules
(Vandekeere, Dewerchin & Carmeliet, 2015). Recent work has shown that, in the BM,
lower frequencies of ROShigh cells were found to be adjacent to arteries compared to
sinusoids and, interestingly, SLAM HSPCs found in close proximity to sinusoidal BM
ECs demonstrated a range of ROS levels from negative to high whereas those
associated with the arteries were consistently negative for ROS staining (Itkin et al.,
2016). Moreover, in this study, steady-state HSCs that were found to reside in the
vicinity of more permeable vessels were shown to contain higher levels of ROS and
were less functional (Itkin et al., 2016). It has also been shown that high intracellular
ROS levels can specifically affect HSC quiescence, accelerating their differentiation
and resulting in exhaustion (Ito et al., 2006; Miyamoto et al., 2007). Elevated ROS levels
can also promote HSPC mobilization by activating their motility machinery (Tesio et
al., 2011; Golan et al., 2012).
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Prompted by this information, I wanted to compare the ROS levels of ECs and HSPCs
in control and P. berghei-infected mice to determine whether increased vascular
leakiness during infection could be associated with changes in ROS levels as this could
provide a potential explanation for the loss of HSC function observed previously. I
measured intracellular ROS levels by flow cytometry in control and infected mice at
day 7 psi. The proportion of ROS-positive ECs was significantly lower in infected mice
compared to control (Figure 5.9A). Interestingly, the proportion of LK cells producing
ROS was also significantly lower in infected mice compared to control (Figure 5.9B).
Instead, there was no difference in the proportion of ROS-positive MPPs in control
and infected mice at day 7 psi (Figure 5.9C). The overall high proportion of LK and
MPP cells reflects the fact that higher intracellular ROS levels instruct cell behaviour
to encourage differentiation, cell relocation and egression into the blood stream
(Sattler et al., 1999; Tesio et al., 2011; Golan et al., 2012). Most strikingly, intracellular
ROS was measured in a significantly higher proportion of HSCs from P. bergheiinfected mice: a 2-fold increase compared to control (Figure 5.9D).

Along with the vascular permeability data in P. berghei infected mice, the increase in
HSC ROS levels upon infection determined here suggests that increased ROS levels,
likely linked to increased vascular permeability, may lead to the exhaustion of
phenotypically defined HSCs observed during P. berghei infection. This will be
discussed below and addressed with future work.
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Figure 5.9 – Quantification of intracellular ROS during P. berghei infection
Quantification of the proportion of ROS producing (CellROX+) (A) endothelial cells, (B) LK cells, (C) MPPs and
(D) HSCs measured in control and infected mice at day 7 psi by flow cytometry. Data pooled from 2 independent
infections. Each dot represents one mouse. Error bars represent the mean ± s.e.m. Statistically significant
differences determined using Student’s t-tests (**** represents p < 0.0001).
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5.6 – Striking loss of osteoblasts during P. berghei infection
I next wanted to focus on osteoblasts as they have long been associated with HSC
function and maintenance of quiescence (Calvi et al., 2003; Zhang et al., 2003; Arai et
al., 2004; Lo Celso et al., 2009) and recent work from our research group demonstrated
the importance of intact endosteal niches for healthy HSCs (Duarte et al., 2018). Using
IVM, I monitored osteoblast numbers and their distribution in control and infected
Col2.3-GFP osteoblast reporter mice, in which GFP is expressed under the control of
a 2.3kb region of the mouse procollagen type 1 alpha 1 (Colla1) promoter (Kalajzic et
al., 2002; Calvi et al., 2003; Hawkins et al., 2016). Tilescans were taken over the course
of infection at day 3, 5 and 7 psi and revealed a progressive and systemic loss of GFP+
cells, to the extent that they were hardly detectable by day 7 psi (Figure 5.10A). I
carried out quantitative analysis of these images and demonstrated that there was a
significant decrease in the volume of Col2.3- GFP+ cells by day 5 and even further by
day 7 psi (Figure 5.10B). To confirm that loss of GFP signal reflected a true loss of
osteoblasts, I examined BM sections of femurs harvested from control and infected
animals at day 7 psi that had been stained with haematoxylin and eosin and stored in
the lab by Maria L. Vainieri. Imaging of these sections revealed that while endosteumlining cells were obvious in the sections of control mice (Figure 5.10C, black
arrowheads), they were undetectable in those from infected animals (Figure 5.10C).

I next wanted to gain an understanding of whether primitive stroma cells may also be
lost as a result of P. berghei infection and studied Nestin-GFP mice, in which a cassette
containing part of the promoter of the intermediate filament Nestin drives GFP
expression (Mignone et al., 2004) and GFP+ cells have been shown to represent stroma
stem/progenitor cells upstream of osteoblasts (Méndez-Ferrer et al., 2010). In these
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Figure 5.10 – P. berghei infection causes a dramatic loss of osteoblasts
(A) Representative tilescan (composite of individual tiles) maximum projections of control and infected Col2.3+
+
GFP mice at day 3, 5 and 7 psi. Green, Col2.3-GFP osteoblastic cells; Blue, Cy5-dextran blood vessels. (B)
Automated segmentation and volume calculation (voxels) of control and infected Col2.3-GFP+ osteoblasts in
control and infected mice at day 3, 5 and 7 psi. Data pooled from 5 individual infections. Each dot represents one
mouse. Error bars represent the mean ± s.e.m. Statistically significant differences determined using Student’s ttests. (* represent p < 0.05; *** represents p < 0.001). (C) Representative images of haematoxylin and eosin stained
sections of femurs from control and infected mice at day 7 psi. Black arrowheads indicate osteoblasts. Scale bars
in original control and infected images represent 50µm. Scale bars in control and infected high magnification
images represent 20µm.
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Figure 5.11 – No change in number of Nestin+ MSCs with P. berghei infection
(A) Representative tilescan (composite of individual tiles) maximum projections of control and infected NestinGFP mice at day 7 psi. Green, Nestin-GFP+ MSCs; Blue, Cy5-dextran+ blood vessels; Grey, bone. (B) Automated
+
segmentation and volume calculation (voxels) of control and infected Nestin-GFP MSCs in control and infected

mice at day 7 psi. Data pooled from 2 individual infections. Each dot represents one mouse. Error bars represent
the mean ± s.e.m. Statistically significant differences determined using Student’s t-tests.
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mice, I found that the number and morphology of GFP+ cells remained unchanged in
control and infected mice by day 7 psi (Figure 5.11A and B), suggesting that P. berghei
infection specifically targets mature osteoblasts.

5.7 – Maintaining osteoblasts throughout the course of infection
inhibits HSC proliferation in response to P. berghei infection
Given the significant loss of osteoblasts observed within the BM of P. berghei-infected
mice, I hypothesized that at least some HSC niches were being disrupted in response
to malaria infection and that this could be a mechanism triggering the increase in
proliferation and loss of HSC function. I questioned whether manipulating the HSC
niche by forcing the maintenance of osteoblasts through the course of infection could
rescue this phenotype.

Parathyroid hormone (PTH) is a polypeptide that is synthesized and secreted by the
parathyroid glands in a calcium-regulated manner. The main functions of this
hormone include maintaining serum calcium homeostasis, controlling renal
phosphate reabsorption and D3 1α-hydroxylation as well as modulating bone
turnover. Its actions are mediated by the PTH/PTH-related peptide (PTHrP) receptor,
which is expressed mainly in the bone and kidney (Bellido, Saini & Pajevic, 2013).
Among bone cells, osteoblasts and chondrocytes are thought to be the main target
cells of the effects of PTH and elevation of the hormone in the circulation can generate
both catabolic and anabolic effects on bone, depending on the temporal profile of its
increase. Chronic excess of PTH, for example during primary hyperparathyroidism or
as a secondary effect to calcium deficiency, increases the rate of bone remodelling and
can result in the loss of bone (Bellido et al., 2005). In contrast, intermittent increases of
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PTH in the circulation, achieved by daily injections of a specific dose, can lead to
overall bone gain due to a rapid increase in osteoblasts and bone formation, linked to
the ability of the hormone to promote proliferation of osteoblast precursors, to inhibit
osteoblast apoptosis and to re-activate lining cells to become matrix synthesizing
osteoblasts (Jilka, 2007; Jilka et al., 2009; Kim et al., 2012). Previous work has also shown
that PTH treatment increases not only the number of osteoblasts in the HSC niche but
also the number of HSCs themselves as BM cells from PTH-treated mice had
significantly better engraftment ability when transplanted in lethally irradiated
primary recipients (Calvi et al., 2003).

To test my hypothesis, I treated mice with PTH (alongside a group of mice treated
with PBS as the vehicle control) for two weeks prior to infection (80µg/kg injected i.p
for 5 days with 2 days break) and for a further week as infection progressed before
sacrifice and analysis (Figure 5.12A). PTH treatment had no effect on parasitemia
(Figure 5.12B). However, treatment with this hormone did indeed have an anabolic
effect on osteoblasts in both control and infected mice demonstrated by IVM of PBSand PTH-treated, control and infected Col2.3-GFP mice at day 7 psi (Figure 5.12C).
The extent of the surviving osteoblast population was clear when I carried out the
quantification of these tilescans, which revealed that PTH treatment maintained a
significant proportion of osteoblasts through the course of P. berghei infection with a
significant, approximately 3-fold increase in GFP+ voxels in infected PTH-treated
mice when compared to the infected PBS-treated group. Of note, PTH-treated, noninfected mice showed significantly higher osteoblast volume than PBS-treated mice
(Figure 5.12D).
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Figure 5.12 – PTH treatment leads to a maintenance of osteoblasts in P. berghei-infected mice
(A) Schematic detailing the treatment regimen used in these experiments. (B) Parasitemia in peripheral blood
calculated from Giemsa-stained blood films taken from PBS- and PTH-treated mice at day 7 psi and quantified.
(C) Representative tilescan (composite of individual tiles) maximum projections PBS- and PTH- treated and
infected Col2.3-GFP mice at day 7 psi. Green, Col2.3-GFP+ Osteoblastic cells; Grey, bone collagen SHG (D)
Automated segmentation and volume calculation (voxels) of Col2.3-GFP+ osteoblasts in PBS- and PTH- treated
and infected mice at day 7 psi. Data pooled from 3 individual infections. Each dot represents one mouse. Error
bars represent the mean ± s.e.m. Statistically significant differences determined using Student’s t-tests. (*
represents p < 0.05; ** represents p < 0.01).
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I next wanted to investigate the effects of PTH treatment on the dynamics of HSPC
populations and I therefore measured population size and proliferation rate of these
cells in cohorts of PBS- and PTH-treated, control and infected mice. Consistent with
Sca-1 upregulation occurring in both PBS- and PTH-treated infected animals (Figure
5.13A), the proliferation rate and absolute number of LK cells and MPPs were similar
in all infected mice (Figure 5.13B, C and D, top and middle panels). However, PTH
treatment had an effect specifically on the HSC response. In line with previous studies
(Calvi et al., 2003; Li et al., 2012; Yao et al., 2014), PTH treatment alone led to an increase
in the number of HSCs without increasing their proliferation rate (Figure 5.13B, C and
D, lower panels). However, PTH-treated and infected mice did not show the typical
increase in HSC proliferation at day 7 psi and, instead, these cells proliferated as little
as those of control animals and significantly less than those of PBS-treated and
infected mice (Figure 5.13B, C and D, lower panels).

So far, the data suggests that PTH treatment can attenuate HSC proliferation, which
led me to question whether it could also rescue HSC function. I performed
transplantation assays in which I compared the reconstitution ability of HSCs isolated
from PBS- and PTH-treated, infected donor mice at day 7 psi. 200 tomato+ mT/mG
HSCs (defined as LKS CD150+ CD48low + neg) were transplanted alongside 300,000 WT
support whole BM cells into lethally irradiated WT recipients. The proportion of total
donor-derived cells was measured in the recipients’ peripheral blood at 4-, 8-, 12-, 16and 20- weeks post-transplant as well as the proportions of donor-derived B, T and
myeloid cells. Reconstitution of the whole BM and various HSPC and mature cell
populations in the BM were also analysed at week 20.
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Figure 5.13 – PTH treatment can reduce proliferation of P. berghei-exposed HSCs
-

(A) Representative FACS plots showing the changing pattern of Sca-1 and c-Kit expression in Lineage

BM

haematopoietic cells in PTH-treated control and PTH-treated infected mice at day 7 psi. (B) Representative FACS
+
+
plots showing the gating strategy for EdU and BrdU LK, MPP and HSC populations in PTH-treated control
and infected mice at day 7 psi. (C) Proliferation rate and (D) Absolute number of LK, MPP and HSC populations
analysed by day 7 psi in PBS- and PTH-treated control and infected mice. Data pooled from 3 individual
infections. Each dot represents one mouse. Error bars represent the mean ± s.e.m. Statistically significant
differences determined using Student’s t-tests. (* represents p < 0.05; *** represents p < 0.001; **** represents p <
0.0001).
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I was able to demonstrate that there was no difference between the two groups and
overall engraftment was very low both in peripheral blood (Figure 5.14A) and in the
BM analysed at week 20 post-transplant (Figure 5.14B), indicating that PTH treatment
does not rescue HSC function. Furthermore, both groups of transplanted HSCs
resulted in multilineage output with no significant differences in mature lineages
measured in peripheral blood (Figure 5.14A) as well as mature lineages and HSPCs
measured in the whole BM (Figure 5.14C and D). Consistent with these findings, when
I calculated the number of CD48neg HSCs in the BM of PTH-treated and infected mice,
it was significantly lower than in PTH-treated, non-infected control animals (Figure
514E). Once again, this demonstrated that P. berghei infection seems to specifically
target the more quiescent and functional HSC subsets, even when osteoblasts are
maintained throughout infection.

I wanted to understand why PTH treatment had not rescued HSC function and
decided to analyse the levels of IFN-g in the BM supernatant and serum of PBS- and
PTH-treated control and infected mice at day 7 psi. Interestingly, the concentration of
IFN-g in both the BM and serum of PTH-treated and infected mice was significantly
lower than that of PBS-treated and infected mice (Figure 5.15A and B). However, IFNg was still augmented in PTH-treated and infected animals compared to PTH-treated
controls, albeit to a lesser extent than in infected PBS-treated mice. Together, these
data suggest that although PTH treatment leads to the retention of osteoblasts,
inhibition of HSC proliferation and the reduction of both systemic and localised IFNg levels, the remaining IFN-g may still be sufficient to affect the long-term
reconstituting capacity of HSCs exposed to P. berghei, through direct or indirect action
on these cells and the precise mechanism will be elucidated with future work.
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Figure 5.14 – PTH treatment does not rescue HSC function
BM cells from PTH-treated control and infected mT/mG mice were purified at day 7 psi to obtain HSCs which
were transplanted to lethally irradiated recipients and reconstitution monitored by flow cytometry. (A) Total
peripheral blood reconstitution and multilineage potential of engrafted cells assessed by measuring the mean
proportion of donor-derived B, T and myeloid cells by flow cytometry over the course of the transplant. (B) The
total reconstitution in the BM of recipients was analysed at the end of the transplant. (C) Analysis of donor
derived LK, MPP and HSC populations as well as (D) B, T and myeloid cells in the BM was also quantified in the
BM at week 20 post-transplant. n = 6 mice in each group. (E) The absolute number of CD48neg HSCs in PTHtreated control and infected mice at day 7 psi, analysed by flow cytometry. Data pooled from 3 infections. n = 12
mice in each group. Error bars represent the mean ± s.e.m. Statistically significant differences determined using
a Student’s t-test (* represents p < 0.05).
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Figure 5.15 – PTH treatment reduces overall IFN-g levels in P. berghei-infected mice
IFN-g levels in (A) BM supernatant and (B) serum of PBS- and PTH-treated control and infected mice at day 7 psi
measured by ELISA. Data pooled from 2 infections. n = 3 mice per PBS group. n = 6 mice per PTH group Error
bars represent the mean ± s.e.m. Statistically significant differences determined using Student’s t-tests.

5.8 - Discussion
In this chapter, I set out to investigate how P. berghei infection affects the BM
microenvironment and, given that the gene expression profiling of stem and
progenitor cell populations highlighted the central role of IFN in driving the observed
HSPC phenotypes, I questioned whether IFN could be affecting the BM in a global
manner. Thus, I examined the response of haematopoietic and stromal cells to the
elevated levels of IFN-g. Using IVM of the calvarium BM, I also questioned how P.
berghei affects the number, morphology and function of various components of the BM
microenvironment and began to explore potential cellular and molecular mechanisms
behind the haematopoietic response to P. berghei uncovered in previous chapters.
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IFN-g is highly expressed in response to infection by multiple strains of human and
murine Plasmodium and it has an important role in controlling the resulting strength
of infection (Meding et al., 1990; John et al., 2004; Lelliott & Coban, 2016). It has,
however, been reported to mediate and exacerbate the disease itself, causing damage
to the host (King & Lamb, 2015). I uncovered that IFN-g profoundly affects not only
early haematopoiesis but also BM stroma, and this is likely due to its accumulation
within the tissue. Using FACS analysis of the BM stroma, I demonstrated that
although there was no change in the absolute number of these cells in infected mice,
there was a significant increase in the number of cells expressing Sca-1 – used as a
readout of IFN-g signalling. This suggested that IFNs do affect the whole BM tissue
and could be playing an important role in the response of the stroma to infection.

To dissect these responses further, I analysed Ifngr1-/- mice and made BM chimeras
using Ifngr1-/- and WT BM combinations to gain an understanding of the role of IFNg signalling in the response of HSPCs and stroma. I assessed IFN-g levels in each
chimeric group and found that the most affected mice were those with receptor
deficient haematopoietic cells, which is consistent with immune cells being
responsible for the amplification of IFN-g levels in a positive feedback loop (Ma et al.,
2015). I next investigated the proliferation rate of HSPC populations in the BM of
chimeric mice. Interestingly, LK and MPP populations behaved as they would in
infected WT animals, while HSCs demonstrated varying responses. I found increased
HSC proliferation rates in the infected reverse chimeras (WT BM into lethally
irradiated Ifngr1-/- recipient mice) and infected mixed chimeras (WT and Ifngr1-/mixed BM into lethally irradiated WT recipients), suggesting that the IFN response of
stroma may not be the sole mediator of the haematopoietic response to infection. Of
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note, when the HSC response in mixed chimeras was dissected, I was able to show
that the Ifngr1-/- HSCs in infected mice still exhibited significantly higher proliferation
rates when compared to control and WT infected HSCs. This gave further evidence
for other mechanisms contributing to the HSC phenotype alongside direct sensing of
IFN-g.

Though these experiments provide an insight into the role of IFN-g signalling during
P. berghei infection, a number of questions were raised from this work. I observed high
baseline proliferation rates of HSPCs in all control chimeric mice when comparing to
the levels seen in WT control mice. It is known that irradiation and transplantation
result in significant stress to the BM and haematopoietic system and, although these
BM chimeras were given ample time to recover and reconstitute “steady-state”
haematopoiesis, it seems that there are some residual effects from the process. To
control for this in future work, it would be worth setting up extra chimeric
combinations including WT BM into WT recipients and Ifngr1-/- BM into Ifngr1-/recipients which would allow the normalisation of baseline proliferation levels as has
been carried out previously (Boettcher et al., 2014). Furthermore, to consolidate
findings related to the function of IFN-g signalling in the response of HSCs to P. berghei
infection, we could generate mixed BM chimeras by transplanting Ifngr1-/- BM and
WT BM into WT recipients at different ratios as carried out previously (Belyaev et al.,
2010) to specifically pinpoint whether the proliferation could be attributed to WT or
Ifngr1-/- cells. It would also be useful to make these mixed BM chimeras in Ifngr1-/recipients and, in this case, if proliferation of HSCs does take place it would confirm
the hypothesis that IFN sensing cells are a requirement for the HSC response to P.
berghei observed.
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Together, these data suggested that the haematopoietic components of the HSC niche,
such as macrophages, T cells and megakaryocytes, may play a role in orchestrating
the response and future work could investigate how these cells are affected by P.
berghei infection. For example, by infecting Macrophage Fas-Induced Apoptosis
(MaFIA) mice (these mice express a suicide receptor driven by the CD115 promoter,
which drives expression of the M-CSF receptor, and injection of the drug AP20187
causes its dimerization and induction of apoptosis in cells in which the CD115
promoter is or has been active) (Burnett et al., 2004) it would be possible to investigate
the role of macrophages and dendritic cells in the response to P. berghei. Furthermore,
as mentioned, the data point to the possibility that other mechanisms could play a role
alongside IFN. Through the scRNAseq analysis, IFN was identified as a major driving
force between the control and infected samples analysed but more in-depth analysis
could be carried out to strip away the IFN genes that are differentially expressed and
highlight other genes that may be important molecular players in the response.
Otherwise, carrying out scRNAseq analysis on control and infected Ifngr1-/- mice
could also allow the identification of other genes being upregulated in response to
infection.

Using IVM, I was able to directly visualise how P. berghei infection was affecting the
BM microenvironment. The use of the mouse calvarium for the study of HSCs and
their niches has often raised the concern of whether this tissue accurately represents
the well described compartments in the long bones. While imaging of the femur and
tibia has the advantage of allowing the study of HSPC behaviour in the bones that
sustain the majority of haematopoiesis in the adult mouse, shaving of the bone is
required to make the marrow optically accessible, and this can easily lead to tissue
disruption, bleeding and may trigger a repair response that will most likely affect
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some of the stromal cells in the BM. Furthermore, the image resolution is generally
lower in comparison to that of calvarium imaging. Studies have also demonstrated
that, while the calvarium is a flat bone, it is as representative of the BM as the long
bones in terms of HSC frequency, function and localisation (Lo Celso et al., 2009;
Lassailly et al., 2013). A main advantage of IVM of the calvarium is that the bone plate
is very thin, so shaving is not required, and the BM can be imaged by carrying out
non-invasive surgery to implant an imaging window on the calvarium which ensure
steady positioning of the mouse and allows the acquisition of tilescans and time-lapse
movies.

With this technique, I could demonstrate that vascular integrity is affected during P.
berghei infection. BM vascular damage has recently been reported in response to IFNa (Prendergast et al., 2016) and in mice burdened with malaria, where it was proposed
to mediate parasite accumulation (Niz et al., 2018). The data presented in this chapter,
showing a loss of vascular integrity and increased permeability, alongside the
increased ROS levels observed in HSCs are consistent with previous work showing
that steady-state HSCs residing in the vicinity of more permeable vessels contain
higher levels of ROS (Itkin et al., 2016). Those HSCs were also shown to be less
functional (Itkin et al., 2016), suggesting that increased vascular permeability may be
one of the mechanisms leading to the loss of HSC function during P. berghei infection.
Ongoing work is addressing this and exploring the role ROS plays in the proliferation
of HSPCs seen upon infection with P. berghei by using the ROS scavenger N-acetylcysteine (NAC) to reduce ROS concentrations throughout the course of infection and
subsequently measuring the proliferation and function of HSPCs. Whether NAC
treatment affects vascular permeability remains to be addressed. Furthermore,
vascular permeability could be specifically inhibited by treating with Basic fibroblast
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growth factor (FGF-2), which has been shown to be critical to vascular homeostasis
and the maintenance of EC barrier function (Murakami et al., 2008; Murakami &
Simons, 2009; Yang et al., 2015) and it would be interesting to investigate how this
affects ROS concentrations and, consequently, the HSC phenotype. Due to the fact that
parasite accumulation in the BM has been reported in both mice and humans (Joice et
al., 2014) and vascular damage is likely to be similar in both species, it is possible that
the same mechanism could be affecting HSC function in both as well, therefore this is
a worthwhile line of investigation to pursue and couple with the analysis of human
trephines and patient samples for example, with future work.

IVM analysis of osteoblasts in infected mice revealed their dramatic depletion over
the course of infection. It was recently reported that both Plasmodium infection and
sepsis affect bone biology (Terashima et al., 2016; Lee et al., 2017) and increasing
attention is being given to a potential role of the BM microenvironment in maintaining
a reservoir of Plasmodium parasites in human malaria (Aguilar et al., 2013; Joice et al.,
2014; Niz et al., 2018). The specific mechanism of osteoblast loss during P. berghei
infection has not yet been elucidated and this can be investigated with future work.
Sepsis-induced loss of osteoblasts has been linked to the loss of lymphoid progenitors
and haematopoiesis being skewed towards myeloid lineages. This mechanism could
potentially be taking place in response to Plasmodium infection. In addition, a recent
report from our research group demonstrated that loss of osteoblasts is linked to the
localised loss of HSCs driven by leukaemia (Duarte et al., 2018). In contrast, during P.
berghei infection, it seems that the loss of osteoblasts is specifically linked to primitive
HSPC proliferation and loss of function.
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Treatment with PTH led to a maintenance of osteoblasts in the BM – though the
question of whether PTH protects osteoblasts from loss or simply increases their
number so that a higher number of cells remains when a set proportion is lost remains
open – and avoided HSC proliferation. However, it did not preserve HSC function.
This was an important finding as HSC proliferation and loss of function are typically
directly linked (MacNamara et al., 2011; Matatall et al., 2016) but they were uncoupled
in this study. Given that transplants in this work were carried out with LKS CD150+
CD48low and neg HSCs, it could be hypothesized that this loss of function is likely due
to the loss of quiescent subsets including E-SLAM cells and CD48neg HSCs. I
demonstrated a loss of CD48neg HSCs in PTH-treated and infected mice and ongoing
transplantation assays assessing the functionality of PBS- and PTH- treated, control
and infected CD48neg HSCs has shown so far that all infected groups have
significantly lower repopulation ability compared to control (data not shown). Further
work will need to be carried out to analyse the proliferation of HSC subsets based on
CD48 expression, which could not be carried out with this dataset, and subsequent
mathematical modelling could provide some insight into how P. berghei infection
activates PTH-treated HSCs.

Based on the findings presented here, the general loss of function of HSCs in response
to P. berghei is likely linked to the persistence – albeit at reduced levels with PTH
treatment – of IFN-g both systemically and locally within the BM microenvironment.
The reduced levels of IFN-g are potentially due to the immunomodulatory properties
of PTH. It has been described that T cells contribute to the anabolic processes triggered
by this hormone (Terauchi et al., 2009; Li et al., 2012) and it is likely that PTH affects
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their response to Plasmodium infection. scRNAseq of control and infected, PTH-treated
animals could determine how much the IFN signature differs compared to PBStreated subjects and highlight other genes or mechanisms playing a role given the
dampened IFN response seen with PTH treatment. Furthermore, how PTH treatment
affects various components of the HSC niche apart from osteoblasts, for example
endothelial cells and vascular leakiness, remains to be investigated. It will also be
important to investigate how PTH treatment alters ROS concentrations to determine
how ROS is linked to HSPC proliferation and function during malaria infection and,
based on this, a combination of NAC and PTH treatment could provide a strategy to
both suppress the proliferation of HSCs and potentially rescue HSC function.

RNAseq analysis of the haematopoietic response to P. berghei was extremely insightful
and paved the way for many of the hypotheses that were explored in this work.
Recently, large-scale single-cell transcriptional profiling in conjunction with a multilayered sorting approach has allowed the generation of a complete transcriptional
map of all major bone and bone marrow populations (Simon Hass’s group,
unpublished, presented at the International Society for Experimental Haematology
annual meeting, UCLA, Los Angeles, USA). As well as providing transcriptional
analyses of each cell population, this data set provides the opportunity to explore
cellular signals and pathways from niche components that can affect HSC
differentiation. It could be extremely interesting to carry out this sort of analysis on
haematopoietic cells and niche components of control and infected mice in parallel to
begin to understand and gain a completely global view of the signalling pathways
and mechanisms that may be destroyed with infection and lead to the various HSPC
phenotypes observed. Furthermore, whether these pathways or transcriptional
profiles change upon PTH treatment could provide an extra layer of information to
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the studies we have carried out already. I have come to appreciate how powerful this
technique can be and by using the evidence gathered through this work, some very
interesting hypotheses and questions could be addressed with further transcriptional
analyses.

The data presented here shows that manipulating the BM microenvironment could
reduce the damage caused by malaria and has raised a number of potential
mechanisms which future work should investigate in order to find alternative and
complementary approaches to reduce the damage induced by Plasmodium and curb
the long-term stem cell damage in survivors of malaria and other severe infections.
These findings could have significant implications for malaria research and the
development of therapeutic strategies which I will discuss in the final chapter.
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Chapter 6
Summary, conclusions and future directions
Severe infections are a major stress on haematopoiesis. Much research so far has
focused on cells of the immune system as they are the first line of defence against
infection. Ultimately, they are a product of HSCs, which sustain healthy blood
production, producing billions of cells a day and adjusting this output based on
demand. It has been shown that severe and chronic infections induce HSCs to
proliferate, often exhausting the stem cell pool and driving myeloid-biased
differentiation (Essers et al., 2009; Rodriguez et al., 2009; Baldridge et al., 2010; Belyaev
et al., 2010; Esplin et al., 2011; MacNamara et al., 2011; Matatall et al., 2014, 2016; Vainieri
et al., 2016). It is well known that HSC function depends on their localisation in the
BM and the integrity of the complex HSC niches. These cells have been shown to be
altered during ageing and haematopoietic malignancies (Kusumbe et al., 2016; Passaro
et al., 2017; Duarte et al., 2018). Several open questions on how the composition and
dynamics of such niches change during infection remain and it is likely that the
haematopoietic response to infection is accompanied and mediated by changes in the
BM microenvironment. However, to date, few studies have directly addressed this
and understanding the cellular and molecular mechanisms leading to HSC exhaustion
during severe infection is a major critical step in identifying how best to preserve them
and their function.

In this thesis, I investigated the effects of malaria infection on HSPCs and the BM
microenvironment and started linking the two. While it is generally accepted that
malaria survivors have compromised haematopoietic and immune function, due to
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alterations in cells of myeloid lineages (Orf & Cunnington, 2015; Mamedov et al., 2018;
White, 2018), little published work has directly addressed whether these effects could
be traced back to changes in the earliest stages of haematopoiesis. The overarching
hypothesis for this work was that:

“HSC and BM microenvironment interactions change during infection because of alterations
to niche components, resulting in both short- and long-term consequences on HSC dynamics
and function”

Using a mouse model of malaria, Plasmodium berghei, I studied how HSPC dynamics
are affected (Chapter 3), whether P. berghei alters the long-term function and
transcriptional signature of HSCs as well as HSPC differentiation pathways (Chapter
4) and explored how the BM microenvironment is affected and whether changes to
HSC niches could be linked to the resulting HSC phenotype identified in response to
malaria infection (Chapter 5). To answer my research questions, gain an insight into
the haematopoietic and BM microenvironmental responses to infection and begin to
investigate causal links between the two, I studied P. berghei-infected mice using a
combination of phenotypic, functional, molecular and IVM analyses over the course
of infection. In this final chapter, I will summarise the findings and conclusions related
to each of my research questions, propose avenues for new research and highlight the
wider implications of this work.

How do the dynamics of HSC and progenitor cell populations change during P.
berghei infection?
In Chapter 3, I used a dual-pulse labelling method recently adapted to the
haematopoietic system (Akinduro et al., 2018) to investigate HSPC dynamics in
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response to P. berghei infection. Consistent with previous analyses of early
haematopoiesis during P. berghei infection (Vainieri et al., 2016) and with studies of
other experimental models of severe infection (Baldridge et al., 2010; Matatall et al.,
2014; Rashidi et al., 2014), I detected increased proliferation of HSCs as well as
increased proliferation and compartment size of MPPs. Previous observations were
based on the incorporation of a single nucleotide and, therefore, only provided
qualitative information whereas the data generated here could be entered directly into
simple mathematical models that demonstrated the extent of increased turnover of
both the HSC and MPP compartments. Building on previous work (Vainieri et al.,
2016), I concluded that the increase in size of the MPP compartment in infected mice
could be driven solely by HSC and MPP proliferation and that by day 5 psi a
significant proportion of MPP progeny must exit the compartment. I questioned
whether turnover of the HSC compartment was driven by the rapid proliferation of a
specific subset of HSCs or by relatively slower proliferation of the entire compartment
and if there may be a subset that responds more readily to infection, allowing for
another to remain untouched as a long-term reserve. Analysis and modelling of the
response of more quiescent CD48neg HSCs revealed that P. berghei infection has a
systemic effect on the entire HSC population and I hypothesized that this infection
may be causing a general exhaustion of all HSC subsets found within the overall
compartment examined.

Is HSC function and differentiation affected by P. berghei infection, could this be
linked to changes at the transcriptional level?
Building on these findings (Chapter 3), in Chapter 4 I addressed for the first time how
P. berghei infection specifically affects the long-term function of HSCs using
transplantation assays and demonstrated that, consistent with previous studies using
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other infection models (Rodriguez et al., 2009; Baldridge et al., 2010; Chen et al., 2010),
there was significantly reduced engraftment of HSCs exposed to the infection.
scRNAseq analysis allowed a broad and unbiased understanding of changes taking
place in HSPCs at the transcriptional level as a consequence of P. berghei infection. I
observed a loss of the most primitive HSPC transcriptional signature in infected
samples, suggesting that although HSCs could be identified phenotypically in
infected BM and their numbers remained the same as control, their identity and
function was likely no longer the same as steady-state. Emergency myelopoiesis has
been described to be induced by multiple infections (MacNamara et al., 2011; Boettcher
et al., 2012; Schürch, Riether & Ochsenbein, 2014) and this was consistent with the
analysis that highlighted skewing of early haematopoiesis in response to P. berghei
towards the generation of myeloid immune cells at the expense of erythroid and
megakaryocyte differentiation. These data prompted investigation into the
mechanism driving the observed phenotypes and gene expression profiling of HSPC
populations highlighted the central role of IFN here. Given that IFN-g is highly
expressed in response to multiple strains of human and murine Plasmodium (Meding
et al., 1990; John et al., 2004; Lelliott & Coban, 2016), I investigated the levels in the
serum and BM supernatant and discovered significantly increased local and systemic
levels in infected mice. These data suggested that IFN could be a key player in the
mechanism driving the haematopoietic response seen and raised questions about
whether IFN could also be mediating damage to the BM microenvironment itself.

How does P. berghei infection alter the BM microenvironment and can this be
manipulated to control the HSC phenotype observed?
In Chapter 5, I uncovered that the BM stroma also exhibited a strong response to the
elevated levels of IFN-g, likely due to its accumulation within the tissue. Using BM

185

chimeric mice, I wanted to gain an understanding of whether IFN-g signalling in
haematopoietic cells or the niche plays a role in the response of HSPCs to P. berghei.
The data suggested that the haematopoietic components of the niche, rather than nonhaematopoietic, could be propagating the HSC response observed upon infection.
Furthermore, Ifngr1-/- HSCs could still respond to infection when in the presence of
WT BM, suggesting that other mechanisms could be in play. Using IVM, I investigated
how various components of the HSC niche are altered upon infection. As previously
reported (Prendergast et al., 2016; Niz et al., 2018), I observed a striking increase in the
permeability of vessels of infected mice. Alongside this, I found an increase in the
concentration of ROS in HSCs of infected mice, which reflected previous observations
that steady-state HSCs residing in the vicinity of more permeable vessels contain
higher levels of ROS (Itkin et al., 2016). I hypothesized that vascular damage could
take place in human cases of malaria given recent reports of parasite accumulation in
the BM (Joice et al., 2014). I also detected a systemic loss of osteoblasts in the BM of
infected mice. This seemed to be specifically linked to HSC proliferation as treatment
with PTH, which drove the maintenance of osteoblasts in infected mice, eliminated
HSC proliferation, reduced the levels of IFN-g but failed to rescue HSC function.
Together, these data showed that the proliferation and function of HSCs could be
uncoupled using this model of infection and suggested that the loss of HSC function
must take place through alternative mechanisms such as increased vascular leakiness
and ROS accumulation.

In summary, in this thesis I have carried out a system-wide analysis of the effects of
P. berghei infection on haematopoiesis and the BM microenvironment – shedding light
on the dynamics, functionality, molecular and structural alterations taking place

186

within the tissue (Figure 6.1). Based on these studies, I have proposed a number of
future directions for this work.
Steady-state

P. berghei infection

PTH treatment + P. berghei infection

Figure 6.1 – P. berghei infection affects haematopoiesis and the BM microenvironment
At steady-state, the BM microenvironment plays a critical role in regulating HSC function and self-renewal.
Upon P. berghei infection, there is a systemic loss of osteoblasts, disruption of vascular integrity and
increased HSPC proliferation and differentiation. An increase in ROS concentrations and local and systemic
IFN-g levels accompany these changes. Most importantly, there is a resulting loss of HSC function upon
infection. Manipulating the microenvironment by treating with PTH leads to a maintenance of osteoblasts
through P. berghei infection, inhibition of HSC proliferation and an overall decrease in IFN-g levels. HSC
proliferation and function are uncoupled here as PTH treatment does not rescue HSC function. Open
questions remain about the effects of PTH on differentiation dynamics, vascular integrity and ROS
concentrations which could shed light on the mechanism for loss of HSC functionality. Note: whether HSC
progeny remain close together upon their production is unknown. Curved arrows in the figure represent
an increase in cellular proliferation and not self-renewal.

It will be of great importance to next decipher the mechanism of loss of HSC function
despite the lack of proliferation and to determine the best strategy for its rescue, for
example by quenching ROS or neutralizing the cytokines involved in the response,
including IFN. Furthermore, questioning whether the elevated levels of IFN-g mediate
changes in the production of HSC supportive factors in the niche could highlight
further mechanisms. These alternative approaches could open up new avenues for
therapeutic interventions that may improve the health of survivors of malaria and
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other severe infections. Locating the main sources of IFN in the BM could also be
pivotal for the targeting of these interventions. More generally, in this work I analysed
a limited number of niche components and to gain a more systematic understanding
of the cellular changes taking place in the BM of infected animals, it will be important
to analyse other niche reporter mice available or make further use of in vivo staining,
for example for haematopoietic niche components. This will then allow for the
screening of cellular mechanisms that may be responsible for the loss of HSC function
during P. berghei infection, such as stromal cell migration, proliferation or death.
Ultimately, it would be beneficial to validate my current and these further findings
using human BM trephine samples to determine the extent of damage to the human
BM microenvironment and if it reflects the observations in murine BM.

A further avenue to explore is how the haematopoietic cell phenotypes and stromal
damage created during P. berghei infection recovers post-treatment. This would
address the question of whether HSPCs maintain a memory of previous insults or if
they eventually recover and resemble steady-state cells. This also applies to the BM
microenvironment – for example an interesting question would be whether
osteoblasts are able to regenerate post-treatment or whether the damage observed is
permanent and what implications this could have on haematopoiesis. P. berghei
infection can be readily and effectively treated with well-established drugs including
Atovaquone and Pyrimethamine (Nuralitha et al., 2016). Analysis of HSPC numbers
and proliferation rates at various timepoints post-treatment could provide insight into
HSC recovery post-infection and HSC functionality could also be assessed to
determine whether treatment rescues long-term function. Furthermore, given that
malaria is a recurrent condition in endemic areas, analysing what happens to
haematopoiesis and the BM upon repeated infections and treatment would be
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particularly relevant. Together, these data will be important in order to address to
what extent and through what mechanisms HSCs recover from severe infection.

Given the recent appreciation of the BM as a reservoir for Plasmodium, I believe that
the data presented in this thesis contributes greatly to furthering our knowledge and
understanding of the haematological impacts of malaria infection and highlights the
importance of following up this investigation with further studies, including
translational work, with the ultimate aim of improving the morbidity and mortality
of survivors of severe infections, including malaria.
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Mathematical modelling
Kindly provided by Dr Ken Duffy
Simple mathematical models for the progression of the HSC and MPP cell populations
in control and infected mice were developed by Dr Ken Duffy (University of
Maynooth, Ireland) in order to extrapolate from empirical data. The following
notation was used for t in {1,2,3,5,7} days: Mctrl denotes the total number of control
mice measured; NHSCctrl,i(t) denotes the number of HSCs measured in control mouse
i at time t; NMPPctrl,i(t) denotes the number of MPPs measured in control mouse i at
time t; SHSCctrl,i(t) denotes the number of HSCs entering S-phase per hour measured
in control mouse i at time t; and SMPPctrl,i(t) denotes the number of MPPs entering S
phase per hour measured in control mouse i at time t. We let Minf, NHSCinf,i(t),
NMPPinf,i(t), SHSCinf,i(t), and SMPPinf,i(t) denote the equivalent measurements in
infected mice. In addition, we define Minf(3) to be the number of infected mice up to
day 3 and Minf(5,7) to be the total number of infected mice measured in days 5 and 7.

As the number of HSCs in both the control and infected mice are consistent over all
five days of measurement, in both the control and infected model their number is set
to a constant, the average value, corresponding to the maximum likelihood estimate,
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for all t. As the numbers of MPPs in the control mice are consistent with those up to
day three in the infected mice, the control model is
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for all t. In the infected model, the number of MPPs coincides with the number in the
B?@@ ( )
B?@@ ( )
control model up until day 3, 𝑁*+,
𝑡 = 𝑁#$%
𝑡 for t up to day 3. How that

increases thereafter depends on the increased proliferation and the differentiation
assumption as described below.

The number of HSCs entering S-phase per hour is assumed consistent between the
control mice and the infected mice until day 3 so that
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𝑡 for t up to day 3. In the infected model, the number of HSCs

entering S phase per hour is assumed constant for t greater than 5 days at the average
value
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Between days 3 and 5, in the infected model, we assume a linear increase in the perhour rate of entry into S-phase of HSCs from the control to infected proliferation:
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for t in (5,7). Analogous assumptions are made for MPP proliferation with the infected
and control model concurring until day 3, whereupon the infected model experiences
a linear increase in number of cells entering S-phase per hour to the average of the 5
and 7 empirical values at day 5, then becoming constant.

The maroon line in Figure 3.5B is constructed assuming that the additional output
caused by the increased number of HSCs entering S phase per hour beyond that in the
control mouse become MPPs,
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The dashed maroon line in Figure 3.5B is constructed assuming that the additional
output caused by the increased entry into S phase of both HSCs and MPPs beyond
their control equivalents all become MPPs:
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The model lines in Figure 3.5C are constructed by considering the number of cells that
have entered S phase over time in each of the models as a proportion of the control
compartment size. Namely, for the control HSC model we have
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Analogous expressions are used for MPP model.
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Single cell RNAseq and analysis methods
Kindly provided by Dr Berthold Göttgens and Mr Sam Watcham

Data processing and quality control
Sample demultiplexing barcodes processing and gene counting was performed using
the count commands from the Cell Ranger v1.3 pipeline. Each sample was filtered for
potential doublets by simulating doublets from pairs of scRNAseq profiles and
assigning scores based on a k-nearest neighbour classifier on principle component
analysis (PCA) transformed data. The top 4.5% of cells with the highest doublet scores
from each sample were removed from further analysis. Cells with >10% of unique
molecular identifier (UMI) counts mapping to mitochondrial genes, expressing fewer
than 500 genes, or with the total number of UMI counts further than 3 standard
deviations from the mean were excluded.

Identification of variable genes
Variable genes were identified for all samples following the method of Macosko et al.
with expression = 0.001 and dispersion = 0.05 used as minimum cut-offs (Macosko et
al., 2015). Cells were normalised to the same total count for each cell and log
transformed (x -> log(x+1)). Each gene was scaled so it was zero-centred. Typically,
5000 variable genes were carried forward for analysis. All further analysis was
performed using the Scanpy Python module. In total there are 14193 control and 13905
infected cells.

Clustering and mapping
The control cells were clustered using Louvain clustering (Scanpy igraph method). To
assign infected cells to clusters, the infected samples were projected into the PCA
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space of the control data and the nearest neighbours calculated between the control
and infected samples based on the Euclidean distance in the top 50 components.
Infected cells were assigned to the same cluster that the majority of their 15 nearest
control neighbours belonged to. Force graphs for the control and infected data sets
were created by constructing a k = 7 nearest neighbour graphs on the top 50 principal
components of the variable genes for each dataset. Edge lists were exported into Gephi
0.9.1 and graph coordinates calculated using the ForceAtlas 2 layout. The bar graph
showing the abundance changes of certain cell types between control and infected
were created by calculating the percentage abundances of each cell cluster and
calculating the log2-fold change of the infected cells compared to control. The infected
cells were split into two samples, each corresponding to one mouse.

Binary clustering
The binary clustering was created by choosing the control clusters that showed clear
expression of genes known to associate with a primitive HSPC state, including Procr
and Sca-1. Clusters 0 and 13 were chosen to contain the most immature cells and were
therefore distinguished from the others in blue. The infected samples were split in a
similar fashion, based on the cells that mapped to clusters 0 and 13 in the control data.

Determining initial Interferon genes and correlating Interferon genes
Differential expression was performed between the control and infected cells for each
cluster. This was done in the R package edgeR, using a ratio likelihood test. Genes that
were at least 4-fold upregulated in the infected compared to control in all clusters were
chosen as an initial set of driving genes involved in the infection. This list contained
20 genes. The entire set of variable genes (calculated using the combined control and
infected samples) was analysed to find all the genes whose expression correlated
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highly with any of those in the initial set of 20. Genes that had a spearman correlation
> 0.3 with any of these genes were added to the list of driving genes. This procedure
added 89 genes for a total of 109 driving genes.
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Appendix B
Cell Ranger data for scRNAseq quality control
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Control sample 1

26/09/2018

SIGAE6 — Cell Ranger

Estimated Number of Cells

Cells
Cells

Mean Reads per Cell

Median Genes per Cell

Sequencing

Sample

ﬁle:///Users/rebecca/Library/Group%20Containers/G69SCX94XU.duck/Library/Application%20Support/duck/Volumes/HPC%20HOME/rds/rds-bg200-hphi-gottgen…
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Control sample 2

26/09/2018

SIGAF6 — Cell Ranger

Estimated Number of Cells

Cells
Cells

Mean Reads per Cell

Median Genes per Cell

Sequencing

Sample

ﬁle:///Users/rebecca/Library/Group%20Containers/G69SCX94XU.duck/Library/Application%20Support/duck/Volumes/HPC%20HOME/rds/rds-bg200-hphi-gottgen…
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Infected sample 1

26/09/2018

SIGAG6 — Cell Ranger

Estimated Number of Cells

Cells
Cells

Mean Reads per Cell

Median Genes per Cell

Sequencing

Sample

ﬁle:///Users/rebecca/Library/Group%20Containers/G69SCX94XU.duck/Library/Application%20Support/duck/Volumes/HPC%20HOME/rds/rds-bg200-hphi-gottgen…
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Infected sample 2

26/09/2018

SIGAH6 — Cell Ranger

Estimated Number of Cells

Cells
Cells

Mean Reads per Cell

Median Genes per Cell

Sequencing

Sample

ﬁle:///Users/rebecca/Library/Group%20Containers/G69SCX94XU.duck/Library/Application%20Support/duck/Volumes/HPC%20HOME/rds/rds-bg200-hphi-gottgen…
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Appendix C
Supplementary Video legends
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Supplementary Video 1
Representative maximum projection of 3D time-lapse data (shown at 3 frames per
second) of an area from a control (left) and infected (right) Flk1-GFP mouse collected
at day 7 psi (shown in Figure 5.7). An image was recorded every 3 minutes for 120
minutes. Black, Flk1-GFP+ ECs. Representative of 4 control mice and 7 infected mice.

Supplementary Video 2
Representative maximum projection of 3D time-lapse data (shown at 2 frames per
second) of an area from a control (left) and infected (right) Flk1-GFP mouse, at day 7
psi, injected with 3mg 65-80 kDa TRITC-dextran (shown in Figure 5.8). An image was
recorded every minute for 10 minutes immediately after injecting the dye to assess
vascular leakiness. Green, Flk1-GFP+ ECs; magenta, TRITC-dextran. White lines
delineate the bone and red boxed highlight regions of interest within the parenchyma
where measurements were taken. Representative of 4 control and 5 infected mice.
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