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Abstract

The spleen is a secondary lymphoid organ with the essential function of maintaining
blood homeostasis through its function as a filtering system. Aberrant erythrocytes and
infectious particles are recognized and eliminated by specialized phagocytes, the
splenic macrophages, that reside in the spleen. These splenic macrophages have
different specializations and phenotypes dependent on their sub-tissular niche of
residence. To date, four different macrophage subtypes have been identified in distinct
splenic compartments: red pulp macrophages (RPM), marginal metallophilic
macrophages, marginal zone macrophages and white pulp macrophages. The
ontogeny and function of these different splenic macrophages is incompletely
understood. Here, novel fate-mapping models were developed to discover new biology
on the fate and function of the splenic macrophage populations during steady-state
and in the context of parasitic or viral infection. With high-dimensional flow cytometry
and immunofluorescent imaging, a so far unrecognized CD163* RPM subpopulation
that develops early during embryogenesis was identified. The CD163 receptor is
responsible for uptake of free heme and thereby prevents oxidative stress in the tissue.
To understand the functional role of the CD163 receptor on RPM, mice were
challenged with blood-stage malaria infection, and the dynamics of the splenic
macrophage populations studied. As part of the natural course of infection,
Plasmodium parasites cause erythrolysis and the release of free heme. Upon
challenge with blood-stage malaria, CD163* RPM disappeared seven days after
infection with P. chabaudi, P. bergheii, and P. yoelii, while CD163- RPM were
completely replenished by monocyte-derived macrophages. The splenic architecture
was disrupted during acute-phase malaria, and the distinct anatomical zones of red
and white pulp, which harbor different macrophage subpopulations, were dissolved.
However, while the splenic architecture recovered after the resolution of infection, the
spatiotemporal myeloid cell dynamics and functions remained altered. Longitudinal
studies, including chloroquine treatment to achieve sterile control of infection, revealed
that CD163" RPM did not recover after 90 days, when the tissue largely returned to its
homeostatic state. Using single-cell RNA-sequencing, two distinct cluster of RPM were
identified with differential expression of CD163 in the steady-state. The annotated
CD163" RPM cluster remained 90 days after P. chabaudi infection, but CD163

expression was at almost absent compared to expression observed in naive mice,



X1l

indicating a persistence of this macrophage population per se, but an inability of these
cells to express CD163 after parasite exposure. The failure to express CD163 after
infection was also observed in viral infection-models and caused a partial loss of the
CD163" RPM population, that does not recover to steady-state numbers long-term. To
test the function of the CD163 receptor, CD7163” mice were infected showing that
CD163 had no impact on the control of parasitemia but lead to an abrogated
regeneration of the structure of the marginal zone. In contrast, genetic deficiency of
marginal zone macrophages resulted in increased parasitemia during the acute phase
of the infection. In summary, this study presents a comprehensive ontogenetic and
functional map of splenic macrophage populations and provides evidence that the tight
interplay of RPM and marginal zone macrophages is important to resolve malaria

infection.
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1 Introduction

Macrophages are innate immune cells that were discovered in the 19" century
by Elie Metchnikoff (Gordon, 2016; Underhill et al, 2016; Mechnikov, 1988) and
belong to the mononuclear phagocyte system (MPS). This system comprises a
family of professional phagocytes, including macrophages, monocytes and
dendritic cells. These cells are distributed through various organs and play crucial
roles for the maintenance of tissue homeostasis (Summers et al, 2020).
Furthermore, cells belonging to the MPS function as a first line of defense towards
infections (Hume, 2008).

In that regard, monocytes circulate in the blood and can extravasate into the
tissue at the site of infection for differentiation. Macrophages are responsible for
the engulfment and digestion of foreign substances and pathogens, while
dendritic cells have an important role in the presentation of antigens to T cells for
the initiation of an adaptive immune response (Guilliams et al, 2014). The
coordinated activity of mononuclear phagocytes in the body contributes to
immune surveillance, tissue repair and maintenance of homeostasis.
Understanding the role of these mononuclear phagocytes is essential to
comprehend immune responses and the progression of diseases and eventually
to support the development of strategies to selectively enhance treatments for

infectious and inflammatory diseases.

However, the classification of the MPS has been challenged with novel
discoveries. Many characteristics of monocytes, macrophages and dendritic cells
are overlapping, making the distinction between those cell types challenging.
Therefore, a novel classification was suggested, that primarily identified cellular
identities based on their ontogeny and secondarily takes their location, function
and phenotype into consideration (Guilliams et al, 2014).



1.2 Hematopoiesis

Hematopoiesis describes the generation of blood cells and occurs in the bone
marrow (BM) in adulthood (Figure 1). It is a critical process that ensures proper
functioning of the immune system and oxygen transport in the body (Rieger &
Schroeder, 2012).

Long-term hematopoietic stem cells (LT-HSC) comprise the top of the
hematopoietic hierarchy. They have the unique ability to give rise to all different
types of blood cells, but this process must be tightly regulated to prevent diseases
and maintain the capacity to provide functional cellular output throughout life.
LT-HSC typically remain quiescent to protect them from damage associated with
cell division, such as DNA-damage and they expand only to maintain the HSC
pool (Wilson et al, 2008).

Short-term hematopoietic stem cells (ST-HSC), in contrast, deliver more output
to the downstream hematopoietic system. They are discriminated from LT-HSC
by the loss of CD150 expression (Kim et al, 2006) and give rise to a variety of
multipotent progenitor populations (MPPs). MPPs represent an intermediate
stage in the differentiation of stem cells to specialized cell types. MPPs have the
ability to differentiate into specific cell lineages (Busch et al, 2015). All immature
multipotent cells characteristically express c-Kit and Sca-1 (Rieger & Schroeder,
2012).

Downstream of the MPP lineages, the hematopoietic system branches into
erythropoiesis, myelopoiesis and lymphopoiesis. The common lymphoid
progenitors (CLP) specifically give rise to cells of the adaptive immune system -
to T cells and B cells (Kondo, 2010).

Common myeloid progenitors (CMP) branch into different subsets of myeloid
cells. On the one hand megakaryocyte-erythroid progenitors (MEP) give rise to
erythrocytes and megakaryocytes. On the other hand, CMP differentiate into
granulocyte-monocyte progenitors (GMP), which give rise to monocytes and
granulocytes. Granulocytes comprise mostly neutrophils, but also eosinophils
and basophils, while monocytes in turn can give rise to macrophages (Rieger &
Schroeder, 2012).



GMP are involved in the host defense system against infections with pathogens
because they give rise to innate cells that play key roles during early-stage
infectious or inflammatory challenges. The differentiation and development of
GMPs is tightly regulated by cytokines and growth-factors, such as granulocyte-
macrophage colony stimulating factor (GM-CSF) and interleukins (IL) (Rieger et
al, 2009).

The hematopoietic system can rapidly adapt to changes. When encountering a
systemic infection, a shift towards GMP lineages and an enhanced output of
monocytes and neutrophils is detected within hours (Chiba et al, 2018). Adhesion
molecules are upregulated at the site of infection, where recruited cells can
extravasate. Once monocytes have entered the tissue and receive further stimuli,
they can differentiate into macrophages to immediately repress foreign organisms
(Trzebanski & Jung, 2020).
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Figure 1: Hematopoiesis. Long-term hematopoietic stem cells (LT-HSC) reside
in the bone marrow and give rise to short-term hematopoietic stem cells
(ST-HSC), which in turn can differentiate into multipotent progenitor populations
(MPP). MPPs give rise to more committed progenitors, the common myeloid
progenitors (CMP) and the common lymphoid progenitors (CLP). The later can



differentiate into T cells, B cells and NK cells. CMP give rise to either
megakaryocyte-erythroid progenitors (MEP) or to granulocyte-monocyte
progenitors (GMP). The GMP can differentiate into monocytes and neutrophils.

1.3 Macrophage ontogeny

Macrophages are innate immune cells that monitor for pathogens, engulf and
digest microbes and cell debris, and are thus vital for tissue homeostasis (Gentek
et al, 2014). While most immune cells are derived from HSCs, it was long believed
that tissue macrophages also originated from BM-derived monocytes that
differentiated in the tissue. About a decade ago, the prevalent understanding of
monocyte-derived macrophages was revised through the discovery of resident
macrophages that arise from erythro-myeloid-progenitors (EMP) in the yolk sac
(YS), before the onset of definitive hematopoiesis (Gomez Perdiguero et al,
2015). These HSC-independent macrophages colonize the developing organs
during embryogenesis. They are long-lived and self-maintain in adult tissues
through local proliferation, mostly independent of circulating BM-derived cells
(Hoeffel & Ginhoux, 2018). This is supported by parabiosis studies which found
that the majority of myeloid cells in the brain, lung, peritoneum and spleen
proliferate locally and do not depend on monocyte recruitment (Parwaresch &
Wacker, 1984).

1.3.1 Waves of macrophage development

Hematopoietic cell development in the mouse embryo occurs in several waves

and at multiple anatomic locations (Waas & Maillard, 2017) (Figure 2).



1.3.1.1 Primitive hematopoiesis: first wave

Primitive hematopoiesis starts at embryonic day (E) 7.5 with the detection of
erythroid progenitors in the extra-embryonic mesoderm layer of the YS. This
wave can give rise primitive erythroid progenitors for oxygenation and embryonic
macrophages for defense (Palis, 2016; Palis et al, 1999). But primitive

hematopoiesis is transient and rapidly replaced by definitive hematopoiesis.

1.3.1.2 Definitive hematopoiesis: second wave

During the subsequent second wave starting at E8.5, multipotent EMPs emerge.
EMPs are generated upon an endothelial-to-hematopoietic transition in the YS
and have the potential to differentiate into monocytes, granulocytes,
megakaryocytes, mast cells, erythrocytes and macrophages. EMPs colonize the
fetal liver between E8.5 and E10.5. In the YS and fetal liver, they upregulate the
expression of Tnfrsfi1la and differentiate into a Cx3cr1-expressing
pre-macrophage (pMac) precursor that is distinct from monocytes (Mass et al,
2016). EMPs and pMac expand in the YS and fetal liver before entering the blood
stream to migrate into the embryonic tissues where they give rise to most
tissue-resident macrophages (Mass, 2018; Mass & Gentek, 2021; Stremmel et
al, 2018). This transient hematopoietic wave that generates long-lived cells, is
considered as HSC-independent hematopoiesis. In many tissues EMP-derived
macrophages self-maintain throughout life, with minimal contribution of
HSC-derived cells, for example microglia in the brain (Ginhoux et al, 2013),
Kupffer cells in the liver and Langerhans cells in the epidermis (Kanitakis et al,
2011; Schultze et al, 2019).

1.3.1.3 Definitive hematopoiesis: third wave

Definitive hematopoiesis is initiated when HSCs, characterized by their
self-renewal capacity, emerge in the aorta-gonad-mesonephros (AGM) region at
E10.5 (Kissa & Herbomel, 2010). The AGM is derived from the mesoderm germ
layer. From the AGM region, the generated HSCs migrate to the fetal liver at



around E12.5. In the fetal liver HSC expand and can differentiate into all blood
cells. Around E15.5 the presence of HSCs is detected in the spleen, but does not
deliver significant hematopoietic output (Christensen et al, 2004).

Before birth, the BM cavity is formed and definitive hematopoiesis shifts from the
fetal liver to the BM at E17.5. HSC-derived cells from the BM will replace most
cells originating from previous hematopoietic waves, with the exception of
macrophages and a few other immune cell types, such as mast cells (Gentek et
al, 2018; Li et al, 2018). The replacement of EMP-derived tissue macrophages
by HSC-derived cells varies between organs. For example, the Spi-C dependent
red pulp macrophages in the spleen become successively replaced by
HSC-derived monocytes during adulthood (Liu et al, 2019). These HSC-derived
monocytes have differentiated from Ms4a3-positive myeloid cells, which in turn
originate from Cxcr4-expressing HSC (Werner et al, 2020; Liu et al, 2019). Those
monocytes can enter tissue niches and differentiate into macrophages.
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Figure 2: Macrophage development. Erythro-myeloid progenitors (EMP) in the
yolk sac upregulate the expression of Tnfrsf11a, while giving rise to pre-
macrophages (pMac) that express Cx3cr1 and migrate to the fetal liver around
embryonic day 9.5 (E9.5). Those pMac migrate to the developing organs and give
rise to tissue macrophages, e.g. microglia in the brain, Kupffer cells in the liver or
red pulp macrophages in the spleen. Organ specific cues lead to the upregulation
of tissue specific factors, e.g. red pulp macrophages specifically upregulate Spic.
At E10.5 definitive hematopoiesis starts in the aorta-gonad-mesonephros and at



E12.5 the hematopoietic stem cells (HSC) migrate to the fetal liver. At birth,
hematopoiesis has shifted to the bone marrow. Stem cells characteristically
express Cxcr4 and when hematopoietic progenitors give rise to monocytes, they
upregulate Ms4a3. Dependent on the organ, monocytes replace the EMP-derived
macrophages during adulthood.

1.3.2 Models to study macrophage ontogeny

Current knowledge about macrophage ontogeny as well as the function of
EMP- and monocyte-derived macrophages is mostly based on genetic
fate-mapping studies. To target distinct myeloid lineages under steady state
conditions and study macrophage development and function, the Cre/loxP
system has emerged as an important tool, thereby enabling site-specific
recombination to generate conditional knockout or genetic fate-mapping models
(Alvarez-Aznar et al, 2020). Using this system, gene activity can be controlled in
a spatiotemporal manner in almost all tissues of the mouse to study gene function
and cell ontogeny.

The Cre-enzyme is a site-specific recombinase that is derived from
bacteriophages. This recombinase recognized and catalyzes the recombination
at a specific DNA sequence, the loxP-site. This loxP-site is a short 34 bp
palindromic sequence, which is separated by a core region. The
Cre-recombinase binds loxP-sites and induces site-specific recombination (Kim
et al, 2018).

The Cre-loxP-system is a precise and controllable method for genetic
manipulation. Introduction of the Cre-recombinase gene into the promoter region
of a cell lineage-specific gene allows for Cre-recombinase expression only in cells
that have committed to specific linage identity or even a specific cell type (Kim et
al, 2018).

To study the ontogeny of cells, loxP-sites are introduced into the ubiquitously
expressed RosaZ26 locus. The whole genetic cassette that is integrated comprises

a stop-codon, that is flanked by loxP-sites and followed by a genetic sequence



that encodes a fluorescent protein. Thus, only upon Cre-recombinase expression
and activity, are the loxP-sites recombined and the stop-codon excised, allowing
for expression of a fluorescent protein (Figure 3). Cells that express the
fluorescent reporter can be followed with fluorescent microscopy or flow
cytometry (Hutter, 2006). This is a powerful tool, but pitfalls can emerge from
misinterpretations by assuming absolute Cre-specificity and -efficiency without
adequate controls or by neglecting effects on the endogenous locus upon
transgene insertion (Mass, 2018). Also, non-specific recombination can lead to
unintended genetic changes at off-target sites.
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Figure 3: The Cre-loxP system for genetic fate-mapping. Cre-recombinase is
expressed under the control of a cell type specific promoter. The enzyme
recognizes loxP-sequences in the genome and catalyzes site-specific cleavage.
Thereby the stop codon in front of a fluorescent reporter gene is removed and
the fluorescent protein is expressed.

1.3.2.1 Fate-mapping of HSC-derived cells

An example use of the Cre-loxP system for genetic fate-mapping is the inducible
Cxcr4CreERT2; Rosa26-StdTomato moyse model (Mauel & Mass, 2024). In this
system, the Cre-recombinase is expressed under the control of the Cxcr4 gene

promoter. Cxcr4 is expressed by LT-HSC at the top of the hematopoietic hierarchy



(Werner et al, 2020) and thus all subsequent progenitor populations will express
tdTomato. Additionally, Cre-recombinase activity in this model is inducible. The
Cre-sequence is fused with a mutant form of the estrogen receptor ligand-binding
domain sequence. When expressed, the estrogen receptor binds to tamoxifen, a
drug that can be administered to the animals at specific times. In the absence of
tamoxifen, the fusion of the Cre-recombinase to the estrogen receptor,
sequesters the Cre-recombinase in the cytoplasm and prevents Cre-mediated
recombination events in the nucleus. Upon administration of tamoxifen, the
Cre-recombinase can translocate to the nucleus and mediate loxP-specific
recombination events (Monvoisin et al, 2006; Mauel & Mass, 2024).

In the Cxcr4¢eERT2: Rosa26-St-tdTomato moyse model, Cre is expressed under the
control of the Cxcr4 promoter element and Cre-activity is temporally controlled
through the administration of tamoxifen (Werner et al, 2020). Upon the
administration of tamoxifen, all HSC-derived progeny is labeled with the
fluorescent reporter. A discrepancy in the labeling efficiency between myeloid and
lymphoid cells exists, meaning that while almost all myeloid cells in the blood are
labeled, the fluorescent reporter is only detected in approximately 40 % of the
lymphoid cells after one month (Werner et al, 2020), likely due the longevity of
some circulating T and B cell populations. Following the labeling of cells shortly
after a tamoxifen pulse provides insights into the immediate recruitment of cells
derived from HSCs into a tissue. However, this does not offer conclusive evidence
regarding the persistence or longevity of those labeled cells within the tissue
microenvironment. Instead, when HSCs at the top of the hematopoietic hierarchy
are labeled with this model and subsequently their progeny is examined over an
extended period of time, a comprehensive description of the kinetics and
long-term engraftment potential of HSC-derived cells within the tissue can be
generated.

There is a broad literature about fate-mapping studies, but the chosen timepoint
for the readout after tamoxifen administration differs (Feil et al, 2014). This is a
limitation when interpreting the data.
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1.3.2.2 The double-fatemapper

A combination of fate-mapping of both EMP- and HSC-derived lineages within
the same mouse proposes a solution to limitations observed with the
Cxcr4CreERT2; Rosa26-S-tdTomato mouse model. Labeling of both EMP-derived and
HSC-derived precursor cells with different fluorophores allows tracing of the origin
and the temporal dynamics and longevity of postnatal macrophages. To generate
this sort of model, two different recombinase enzymes were combined; the
previously described Cre-recombinase and the FlpO-recombinase, which each
recognize and cleave different genetic target sequences.

The FIpO-recombinase is derived from Saccharomyces cerevisiae and
specifically recognizes a genetic sequence called an frt-site (Dan et al, 2022).
The frt-target sites are inserted in the ubiquitously expressed RosaZ26 locus. An
frt-site is followed by a stop-codon and another frt-site in front of a fluorescent
reporter gene. Without FIpO-recombinase activity, the stop codon terminates
transcription and the reporter is not expressed. FIpO-recombinase expression
leads to the target site recognition and enzymatic cleavage of the DNA at the
frt-sites. Thereby, the stop codon is removed and the polymerase can transcribe
the fluorescent reporter protein (Humphreys & Dirocco, 2014).

In the double-fatemapper model, both recombinase enzymes are constitutively
expressed, but each under the control of a distinct, lineage-specific promoter. To
specifically target the macrophage lineage, the discovery of the TNF receptor
superfamily member 11a (Tnfrsf11a), a transmembrane protein receptor that
activates the NFkB pathway, was a major breakthrough in the field (Mass et al,
2016). Tnfrsf11a expression is a hallmark of EMP-derived macrophage
precursors that colonize the developing embryo (Jacome-Galarza et al, 2019),
and thus, can be used as a specific Cre-driver for long-lived, tissue-resident
macrophages. On the other hand, Ms4a3 was identified as specific marker,
expressed by HSC-derived granulocyte-monocyte progenitors (Liu et al, 2019).
The Ms4a3 promoter is only active in cells downstream of the GMP-lineage and
can therefore induce FIpO expression in monocytes and consequently in
monocyte-derived macrophages (Liu et al, 2019).
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In the  Tnfrsf11a®®;  Rosa26-S-YFP;  Ms4a3f0;  Rosa26-FL-dTomato
(double-fatemapper [DFM]) model, Ms4a3-driven FlpO-recombinase activity
induces the expression of the fluorescent reporter protein tdTomato in
HSC-derived progenitors, and Tnfrsf11a-driven Cre-recombinase activity induces
the expression of the fluorescent reporter yellow fluorescent protein (YFP) in
EPM-derived progenitors. Importantly, Tnfrsf11a is a core macrophage gene, so
it is also upregulated by HSC-derived monocytes after they extravasate into
tissues, differentiate into macrophages, and become resident. Thus,
HSC-derived cells that have differentiated into long-lived tissue macrophages will
express both YFP and tdTomato within this model, while short-lived or freshly

differentiated cells will be only tdTomato-positive (Figure 4, A).

This novel approach enables the differential labeling of EMP- and HSC-derived
macrophages within the same mouse. In adult organs, this model yields insight
about the longevity of tissue macrophages. Macrophages that only express YFP
in adults originated from YS-derived EMPs and self-maintain through local
proliferation. All cells that are derived from HSCs in the BM express tdTomato.
These cells can extravasate and differentiate into short-lived macrophages that
are frequently replaced or have not completed their differentiation. Only
HSC-derived macrophages that are long-lived also express YFP with tdTomato
(Figure 4, B). These dynamics can change during aging and the contribution of
EMP- versus HSC-derived cells to the pool of macrophages differs between

tissues. This can be precisely delineated with the DFM-model.
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Figure 4: The double-fatemapper model. (A) Schematic representation of
macrophage ontogeny. Tnfrsf11a®; Rosa26-S--YFF; Ms4a3fr0; Rosa26--tdTomato
mouse model: EMP-derived macrophages express Tnfrsf11a (green) and BM-
derived GMPs and monocytes express Ms4a3 (red). Each lineage specific gene
induces the expression of a fluorescent reporter: YFP in EMP-derived cells
(green) and tdTomato in BM-derived cells (red). BM-derived cells upregulate
Tnfrsf11a (thus YFP), when they differentiate into long-lived macrophages and
become positive for both fluorescent reporter (B) Temporal resolution of
macrophage ontogeny. During embryogenesis, transient hematopoiesis gives
rise to EMP, which differentiate into macrophages independent of the contribution
of HSC-derived cells. At birth definitive hematopoiesis gives rise to monocyte-
derived macrophages, that in some tissues replace the EMP-derived

macrophages over time.
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1.4 Macrophages in infection and inflammation

Macrophages are innate immune cells that present a high degree of plasticity and
can change their phenotype in response to environmental stimuli (Ponzoni et al,
2018). They play a critical role in maintaining the homeostasis of the whole body.
Macrophages clear cellular debris and metabolic waste, mediate antimicrobial
defense, promote immune tolerance and maintain iron homeostasis through the
phagocytosis of red blood cells (RBC) (Willekens et al, 2005; Scott & Guilliams,
2018). Macrophages are found in all organs, with most tissues harboring only a
minor fraction of monocyte-derived macrophages in the steady state, while the
majority of tissue macrophages originate from EMPs. The phagocytes form
networks to support tissue function through the production of growth factors and
via phagocytosis of dying cells. They are amongst the first cells to encounter
pathogens and thus play an important role in the onset and progression of various
diseases (Mass & Lachmann, 2021). The demonstration that tissue-resident and
recruited macrophages represent different developmental lineages hints towards
their non-redundant function in the steady state and in disease (Mass & Gentek,
2021). It can be assumed that the plasticity and functionality of macrophages is
not only determined by environmental cues, but also by their ontogeny, which
should be considered in the context of immune-therapy approaches (Gomez
Perdiguero et al, 2015).

YS-derived precursor cell differentiation is driven by a core macrophage
transcriptional program. Once the precursors migrate into the tissues, their
specification is completed through the expression of tissue-specific
transcriptional regulators early during embryogenesis (Mass, 2018; Gomez
Perdiguero et al, 2015). It is therefore conceivable that YS-derived macrophages
have functions during steady-state and inflammation that are distinct from
HSC-derived monocytes, which differentiate into short-lived macrophages and
are often characterized by a more inflammatory phenotype (Werner et al, 2020).
Recruited macrophages originate and renew from BM-derived monocytes that

extravasate into the tissue and mature. The recruitment of circulating monocytes
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is increased upon inflammation, resulting in increased macrophage counts in
infected and inflamed tissue (Mass, 2018). Isolated BM-derived macrophages
express more pro-inflammatory markers compared to YS-macrophages in vitro
(Yosef et al, 2018). However, it cannot be assumed that EMP-derived
macrophages  are pro-regenerative  and anti-inflammatory,  while
monocyte-derived macrophages are pro-inflammatory (Seidman et al, 2020).
Macrophages from both origins play a role in advancing and resolving tissue
inflammation and infection across diverse diseases. The variety of macrophage
subsets and their adaptability could account for the varied functional responses
observed in the context of different diseases (Wen et al, 2021). For example, the
differential impact of splenic macrophage populations on malaria progression and

parasite clearance is assumed to be crucial, but still poorly elucidated.

Many macrophages display a diverse range of phenotypes in reaction to various
physiological and pathological triggers (Gentek et al, 2014). Their ability to adapt
to local stimuli and exhibit different phenotypes and functions in response to
changing physiological demands is a remarkable feature (Okabe & Medzhitov,
2016; Mosser et al, 2020). The dysregulation of their polarization has been
implicated in numerous diseases (Gordon & Pliddemann, 2017). Through either
the expression of, or the response to inflammatory cytokines, like IFNy and TNFa,
as well as reactive oxygen species (ROS), macrophages play an important role
in antimicrobial responses. However, when hyperactivated this can also lead to
inflammation and tissue damage (Shapouri-Moghaddam et al, 2018). On the
contrary, the expression of anti-inflammatory cytokines, such as IL-10 can
contribute to tissue repair, but may also result in fibrosis if dysregulated (Hu et al,
2021; Gordon & Pluddemann, 2017). Emerging screening approaches, targeting
the identification of bioactive compounds and targets for macrophage
reprogramming or activation, aim to reverse pathological polarizations and
functions (Hu et al, 2021).
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1.5 The spleen

The spleen is a secondary lymphoid organ located at the left side of the abdomen,
behind the stomach, but has no direct connection to the lymphatic vessels.
Instead, the spleen collects antigens from the blood and is involved in the immune
response to blood-borne infection. The bulk of the spleen is composed of the red
pulp, with a large volume of venous sinuses, being responsible for the
characteristic red appearance. The red pulp is the site where old or aberrant
RBCs are disposed. Splenic macrophages along the sinus endothelium filter
abnormal erythrocytes out of the blood, while young and flexible cells pass
through the endothelial cells of the splenic sinuses (Kapila et al, 2023).
Lymphocytes surround the arterioles that run through the spleen and form
isolated areas of the white pulp, where humoral and cell-mediated pathways are
activated to generate immune responses (Cesta, 2016). Germinal centers that
contain B cells are found in the with pulp regions and are surrounded by T cells.
An area that is called the marginal zone surrounds those lymphoid follicles.
Blood-borne pathogens and antigens can be filtered from the blood by
macrophages and dendritic cells within the marginal zone (Murphy & Weaver,
2018). These professional antigen presenting cells can present antigens from
infectious agents to T cells and B cells in the white pulp. B cells in turn start to
proliferate in the germinal centers and produce opsonizing antibodies (Bronte &
Pittet, 2013). Opsonization is important for the clearance of microbes and
intra-erythroid parasites by phagocytes (Kapila et al, 2023).

Not only does the spleen support the breakdown of old RBC, it is also a reservoir
of blood and plays a role in hematopoiesis, as the organ can compensate for
hemolysis and support the BM via extramedullary hematopoiesis (Kapila et al,
2023).

For several medical conditions, including a trauma that leads to the disruption of
the spleen or diseases that lead to an enlargement of the spleen, splenectomy is

a powerful therapeutic procedure. However, although the spleen is an organ that
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is not essential for survival, patients that have undergone splenectomy surgery
have a higher risk for subsequent overwhelming infections and long-term
cardiovascular complications (Weledji, 2014). Housing a significant component
of the mononuclear phagocyte system, the absence of the spleen can cause
predisposition to various bacterial infections, such as Streptococcus or Neisseria
infections (Brender et al, 2005).

Using mouse models to study the spleen during infectious diseases yields
valuable insight into the organ function, but structural differences between the
spleen of humans and rodents must be considered. One major difference is that
a capillary sheath of endothelial cells, pericytes and stromal cells that surrounds
capillaries and arterioles, is present in humans but absent in rodents (Steiniger,
2015).

1.6 Splenic macrophages and functions

Macrophages have functions relevant to homeostasis, immune responses, tissue
repair, antigen presentation and the control of infections. However, the specific
manifestation of those functions depends on the respective organ and tissue
niche that they exist in (Schultze et al, 2019). Splenic macrophages of different
origins occupy and adapt to different micro-anatomical niches within the spleen
(A-Gonzalez & Castrillo, 2018) and are specialized to conduct organ-specific
functions, including the control of hematopoietic cell turnover, especially of
erythrocytes (Gordon & Pliddemann, 2017). To date, four distinct macrophage
subtypes are described to populate different anatomical niches of the spleen
(Figure 5). The highly phagocytic red pulp macrophages (RPM) are found in the
splenic red pulp. The lymphocyte rich white pulp area is where the splenic white
pulp macrophages (WPM) are located. Splenic red pulp and white pulp are
separated by the marginal zone. The splenic marginal zone is populated by two
distinct macrophage subtypes: the marginal zone macrophages (MZM) are
located along the marginal sinus, facing the red pulp, while marginal metallophilic
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macrophages (MMM) line the marginal sinus at the boarder of the white pulp (A-
Gonzalez & Castrillo, 2018).

@ Red blood cell (RBC)

. Tcell
. B cell
. Red pulp macrophage (RPM)
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. Marginal metallophilic macrophage (MMM)
. White pulp macrophage (WPM)

Figure 5: Splenic macrophages. At least four distinctive macrophage
populations can be identified in the spleen. The red pulp macrophages (RPM)
locate in the splenic red pulp. Marginal zone macrophages (MZM) and marginal
metallophilic macrophages (MMM) line the marginal zone. White pulp
macrophages (WPM) are in the B cell and T cell rich white pulp area.

1.6.1 Splenic red pulp macrophages

Amongst splenic macrophages, only those that populate the red pulp express the
characteristic F4/80 glycoprotein in high levels on their plasma membrane. They
develop during fetal stages with minimal contribution of monocyte-derived cells.
However, after macrophage depletion, BM-derived monocytes can repopulate the
splenic red pulp with F4/80* macrophages (Schulz et al, 2012). It was described
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that HSC-derived monocytes contribute to the adult pool of splenic RPM, but the
precise dynamics of precursor cells and the contribution of EMP- versus
HSC-derived cells to the splenic red pulp macrophages (RPM) in the steady-state
has not been completely determined (Lavin et al, 2015). The best known function
of splenic RPM is the clearance of debris, pathogens and erythrocytes that are
trapped in the red pulp sinusoids and stromal network (A-Gonzalez & Castrillo,
2018). They are equipped with the machinery to process heme and iron after the
uptake of senescent erythrocytes: RPM express high levels of Spi-C, CD163,
heme-oxygenase-1 and ferroportin (Ganz, 2016). In short, the CD163 receptor
binds a hemoglobin-haptoglobin complex, which facilitates downstream
degraded of heme by heme-oxygenase-1 and the resulting free iron can be
exported via ferroportin. There is evidence for a different mechanism of
erythrocyte elimination by splenic RPM, which involves the exposure of
phosphatidylserine on the outer membrane of shrinking erythrocytes, similar to
apoptotic cells (Lang et al, 2012). But these erythrocytes are believed to be
recognized by a different subset of phagocytes in the spleen (Larsson et al,
2016).

Recently, proliferator-activated-receptor y (PPARy) has been identified as an
important factor for the development of iron-recycling macrophages (Okreglicka
et al, 2021). With a genetic depletion-model, Okreglicka et al (2021) showed that
RPM lose the expression of signature genes, related to erythrocyte clearance
and iron recycling. PPARy-deficiency caused a reduction of vascular cell
adhesion molecule-1 (VCAM-1) expression, which is critical for the development

of RPMs and thus had a severe impact on splenic RPM counts.

Splenic RPM further play a role in immunological functions. They respond to
inflammatory stimuli and parasitic infections through the production of large
amounts of type | interferons (Kim et al, 2012). In vitro studies of co-cultures of
RPM with CD4 T cells hint towards an implication of RPM on the differentiation of
T cells towards a regulatory phenotype (regulatory T cells) (Kurotaki et al, 2011).
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RPM confer two main protective functions during blood-borne infections: they
phagocytose pathogens from the circulation, and they activate the immune
system. Therefore, they are equipped with a variety of pattern-recognition
receptors (Borges Da Silva et al, 2015). Toll-like receptor 4 (TLR) binds bacterial
lipopolysaccharide (LPS) and induces the expression of pro-inflammatory genes.
TLR-4 and TLR-2 have been described to interact with Plasmodium parasite
structures and TLR-9 can recognize bacterial or parasitic DNA (Parroche et al,
2007).

1.6.1.1 Regulation of iron homeostasis by splenic red pulp macrophages

Splenic RPM are specialized for the recycling of iron. They act as scavengers for
heme and take up damaged RBC and recycle the iron that is released. In a
homeostatic state, this iron is predominantly used for the production of
hemoglobin in new erythrocytes (Ganz, 2016). An adult human contains
approximately 4 g of iron, of which 2.5 g is bound in heme within erythrocytes and
approximately 1 g is stored in hepatocytes and macrophages in the liver and
spleen (Ganz, 2016). Splenic macrophages play a key role in the maintenance of
iron homeostasis, digestion of erythrocytes, and extraction of heme. In the human
body, an erythrocyte passes the spleen approximately every 20 min and is
subjected to a quality check by the macrophages. Macrophages monitor
erythrocytes for opsonization with antibodies, decreased deformability and loss
of the self-antigen CD47 (Buffet et al, 2011). One macrophage ingests
approximately 1 erythrocyte per day. Erythrophagocytosis can be enhanced
during hemolytic diseases, but this can cause damage to the splenic
macrophages (Kondo et al, 1988). Upon a high demand for erythrophagocytosis
and iron recycling, a transient population of monocyte-derived macrophages has
been described in the liver, which delivers iron to hepatocytes (Theurl et al, 2016).
This specific transient macrophage population was not detected in the spleen
upon hemolytic events, which is otherwise the major organ responsible for
erythrophagocytosis and iron recycling. Erythrophagocytosis can further be

enhanced by mild genetic abnormalities, such as the sickle cell trait, which can
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be advantageous. It can for example protect the carrier from malaria, because
enhanced clearance of abnormal erythrocytes also mediates faster removal of
parasitized erythrocytes (Mohandas & An, 2012).

RPM are characterized by an enhanced expression of proteins that are involved
in hemoglobin uptake (e.g. CD163), heme breakdown (e.g. hemo-oxygenase-1)
and iron export (e.g. ferroportin). Heme-oxygenase-1 catalyzes the degradation
of heme to iron, carbon monoxide and biliverdin. The expression of the enzyme
is enhanced upon oxidative stress. The important role of hemo-oxygenase-1 is
highlighted by the fact that even hematopoietic stem and progenitor cells express
it to be protected from oxidative damage by free heme (Liu et al, 2023). Severe
hemolysis induced during pathological states, such as sickle cell disease,
ischemia reperfusion and malaria leads to increased amounts of free heme,
which is toxic and can cause severe injuries to organs, tissues and cells. Free
heme catalyzes the covalent crosslinking of proteins and their aggregation. Heme
then further catalyzes the formation of cytotoxic lipid peroxide, which can damage
the DNA through oxidative stress. Since heme is lipophilic, it can intercalate into
membranes and damages the lipid bilayer and cellular organelles. Prolonged
exposure to free heme can induce vascular inflammation and lead to renal failure
and arteriosclerosis (Kumar & Bandyopadhyay, 2005). Thus, the function of
heme-oxygenase, which is predominantly expressed by macrophages is crucial
to prevent oxidative damage in tissues and organs. Myeloid cell differentiation
towards anti-oxidant, iron-recycling macrophages is therefore favored upon
hemolytic events to restore homeostasis. The heme-activated transcription
factors Spi-C and PPARYy regulate the replenishment of erythrophagocytic
macrophages in adaptation to hemolysis-related tissue toxicity (Haldar et al,
2014).

While RPM have the capacity to store iron in their cytoplasm, the export of iron
into the bloodstream is mostly mediated by the transporter protein ferroportin.
The expression of ferroportin in tightly regulated by the hepatic hormone hepcidin.
During inflammation, IL-6 leads to an increased expression of hepcidin, which
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can bind to ferroportin and induce endocytosis of the transporter. This sequesters
iron inside the macrophage. This function is important for macrophages to act as
effectors in the antimicrobial defense of the host, because they can employ these
mechanisms to deprive microbes of iron and thereby contain infections (Ganz,
2016).

Iron is an essential trace element and its bioavailability is crucial for many
microbes and pathogens. During the acute phase of an infection, IL-6 mediated
reduction of iron availability can eventually lead to the development of anemia
and iron availability thus requires tight regulation (Liu et al, 2023). In addition,
neutrophils that are recruited to the site of infection, can secrete lactoferrin, which
captures free iron (Wong et al, 2009).

1.6.1.2 The CD163 receptor and hemoglobin uptake

Efficient clearance of extracellular hemoglobin is important to prevent oxidative
stress. Upon erythrolysis, hemoglobin is released and its heme and iron
components can form harmful ROS (Etzerodt & Moestrup, 2013). The uptake of
hemoglobin is mediated by the CD163 receptor, which is expressed by mature
tissue-resident macrophages (Fabriek et al, 2009). CD163 is a glycoprotein
receptor on the plasma membrane and belongs to the scavenger receptor
cysteine-rich protein family (Schaer et al, 2007).

Mechanistically, the CD163 receptor has a high affinity towards the
hemoglobin-haptoglobin complex and mediates the uptake via endocytosis
(Skytthe et al, 2020; Schaer et al, 2006). The cargo is delivered to the endosome,
processed and transported to the enzyme heme-oxygenase for further
degradation into biliverdin, carbon monoxide and free iron (Yang & Wang, 2022),
while the receptor is recycled back to the plasma membrane surface (Figure 6).
This circumvents heme toxicity and triggers anti-inflammatory responses
(Etzerodt et al, 2014). High levels of expression of CD163 on the surface of
macrophages is characteristic in tissues that respond to inflammation. Through
the scavenging of oxidative hemoglobin, the receptor contributes to

anti-inflammatory responses. There is increased evidence that CD163
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expression is increased in acute and chronic inflammatory disorders (Etzerodt &
Moestrup, 2013). CD163 expressed on the cell surface of macrophages, can be
cleaved by inflammation responsive proteases, such as Adam17. The cleavage
restricts hemoglobin uptake and prevents iron supply to intracellular pathogens
(Fabriek et al, 2005). Soluble CD163 further plays a role in the resolution of
inflammation. In humans, soluble CD163 is proposed as a biomarker, because it
reflects macrophage activation during inflammation and relates to disease
severity (Mgller et al, 2017; Yap et al, 2023).

Increased serum levels of CD163 and a larger number of CD163 expressing
macrophages were detected in patients with septic shock (Kjeergaard et al, 2014;
Weaver et al, 2007). Animal studies in CD163-deficient mice showed decreased
survival rates after LPS injection. In the deficient mice, inflammatory cytokines

were more abundant, while IL10 was downregulated (Fujiwara et al, 2020).
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Figure 6: CD163 receptor mechanism. Hemoglobin-complexes bind to the
CD163 receptor on the cell membrane, which mediates uptake into the endosome
and degradation of hemoglobin by lysosomal enzymes. Heme-oxygenase on the
endoplasmic reticulum catalyzes further degradation of heme-peptides to recover
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iron. The CD163 receptor is recycled and fuses with the cell membrane to
mediate further transport.

Other cellular mechanisms for the uptake of heme and iron also exist. Iron ions
can bind to transferrin forming a complex, which induces internalization when
bound to the transferrin receptor. The transferrin receptor is therefore one of the
major iron-carrier proteins (Testa et al, 1993). In the gut, heme carrier protein 1
mediates the uptake of dietary heme in the small intestine and facilitates the

transport of heme to enterocytes (Le Blanc et al, 2012).

1.6.2 Splenic marginal zone macrophages and marginal

metallophilic macrophages

Macrophages in the splenic marginal zone are located at the interface between
the red pulp and the lymphocyte-rich white pulp. Their strategic location provides
an environment that is suitable for the recognition of blood-borne antigens (A-
Gonzalez & Castrillo, 2018). They are described to be involved in the clearance
of blood-borne bacteria, such as Streptococcus pneumoniae (Kang et al, 2004)
and the phagocytosis of parasites, such as Leishmania (Gorak et al).

Macrophages in the marginal zone depend on the nuclear receptor Lxra and
express the scavenger receptor MARCO at high levels (A-Gonzalez et al, 2013).
The splenic marginal zone contains special endothelial cells that line the marginal
sinus and express MadCAM1. But different from the equivalent structures in the
lymph nodes, these cells do not form vessels but instead form a line that
surrounds the white pulp area. Splenic MMM are in close association with the
marginal sinus and co-exist with an outer layer of MZM. This makes the splenic
marginal zone a unique microenvironment, where two phenotypically and
functionally distinct macrophage subtypes co-exist (A-Gonzalez & Castrillo,

2018). However, speculations about the distinctive functions of MMM and MZM
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are difficult, because most genetic mouse models do not specifically deplete only
one subtype. Characteristically, MMM express high levels of CD169 and MZM
typically show high expression of SIGNR1. These markers are however rapidly
internalized when the cells are isolated from the spleen for in vitro studies (A-
Gonzalez & Castrillo, 2018; A-Gonzalez et al, 2013).

It has been described that MMM are involved in the clearance of viruses
(Vanderheijden et al, 2003) and take up antigens for presentation to CD8"
dendritic cells, which in turn activate T cell responses (Backer et al, 2010). The
absence of MMM in Lxra’ mice had no apparent effect on the sinus lining cells
or the organization of B cell and T cell areas in the spleen, which rules out an
involvement of MMM in the splenic structural organization during the steady-state
(A-Gonzalez et al, 2013).

MZM interact with marginal zone B cells. They transfer blood-borne antigens to
the B cells, which then migrate to the white pulp follicles and initiate germinal
center reactions. SIGNR1 on MZM is a key molecule for marginal zone
B cell-MZM interactions and in the absence of SIGNR1, the migration of the
marginal zone B cells to the follicles is impaired (You et al, 2011). MZM further
contribute to immune tolerance, which was demonstrated by their rapid clearance
of intravenously injected apoptotic cells, to prevent immune activation towards
dying cells (A-Gonzalez & Castrillo, 2018).

1.6.3 Splenic white pulp macrophages

Macrophages in the splenic white pulp predominantly phagocytose apoptotic and
autoreactive B cells. WPM populate the spleen once the germinal centers
become active after weaning, but little is known about their definitive origin (del
Portillo et al, 2012). In the germinal center, F4/80-negative macrophages contain
the phagocytosed bodies of apoptotic cells. Condensed chromatin structures are

visible, which appear dark blue upon hematoxylin and eosin staining. A similar
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macrophage population in lymph nodes are called tingible body macrophages (A-
Gonzalez & Castrillo, 2018).

In the germinal centers in the white pulp, B cells are highly proliferative and
undergo somatic hypermutation and affinity maturation after clonal selection.
Autoreactive B cells are phagocytosed by the WPM (or tangible body
macrophages in lymph nodes), which thus have an important function as
homeostatic regulators (Rahman et al, 2010). The phagocytosis is assisted by
soluble molecules (e.g Gas6, C1q) that are enriched in the splenic environment,
therefore facilitating clearance of apoptotic cells. WPM themselves express high
levels of phagocytic receptors, such as CD68, MerTK and Tim4 to mediate
phagocytosis of apoptotic cells (Rahman et al, 2010; den Haan & Kraal, 2012).

1.7 Malaria

Despite numerous control and elimination programs, malaria is one of the world’s
major infectious diseases, causing more than 200 million new cases and 400,000
deaths annually (Kurup et al, 2019; Ozarslan et al, 2019). The causative agent is
the Plasmodium parasite and an infection can lead to life-threatening
complications. The protozoan parasite causes recurrent fever, the hallmark
symptom of the disease, alongside headache and anemia, which can progress
to more severe symptoms like acidosis, kidney failure, and cerebral malaria
(Coban et al, 2018). The spread of drug-resistant parasites highlights the
importance of identifying novel targets (Imai et al, 2015).

The complex development of human malaria into a clinical illness commences
with the transition of the parasite from mosquito to human (Milner, 2018). The
capability of relapsing from a dormant liver stage months to years after the initial
mosquito-borne infection is central to the survival strategy of some parasite
species (e.g. P. vivax) (Markus, 2018). On the contrary, selection pressure has

evolved in humans toward mutations that favor sickle cell disease and enzyme
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deficiencies, which confer a survival advantage through the intervention with
typical parasite routes of transmission or differentiation within the human body
(Perry, 2014). The clinical manifestation of malaria can vary and depends on the
Plasmodium species as well as the host’s innate and acquired immunity (Price et
al, 2014).

Elimination strategies nowadays focus on the two prevalent human species
P. falciparum and P. vivax. The burden of morbidity due to other species is less
well understood (Perry, 2014). Upon infection, the asymptomatic liver stage of
malaria precedes the symptomatic blood stage, when the parasites invade RBCs,
causing severe symptoms including recurring fever, a hallmark symptom of the
disease as well as headache, vomiting, and anemia. Chloroquine remains one of
the first-line treatments because of its sustained efficacy, widespread availability,
low cost, excellent safety, and tolerability profile (Price et al, 2014).

1.7.1 Plasmodium life cycle

The causative agent of malaria is the Plasmodium parasite, a protozoan organism
that belongs to the large group of unicellular and mostly obligate endoparasites,
called Apicomplexa. The Plasmodium parasite undergoes a complex life cycle
that involves multiple morphologically distinct stages (Figure 7).

The parasite is transmitted by the female Anopheles mosquito. When an infected
mosquito takes a blood meal, motile sporozoites are inoculated into the dermis,
which facilitates access to the peripheral circulation. Trafficking through the blood
allows the parasite to reach the liver and establish the asymptomatic liver-stage
of infection (Hall et al, 2005). Sporozoites infiltrate hepatocytes and form a
protective capsule for their transformation into multinucleated schizonts. Upon an
active phase of differentiation and asexual intracellular replication, the
syncytial-like schizonts are produced. This generation of thousands of merozoites
within a membrane-bound vesicle is a short-lived, clinically silent process that
occurs within the first week of the infection (Mota et al, 2001; Mawson, 2013).
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The symptoms of malaria only begin with the first liver schizont rupture, when
thousands of merozoites are released into the peripheral circulation (Milner,
2018). This initiates the symptomatic blood-stage of a malaria infection.
Merozoites invade RBC and metabolize erythrocyte proteins when developing
into highly proliferative trophozoites. Asexual reproduction inside RBC results in
the formation of schizonts, which synchronously rupture from infected RBC to
release daughter merozoites into the blood stream that invade new RBC
(Ozarslan et al, 2019). This iterative cycle of invasion and synchronized rupture
to release merozoite elicits recurrent cyclic fever, the hallmark clinical symptom

of malaria pathology (Basu & Sahi, 2017).

To complete the transmission cycle of malaria parasites, the parasites undergo
sexual reproduction. Therefore, in some infected RBC, the parasites develop into
gametocytes instead of replicating asexually. These gametocytes circulate inside
erythrocytes through the blood-stream and can be ingested by mosquitos. In the
mosquito gut they form oocysts, which develop into high numbers of active
sporozoites. The sporozoites travel to the salivary glands of the mosquito and a
new cycle of infection begins upon a mosquito bite (Mawson, 2013).
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Figure 7: Plasmodium life cycle. Mosquitos transmit the parasite. Sporozoites
manifest the asymptomatic liver-stage. During liver-stage malaria, the parasites
differentiate inside hepatocytes into merozoites, which infect red blood cells
(RBC) and undergo repeated cycles of asexual reproduction inside erythrocytes
(ring form to trophozoites to schizonts and rupture of merozoites). During the
blood-stage of malaria, circulating infected RBC can be cleared via phagocytosis
by splenic macrophages. Some parasites differentiate into gametocytes, which
fuse inside the mosquito gut and be transmitted to further hosts.

1.7.1.1 Hemozoin

Through repeated cycles of merozoites rupturing from infected RBC, erythrocyte
and parasite debris is released. This includes hemozoin, which is called the
“malaria pigment” or “malaria toxin” (Mawson, 2013). During the intra-erythroid
trophozoite and schizont stages, almost 80 % of the cytoplasm components of
host erythrocytes are consumed by the parasites. Digestive vacuoles inside the
parasites are equipped with enzymes for the degradation of hemoglobin. The
proteolytic degradation of hemoglobin yields amino acids for parasite growth, but
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also free heme, which is toxic to the malaria parasite. They lack the enzyme
heme-oxygenase, which detoxifies heme in vertebrates. Instead, they convert the
heme monomer into an inert biocrystal (Coronado et al, 2014). The so called
hemozoin is an undegradable crystal structure that is formed as a product of
hemoglobin degradation by the parasites during a blood-stage malaria infection.
It is associated to severe malaria and has implications for the host immune
response (Pham et al, 2021). Hemozoin can activate the NFkB inflammasome

pathway and induce cytokine release by peripheral blood mononuclear cells.

It is predominantly macrophages in the spleen, liver and BM that ingest infected
RBC and the free hemozoin that is released upon erythrocyte rupture. Although
hemozoin has long been considered as nontoxic, it can contribute to malaria
pathology by affecting macrophage function (Coronado et al, 2014). When
macrophages ingest infected RBC that contain early ring-forms of the parasite
and relatively little hemozoin, they can rapidly complete phagocytosis and
proceed with the uptake of further particles. In contrast, when the macrophages
phagocytose infected erythrocytes that contain the later schizont-stage of the
parasites and greater amounts of hemozoin, they lose their functionality with
respect to ingestion of parasitized erythrocytes, and fail to continue with the
normal phagocytic cycle (Schwarzer et al, 1992). It is suggested that hemozoin
has a toxic effect on macrophages and causes permanent damage to the normal
function of the cells (Coronado et al, 2014; Schwarzer et al, 1992).

1.7.2 The bone marrow as a reservoir for Plasmodium parasites

While the highest parasitemia occurs during asexual replication in the circulating
blood of the vertebrate host, a minor portion of the asexual blood-stage parasites
make a developmental switch and differentiate into female and male
gametocytes, the sexual parasite life stage that is infectious to mosquitos, thus

essential for transmission (Mawson, 2013; Venugopal et al, 2020).
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Immature gametocytes are preferentially found in the spleen, but also in the BM
parenchyma, a niche that protects them from clearance during maturation and
allows them to eventually invade erythroid precursor cells (De Niz et al, 2018).
Unlike asexual schizont forms, the major fraction of immature gametocytes is
enriched in the BM parenchyma. The hematopoietic niche of the BM is a major
site of parasite growth and sex development, which takes up to ten days,
dependent on the parasite species (Venugopal et al, 2020). Physiologically,
erythropoiesis occurs in erythroblastic islands in the BM, which consist of a
central macrophage surrounded by erythroid cells. During the maturation of
erythroid cells, the erythroblastic islands move closer to the sinusoids, while the
reticulocytes lose their nucleus and are eventually released into the sinusoidal
lumen. Merozoites and young gametocytes home to the BM, leave the sinusoids,
and enter the parenchyma, where they invade reticulocytes and develop in
association with erythroblastic islands (Venugopal et al, 2020). The BM s
suggested to be an important reservoir for gametocyte development and
proliferation of malaria parasites (Obaldia et al, 2018). Parasites of all stages can
persist with a very low level of peripheral parasitemia, without the development
of symptoms in the host (Perry, 2014). A better understanding of the dynamics
between parasite multiplication and gametocytogenesis is essential for the

development of new tools to disrupt malaria transmission (Aguilar et al, 2014).

1.7.3 Plasmodium clearance in the spleen

The spleen is a crucial organ for the maintenance of blood homeostasis and the
control of blood-borne infections (Borges Da Silva et al, 2015). The splenic
structure is similar to large lymph nodes. It possesses efferent lymphatic vessels
to collect antigens from the blood and is supplied with blood from the central
splenic artery, which branches along with the splenic vein through the
parenchyma (Charles A Janeway et al, 2001a). Along the marginal sinus,
microbes, pathogens and soluble antigens are filtered from the blood by
macrophages and dendritic cells to initiate immune responses (Steiniger, 2015).
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The open circulation in the splenic red pulp provides an ideal environment to
encounter blood-borne infectious agents. The importance of the filtering function
of the spleen in the elimination of Plasmodium parasites becomes apparent in
splenectomized mice, which show higher parasitemia and mortality (del Portillo
et al, 2012). Upon infection with the malaria parasite, the majority of infected RBC
are cleared by the macrophages in the spleen. During the initial phase of the
infection, macrophages ingest merozoites, ruptured schizonts and trophozoites
in the open circulation of the spleen.

It was further described, that antibodies bind to the surface of intact parasitized
erythrocytes and that this opsonization leads to the internalization of infected
RBC by macrophages in vitro (Mota et al, 1998). Evasion strategies of the
parasites include the preferential infection of erythrocytes with high levels of
CD47. CD47 is a marker of self and prevents the clearance by immune cells.
CD477 mice had lower parasitemia and showed a higher percentage of F4/80*
cells in the spleen as well as a higher percentage of phagocytosed infected
erythrocytes (Banerjee et al, 2015). Antibody-independent mechanisms for the
clearance of infected RBC include the retention of parasitized erythrocytes in the
spleen, because they are less deformable when passing the filtering system of
the spleen and therefore get phagocytosed (White, 2017). In an endpoint
response of the host innate immune system to a Plasmodium infection, tissue
macrophages undergo necroptosis to release inflammatory mediators and recruit
monocytes and neutrophils (Lai et al, 2018).

Apoptosis is however the major pathway involved in splenic cell death during
malaria progression, and its occurrence coincides with the systemic peak of
pro-inflammatory cytokines (Dunst et al, 2017). Empty anatomical niches are
replenished by infiltrating cells with different properties and phenotypes (A-
Gonzalez & Castrillo, 2018). Splenic macrophages are replaced by infiltrating
monocytes, a phenomenon that is associated with increased inflammation (Lai et
al, 2018). The loss of resident macrophages correlates with multi-organ damage
and worse disease outcomes, due to a loss of IL-10 secretion, which has
anti-inflammatory effects (Gupta et al, 2016). Instead, high amounts of the
pro-inflammatory cytokine TNFa are released, being one of the factors
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responsible for the fever during infection (Randall & Engwerda, 2010). An
imbalance between pro- and anti-inflammatory cytokines, growth factors and
chemokines determines malaria disease severity (Langhorne et al, 2008). IL-6,
TNFa and IFNy have been reported to be increased in severe cases of malaria
(Mawson, 2013). Excessive inflammation, particularly high systemic levels of
TNFa and IFNy lead to the clearance of uninfected RBC and thereby contribute
to the development of anemia. Persistent high levels of inflammatory cytokines
are associated with the suppression of hematopoiesis and the progression to
severe malaria. Studies have suggested that severe malaria is largely caused by
an overreaction of the host immune response and metabolic disorders (Lacerda-
Queiroz et al, 2017). Complications due to an increased loss of splenic
phagocytes upon exhaustion can be causative for the development cerebral
malaria, acute respiratory stress syndrome, acute renal failure, acidosis,
hypoglycemia, toxic shock and severe anemia (Randall & Engwerda, 2010;
Gupta et al, 2016). It has recently been shown that renal epithelial cells can
compensate for the loss of splenic macrophages and the onset of life-threatening
malaria anemia through transcriptional reprogramming (Wu et al, 2023). Wu et al
(2023) showed that renal epithelial cells acquire the capacity to store and recycle
iron upon a malaria infection and thus partially take over the function of splenic
erythrophagocytic RPMs, which maintain systemic iron homeostasis in
steady-state.

Overall, the resolution of blood-borne infections including malaria is highly
dependent on splenic macrophages. The distinct origin, heterogeneity, and
respective functional involvement of each splenic macrophage population in the
resolution of the disease is poorly understood and requires advanced
transcriptomic and imaging techniques to elucidate relevant subtypes,
interactions and pathways that could impede disease progression.
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1.7.4 Human malaria

Over 200 Plasmodium species are known today, each infecting a certain range
of hosts. Plasmodium species that naturally infect humans include P. falciparum,
P. vivax, P. malariae, P. ovale and P. knowlesi. All are exclusively transmitted by

anopheline mosquitos (Sato, 2021).

Between Plasmodium species that are infectious to humans, the parasite life
cycle and susceptibility to drugs is rather similar. The synchronized rupture of
erythrocytes causes severe symptoms in the host, including fever and anemia.
The frequency of ruptures differs between species by 2 - 4 days (Sato, 2021).

P. falciparum and P. vivax are the most common species causing human malaria.
While the former is more prevalent in African countries, the latter is more
prevalent in Asia and Latin-American. The symptomatic blood-stage of the
infection causes anemia, which is visually detectable by a pale skin, fatigue and
nausea. P. falciparum can cause a more severe form of malaria, cerebral malaria,
which is a potentially fatal complication (Rénia et al, 2012). P. falciparum
infections can further lead to organ failure, with the kidney and the liver being
especially affected (Oluwole et al, 2010).

P. vivax is known for its potential to form hypnozoites, a dormant form of the
parasite that survives undetected in the blood of patients (Flannery et al, 2022).

Recurrence due to recrudescence or relapse is often described in human patients
although the parasites have been cleared from the blood. The parasites can
persist undetected in the liver, blood and BM. Cases of P. falciparum persistence
in the human body for more than 13 years have been described (Ashley & White,
2014).

Despite effective antimalarials and insecticides, people remain at high risk of
severe malaria, especially on the African continent. Thalassemia and sickle-cell
disease, which confer some degree of protection against a malaria infection are

enriched in endemic areas (Hedrick, 2011). But increased movement of the
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human population facilitates the import and spread into low-risk countries
(Cibulskis et al, 2016).

The advent of both natural and chemical drugs has rendered malaria treatable,
and the management of mosquito vectors through insecticides, along with patient
treatment using medications like chloroquine, has significantly lessened the
impact of malaria in contemporary times. However, despite these advancements,
malaria persists as a widespread infectious disease, claiming the lives of
hundreds of thousands of individuals, particularly children, worldwide each year
(Sato, 2021).

1.7.5 Chloroquine

After decades of research, two vaccines have been recently approved by the
World Health Organization after phase 3 clinical trials and showed 75 % efficacy
(Datoo et al, 2022). Long-term studies are however still ongoing and many people
are not vaccinated yet and get infected. Infected patients can be treated with anti-
malaria drugs that efficiently target the parasites. Five distinct classes of anti-
malaria treatment have been described (Ross & Fidock, 2019) and categorize
chloroquine in the class of 4-aminoquinolines (Table 1).

Table 1: Anti-malaria drugs.

Class Drug
Endoperoxides Artemisinin (and derivatives)
Chloroquine
4-aminoquinolines Quinine
Mefloquine
. Pyrimethamine
Antifolates Sulfadoxine
Naphthoquinones Atovaquone
Primaquine

8-aminoquinoles .
9 Tafenoquine
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Chloroquine was developed in the 1950’s and has a high safety profile (Coban,
2020). It affects the erythrocytic stage of the malaria parasites, but was
additionally described to have anti-viral, anti-bacterial and anti-cancer properties
(Zhou et al, 2020). Some studies have shown that chloroquine binds to DNA- and
RNA-structures, which explains why the drug can interfere with viral replication
of Zika, influenza, herpes and SARS-CoV (Li et al, 2017). To target parasitic DNA
in the nucleus, much higher concentrations than usually administered would be
needed (Foley & Tilley, 1998). Instead, chloroquine targets the hemoglobin
degradation pathway in Plasmodium parasites. During the intra-erythroid stage,
the parasites express proteases for the degradation of hemoglobin and make use
of the amino acids. This pathway generates free heme, which is toxic. The
parasites therefore polymerize free heme to hemozoin in an acidic digestive
vacuole. Chloroquine is a weak base and increases the pH of the vacuoles, which
interferes with the degradation process (Lee et al, 2016). The drug was described
to partially destroy the vacuoles, which leads to a loss of proteases and enzymes
that are required for the detoxification of heme through the generation of
hemozoin (Ch’'’ng et al, 2014). Blocking hemozoin formation leads to an
accumulation of reactive products and heme mediated toxicity, which causes
parasite death (Coban, 2020; Slater, 1993). Chloroquine was further assigned to
have immunomodulatory modes of action and to inhibit autophagy, which are
advantageous effects for the treatment of SARS-CoV and cancer (Zhou et al,
2020).

The genetic flexibility of the parasites, however, allows for a quick adaptation and
the development of resistance (Sato, 2021). In P. falciparum, mutations in a
specific reporter lead to the efflux of chloroquine from the digestive vacuoles
(Valderramos & Fidock, 2006). The spread of chemo-resistant species makes it
relevant to identify new targets. Other drugs, such as Primaquine, cause severe
side effects, hence a safe and effective therapy for the cure of malaria is needed
(Douglas et al, 2017).
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1.7.6 Murine malaria

Malaria, a fatal disease, manifests a range of symptoms and severity levels,
influenced by intricate host-parasite interactions. Studying the impact of parasite
species on disease severity in human infections is challenging, but investigating
the mechanisms leading to specific phenotypes can be accomplished using
species of rodent malaria parasites. These species induce distinct symptoms in
inbred mice, providing a valuable model for understanding the underlaying
processes (Lacerda-Queiroz et al, 2017). A drawback that needs to be
considered however, is that the spleen and BM are active sites of erythropoiesis
in mice, while in humans it only occurs in the BM (Safeukui et al, 2015).

P. falciparum and P. vivax are the prevalent species which cause human malaria.
These species are not infectious to mice or other model organisms. Thus, mouse
malaria species are used, which adequately mimic human pathologies of the
disease. This study focuses on murine infections with P. chabaudi as well as
P. yoelii and P. berghei.

1.7.6.1 P. chabaudi

P. chabaudi causes a mild but persistent infection in mice and features common
human symptoms such as anemia, changes in body temperature and weight loss
(Stephens et al, 2012). A significant conservation between genetic and
phenotypic traits of human malaria parasites and rodent counterparts has been
described (Walliker et al, 1971). The rodent P. chabaudi species was discovered
in central Africa in the middle of the 20" century and resembles various
characteristics of the human pathology. Wildtype P. chabaudi, unlike P. yoelii, is
sensitive to chloroquine treatment and can be transmitted by mosquitos in the
laboratory (Carter, 1972). The most commonly used species P. chabaudi AS is
generally non-lethal, similar to human P falciparum and P. vivax infections.
Different from human P vivax, which preferentially invades immature
erythrocytes, P. chabaudi as well as P. falciparum, invade erythrocytes at all
different developmental stages (Carter & Walliker, 1975). An infection with
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P. chabaudi causes severe anemia, one of the major complications in human
malaria, through dyserythropoiesis and phagocytosis of infected and non-infected
RBC (Chang et al, 2004). In addition, splenomegaly and hypoglycemia are
resembled with rodent P. chabaudi infections (Stephens et al, 2012). A
downregulation of MHC molecules on dendritic cells has been described in
human P. falciparum malaria in Kenya, which was also observed in P. chabaudi
infections and affects the initiation of T cell responses (Urban et al, 2001). Human
malaria is associated with the development of a Th1 response and characteristic
IFNy production by T cells and NK cells, which is resembled in P. chabaudi
murine malaria (Langhorne et al, 1989; Ing & Stevenson, 2009). Also, a key role
of the regulatory cytokine IL-10 in the reduction of severe symptoms was
described in both, P. falciparum and P. chabaudi malaria (May et al, 2000). The
contribution of malaria specific antibodies also shows similarities amongst
species and antibody-mediated clearance of parasites is mostly mediated by
antibodies of the 1gG class (Meding & Langhorne, 1991).

Limitations of the murine P. chabaudi model include differences in the
sequestration of the parasites. While human parasites are often sequestered in
the brain, in the mouse the liver is the primary organ for P. chabaudi sequestration
(Stephens et al, 2012). Both, P. chabaudi infected RBC and infected erythrocytes
in humans, can adhere to the host endothelial cells, but in humans this is
associated with cerebral malaria, while P. chabaudi infected RBC stay in the liver.
Another major difference in the pathological symptoms is that mice develop
hypothermia instead of fever (Stephens et al, 2012).

1.7.6.2 P. yoelii

P. yoelii produces self-limiting nonlethal parasitemia and is characterized by
preferential infection of reticulocytes during blood-stage malaria. Upon infections
with P. yoelii the clearance of co-infections with other pathogens is impaired
(Zhang et al, 2012). The less frequently used P. yoeli YM infects both,
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reticulocytes, and mature erythrocytes. This lethal species has been used to test
vaccines (Wykes & Good, 2009; Rex et al, 2022).

1.7.6.3 P. berghei

Much knowledge about the mosquito stage of the Plasmodium life-cycle was
gained from experimental models of P. berghei. It is a relevant model to study
host-parasite interactions and immune responses in the host (Matz & Kooij,
2015). P. berghei is known to cause cerebral malaria in mice, similar to infection
with human P, falciparum (Clark et al, 1990).

1.8 Plasmodium clearance by splenic red pulp macrophages

Venous cords and sinuses in the splenic red pulp mediate slow blood flow and
allow for filtering of the blood and the elimination of infected RBC by
macrophages (Borges Da Silva et al, 2015). A macrophage colony stimulating
factor (M-CSF)-dependent type of RPM has been described as efficient
phagocytes in the spleen, which produce inflammatory cytokines, such as TNFa
and type | interferons in response to pathological stimuli. An M-CSF-independent
RPM type produces high levels of prostaglandin E2, which strongly activated the
M-CSF-dependent phagocytic macrophages and indicates a potential control
mechanism of RPM phagocytic activity in the spleen (Rutherford & Schook,
1992).

Splenic RPM can further limit iron availability and uptake by Plasmodium through
TLR-mediated release of lipocalin-2, which forms a complex with siderophores
that are secreted by pathogens to collect iron (Flo et al, 2004). RPM themselves
express high levels of heme-oxygenase-1 to degrade heme. The uptake of
hemoglobin-bound heme via the CD163 receptor induces an increased level of
heme-oxygenase-1 expression in macrophages (Pradhan et al, 2020). This
enzyme confers a protective phenotype in macrophages and restrains the redox
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activity of labile heme (Ramos et al, 2024). Microsatellite polymorphisms in the
gene Hmox1 encoding heme-oxygenase-1 are associated with an enhanced

susceptibility to malaria (Mendoncga et al, 2012).

Next to the regulation of iron availability, splenic RPM are suggested to control
immune responses to blood-borne pathogens. They constitutively express
PPARYy, which restricts excessive immune responses to pathogens. Instead,
RPM produce the anti-inflammatory cytokines transforming growth factor beta
(TGFB) and IL-10 (Kurotaki et al, 2011).

RPM have a pivotal role in the control of blood-stage malaria. A proportion of RPM
that exhibit strong labeling with F4/80, participate in the early clearance of
P. chabaudi parasites, but this population sharply declines at the peak of
parasitemia (Borges da Silva et al, 2015). RPM have a slow turnover and are
usually maintained through local proliferation. However, upon the ingestion of
infected RBC, they undergo cell death, most likely due to the toxic effects of
hemozoin (Deshmukh & Trivedi, 2014). The loss of RPM can lead to intravascular
hemolysis and the release of labile heme, which promotes the pathogenesis of
severe forms of malaria (Gouveia et al, 2017; Lai et al, 2018). Labile heme has
cytotoxic and pro-inflammatory effects (Gouveia et al, 2017) and was identified
as a crucial regulator for the differentiation of circulating monocytes into
macrophages (Pradhan et al, 2020). Circulating monocytes can differentiate into
macrophages and substitute RPM by a more inflammatory phenotype
(Hashimoto et al, 2013). Hemozoin, which is a disposal product from the digestion
of hemoglobin by the parasites, can further trigger the NLRP3 inflammasome
pathway during an acute malaria infection in bone marrow derived macrophages
(BMDM) and leads to the production of the pro-inflammatory cytokines IL-13 and
IL-18 by macrophages (Kalantari et al, 2014).

The release of heat shock proteins (HSP) can also lead to the secretion of
inflammatory cytokines. HSPs are released by cells upon stress and engage with
TLR2 and TLR4 on macrophages (Borges Da Silva et al, 2015). Plasmodium
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parasites have been described to release HSP homologues (Bianco et al, 1986).
TLR2 and TLR4 can further recognize extracellular matrix components, such as
fibronectin, which leads to macrophage activation (Okamura et al, 2001).
Fibronectin is presumably secreted by splenic fibroblasts and is produced in
higher amounts during malaria infection as a consequence of the changes in the
splenic microarchitecture (Borges Da Silva et al, 2015).

Through extensive apoptotic cell death of splenocytes during malaria infection,
macrophages release high mobility group box protein 1 (HMGB1), which can
engage with TLR4 and further stimulate inflammatory responses in
macrophages. Blocking of HMGB1 with a monoclonal antibody has been shown
to prevent the development of severe sepsis (Qin et al, 2006). In humans, higher
HMGB1 levels in the serum are associated with severe malaria. Abundant
apoptosis of splenic cells is typical in rodent malaria at the peak of acute infection
(Borges Da Silva et al, 2015; Elias et al, 2005).

1.9 Models to study the functional role of specific macrophage

subtypes

To understand the role of macrophages in disease onset and progression,
scientists have used administration of clodronate as a fast and feasible method
to deplete macrophages. Its mode of action however is rather broad, as
clodronate does not target specific organs or macrophage lineages, but also other
myeloid cells (Moreno, 2018). Further, due to sudden cell death, clodronate
induces a broad immune response (Weisser et al, 2012), which may be a
confounding factor in any disease studied after or during this treatment. A more
specific and inducible approach is the introduction of the diphtheria toxin receptor
(DTR) expression via genetic methods and subsequent administration of
diphtheria toxin. The chemical-induced ablation however triggers uncontrolled
systemic inflammation, similar to clodronate, and thus does not represent

homeostatic conditions (Miyake et al, 2007).
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Instead, genetic engineering allows for the introduction of specific sequences and
mutations into the mouse genome to target relevant pathways for a particular cell
type or function (Hall et al, 2009). The utilization of this method became possible
with the identification of homologous recombination and the isolation of
embryonic stem cells. Homologous recombination, a DNA-repair mechanism, is
utilized for gene editing, to incorporate a predetermined sequence or mutation.
Using electroporation, this engineered construct can be introduced into isolated
embryonic stem cells, which are then injected into the mouse blastocyst, giving
rise to the formation of an embryo (Hall et al, 2009).

Complications in the design of genetic knockout models arise, when the gene
product is essential for the normal function of the body and inactivation of the
gene could be lethal or induce morphological or physiological abnormalities
(Nelson, 1997). To circumvent the generation of developmentally lethal
knockouts, Cre/loxP technology allows for the conditional depletion of target
genes. Through the introduction of an inducible Cre-system, the depletion of a
target gene can even be controlled in a temporal manner (Hayashi & McMahon,
2002). Careful interpretation of the target gene function is however always
relevant, since unexpected compensatory or redundancy mechanisms can be

activated and cloud the analysis of the designated gene function (Nelson, 1997).

1.9.1 Genetic depletion of the CD163 receptor

The CD163 receptor is expressed on tissue macrophages and contributes to
homeostasis via the uptake of hemoglobin-haptoglobin complexes to prevent
oxidative stress. Receptor mediated uptake has mostly been described in the
spleen, liver and BM (Fabriek et al, 2005). CD163-expressing macrophages are
associated with an anti-inflammatory phenotype, which is why their presence
during the acute stage of malaria infection could counteract an
inflammation-mediated parasite clearance (Skytthe et al, 2020). On the other
hand, parasite-induced hemolysis is a hallmark of malaria infection, which causes
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high systemic levels of free hemoglobin and requires effective scavenging
mechanisms (Mendonga et al, 2012). The CD163 receptor is crucial for the
uptake of hemoglobin and thus to prevent oxidative stress caused by free heme
(Kristiansen et al, 2001). To study the role and relevance of this receptor in an
acute malaria infection and during the progression of the disease, a genetic
CD163 receptor knockout mouse model can be used. In sepsis models, CD163-
deficient mice showed reduced survival and higher abundance of

pro-inflammatory cytokines, while IL-10 was reduced (Fujiwara et al, 2020).

1.9.2 Genetic depletion of Lxra

The liver x receptors (Lxr) are members of the nuclear receptor family of
transcription factors that play key roles in the control of sterol homeostasis (Repa
& Mangelsdorf, 2000). Lxra is encoded by the Nr1h3 gene and Lxrf is encoded
by the Nr1h2 gene (A-Gonzalez et al, 2013). While Lxr is ubiquitously
expressed, Lxra is expressed by differentiated macrophages in the liver, intestine
and splenic marginal zone (A-Gonzalez & Castrillo, 2011). The nuclear receptors
have largely redundant functions and regulate genes that are involved in lipid
homeostasis and inflammation, but specifically Lxra has a pivotal role in the
development of the splenic marginal zone (A-Gonzalez et al, 2013). Macrophage
populations in the splenic marginal zone are characterized by the expression of
CD169, SIGNR1 and MARCO (Kraal & Mebius, 2006). The expression of these
characteristic surface receptors is lost in Lxra knockout (Lxra’) mice, while
splenic macrophages in other splenic compartments show a phenotype that is
comparable to wildtype mice. Also, the structure of the splenic white pulp and red
pulp develop normally and are clearly separated in Lxra” mice. Thus, Lxra is
presumably not involved in the signaling that is required for the development of
the splenic red pulp and white pulp (A-Gonzalez et al, 2013).

But, the absence of macrophages in the splenic marginal zone in the Lxra” model
leads to abnormal responses to blood-borne pathogens. While MZM and MMM

usually play a role in the capturing of blood antigens and the clearance of
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circulating pathogens, this function is partially taken over by the macrophages in
the splenic red pulp, indicating a high degree of plasticity (A-Gonzalez & Castrillo,
2018). In addition, the response of IgM antibodies during infections is decreased
when Lxra-dependent macrophages are depleted. MMM and MZM signaling is
important for the retention of marginal zone B cells and an early IgM response
(A-Gonzalez et al, 2013).

The interplay between macrophages and their environment is crucial to
determine the specific function of a macrophage subset. It was shown that an
adoptive transfer with wildtype monocytes rescues the marginal zone
microenvironment in Lxra” mice (A-Gonzalez & Castrillo, 2018).

The loss of Lxra leads to peripheral lipid accumulation and mice showed
symptoms of immune overreactions, which can culminate into systemic
autoimmunity (Calkin & Tontonoz, 2012; A-Gonzalez et al, 2009). It was further
shown that Lxra is important for the regulation of genes in cholesterol and fatty
acid metabolism in the liver and intestine (Ulven et al, 2005). Lxra” mice cannot
express the Cyp7a gene, which leads to the accumulation of cholesterol in the
liver and impaired hepatic function (Peet et al, 1998). Lxra might also play a role
in the response to herpes viruses, since increased viral replication was detected

in Lxra” mice (Lange et al, 2019).

1.10 Macrophages and T cell activation upon blood-borne

infections

T cells are adaptive immune cells that originate from HSC in the BM. They migrate
to the thymus where they mature. T cells can be divided into different subtypes
with distinctive important functions. Cytotoxic T cells are characterized by the
expression of the co-receptor CD8 and recognize antigens presented on MHC
class I. Upon activation, they can kill infected cells through the release of cytotoxic
granules that contain perforin and granzyme (Junqueira et al, 2021). While almost

all cells express MHC class | molecules, erythrocytes that have extruded their
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nucleus do not display antigens via MHC class | on their surface (Murphy &
Weaver, 2018). CD4 expressing T cells, called helper T cells, mount immune
responses by recruiting and activating other immune cells. They recognize
antigens presented on MHC class |l molecules, which are expressed by
specialized antigen-presenting cells. A variety of subclasses of T helper cells can
be induced, dependent on the cytokine environment present at the time of
activation and differentiation (lvanova & Orekhov, 2015). Regulatory T cells on
the other hand, are critical to mediate mechanism of immune tolerance and
prevent excessive systemic inflammation.

The priming and activation of T cells is of crucial importance for long-term
pathogen clearance and immunological memory formation. Yet, T cells require
antigen-presenting cells to process and present peptide antigens for their
activation. Splenic macrophages take up large amounts of blood-borne
pathogens, which initiates a sequential process to generate antigens that are
transferred to DC and presented to T cells for their activation (Malo et al, 2018).
Thus, the interaction between macrophages, dendritic cells and T cells is of
critical importance to engage the adaptive immune system and combat infections.
Crosstalk along the macrophage - T cell - B cell axis leads to the production of
antibodies, which can confer additional macrophage activity for more efficient
parasite clearance (Krzych et al, 2014).

So far, malaria research mainly focuses on T cells and how they control the
infection in a cytokine-dependent manner. Various intervention studies have
aimed to sensitize T cells to target Plasmodium. Yet, splenic macrophages might
play a crucial role in the generation of parasite-specific immunity through parasite
uptake, antigen processing and transfer. The parasite hides from the immune
system through its intracellular life-style within RBC that lack MHC expression,
which impedes its recognition by cytotoxic T cells (Kurup et al, 2019). Recent
studies suggest that CD8" T cells undergo an antigen-mediated arrest in the
splenic red pulp to locally deliver chemokines for monocyte activation, thereby
mediating early protection (Boutet et al, 2021).

Activated CD8" T cells might induce parasite clearance in the spleen through the
expression of Fas-ligand, which activates Fas-receptor signaling on RBC, leading
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to the exposure of phosphatidylserine on the surface. This, in turn, stimulates
macrophages to phagocytose phosphatidylserine exposing cells (Imai et al,
2015). Elimination of both infected and uninfected erythrocytes in the spleen is,
however, a frequent fatal complication that can lead to severe malarial anemia.
Increased CD8" T cell counts in the spleen are not only related to a reduction of
the parasite load, but also associated with exacerbated hemoglobin loss and
changed properties of uninfected erythrocytes (Safeukui et al, 2015; Lacerda-
Queiroz et al, 2017). This suggests that CD8" T cell-dependent parasite
clearance causes erythrocyte removal in the spleen and, thus, anemia. Blood
transfusions as a counter measure carry the risk of other infections (Safeukui et
al, 2015). Observed phenotypes of high levels of pro-inflammatory cytokines and
extensive splenic damage with dramatic reduction of splenic cell populations
could be rescued in T cell depleted mice (Lacerda-Queiroz et al, 2017).

While the role of cytotoxic T cells in the immune response to blood-stage malaria
remains controversial, CD4 T cells play a critical role in priming phagocytic cells
to capture the parasite and activate B cells to produce functional antibodies
(Kumar et al, 2020). Helper T cells orchestrate both humoral and cellular adaptive
immune responses against pathogens. Their crosstalk with naive B cells results
in immunoglobulin class-switching, which is essential for the clearance of the
parasites (Fernandez-Ruiz et al, 2017). The loss of INFy producing CD4 T cells
directly correlates with elevated parasite burdens (Kurup et al, 2019).

Another T cell lineage with immune surveillance activities are yd T-cells (Ribot et
al, 2020). They sense phosphor-antigens on the surface of infected RBC and
form immune synapses to lyse infected RBC in a degranulation-dependent
manner to Kill intracellular parasites (Junqueira et al, 2021). Phenotypic changes
and increased numbers in malaria-exposed individuals suggest an important role

of y T cells in controlling blood-stage malaria (Lefebvre & Harty, 2021).

The development of a Plasmodium specific T-cell receptor (TCR) mouse model
(Lau et al, 2014) allows us to describe the location and phenotype of malaria-
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specific CD8 and CD4 T cells and their maintenance in the spleen (Fernandez-
Ruiz et al, 2016). To advance prevention and treatment strategies, it remains to
be investigated, which cellular and molecular responses of splenic macrophages
are important to overcome blood-stage malaria and whether a continuous
cross-talk of the innate and adaptive immune system alleviates resolution of the

infection.

1.11 Vaccines

New sequencing technologies and novel bioinformatic approaches have
improved the knowledge about malaria epidemiology, treatment and vaccine
development. Vaccination strategies act against different stages of the disease
and life-forms of the parasite. Pre-erythrocytic vaccines target sporozoites,
thereby preventing the invasion of liver cells. Other vaccines block the invasion
of erythrocytes by acting against merozoites (Price et al, 2014). Researchers
have identified target antigens, which can be used as powerful adjuvants for the
generation of a specific antibody response. However, so far, the generation of a
sufficient antibody response to kill all parasites was not achieved (Good &
Stanisic, 2020). Multiple vaccines are currently being evaluated in preclinical and
clinical trials, with the main objective to induce humoral and cellular T cell
responses, which are known to become exhausted during malaria (Roestenberg
et al, 2011). Still, researchers face challenges when tackling the threat that this
ancient parasite poses on millions of people (Price et al, 2014). The complex
parasite life cycle, antigenic variability, insufficient knowledge about the immune
responses triggered upon infection as well as the lack of adequate animal
experimentation models are reasons why an effective vaccine against

Plasmodium has been difficult to developed (Bergmann-Leitner et al, 2011).

Irradiation is a technique that attenuates pathogens and renders them
non-infective (Targett & Fulton, 1965). Though the parasite cannot proliferate
anymore after irradiation, it retains certain antigens on the surface. The
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attenuation of Plasmodium parasites is also in the focus of research that aims for
the development of vaccination strategies against malaria. While efforts to identify
key target antigens for vaccination did not generate a sufficient antibody
response, the application of irradiated sporozoites was promising in initial clinical
trials (Good & Stanisic, 2020). Through heat inactivation or irradiation, the
immunogenic properties of the pathogens are preserved and can trigger the
development of specific immune responses (Frank et al, 2018). Radiation
attenuated sporozoites as well as heat killed sporozoites have been shown to
confer sterile immunity against the liver-stage of malaria, which is mediated by
CD8 memory T cells (Ghilas et al, 2021). Recent advances have also been made
in the development of mMRNA-based vaccines against malaria (Ganley et al,

2023), which are safer and can confer effective protection.

1.12 The viral infection model of lymphatic choriomeningitis

virus

The lymphocytic choriomeningitis virus (LCMV) is a member of the arenaviridae
family of viruses. It is a single stranded RNA virus and received its name because
of granularities that were observed with electron microscopy (Boldogh et al,
1996). The virus is mostly acquired via nasal inhalation. It enters the lung and
replicates locally before entering the blood stream. This allows for dissemination
into various organs for further replication. In the spleen the virus primarily infects
dendritic cells and macrophages. Those specialized phagocytes process viral
antigens and present them to T cells in the splenic T cell zones. This initiates a
strong response of cytotoxic T cells in the host (Abdel-Hakeem, 2019). Ultimately
LCMV reaches the meninges and choroid plexus, where the virus replicates to
high titers. This causes an inflammatory response and eventually meningitis
(Bonthius, 2012).

While rodents are a natural reservoir, in humans the virus causes neurological

disorders, including meningitis and encephalitis. Acute LCMV can be diagnosed
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through the isolation of the virus from the cerebrospinal fluid and especially
children have a very poor prognosis. No effective antiviral therapy for LCMV has
been developed to date (Bonthius, 2012).

1.13 Aims

1.13.1 Aim 1: Characterization of developmental origin and

phenotypic identity of splenic macrophage subpopulations

The spleen is a pivotal organ to maintain homeostasis in the blood. Removal of
aberrant erythrocytes and circulating pathogens happens predominantly through
phagocytosis by macrophages.

The splenic macrophage compartment is quite diverse and at least four different
macrophages subtypes have been identified in the spleen to date, and some of
these subtypes have an unknown developmental origin. Studies so far have
either focused on a particular subpopulation or described the overall relevance of
splenic macrophages in a pathological context, but usually without considering
their developmental origin and environmental niche within the spleen, which can

have a pivotal impact on their function.

This study aims to
(i) Identify and discriminate all splenic macrophage subpopulations
simultaneously by characteristic surface markers via flow cytometry.
(i) Determine the developmental origin of different macrophage subtypes

with novel fate-mapping models (Figure 8).
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Figure 8: Developmental origin of splenic macrophages. Tissue
macrophages are derived from either erythro-myeloid progenitors (EMP) in the
yolk sac (YS) or from hematopoietic stem cells (HSC) from the bone marrow
(BM). HSCs express Cxcr4 and give rise to granulocyte-monocyte progenitors
(GMP). GMPs upregulate Ms4a3 when differentiating into monocytes. EMP-
derived cells upregulate the core macrophage gene Tnsrsfi1a, when
differentiating into tissue macrophages (M6). The developmental origin of
different macrophage populations in the spleen is not delineated in detail yet.

1.13.2 Aim 2: Characterization of the cellular and molecular
changes amongst splenic macrophage subpopulations when

challenged with blood-stage malaria

Malaria remains one of the major health issues worldwide. Most immunological
research aimed at controlling malaria, focuses on the development of vaccines
that activate the adaptive arms of the immune response.

However, here the focus is on innate immune cells of the myeloid lineage, which
intervene immediately upon a pathogenic challenge. Macrophages in the spleen
encounter and digest parasites rapidly due to their strategic position. It is known
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that macrophages play a pivotal role in combatting pathogenic challenges, but

the detailed dynamics of the different splenic macrophage subpopulations in the

context of a malaria infection have not been delineated in detail. It is also known

that splenic macrophages are depleted upon a Plasmodium infection and

become replaced my monocytes, but how this affects their function and how the

splenic environment and macrophage ontogeny changes long-term, after the

resolution of the infection, remains largely unknown. This study primarily focuses

on malaria infections with the murine P. chabaudi model, but also investigates

other Plasmodium species and pathogens.

This study aims to

(i)

(iif)

Follow the dynamics of each splenic macrophage population during an
acute malaria infection and after the resolution, to identify which
populations are exhausted, depleted, expanded, or replaced
(Figure 9).

Address the role of splenic macrophages in the scavenging of oxidative
heme, a component of free hemoglobin, which is released upon
parasite induced erythrolysis.

Describe the developmental origin of each splenic macrophage
subtype in the steady-state and compare this to the ontogeny of
macrophages that refill the splenic niche upon malaria infection.
Compare macrophage phenotypes during a malaria infection with the
phenotype and dynamics of macrophage subtypes in viral and bacterial
infections.

Identify changes in the transcriptional profile of macrophages upon
malaria infection and find out which intercellular networks and
intracellular signaling events are of relevance to prevent the systemic

inflammation that leads to malaria-induced lethality (Figure 9).
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Figure 9: Cellular and molecular changes amongst splenic macrophages
upon a malaria infection. Distinct environmental niches in the spleen are
populated with distinct macrophage subtypes: Red pulp macrophages (RPM),
marginal zone macrophages (MZM), marginal metallophilic macrophages
(MMM), white pulp macrophages (WPM). Infections challenges such as a
Plasmodium infection, have a severe impact on the splenic environment. It has
to be determined, which splenic macrophages expand or are depleted upon the
infection, which intracellular signaling pathways are differentially regulated and
how the phenotype of infiltration cells with a different developmental origin
impacts their function.
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1.13.3 Aim 3: Genetic depletion of the CD163 receptor or
marginal zone macrophages during a P. chabaudi infection to
study the respective relevance and impact on malaria

progression

Blood-stage malaria infection causes severe hemolysis and the release of free
heme induces oxidative stress. The CD163 receptor on macrophages mediates
uptake of hemoglobin and degradation of oxidative heme. The receptor is only
expressed on certain subsets of macrophages, which are associated with an anti-
inflammatory phenotype. The relevance of this receptor for the degradation of
heme during the progression of malaria, has not been elucidated in detail to date.
Macrophages in the splenic marginal zone are involved in the processing of
antigens from the circulation. Their relevance and functional impact during the

progression of a malaria infection has not been resolved in detail.

This study aims to

(i) Investigate the impact of the loss of CD163 expression on
macrophages during blood-stage malaria, with respect to parasite
clearance, splenic architecture and environment (Figure 10).

(i) Investigate the relevance of Lxra-dependent splenic marginal zone
macrophages on the progression of blood-stage malaria by comparing
parasitemia in Tnfrsf11ac®, Lxra™1* mice to wildtype controls and
elucidate their relevance for the recovery of the splenic architecture

after the acute infection (Figure 10).
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Figure 10: Genetic depletion of CD163 and Lxra respectively to study
functional impacts on malaria progression. The CD163 receptors mediates
uptake of hemoglobin-haptoglobin complexes. The relevance of the receptor
during blood-stage malaria upon a P. chabaudi infection is studied in a CD163"
mouse model. Marginal zone macrophages (MZM) and marginal metallophilic
macrophages (MMM) are located along the borders of the splenic red pulp and
white pulp. The functional impact of their loss on the progression of P. chabaudi
malaria is investigated with the Tnfrsf11a; Lxra™*fox mouse model.
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1.13.4 Aim 4: Follow the dynamics of myeloid and lymphoid cells
in the bone marrow and blood, which compensate for the loss of
effector cells in peripheral tissues during a blood-stage malaria

infection

Malaria infection requires a fast and potent response of the immune system.
Myeloid effector cells in peripheral organs form the first line of defense. They are
however rapidly overwhelmed during the peak of parasitemia and require
constant replenishment. Hematopoietic stem and progenitor cells in the bone
marrow can adapt to challenges and increase their output and release new
effector cells into the circulation to reach their target organs.

Emergency myelopoiesis has been described for various infectious diseases.

This study aims to
(i) Describe the adaptations of hematopoietic stem and progenitor cells in
the bone marrow to blood-stage malaria infection and delineate when
the hematopoietic system normalizes its output.
(i) Track changes in the numbers of circulating myeloid and lymphoid cells

during blood-stage malaria infection.
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2 Materials and Methods

2.1 Materials

2.1.1 Devices

The following equipment and devices were used for experiments shown in this

thesis:
Device Company
Advia 2120i Hematology System Siemens Healthcare
Aurora Cytek Biosciences
AXIO Lab.A1 Carl Zeiss AG
Centrifuge 5810 R Eppendorf SE
Centrifuge 5424 Eppendorf SE
Cryostat CM3050 S Leica Biosystems
Dissection equipment Fine Science Tools
Electrophoresis system VWR
FACSAriaTM BD Biosciences
FACSymphony BD Biosciences
Freezer -80 °C New Brunswick Scientific
Fridge 4 °C Bosch
Gel Doc Imager BioRad
LSM 880 Airyscan Carl Zeiss AG
Mastercycler X50s Eppendorf
Microscope Axio Lab.A1 Carl Zeiss AG
Neubauer Cell Counting Chamber Paul Marienfeld GmbH & Co. KG
NextSeq2000 Sequencer lllumina
Eppi Shaker (37 °C) Eppendorf
37 °C incubator BINDER
P3 50PE flowcell lllumina
PCR cycler Applied Biosystems
Tapestation 2200 system Agilent
2720 Thermal cycler Applied Biosystems
Vortex Scientific industries

Pipetboy Easypet 3 Eppendorf
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2.1.2 Consumables

The following consumables and plasticware were used for experiments shown in

this thesis:
Consumables Company
1.5 ml Eppendorf tubes Eppendorf
2.0 ml Eppendorf tubes Eppendorf

15 ml Falcon tubes
50 ml Falcon tubes

Sarstedt, Inc.
Sarstedt, Inc.

5 ml Pipettes BRAND

10 ml Pipettes BRAND

1 ml syringes Braun

6 well plate VWR

96 well plate U-bottom VWR
Pipet-tips (10 ul, 200 ul, 1000 ul) Sarstedt, Inc.
VWR cell strainer Avantor™
FACS tubes Sarstedt, Inc.
PAP pen Biozol
Pasteur pipette avantor™
Tubes 2.0 mL TubeOne®
Tubes 1.5 mL TubeOne®
Serological pipettes Sarstedt, Inc.
Superfrost™Plus Adhesion Epredia
Microscope Slides

Fluoromount G Invitrogen
Disposable scalpel blade with plastic RIBBEL®
handle

Microtome blades FEATHER
Micro cover glasses BRAND
Microvette Sarstedt, Inc.
ImmEdge Pen Vector LABORATORIES

Tissue-Tek O.C.T. Compound

Sakura Finetek Germany GmbH
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2.1.3 Reagents and Buffers

The following chemicals and reagents were used for experiments shown in this

thesis:
Reagent Company
Bovine serum albumin (BSA) Sigma-Aldrich
Collagenase D Sigma-Aldrich
4’ 6-Diamidino-2-phenylindole, BioLegend
diacetate (DAPI)
Dispase Il powder Thermo Fisher Scientific
DNase Sigma-Aldrich
D-Sucrose Thermo Fisher Scientific

Dulbecco’s phosphate-buffered saline PAN-Biotech
(DPBS, 10x, w/o Ca and Mg)

Ethanol 100 %, molecular biology Carl Roth

grade

Ethylenediaminetetraacetic acid Sigma-Aldrich

(EDTA)

Fetal bovine serum (FBS), South PAN-Biotech

America origin, 0.2 pym sterile filtered

Fluoromount-G Thermo Fisher Scientific
Formaldehyde 16 % (w/v) Fisher Scientific

Giemsa solution Merck

Hoechst 33258 Life Technologies
Narketan, ketamine hydrochloride Vetoquinol

Normal goat serum (NGS) VWR

PBS tablets (w/o Mg?* and Caz-) Thermo Fisher Scientific
Protein Block, Serum-Free Agilent Technologies
Rat serum (RS) Thermo Fisher Scientific
Sodium chloride for anesthesia Braun

Sphero Rainbow Calibration Particles BD Biosciences

(8 peaks)

SPRIBeads Beckman-Coulter
Tamoxifen Sigma-Aldrich
Tissue-tek O.C.T, Sakura Finetek Thermo Fisher Scientific
Trition-X 100 Thermo Fisher Scientific

Xylazine WDT-Markplatz
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The following buffers and solutions were used for experiments shown in this

thesis:
Buffer & solutions

1x Phosphate-buffered saline (PBS)

Antibody solution (for IF)

Blocking solution (for IF)

Digestion buffer

FACS buffer

Fc block

Formaldehyde 4 % (w/v)
Iron stock solution (5 mM)

Narcotics

PBS-T

Reagent A

Reagent B1

Reagent B2

Red blood cell lysis buffer

Sucrose (30 %)

Reagent and concentration

PBS (10x) without Ca?*, Mg?*
in Aqua Bidest

5 % BSA

in PBS-T

5 % BSA

2 % NGS

in PBS-T

1 mg/ml Collagenase
100 U/ml DNase

2.4 mg/ml Dispase

3 % FBS

in PBS

0.5 % wiv BSA

2 mM EDTA

in PBS

0.5 % CD16/32 (1:100)
2% RS

in FACS buffer

16 % Formaldehyde (w/v)
in PBS

69.5 mg iron (ll) sulfate heptahydrate
In 50 ml ddH20

20 mg/ml Xylazine

100 mg/ml Ketamine
in NaCl (0.9 %)

0.4 % Trition X-100

in PBS

3 g trichloroacetic acid
in 3 ml ddH20

add 7 ml HCI (37 %)
15.6 g sodium acetate
In 45 ml ddH20

17 mg bathophenanthroline disulfonic
acid

22 mg ascorbic acid

In 5 ml ddH20

0.1 mM EDTA

12 mM NaHCOs

155 mM NH4CI

in Aqua Bidest

30 % sucrose (w/v)

in PBS



2.1.4 Antibodies

The following antibodies were used for flow cytometry staining of the spleen

shown in this thesis:

Antibody

F4/80
Tim4

CD11b
CD45

CD163
Ly6C
CD169
CD209b

Ly6G

CD19
NKp46
TCR-B
Streptavidin
CD64
MerTK
MARCO

MHC class Il

Conjugate

APC-Cy7
BUV-563

BUV-661
BUV-805

BV421
BV510
BV605
BV711

Biotin

Biotin

Biotin

Biotin

BV785
PerCP-Cy5.5
PE-Cy7

APC

A-700
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Clone

BM38
RMT4-54

M1/70
30-F11

S15049I
HK1.4
3D6.112
22D1

1A8
6D5
29A1.4
H57-597

X54.5/7.1
2B10C42
579511

M5/113.15.2

Company

Biolegend
BD
Biosciences
BD
Biosciences
BD
Biosciences
Biolegend
Biolegend
Biolegend
BD
Biosciences
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
R&D
Systems
Biolegend

Dilution

1:400
1:200

1:200

1:800

1:800
1:200
1:200
1:50

1:100
1:100
1:100
1:100
1:100
1:50

1:800
1:100

1:200



The following antibodies were used for flow cytometry staining of the bone

marrow shown in this thesis:

Antibody

NKp46
TCR-B
CD19

Gr1

Ter119
Streptavidin
Kit (CD117)
Sca1l

CD48
CD150
(SLAM)
CD16/32
CD34

CD135
CD127

The following antibodies were used for flow cytometry staining of the blood shown

in this thesis:
Antibody

TCR-B
Streptavidin
XCR1
CD172a
CD115
CD11b

NKp46

Ly6C

CD11c
CD19

Ly6G

MHC class I

Conjugate
Biotin
Biotin
Biotin
Biotin
Biotin
BV785
BV711
BV510
AF647
PE-Cy7

APC Cy7
AF700

BV421
PerCP/Cy5.5

Conjugate
Biotin
BV785
APC-Cy7
PE-Cy7
APC
BUV661

BV711
BV510
BV605
BVv421
PerCPCy5.5
AF700
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Clone

29A1.4
H57-597
6D5
RB6-8C5
TER-119
2B8

D7
HM48-1
TC15-
12F12.2
93
RAM43

A2F10
A7R34

Clone

H57-597
ZET
P84

AFS98
M1/70

29A1.4
HK1.4

N418

6D5

1A8
M5/113.15.2

Company

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend
BD
Biosciences
Biolegend
Biolegend

Company

Biolegend
Biolegend
biolegend
Biolegend
Biolegend
BD
Biosciences
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Dilution

1:200
1:200
1:400
1:400
1:100
1:100
1:200
1:100
1:200
1:400

1:100
1:100

1:100
1:100

Dilution

1:200
1:100
1:200
1:400
1:200
1:200

1:50

1:200
1:200
1:200
1:200
1:400
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The following antibodies were used for labeling of the spleen to sort cells for
single cell RNA sequencing shown in this thesis:

Antibody Conjugate Clone Company Dilution
NKp46 APC-Cy7 29A1.4 Biolegend 1:100
CD19 APC-Cy7 6D5 Biolegend 1:100
Ly6G APC-Cy7 1A8 Biolegend 1:100
TCR-B APC-Cy7 H57-597 Biolegend 1:100
Draq7 APC-Cy7 - Biolegend 1:1000
CD45 APC 30-F11 Biolegend 1:200
CD11b PE-Cy7 M1/70 Biolegend 1:800
CD64 PerCP-Cy5.5 X54-5/7.1 Biolegend 1:50
CD169 BV605 3F6-112 Biolegend 1:200
F4/80 BV421 BM8 Biolegend 1:400

The following antibodies were used for immunofluorescent staining shown in this

thesis:

Antibody Conjugate Company Dilution

Iba1 (rabbit) - Abcam 1:500

CD163 ATTO-647 Produced by Prof. 1:400
Bajenoff group

CD169 Biotin Miltenyi Biotec 1:400

F4/80 (rat) - BIO-RAD 1:300

YFP (rat) - Biotechnik Gerbu 1:1000

a-rabbit AF488 Thermo Fisher 1:1000
Scientific

a-rat AF488 Thermo Fisher 1:1000
Scientific

a-rat AF647 Biolegend 1:1000

a-rat AF555 Thermo Fisher 1:1000
Scientific

Streptavidin PE Biolegend 1:500

Streptavidin AF647 Biolegend 1:1000
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2.1.5 Mouse strains

The following mouse strains were used for experiments shown in this thesis:

Mouse strain Background Description

Wildtype B6 B6/Jrcc Non-transgenic wild-
type mice

Tnfrsf11ac'; Rosa26-S-YFP;  B6/Jrcc Transgenic mice that

Ms4a3FPO; Rosa26-FL-tdTomato express fluorescent
reporter proteins

Cxcr4CreERT2: Roga26'-Sk-tdTomato B6/Jrcc Transgenic mice that
express fluorescent

reporter proteins upon
tamoxifen administration

Tnfrsf11acre; Lxraflox/flox B6/Jrcc Transgenic mice with
conditional depletion of
the nuclear receptor
Lxra

CD163™ B6/Jrcc Generated by the LIMES
GRC facility by knocking
out the whole CD163

locus

2.1.5.1 PCR reagents

Reagent Company

Tag-Polymerase Mastermix VWR

Nuclease-free water GE Healthcare

Sodium hydroxide Merck

TRIS-Hydrochlodide AppliChem Panreac

DNA ladder New England Biolabs

2.1.6 Pathogens

In this thesis, of the P. chabaudi species, the strain P. chabaudi AS was used and
referred to as P. chabaudi in the following. P. berghei refers to the species
P. berghei ANKA and P. yoelii refers to the species P. yoelii NL in this thesis.
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The following pathogens were used for experiments shown in this thesis:

Pathogen Description

P. chabaudi Plasmodium chabaudi
AS

P. berghei Plamodium berghei
ANKA

P. yoelii Plasmodium yoelii NL

LCMV Actue lymphocytic

choriomeningitis virus

2.1.7 Software

Source

Prof. William Heath,
Peter Doherty Institute,
Melbourne (provided by
Prof. Kevin Couper)
Prof. William Heath,
Peter Doherty Institute,
Melbourne (provided by
Prof. Kevin Couper)
Prof. William Heath,
Peter Doherty Institute,
Melbourne (provided by
Prof. Kevin Couper)
Prof. Laura Mackay and
Prof. John Muller, Peter
Doherty Institute,
Melbourne

The following software was used for the analysis of experiments shown in this

thesis:
Software Supplier
BD FACS Diva BD Biosciences
Biorender Science Suite Inc.
FlowJo FlowdJo, LLC
Imaged (Fiji is just ImageJ) NIH
Prism GraphPad
Zen Blue Zeiss

Zen Black Zeiss
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2.2 Methods

2.2.1 Experimental animals

2.2.1.1 Breeding

All mice were maintained on a C57BL/6 background and housed in SPF
conditions. Animal procedures were performed in adherence to the project
license 2020.A311 issued by the Landesamt fur Natur, Umwelt und
Verbraucherschutz (LANUV).

2.2.1.2 Genotyping

Upon weaning, the mice were ear-tagged. The tissue was used for genotyping
and dissolved in 200 yl of 50 mM NaOH for 30 min at 95 °C. 20 pl of 1M TRIS-
HCI (pH 8) were added for neutralization. After spinning for 5 min at full speed in
an Eppendorf centrifuge, 1 yl of the supernatant was used for genotyping.

Per sample 1 ul of the isolated DNA was added to 9 pl of a master mix solution
(consisting of 0.5 pl of each primer, 5 yl DreamTaq Green PCR Master Mix and
H20 to receive a total volume of 10 pl).

The genetic material was amplified in 35 cycles in a PCR cycler. Samples were
applied on a 1.5 % agarose gel and separated via electrophoresis at 120 V for
30 min. The DNA was stained with the Sybr-safe dye for visualization via UV light.
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Table 2: PCR Master-Mix

Reagent Volume

Primer 1 0.5 ul

Primer 2 0.5 ul

Primer 3 0.5 ul

Primer 4 0.5 ul

DreamTaq Green PCR Master Mix 5ul

H20 Top up to 10 ul total volume
(dependent on number of primers
needed)

DNA 1 ul

Table 3: PCR Primer for genotyping

Genotype Primer sequence Result

CD163"- P1: TGAGAATGCAGG TCCTGT TG 516 bp: wt
P2: TGGATG GTC CTTCCTTCT G 690 bp: ko
P3: TGATCACAG TGCATCATGTC

Cxcr4- P1: AGT GAAACC TCT GAG GCG TTT GGT 300 bp: wt

CreERT2 P2: TAGAGC CTGTTT TGCACG TTCACC 500 bp: Cre
P3: TCT GAACCC GTC CCACTC AAC TTA

Tnfrsf11a- P1: TCAAGG GTGACATCATCGTGG T 529 bp: wt

Cre P2: ACT TCT CCATGG TAG CCT CC 270 bp: Cre
P3: TAT GGG GGT GGG GTGATAC

Lxra-flox P1: GGATTT GGA GAAGGTAAAGTC TCC C 350 bp: wt
P2: TGG ACT CAAGTGATC TTG TCT CAG C 416 bp: flox
P3: ATG CCT GAAAAG GGC ATCAGATGC C 465 bp: del

Ms4a3- P1: AGA GAAATC ATC AGG GCA GAAAT 517 bp: wt

FIpO P2: GAAAGG GGAACAAGC GAA GAT 412 bp: FIpO
P3: TTG GCG AGA GGG GAAAGAC

R26- P1: ACG GGC AGT AGG GCT GAG 402 bp: wt

FrtStop- P2: AGC CTG CCCAGAAGACTCC 290 bp:

tdTom P3: GGT GTT GGG TCG TTT GTT CA FrtStop-tdTom
P4: TCTAGC TTG GGC TGCAGG T

R26- P1: CTG GCT TCT GAG GAC CG 142 bp: wt

LoxStop- P2: CAG GAC AAC GCC CAC ACA 384 bp:

eYFP P3: AGG GCGAGG AGC TGT TCA LoxStop-eYFP
P4: TGAAGT CGATGC CCT TCAG

R26- P1: AAG GGA GCT GCAGTG GAG TA 297 bp: wt

LoxStop- P2: CCG AAAATC TGT GGG AAG TC 196 bp:

tdTom P3: GGC ATT AAA GCA GCG TAT CC LoxStop-tdTom

P4: CTGTTC CTG TAC GGCATG G
*(P = primer, wt = wildtype, ko = knockout, del = deleted, bp = base pair)
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Table 4: PCR program

Steps Temperature Time Repeats
1. Initial denaturation 95 °C 3 min

2. Denaturation 95 °C 30 sec

3. Primer annealing 60 °C 30 sec x 35
4. Elongation 72 °C 30 sec

5. Final extension 72 °C 5 min

2.2.1.3 Generation of a CD163-depletion mouse model

The gene for the hemoglobin-receptor CD163 is located on chromosome 6 of the
mouse and consists of 17 exons. For the generation of a conditional CD163
deficient mouse line, loxP-sites were introduced into the CD163 wildtype allele.
For the introduction of the loxP sequence, the CRISPR/Cas9 technique was
used. Guide RNA sequences were designed to target intron 1 for the introduction
of the first loxP sequence. The second guide RNA was designed to target exon
17 and introduce the loxP-site close to the end of the CD163 coding sequence. A
Cre-mediated recombination between the two loxP-sites would then lead to a
depletion of almost the whole coding sequence of the CD163 gene.

In addition, two recognition sites for EcoRI on the &’ site and Pstl on the 3’ end
were introduced, to test PCR products via restriction digest.

Oocytes were electroporated with the single guide RNAs, Cas9 and two oligos
for homologous recombination, which contain the two loxP-sites. Surviving
oocytes were transferred into pseudo-pregnant foster mothers and biopsies of
the born pups were analyzed. Primer combinations P1 and P2 bind in intron 1
and exon 2, for the 5'-insertion site and the primer combinations P3 and P4 bind
in exon 17 and downstream of exon 17, in the CD163 locus at the 3’-insterion site
(Table 5).
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Table 5: PCR primer to test the introduction of loxP-sites into the CD163

gene
Primer Sequence
P1 TGAGAATGCAGGTCCTGTTG
P2 TCACCAGGAGCGTTAGTGAC
P3 TGATCACAGTGCATCATGTC
P4 TGGATGGTCCTTCCTTCTG

Some genotyping results remained inconclusive and were next analyzed with the
primer combination P1 and P4. In case of a complete deletion of the region
between the two CRISPR cutting sites, a 600 — 700 bp fragment was expected.
This was indeed that case; in some pups the sequence between intron 1 and
exon 17 was deleted and thus almost the entire coding sequence of CD163
(Figure 11). Mice with a heterozygous deletion of the CD163 gene were mated to
generate a CD163 knockout line.
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Figure 11: Genetic knockout of CD163. With the CRISPR/Cas9 technique,
loxP-sites were introduced into intron 1 and exon 17 of the CD163 gene to
generate a conditional depletion mode. A recombination of both target sites led
to the genetic knockout of the CD163 gene.
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2.2.2 Tamoxifen inducible fate-mapping

Mice that express an inducible Cre-recombinase (CrefR™2) require tamoxifen
treatment to allow for the translocation of the Cre-recombinase to the nucleus
and cleave its target sites.

Therefore, a tamoxifen solution of 10 mg/ml was prepared and dissolved in 90 %
corn oil (v/v) and 10 % ethanol (v/v). The calculated amount of tamoxifen was first
dissolved in the required volume of ethanol. To generate a homogenous solution,
the tamoxifen and ethanol mix was placed into a 42 °C water bath for
approximately 30 min (protected from light) and mixed regularly. When the
tamoxifen was dissolved, the corn oil was added. The tamoxifen solution can be
stored at 4 °C protected from the light for 4 - 6 weeks.

To induce Cre-activity, mice were i.p. injected with 100 ul of the tamoxifen solution
for 5 consecutive days. Different injection sites on the lower abdomen, helped to
prevent infections or inflammation.

In this study, tamoxifen injection was required to induce Cre-activity in the
Cxcr4CreERT2: Rosa26-St-tdTomoto model.

The fate of HSC-derived cells that acquired tdTomato expression after tamoxifen
treatment, was either followed over time, or mice were infected with Plasmodium
parasites one month after tamoxifen administration to induce blood-stage malaria

and follow the dynamics of HSC-derived cells (Figure 12).
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Figure 12: Tamoxifen treatment. At two months of age, mice of the Cxcr4¢ER™2;
Rosa26-St-tdTomato |ing were treated with tamoxifen (i.p. injection of 100 ul per day
of a 10 mg/ml stock) for five consecutive days. After four weeks, when mice were
three months of age, HSC-derived cells should be labeled with tdTomato and
mice were injected with Plasmodium parasites to induce blood-stage malaria.
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2.2.3 Malaria

2.2.3.1 Infection of experimental animals from donor

Donor mice were intraperitoneal (i.p.) injected with 200 pl of frozen blood aliquot
that contains 1 x 108 infected RBC. Parasitemia was monitored from day 5
onwards (according to 2.2.3.2 Parasitemia). The donor mouse was sacrificed
when the parasitemia reached 2 - 5 % and the blood was collected. The exact
parasitemia at the time point of collection was determined and the blood cells
were counted with a Neubauer counting chamber (1:2000 dilution in PBS).
Experimental mice were i.p. injected with a total volume of 200 ul per mouse,
containing 10,000 infected RBC from the donor mouse. Therefore, the amount of
blood needed from the donor mouse was calculated and diluted with sterile PBS:
the cell count (RBC/ml) was multiplied with the parasitemia value to obtain the
amount of infected RBC per milliliter. This number was divided by 10,000 (the
number of infected RBC to be injected per mouse). The calculated blood volume
of the donor mouse was added to sterile PBS to obtain a total volume of 200 pl.
This dilution of infected RBC was i.p injected into experimental mice. Control mice
received an i.p. injection of 200 pl of sterile PBS.

Parasitemia in experimental mice was monitored from day 5 onwards every
3 - 5 days in the first three weeks of the infection and every 5 - 7 days late later
stages of the infection.

2.2.3.2 Parasitemia

To determine the parasitemia, drop of blood was collected from the mouse tail
vein. The blood of one uninfected control was always collected in addition, as a
reference for the blood of the malaria infected mice.

The vein was punctured with a needle (26 G) and the blood (1 - 5 pl) collected in
100 pl PBS in a 96-well plate or 1.5 ml tube. The DNA intercalating dye Hoechst
was diluted 1:1000 in PBS from a 10 mg/ml stock. An equal volume (100 pl) was
added to the blood cell suspension, mixed and incubated at 37 °C for 1 h. 200 pl

FACS buffer were added and the cell suspension was filtered through a 70 ym
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strainer into a FACS tube. The samples were measured on the FACS Symphony
machine (Figure 13). By forward and side scatter, small erythrocytes were
selected. Single cells were gated on PE and FITC negativity to remove
auto-fluorescent cells. Those cells were then gated on Hoechst positivity. Mature
erythrocytes were not positive for Hoechst since they have extruded their
nucleus. Only the genetic material of the intra-erythroid parasites showed
Hoechst positivity. Additionally, some immature erythrocytes have not extruded
their genetic material, but can be discriminated, because they were higher in the

forward scatter position.
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Figure 13: Gating strategy to determine parasitemia. Forward- and side-
scatter low erythrocytes were gated. Autofluorescent cells were ruled out after
gating on single cells. Hoechst intercalated into the parasitic DNA of infected

erythrocytes. Uninfected controls were used to set the Hoechst® gate, to
determine the percentage of parasitemia in infected mice.

An alternative strategy to determine the parasitemia is to stain a blood smear with
Giemsa. Blood was collected from the mouse tail vein of a control mouse and the
infected animals (as described in: 2.2.3.2 Parasitemia). A drop of blood was
placed close to one edge of a glass slide and a second glass slide was used to
distribute the blood along the slide. Therefore, the second glass slide was placed
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in an approximately 45° angle and moved with a constant speed along the surface
of the glass slide containing the blood drop and dragging the liquid (Figure 14).
The blood smear was air dried before methanol fixation. Slides were placed in a
container with 100 % methanol for 2 min. Slides were then again air dried and
placed in a container with 10 % Giemsa solution (1:10 diluted with water) for
5-10 min. Slides were then rinsed with water to remove stain and crystals and
investigated with any standard light microscope. Blood smear of uninfected
controls would not show Giemsa stain inside the erythrocytes, while characteristic
dark stained structures of the parasites would be visible inside of infected
erythrocytes (see results: Figure 23, C).

<] = L — »

Figure 14: Blood smear. A drop of blood on a glass slide was distributed with an
angled glass slied in a straight movement.

2.2.3.3 Chloroquine treatment

Mice were infected with the malaria parasites as described previously. At day 21
after the infection, the mice were i.p. injected with 200 pl of a 4 mg/ml chloroquine
solution (dissolved in sterile PBS). Afterwards mice received drinking water

containing 6 mg/ml chloroquine for another 3 days.
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2.241LCMV

Spleens from mice that were infected with acute LCMV were received from
Takahiro Asatsuma, Dr. Yannick Alexandre and Dr. Thomas Burn (University of
Melbourne, Peter Doherty Institute) and processed with the standard flow
cytometry protocol.

In short, the virus was replicated in vitro and the plaque forming units (PFU) were
quantified to determine the viral titer. A dose of approximately 2 x 106 PFU was
injected i.p. to develop an acute LCMV infection in mice.

2.2.5 Organ isolation

Mice were anesthetized with a mixture 120 mg/kg ketamine and 20 mg/kg
xylazine. When mice did not respond with reflexes anymore the abdomen was
opened. With a 26 G needle blood (>400 ul) was collected from the heart with an
EDTA-flushed 1 ml syringe and collected in a heparin-coated tube. Afterwards a
minor cut in the left atrial appendage allows for the blood to flow out during
perfusion. A 26 G needle is inserted into the left ventricle to perfuse the mouse
systemically with 12 ml PBS. Next the spleen is collected in a PBS dish on ice
and one leg is removed (both tibia and femur).

2.2.6 Flow Cytometry

2.2.6.1 Preparation of spleen tissue

The whole organ weight was determined and subsequently 30 - 40 mg of the
spleen tissue were used for flow cytometry (exact weight determined). This
spleen tissue was transferred into a 2 ml tube and 0.5 ml digestion mix (dispase,
DNase, collagenase D) were added. The tissue was cut into small pieces with
scissors and placed in a 37 °C shaker (900 rpm) for 30 min. The suspension was
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transferred through a 100 pym strainer into a 50 ml tube and flushed with 7 ml
FACS buffer. After a centrifugation step with 400 g for 5 min at 4 °C, the
supernatant was discarded and the pellet resuspended in 1 ml RBC-lysis buffer
and incubated for 5 min on ice. Approximately 7 ml FACS buffer were added and
before spinning (400 g, 5 min, 4 °C). The pellet was resuspended in 50 ul Fc-
blocking solution and incubated for 5 - 10 min on ice. The volume was determined
and topped up at 200 ul with FACS buffer. 2 yl of this suspension were transferred
into a new tube with 798 pl FACS buffer (1:400 dilution) and subsequently diluted
with an equal volume of trypan blue (final 1:800 dilution) for counting with a
Neubauer counting chamber. 100 yl of the remaining cell suspension were
transferred into a 96-well plate (U-bottom) and topped with FACS buffer for
spinning (400 g, 5 min, 4 °C). The supernatant was discarded, the pellet
resuspended in 50 pl of the primary antibody mix and incubated for 30 min on
ice. After topping up with FACS buffer the cells were pelleted (400 g, 5 min, 4 °C)
and resuspended in 50 pl of the secondary antibody mix. After 30 min incubation
on ice protected from light, FACS buffer was added and the suspension
centrifuged (400 g, 5 min, 4 °C). The pellet was resuspended in 100 pl FACS
buffer. Before measuring the labeled cells with a flow cytometer, the suspension
was filtered through a 70 pm strainer and an equal volume of Hoechst was added

(of a 1:5000 dilution from a 10 mg/ml stock).

2.2.6.2. Preparation of bone marrow

The bone was cleaned on the surface and muscle and tissue residues were
removed. Tibia and femur were separated and cut open close to the edge on both
sides. With a 10 ml syringe filled with FACS buffer and a 26 G needle, the bone
marrow was flushed through a 70 ym strainer into a 50 ml tube. The suspension
was centrifuged for 5 min at 4 °C with 400 g. The supernatant was discarded and
the pellet resuspended in 1 ml RBC-lysis buffer and incubated for 5 min on ice.
Approximately 7 ml FACS buffer were added and before spinning (400 g, 5 min,
4 °C). The pellet was resuspended in 50 pl Fc-blocking solution and incubated

for 5 - 10 min on ice. The volume was determined and topped up at 200 pl with
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FACS buffer. 2 pl of this suspension were transferred into a new tube with 398 ul
FACS buffer (1:200 dilution) and subsequently diluted with an equal volume of
trypan blue (final 1:400 dilution) for counting with a Neubauer counting chamber.
100 pl of the remaining cell suspension were transferred into a 96-well plate (U-
bottom) and topped with FACS buffer for spinning (400 g, 5 min, 4 °C). The
supernatant was discarded, the pellet resuspended in 50 ul of the primary
antibody mix and incubated for 30 min on ice. After topping up with FACS buffer
the cells were pelleted (400 g, 5 min, 4 °C) and resuspended in 50 pl of the
secondary antibody mix. After 30 min incubation on ice protected from light, FACS
buffer was added and the suspension centrifuged (400 g, 5 min, 4 °C). The pellet
was resuspended in 100 ul FACS buffer. Before measuring the labeled cells with
a flow cytometer, the suspension was filtered through a 70 pym strainer and an
equal volume of Hoechst was added (of a 1:5000 dilution from a 10 mg/ml stock).

2.2.6.3 Preparation of blood

Of the collected blood, 200 ul were transferred into a 15 ml tube containing 3 ml
RBC-lysis, mixed and incubated for 5 min on ice. After the addition of 7 ml FACS
buffer, the suspension was centrifuged at 400 g, 4 °C for 5 min. The supernatant
was aspirated and the pellet resuspended in 3 ml RBC-lysis buffer again. After
adding 7 ml FACS buffer, the suspension was centrifuged (400 g, 4 °C, 5 min).
The supernatant was aspirated and the pellet resuspended in 50 pl FACS buffer.
After an incubation for 5 - 10 min on ice, the volume was determined and topped
up at 200 pl with FACS buffer. 2 ul of this suspension were transferred into a new
tube with 18 pl FACS buffer (1:20 dilution) and subsequently diluted with an equal
volume of trypan blue (final 1:40 dilution) for counting with a Neubauer counting
chamber. 150 yl of the remaining cell suspension were transferred into a 96-well
plate (U-bottom) and topped with FACS buffer for spinning (400 g, 5 min, 4 °C).
The supernatant was discarded, the pellet resuspended in 50 yl of the primary
antibody mix and incubated for 30 min on ice. After topping up with FACS buffer
the cells were pelleted (400 g, 5 min, 4 °C) and resuspended in 50 pl of the

secondary antibody mix. After 30 min incubation on ice protected from light, FACS
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buffer was added and the suspension centrifuged (400 g, 5 min, 4 °C). The pellet
was resuspended in 100 ul FACS buffer. Before measuring the labeled cells with
a flow cytometer, the suspension was filtered through a 70 pm strainer and an

equal volume of Hoechst was added (of a 1:5000 dilution from a 10 mg/ml stock).

2.2.6.4 Analysis of flow-cytometry data

Labeled cells were acquired with the BD Symphony flow cytometer and the Diva

software. Exported data were analyzed with the FlowJo software.

2.2.7 Preparation of spleen tissue for imaging

2.2.7.1 Preparation of tissue for cryo-section

The spleen was collected and fixed in 4 % formaldehyde (in PBS) for 6 h while
rotating at 4 °C. The tissue was washed three times with PBS for 10 min while
rotating at 4 °C. The spleen tissue was then placed into a tube containing 30 %
sucrose (in PBS) and the tube was placed upright overnight at 4 °C. The next day
the tissue has sunk to the bottom of the tube and was transferred into a tissue
mold and covered with OCT. For solidification, the block was placed on dry ice
and subsequently stored at -80 °C.

The frozen OCT block containing the spleen tissue was cut with a Cryostat and
20 ym section were collected on superfrost glass slides. The slides were stored
at -20 °C until used.

2.2.7.2 Antibody staining

The 20 ym spleen tissue sections that were collected on class slides and stored
at -20 °C were thawed at room temperature (RT). OCT was removed with forceps
and a circle was drawn around the tissue with a PAPpen. Slides were placed into
a wet dark chamber. Tissue was hydrated through the addition of PBS for 10 min.
To permeabilize the spleen tissue, PBS-T was added two times for 10 min. Then
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the protein-block solution (Agilent Technologies) was added and incubated at RT
for 30 min. Slides were rinsed with PBS-T and the primary antibody mix, dissolved
in PBS-T containing 5 % BSA, was added and incubated over night at 4 °C. Slides
were rinsed with PBS-T the next day and washed three times for 5 min with PBS-
T. Then the secondary antibody mix, dissolved in PBS-T containing 5 % BSA,
was added and incubated for 2 h at RT. Slides were rinsed with PBS-T and
washed for 10 min with PBS-T. Then PBS-T with DAPI (1:10,000 dilution of a
10 mg/ml stock) was added and incubated at RT for 10 min. Slides were
subsequently washed with PBS-T for 10 min and air dried before mounting the

tissue with Fluoromount G and a cover slide.

2.2.7.3 Microscopy and image analysis

Fluorescent antibody labeled spleen tissue was imaged with the confocal
microscope LSM 880 Airyscan (Carl Zeiss) and the Zen-black software. Tile
images were stitched with the Zen-blue software. Images were exported in the
csv format and process with the Fiji software.

2.2.7.4 Immunohistochemistry (H&E)

Spleen tissue was fixed in 4 % formaldehyde (in PBS) for 6 h while rotating at
4 °C. The tissue was washed three times with PBS for 10 min while rotating at
4 °C. The spleen tissue was then placed into a 2 ml tube filled with 70 % ethanol
for dehydration.

The fixed spleen tissue was processed by the histology core facility of the
university clinic (UKB), embedded in paraffin, cut and stained with hematoxylin
and eosin.

In short, tissue was mounted in paraffin. Paraffin blocks containing the spleen
tissue were cut with a microtome (4 um) and floating sections were collected on
glass slides and dried.

In short, staining was performed according to Table 6.
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Table 6: Hematoxylin and eosin staining.

Step Reagent Incubation time
1 Xylene 5 min

2 Xylene 5 min

3 100 % ethanol 2 min

4 100 % ethanol 2 min

5 96 % ethanol 2 min

6 90 % ethanol 2 min

7 80 % ethanol 2 min

8 70 % ethanol 2 min

9 H.O 1 min

10 Hemalaun 3 min

11 H20 1 min rinse
12 Eosin 3 min

13 H20 1 min rinse
14 70 % ethanol 0.5 min

15 80 % ethanol 0.5 min

16 90 % ethanol 0.5 min

17 96 % ethanol 0.5 min

18 100 % ethanol 0.5 min

19 100 % ethanol 0.5 min

20 Xylene 0.5 min

21 Xylene 5 min

2.2.8 Iron assay

Spleen homogenates were generated by mincing approximately 10 mg of tissue
in 200 pl ddH20 in a 1.5 ml tube. 50 ul of Reagent A were added. Samples were
hydrolyzed through heating the tubes at 65 °C for 18 h. Tubes were centrifuged
at 3,000 g for 5 min at RT. 15 pl of the supernatant were transferred into a 96 well
plate containing 45 pl ddH20 per well if non-heme iron detection was desired.
The remaining solution in the 1.5 ml tube was vortexed and boiled for 1 h at
140 °C for total iron detection. Tubes were centrifuged (3,000 g, 5 min, RT) to
clarify the hydrolysate. 20 pl of the tissue hydrolysate were transferred into a 96-
well plate (clear flat-bottom) and 40 pl ddH2O were added. Reagent B1 and
reagent B2 were mixed in a 9:1 ratio and 160 uyl were added on top of each
sample in the 96-well plate. After an incubation for 10 min at RT, the absorbance

was measured at 539 nm with a spectrometer.
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2.2.9 Single-cell RNA-sequencing

2.2.9.1 Sorting of CD64* macrophages

Spleens were collected from uninfected and P. chabaudi infected mice at day 90.
Spleen cells were isolated, digested, and labeled with fluorescent antibodies
according to the flow cytometry protocol.

The homogeneous cell suspension of splenocytes was subjected to sorting with
the FACS Aria using a 100 ym nozzle. Single, live, CD45", CD64" cells were
selected for sorting (Figure 15) and collected in 100 pl FACS buffer.
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Figure 15: Sorting gate. Spleen homogenates were labeled with fluorescent
antibodies and sorted with the FACS Aria. Gating on single, live, CD45*, CD64"*
cells allowed for the collection of macrophages.

2.2.9.2 Single-cell library preparation and single-cell RNA-sequencing

This single-cell experiment was performed using 10x Genomics technology.

Therefore, sorted cells were counted and the viability was examined by trypan
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blue staining using a Neubauer counting chamber. Next, the cell suspension was
adjusted to a concentration of 1000 cells/pl and processed by using the 10x
Genomics Chromium Controller and the Chromium Next GEM Single cell 3’
Reagent Kit v3.1 (Dual Index) (PN-1000268, Ox Genomics, Pleasanton, CA,
USA) according to the standard manufacturer’s protocol. The loaded cells were
adjusted to 16,000 cells/sample to target a recovered cell number or 10,000
cells/sample for library preparation and sequencing.

The cDNA integrity and concentration measurements as well as the library
concentration and size distribution were assessed wusing an Agilent
high-sensitivity D5000 assay on a Tapestation 2200 system (Agilent
Technologies). The cDNA libraries were quantified using a high-sensitivity dsSDNA
assay (Qubit, Thermo Fisher Scientific). In the final library preparation, amplified
cDNA was fragmented, and size selected using SPRIselect magnetic beads
(Beckman-Coulter) to purify for a library with a size distribution of 200 - 600 bp.
After adaptor ligation and sample indexing, the final fragment size and
concentration were measured and samples were pooled in an equimolar range.
Samples were sequenced with a sequencing depth of > 30,000 reads/cell with

50 bp paired-end reads on an lllumina NextSeq2000 system.

2.2.9.3 Single-cell data alignment, read processing, data analysis and

annotation

Raw data was demultiplexed and aligned to Mus musculus reference genome
(mm10) along with the sequence for eYFP and tdTomato, using Cell Ranger-7.1.0
including the intronic reads (Alignment was performed by Dr. Lisa Maria
Steinheuer). Count matrices were further processed using the R package Seurat
(v4.0) starting with the evaluation of the sample quality and the appropriate
filtering to exclude low-quality cells. The filtering criteria were set to 500-5,000
genes/cell, 25,000 transcripts/cell, and a mitochondrial gene content < 15 %. In
addition, ribosomal genes were monitored (Figure 16). Next, highly abundant
genes (Malat1, mitochondrial, ribosomal, hemoglobin and Gm genes) without

biological relevance for this study were removed from the dataset. To generate a
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UMAP following steps were performed: standard log-normalization, identification
of variable genes, data scaling, linear dimensional reduction, and clustering.
Afterward, using the SingleR package in R, processed data were used to assign
different cell types in a UMAP. Based on the identified macrophage cluster a
sub-clustering was performed. Splenic macrophage cluster were then assigned
based on the expression of subtype specific marker genes: Adgre1 for RPM,
SIGNR1 for MZM, CD169 for MMM, MerTK for WPM (Data analysis was
performed by Dr. Nelli Blank-Stein)

Quality control and cut offs:
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Figure 16: Quality control of single-cell RNA-sequencing data. The aligned
data set was subjected to quality control and defined cut-offs were made, to select
the cells that were further analyzed. Cut-offs were defined with 500 — 5,000 genes
and 25,000 transcripts per cell and less than 15 % of mitochondrial genes.
Percentage of ribosomal genes was monitored.
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3 Results

3.1 Identification and ontogeny of splenic macrophage

populations

The spleen is a secondary lymphoid organ, with one of its essential functions
being to filter the blood. Thereby, it maintains a healthy composition of circulating
erythrocytes. Aberrant or old RBCs are removed by spleen-resident phagocytes,
the splenic macrophages. These macrophages also form the first line of defense
against blood-born infections, since they recognize, engulf and digest blood-
borne pathogens. The composition of these splenic macrophages is very
heterogeneous.

Extensive literature research led to the identification of characteristic markers for
different splenic macrophage subpopulations (Figure 17). RPM are well
described in the literature as F4/80 expressing macrophages (Kurotaki et al,
2015). The most characteristic marker for MZM is CD209b and CD169 for MMM
(A-Gonzalez & Castrillo, 2018). Both populations express MARCO and Tim4, but
MARCO is particularly highly expressed on MZM, as is Tim4 on MMM (Fujiyama
et al, 2018). WPM have high levels of surface MerTK expression (A-Gonzalez &
Castrillo, 2018). This was followed by a panel design that can be used on the BD
FACSymphony and covers all relevant markers to distinguish splenic
macrophages.

Upon isolation of splenocytes and antibody-staining for flow cytometry with the
predefined panel of antibodies against relevant cell surface antigens, the aim was
to characterize splenic RPM, MMM, MZM and WPM (Figure 18). To plot these
data in two dimensions, 25,000 cells (live, CD45%, lineage negative, CD64") were
down-sampled and a non-linear dimensionality reduction technique was used to
calculate similarities and proximities in a two-dimensional space, presented as

uniform manifold approximation and projection (UMAP) (Becht et al, 2018).
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CD209b CD169
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Figure 17: Relevant marker to distinguish splenic macrophages. Splenic
macrophages are distinguishable from other cells via flow cytometry by the
expression of CD45 and CD64 and the absence of CD19, TCRb, NKp46 and
Ly6G (Lin). Characteristic for red pulp macrophages (RPM) is F4/80 expression
and a heterogeneity amongst CD163 expression. Other splenic macrophages
express CD11b, but are negative for Ly6C. Amongst them, marginal zone
macrophages (MZM) express CD209b and MARCO, marginal metallophilic
macrophages (MMM) express CD169 and Tim4, white pulp macrophages (WPM)
express MerTK.

The generated UMAP was assessed for the expression of the predefined
characteristic macrophage markers: F4/80, CD163, CD169, CD209b, MerTK and
MARCO (Figure 18, A). Two distinct clusters showed high F4/80 expression,
characteristic for RPM. These two clusters specifically differed in the expression
of CD163. Thus, a new level of macrophage heterogeneity was defined to
discriminate CD163" and CD163- RPM. No other clusters showed CD163
expression, except for the cluster that was assigned as CD163" RPM. Splenic
MMM and MZM are very similar, thus the highest intensity of their characteristic
surface marker (CD169 and CD209b respectively) were found in close proximity
in the UMAP. Based on those marker profiles, a gating strategy was developed
and the gated macrophage populations overlayed with the calculated UMAP
(Figure 18, B). This showed two distinct clusters of RPM; CD163* and CD163".
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MMM and MZM clusters were in close proximity to each other and WPM and
monocyte clusters were able to be distinguished.
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Figure 18: Identification of splenic macrophages via UMAP. Of all
splenocytes, 25,000 live, CD45", Lin", CD64" macrophages were down-sampled
and the UMAP was calculated by FlowJo. (A) Expression intensity of
characteristic splenic macrophage marker (F4/80, CD163, CD169, CD209b,
MerTK, MARCO) on calculated UMAP. (B) Gating of distinct macrophage
populations and identification of respective cluster (CD163" red pulp
macrophages (RPM), CD163- RPM, marginal metallophilic macrophages (MMM),
marginal zone macrophages (MZM), white pulp macrophages (WPM),
monocytes) by layering on the UMAP.
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A novel gating strategy was developed, which allows the discrimination of all
splenic macrophage subsets. First, and similar to the down-sampled input that
was used for the generation of the UMAP: single, live, CD45", Lin" cells were
gated on CD64 expressing cells. The characteristic F4/80" RPM were subdivided
into CD163* RPM and CD163- RPM. CD163 expression was not detected in the
CD11b* population. From the CD11b* population, Ly6C* monocytes were
excluded and CD169*/Tim4* MMM, as well as MARCO* MZM and MerTK* WPM
were identified (Figure 19).
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Figure 19: Gating strategy for splenic macrophages. The spleen tissue was
digested and stained for flow cytometry. Single, live, CD45", Lin, CD64" splenic
cells comprise F4/80" red pulp macrophages (RPM) differing in CD163
expression, CD169* marginal metallophilic macrophages (MMM), MARCO*
marginal zone macrophages (MZM) and MerTK* white pulp macrophages
(WPM).
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3.1.1 Splenic macrophage ontogeny

Splenic macrophages are a heterogeneous population, but their distinctive
developmental origin has not been well described. An advanced technique to
study the ontogeny of cells are genetically modified mouse models that induce
the expression of a fluorescent reporter under the control of a lineage specific
promoter. These so-called fate-mapper mice were used in this study to trace the
developmental origin of macrophages in the spleen.

The Cxcr4¢ERT2; Rosa26-St-tdTomoto moyse line is Tamoxifen inducible and labels
LT-HSC. Thus, cells that have differentiated from BM-derived HSC express
tdTomato (Mauel & Mass, 2024). Six months after Tamoxifen treatment, Ly6C*
circulating monocytes in the blood were analyzed. Since all circulating monocytes
originate from BM-progenitors, these cells are a good readout for HSC labeling
efficiency. Here, almost 100 % of circulating blood monocytes were tdTomato*,
confirming that the reporter correctly labels cells of HSC origin. Within splenic
macrophages, the percentage of tdTomato*, HSC-derived cells was much lower.
Less than 50 % of splenic CD163" RPM were tdTomato™ and approximately 60 %
of CD163- RPM (Figure 20).
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Figure 20: HSC-derived origin of splenic macrophages. Two months old
Cxcr4CreERT2; Rosg26-S-tdTomato mice were i.p. injected with tamoxifen for five
consecutive days, to induce Cre-activity and label HSC-derived cells. Six months
after tamoxifen administration, the percentage of tdTomato® circulating blood
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monocytes and splenic red pulp macrophages (RPM) was quantified via flow
cytometry (n = 3).

With respect to the developmental origin of splenic macrophages, this indicated
that approximately half of the splenic RPM population was HSC-derived in adult
mice (at 8 months).

However, this did not allow for conclusions to be drawn about the developmental
origin of the cells that were not labeled. Furthermore, the origin of splenic
macrophages in young mice and aged mice could be dynamic and differ from

observations seen in 8 months old animals.

Therefore, a novel fate-mapping mouse model was developed for this project,
which will advance the study of macrophage ontogeny in many research focus
areas.

The introduced Tnfrsf11a®; Rosa26-S--YFP; Ms4a3fP0; Rosa26-FL-dTemato model,
called the double-fatemapper (see introduction chapter: 1.3.2.2 The double-
fatemapper), labels Tnfrsf11a expressing EMP-derived cells with a YFP reporter
and Ms4a3 expressing HSC-derived cells with a tdTomato reporter (Figure 21).
When tdTomato* monocytes enter the tissue and differentiate into long-lived
macrophages, they upregulate Tnfrsf11a and thus express both fluorescent

reporter genes.
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Figure 21: The double-fatemapper. EMP-derived cells express Cre under the
control Tnfrsf11a, leading to YFP expression (green). HSC-derived cells express
FIpO under the control of Ms4a3, leading to tdTomato expression (red). tdTomato
positive monocytes upregulate Tnfrsf11a, when differentiating into macrophages
and express both fluorescent proteins (yellow).

Using this model, the ontogeny of splenic RPM was investigated during early
development and adulthood.

The contribution of EMP-derived progenitors (only YFP*) to the splenic CD163"
and CD163" RPM compartments, was very high in unborn (E14.5) and juvenile
mice (Figure 22, A). While approximately 90 % of the CD163- RPM were YFP*
and thus derived from yolk sac progenitors during embryogenesis and within the
first three weeks after birth, during early adulthood a trend was observed that
indicated an influx of HSC-derived cells. These cells were positive for both
fluorescent reporters, since they originated from tdTomato positive circulating
monocytes and started to upregulate Tnfrsf11a when they entered the tissue and
differentiated into long lived macrophages, which initiated the expression of YFP.
On the other hand, CD163* RPM were almost exclusively EMP-derived during
embryogenesis and early adulthood. This population was almost 100 % positive
for only YFP, with no contribution from HSC-derived progenitors in unborn and
juvenile mice.

The composition of the macrophage compartment, in terms of developmental
origin, is often transient and changes as a result of aging (Mass et al, 2023). The
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ontogeny of splenic RPM populations was therefore studied in adulthood
between three and 12 months after birth (Figure 22, B). For both the CD163" and
CD163" RPM, a decrease in the proportion of EMP-derived macrophages during
ageing and a steady influx of HSC-derived monocytes that differentiate into
long-lived macrophages was observed. However, also during adulthood, the
ontogeny of CD163" and CD163" RPM differs. While in one year old mice, only
50 % of the CD163- RPM remain EMP-derived macrophages, the other half
originated from BM-precursors that have differentiated into long lived CD163"
splenic RPM. For CD163" RPM a similar trend was described, but a larger
proportion of EMP-derived macrophages remained in the CD163* RPM
compartment during adulthood. While in young mice, almost all splenic CD163*
RPM were EMP-derived, in one year old mice, approximately 40 % were replaced
by infiltrating monocytes that originated from HSC and 60 % were long-lived
EMP-derived macrophages. The data suggested that in adult mice, cells of both
origins could contribute to the pool of CD163* RPM. It was evident that CD163*
RPM reached a plateau and the contribution of EMP- versus HSC-derived cells
stabilized, while the dynamics of the CD163° RPM was linear with ongoing
replacement of EMP- by HSC-derived cells, as indicated by the opposing
directions of the curves.

To validate these findings, spleen tissues were also collected for fixation and
antibody labeling for fluorescent microscopy (Figure 22, C). Spleens from seven
days old mice (P7) were compared with adult mice (8 weeks old). Labelling with
an antibody that binds to CD169 highlighted the splenic marginal zone and
yielded insight into the development of the splenic architecture. Staining with
CD163 elucidated the newly discovered heterogeneity amongst splenic RPM.
First, it was observed that the splenic architecture had not fully developed at P7.
The dispersed CD169 signal indicated that the spleen had not yet separated into
its red and white pulp areas. This separation was clearly visible in adult mice.
Additionally, CD163" macrophages were already present in the spleen at birth,
but they only localized specifically in the red pulp in adult mice, once the marginal
zone had properly developed. In accordance with the flow cytometry data, the
CD163 signal co-localized with the YFP signal, but not with the tdTomato signal.
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Figure 22: Developmental origin of splenic RPM. The Tnfrsf11a‘®; Rosa26-5-
YFP: Ms4a3FPO; Rosa26-FL-tdTomato fate mapping model was used to study the
ontogeny of splenic CD163" and CD163" red pulp macrophages (RPM) during
embryogenesis until (A) early adulthood (n = 3 - 4) and in (B) adult mice (n = 4).
EMP-derived cells were YFP* (green), HSC-derived short-lived cells were
tdTomato™ (red) and HSC-derived long-lived cells were YFP* and tdTomato*
(yellow). (C) Spleen tissue was collected at day 7 after birth (P7) and 8 weeks of
age (adult) for fixation and labeling with fluorescent antibodies. CD169 for splenic
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marginal zone (yellow), CD163 for splenic RPM heterogeneity (magenta), YFP
(cyan) and tdTomato (blue) as endogenous fluorescent reporter and merge. Inset
on colocalization of CD163 and YFP signal. (representative for n = 2, scale
bar = 100 ym)

Taken together, a similar proportion of labelled HSC-derived splenic
macrophages was observed with two different reporter mouse lines in adult mice.
Of note, the cellular origin of splenic macrophages was dynamic and the
proportions that originated from HSCs depended upon the age of the mice that
were analyzed. In young mice, most splenic RPM originated from
EMP-precursors. With respect to the novel discovery of a heterogeneity amongst
splenic RPM, the double-fatemapper supported a difference in CD163" and
CD163 RPM with respect to the dynamics of their developmental origin. CD163*
and CD163° RPM showed similar, but not identical, ontogeny in both
developmental origin and steady-state dynamics with replacement of
EMP-derived cells by HSC-derived cells during physiological ageing.

3.2 The dynamics of splenic myeloid cells during blood-stage

malaria

Blood-stage malaria causes severe symptoms, but it is still not completely
understood how the splenic microenvironment and distinct cell compositions
change during disease progression and what the functional impact of cellular loss
and replacement by infiltrating cells is on parasite clearance and inflammation.

To investigate macrophage dynamics during and after the active stage of malaria,
mice were infected with the Plasmodium species P. chabaudi, which mimics many
features of human pathology. The mice were infected with a standard dose of
1x10* infected RBC per mouse via intraperitoneal injection. This led to the
development of blood-stage malaria by day seven post-infection. The level of
parasitemia was measured in the peripheral blood from 1 to 90 days after
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infection (covering the period from acute infection until resolution) and the cellular

composition of the spleen, BM and blood were also analyzed (Figure 23, A).

To monitor the progression of malaria infection, the proportion of red blood cells
that were infected with parasites (infected RBC), termed parasitemia, was
quantified via flow cytometry upon Hoechst staining of the blood sample every
three to five days. Since mature erythrocytes extrude their nucleus, only the
infected erythrocytes, carrying the genetic material of the parasites, bind
Hoechst, therefore allowing for parasite infected RBC to be quantified via flow
cytometry. The percentage parasitemia was calculated and showed the
characteristic cyclic progression of malaria with repeated peaks of high
parasitemia (Figure 23, B). Within the first two weeks, when the mice showed the
most severe symptoms, the highest peaks in parasitemia were also observed.
Once the mice had recovered from symptoms, parasites could not be detected
after 56 days. The presence of the parasites was further validated on blood
smears upon Giemsa staining and the typical ring structure of the parasites
intra-erythroid stage was observed in infected RBC (Figure 23, C).

The experimental malaria model also exhibits severe splenomegaly
(Figure 23, D), one of the complications of blood-borne infections. Two weeks
after infection, the spleen was significantly enlarged as a result of the recruitment
of effector cells during acute infection. This enlargement gradually normalizes
after two months (Figure 23, E), although the organ still appears darker,
compared to the control. This is most likely the result of hemozoin deposits, which

are formed by the malaria parasite metabolizing heme (Sigala & Goldberg, 2014).
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Figure 23: The P. chabaudi malaria model. (A) Experimental strategy: Mice
were injected with P. chabaudi infected RBC to induce blood-stage malaria.
Parasitemia was repeatedly tested on blood samples and spleen, BM and blood
were analyzed at the indicated experimental days post infection. (B) Mice were
infected with P. chabaudi blood-stage malaria. The percentage of infected RBC
was quantified via flow cytometry upon Hoechst staining of blood samples of
infected and control mice (n > 9). (C) Visualization of infected RBC on blood
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smear upon Giemsa staining at day 7 after P. chabaudi infeciton showing
parasites inside the erythrocytes, compared to uninfected control. (D) Spleens
were isolated form experimental mice at indicated timepoints. Spleen weight
indicating splenomegaly upon malaria infection (n = 3 - 9). (E) Pictures showing
isolated spleens of control and P. chabaudi infected mice at day 14 after the
infection with distinct splenomegaly, followed by normalization at day 56.

3.2.1 Loss of splenic CD163" RPM upon P. chabaudi infection

With establishment of the P. chabaudi blood-stage malaria model, the impact of
infection on splenic macrophages was investigated. Through the open circulation
of the spleen, these innate phagocytes are in direct contact with the circulating
blood, and thus infected erythrocytes. Spleens were collected at the respective
experimental dates (Figure 24, A) and macrophages were isolated upon
enzymatic digestion of splenic homogenates to prepare them for flow cytometry
staining.

This revealed not only that there was a novel heterogeneity amongst splenic
RPM, but also that the newly defined CD163" RPM population was affected by
malaria infection (Figure 24, A, B). The absolute number CD163* RPM per gram
of spleen decreased immediately after P. chabaudi administration and the
population was entirely depleted within the first week of infection. This population
remained absent throughout the time course of the experiment and did not
recover after 90 days (Figure 24, C). In a preliminary experiment, CD163* RPM
were quantified 6 months after the infection with P. chabaudi, suggesting that
CD163-expressing RPM did not recover long term after a malaria infection
(Figure 24, D). On the other hand, the CD163- RPM population expanded during
the acute phase of the infection and remained elevated during the later stages of
the time course. When the parasites were cleared from the circulation, as
indicated by a decrease in parasitemia, the CD163- RPM compartment recovered
and the number of CD163- RPM was found to be similar to the steady-state
controls at day 90 (Figure 24, C).
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Mechanistically, the CD163 receptor takes up hemoglobin/haptoglobin complexs,
and is internalized, and then the receptor is recycled back to the cell surface. To
determine if the loss of the CD163* RPM population is due to a loss of the
receptor from the cell surface, an intracellular flow cytometry assay was
performed (Figure 24, E). While the receptor was identified on the cell surface
and internalized in samples from uninfected control mice, CD163 expression was
lost both on the extracellular surface and intracellularly upon malaria infection at
day 7. The intracellular CD163-staining was performed for one cohort of mice;
these preliminary data should help to decipher possible routes for the loss of the
CD163 receptor on RPM.

Since the CD163 receptor is responsible for the uptake of heme and the recycling
of iron, and a loss of the receptor could result in a change in the dynamics of iron
in the spleen, the iron content in spleen homogenates at day 7 and day 14 of
malaria infection was quantified and compared to uninfected controls. During
acute malaria infection and specifically on day 14 (when the highest peak in
parasitemia was observed), a significant loss in splenic iron was seen
(Figure 24, F, tissue was collected and given to Daria Hirschmann to perform the

iron assay).

Upon the obvious loss in CD163 expressing RPM detected via flow cytometry,
these findings were validated by immunofluorescent imaging. Upon labeling of
fixed tissue sections with antibodies conjugated to a fluorophore, control spleens
were compared to the tissue during acute malaria (day 7) and after resolution of
the infection (day 90). Labeling with Iba1, which is expressed by all macrophages,
and with CD163 to examine RPM heterogeneity, as well as with CD169 for the
MMM in the splenic marginal zone, highlighted two major pathologies in malaria
(Figure 25, A). First, the CD163 signal was clearly detectable in control spleens
and was distributed throughout the red pulp area. In accordance with the flow
cytometry data, the CD163 signal was lost upon infection with P. chabaubi and
did not return after the resolution of the infection.
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Figure 24: Loss of CD163" RPM in P. chabaudi malaria. (A) Gating for splenic
F4/80* macrophages to distinguish CD163* RPM in control (ctrl) vs. P. chabaudi
(P.chab) infected mice at day 7 after malaria infection. (B) Model for loss of CD163
expression upon malaria infection. Heterogeneity of red pulp macrophages
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(RPM) in terms of CD163 expression in steady-state and loss of CD163
expression in the presence of Plasmodium infected erythrocytes (C) At indicated
timepoints after the infection with P. chabaudi, spleen tissue was collected for
flow cytometry. Quantification of splenic CD163* and CD163" RPM at day 1 - 90
after malaria infection (day 1: n=2,day 4: n=2,day 7: n =6, day 14: n = 8,
day 35: n = 5, day 56: n = 6, day 90: n = 5). (D) In a preliminary experiment,
spleen tissue was collected 6 months after the infection with P. chabaudi for flow
cytometry analysis of CD163* RPM. (E) Spleen tissue at day 7 after P. chabaudi
infection was prepared for flow cytometry with the standard panel (including
CD163-BV421), followed by permeabilization and intracellular staining with
CD163-PE (n = 2 - 3). (F) Quantification of total iron content in spleen
homogenates via colorimetric detection at day 7 (D7) and day 14 (D14) after
infection (n = 3; statistics: p-values obtained using one-way ANOVA for multiple
group comparison, ****p < 0.0001).

Additionally, F4/80-expressing RPM were evenly distributed throughout the red
pulp in control spleens. Upon acute malaria infection (day 7), when the splenic
integrity was lost with respect to the marginal zone, the F4/80 signal was diffusely
distributed throughout the whole spleen tissue and the morphological shape of
the RPM changed to a more rounded morphology, with fewer extensions from the
cell body. After the resolution of the infection (day 90) the splenic environment
recovered (Figure 25, B).

Second, the marginal zone, detectable by detection of CD169 expressing MMM,
formed closed circular structures in control spleens. During acute phase of
malaria (day 7), the marginal zone was open and fenestrated, indicating a
temporal loss of the marginal zone integrity. However, 90 days after malaria
infection, the marginal zone had regenerated (Figure 25, A, B).
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Figure 25: Expression of macrophage-specific markers in the spleen upon
malaria with P. chabaudi. Immunostaining of spleen tissue: uninfected (ctrl), 7
days and 90 days after P. chabaudi infection. (A) Individual channels of DAPI for
nuclear staining (blue), Ibal for all macrophages (magenta), CD163 for
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heterogeneity of RPM (cyan), CD169 for splenic marginal zone (yellow) and
merge, showing loss of CD163 signal upon malaria infection. (B) Iba1 (magenta),
CD169 (yellow) and F4/80 (cyan) for all RPM. (representative for n = 3, scale
bar = 100 ym)

One major function of the spleen is filtration of the blood, which mostly takes place
in the red pulp. The above findings showed a severe impact of the blood-borne
malaria infection on the splenic RPM. Since other splenic compartments and their
resident macrophages are involved in the initiation of immune responses,
changes in splenic MMM, MZM and WPM upon malaria were also investigated
(Figure 26). All three macrophage populations showed a similar trend: they
decreased in number relative to the amount of tissue assessed within the first
week of infection and expanded later. The transient decrease of the macrophage
populations during acute infection hinted towards an impact of malaria on splenic
MMM, MZM and WPM (Figure 26, A). However, the uninfected controls also
fluctuated similarly, indicating that the fluctuations may be technical in nature and
associated with the difficulty of isolating these rare cell populations. Since
infected mice suffer from severe splenomegaly, a spreading of the macrophages
in the enlarged organ could cause fluctuations in the calculated number of cells
per gram of tissue. Thus, the number of cells per spleen was also calculated
(Figure 26, B). While the MMM population was rather stable in size via this
calculation, MZM showed an infection related expansion after the acute phase of
infection. WPM numbers decreased early after the infection and remained
reduced until day 90 after P. chabaudi administration.

Previous experiments supported these findings, but the development of a flow
cytometry panel to distinguish MMM, MZM and WPM was a laborious process
and only the data analyzed with the final antibody panel (see Figure 19) were
plotted here. Therefore, this analysis requires repetition with larger cohorts to
assess the impact of a malaria infection on splenic MMM, MZM and WPM.
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Figure 26: Dynamics of splenic marginal metallophilic macrophages,
marginal zone macrophages and white pulp macrophages in P. chabaudi
malaria infections. At the indicated timepoints after P. chabaudi infection,
spleens were collected from mice for flow cytometry staining. Marginal
metallophilic macrophages (MMM), marginal zone macrophages (MZM) and
white pulp macrophages (WPM) were quantified in uninfected (ctrl) and malaria
(P.chab) samples. (A) Quantified as cells per gram of tissue. (B) Quantified as
cells per spleen. (day 4: n=2,day 7: n =5, day 14: n = 4, day 35: n = 3, day 56:
n=2,day 90: n=195)

3.2.2 Loss of splenic CD163* RPM upon malaria infection

To understand whether the disappearance of the CD163* RPM is a phenomenon
specific to infection with P. chabaudi, or a general consequence of malaria
infection, the splenic cell composition was also examined after infection with other
Plasmodium species. Mice were infected with 10* infected RBC of either P. yoelii



100

or P. berghei and the spleens analyzed 7 days after infection (Figure 27, A). The
parasitemia was followed over time and the mice developed an acute malaria
infection within one week, indicated by increasing parasitemia and splenomegaly
(Figure 27, B). Similar to what was observed after P. chabaudi, 7 days after
infection with P. yoeliiand P. berghei, the CD163" RPM population could no longer
be detected in the spleen of the infected mice, while the CD163" RPM population
was clearly detectable in controls (Figure 27, C). The relative numbers of CD163"
RPM were also reduced by day 7 (Figure 27, C), which aligned with the studies
of P. chabaudi; an expansion of this population was only detected after day 14
(see Figure 24, C). CD163* RPM were therefore depleted as a general
consequence of malaria infection, irrespective of the parasite species used.

To determine if the CD163 expressing RPM were not detected due to shedding
of the CD163-receptor, which is a common phenomenon upon infections and
leads to an increase of CD163 in the serum (Droste et al, 1999; Etzerodt &
Moestrup, 2013), serum of uninfected control mice as well as P. yoelii and
P. berghei infected mice was collected at day 7 for an ELISA assay (Figure 27,
D, serum was collected and given to Dr. Lynette Beattie to perform the ELISA
assay). This assay showed a decrease in soluble CD163 in the serum of P. yoelii
and P berghei infected mice when compared to the steady-state serum
concentration of CD163 in controls. Thus, shedding of the receptor was most
likely not the cause of CD163* RPM depletion during malaria infection.

Flow cytometry data were confirmed with immunofluorescent imaging of the same
spleen tissues 7 days after P. yoelii or P. berghei infection respectively (Figure
27, E). Labeling with a Madcam1 fluorescent antibody showed that the signal of
the vasculature located around the CD169 positive marginal zone. F4/80 binding
identified RPM, localized in the splenic red pulp, which colocalized with the
CD163 signal in the steady-state control spleens. Upon infection with P. yoelii or
P. berghei, the CD163 signal was lost, validating the previous observations via

flow cytometry.
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Figure 27: Loss of CD163 expressing RPM in malaria. (A) Experimental
strategy. Mice were infected with P. yoelii or P. berghei blood-stage malaria
respectively and the splenic macrophages were analyzed after 7 days. (B) The
percentage of infected RBC (parasitemia) was quantified via flow cytometry after



102

Hoechst staining of blood samples and spleens were isolated from experimental
mice at indicated timepoints. Spleen weight indicating splenomegaly upon
malaria infection (n = 8 - 10). (C) At day 7 after the infection with P. yoelii or
P. berghei, spleen tissue was collected for flow cytometry. Quantification of
splenic CD163" and CD163 showed loss of CD163 expressing red pulp
macrophages (RPM) (n = 8 - 10; statistics: p-values obtained using one-way
ANOVA for multiple group comparison, ****p < 0.0001). (D) Collection of blood at
day 7 after infection with P. yoelii or P. berghei. Quantification of soluble CD163
in serum via ELISA (n = 3; statistics: p-values obtained using one-way ANOVA for
multiple group comparison, ****p < 0.0001). (E) Immunostaining of spleen tissue
at day 7 after infection: uninfected (ctrl), P. yoelii, P. berghei. Individual channels
of Madcam1 for vasculature (magenta), CD169 for splenic marginal zone
(yellow), CD163 for heterogeneity of RPM (green), F4/80 for splenic RPM (cyan)
and merge. (representative for n = 3, scale bar = 100 pym)

3.2.3 Parasite clearance by chloroquine and respective impact
on splenic CD163* RPM

After showing that malaria infection caused a lasting loss of CD163 expression
on RPM, irrespective of the parasite species used, it was further assessed
weather cure of the mice by chloroquine treatment, would lead to the repopulation
with CD163 expressing RPM. Chloroquine prevents the parasites ability to
detoxify metabolic side products, which consequently leads to the accumulation
of these metabolic side products and killing of the parasites (Coban, 2020). To
determine if complete clearance of the parasites would lead to repopulation of
CD163" RPM, mice were infected with the standard dose of P. chabaudi infected
RBC and treated with chloroquine between day 21 and day 30 of infection (Figure
28, A). Parasitemia was monitored and showed that the mice developed acute
malaria within the first two weeks of infection with a characteristic second peak
one week later. However, administration of chloroquine cleared the parasites from
the blood with no increase between day 22 and day 90 after the infection (Figure
28, B). In contrast, untreated mice showed reoccurring peaks of parasitemia until
day 56 after initial P. chabaudi administration (see Figure 23, B).
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At day 56 and day 90 after the initial P. chabaudi infection, splenic RPM were
quantified via flow cytometry (Figure 28, C). Both at day 56 and day 90, when the
mice were parasite free for at least one and two months respectively, CD163
expression could not be detected on splenic RPM. Thus, these preliminary data
suggested that initial infection with live parasites caused a loss of CD163

expressing RPM, which did not recover after parasite clearance.
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Figure 28: Parasite clearance with chloroquine does not rescue CD163
expression on RPM. (A) Experimental strategy: mice were infected with the
standard dose of P. chabaudi and treated with chloroquine after day 21 to clear
the parasites. Uninfected control mice that received a PBS injection were treated
with the same dose of chloroquine. (B) Parasitemia was quantified via flow
cytometry. Syringe indicates the start of the chloroquine treatment interval.
(C) Splenic CD163* and CD163" red pulp macrophages (RPM) were quantified
at day 56 (n = 4 - 5, two independent experiments, statistics: p-values obtained
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using unpaired parametric t test, ***p < 0.001) and day 90 (n = 2 - 3, one
experiment) after the infection.

3.2.4 CD163* RPM dynamics in a viral infection model

Since it was shown in this study that blood-borne infection with malaria parasites
caused a loss of CD163 expression in the splenic RPM population, the dynamics
of CD163 expression on RPM was investigated in the context of other infection
models.

A widely used viral infection model is infection with lymphocytic choriomeningitis
virus (LCMV) (Rebejac et al, 2022). Here, mice were infected with the Armstrong
species of LCMV, which causes an acute infection that is cleared within one week.
CD163" RPM were quantified one week, six weeks, and 20 weeks after the
infection. Within the first week, the population of CD163 expressing RPM was
reduced, but not depleted and the population did not recover 20 weeks after the
infection (Figure 29, infections done by Takahiro Asatsuma, Dr. Yannick
Alexandre, Dr. Thomas Burn who provided spleen tissue to perform flow
cytometry analysis). Thus, infection with LCMV caused a reduction of CD163*
RPM, but not a complete depletion. On the other hand, CD163- RPM were not
affected by LCMV infection. Although a higher variability in the numbers of
CD163" RPM was detected one week after the infection, no significant changes
were observed for CD163- RPM between one and 20 weeks after LCMV infection
(Figure 29).
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Figure 29: Viral infections cause a reduction, but not loss of splenic CD163*
red pulp macrophages. Mice were infected with acute lymphocytic
choriomeningitis virus (LCMV). Between one and 20 weeks after the infection,
splenic CD63" and CD63- RPM were quantified via flow cytometry (n = 5 - 6;
statistics: p-values obtained using one-way ANOVA for multiple group
comparison, **p < 0.01, ***p < 0.001).

3.2.5 Ontogeny of splenic macrophages in malaria

Since it was shown in this study that infection induces a reduction or a complete
loss of CD163 expressing RPM, a detailed analysis of their developmental origin
could explain why this population does not recover.

First, the previously introduced Cxcr4¢ERT2; Rosa26-S--tdTomato model was used
to determine the fate of HSC-derived cells in the malaria model (Figure 30). After
administration of tamoxifen to induce the expression of the fluorescent reporter
in the HSC lineage, mice were infected with P. chabaudi to induce blood-stage
malaria and analyzed 14, 35, 56, and 90 days after infection. On all analyzed time
points after infection, Ly6C™ circulating monocytes in the blood were assessed for
labeling with the fluorescent reporter tdTomato. Since circulating monocytes
originate from HSC-derived progenitors, this was indicative of the labeling
efficiency of the model. More than 80 % of the circulating monocytes expressed
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tdTomato and were therefore labelled, as expected (Werner et al, 2020). The
labeling of monocytes was similarly high in control and P. chabaudi infected mice
(Figure 30). Comparing the labeling of RPM in the spleen between steady-state
controls and P. chabaudi infected mice, it became evident, that the infection had
a severe impact on the survival of resident macrophages, which led to a change
in the ratio of EMP- to HSC-derived cells. Whilst amongst both CD163* RPM and
CD163° RPM, only a minor percentage expressed tdTomato in steady-state
conditions, indicative of HSC-derived ontogeny. During malaria infection, the
labeling of CD163- RPM with tdTomato reached almost 80 %, which was very
close to the level of labeling of HSC-derived circulating monocytes in the blood
(Figure 30). CD163" RPM were depleted upon malaria infection; thus, only
controls were visualized in the plot. Here however, it was observed in the
steady-state control of both RPM populations, that the percentage of tdTomato*,
thus HSC-derived cells, is not consistent, but dynamic and increased as the mice

aged.
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Figure 30: Quantification of HSC-derived circulating monocytes and splenic
macrophages in malaria. The Cxcr4CtRT2; Rosa26-SLdTomate mouse model was
used. Two months old mice were injected i.p. with Tamoxifen for five consecutive
days to induce Cre-activity. One month later, the mice were injected with PBS
(ctrl) or P. chabaudi (P.chab) to initiate blood-stage malaria. Between day 14 and
day 90 after the infection, Ly6C* monocytes in the blood as well as CD163* and
CD163" red pulp macrophages (RPM) in the spleen were quantified for the
expression of the fluorescent reporter tdTomato, indicative for an HSC-derived
ontogeny (day 14: n = 3, day 35: n = 2, day 56: n = 4, day 90: n = 3).

To conclusively describe macrophage ontogeny in the blood-borne infection of
P. chabaudi malaria, the novel double-fatemapper (DFM) mouse model
(Tnfrsf11a®®; Rosa26-S--YFP; Ms4a3fPO; Rosa26-F--tdTomato) (gs introduced in
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chapter: 1.3.2.2 The double-fatemapper) was used, which labels HSC-derived
cells with tdTomato and EMP-derived cells with YFP (Figure 31). The
tdTomato-positive, HSC-derived monocytes that enter the tissue and differentiate
into long-lived macrophages acquire YFP labeling. In contrast, EMP-derived cells
are YFP-positive only.

In the steady-state (PBS-injected control mice), the CD163* RPM population was
mostly derived from EMPs, indicated by the high labeling percentage of YFP*
cells (Figure 31). More than 80 % of splenic CD163* were EMP-derived, with an
age-related decrease throughout the three months experimental time course (up
to day 90 after PBS administration). The contribution of HSC-derived, YFP and
tdTomato double-positive cells, increased to above 20 % during the time course,
but no tdTomato™ only CD163* RPM were detected. A similar trend was observed
in the splenic CD163- RPM population, but the overall percentage of YFP* cells
was lower. In control mice, approximately 70 % of CD163- RPM were
EMP-derived. This percentage decreased to 60 % throughout the three-month
experimental time course, while the contribution of HSC-derived, double-positive
cells increased to approximately 40 %. Major changes in the dynamics of splenic
RPM were observed upon the infection with Plasmodium parasites. Before the
first major peak in parasitemia (between day 10 - 14, see Figure 23, B), a severe
decrease in the percentage of EMP-derived splenic CD163- RPM was seen. The
contribution of EMP-derived, YFP™ cells to the splenic CD163- RPM compartment
decreased to 20 % within the first two weeks after infection and remained at that
level. Simultaneously, a major influx of HSC-derived cells was observed. After 35
days of P. chabaudi infection, more than 80 % of the splenic CD163- RPM were
double-positive for YFP and tdTomato, indicating a strong influx of HSC-derived

cells and differentiation of these cells into tissue macrophages upon infection.
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Figure 31: Quantification of HSC-derived and EMP-derived splenic red pulp
macrophages in malaria. The Tnfrsf11a®®; Rosa26-S-YFP; Ms4a3Fro;
Rosa26-FL-tdTomato fate mapping model labels HSC-derived cells with tdTomato
(red) and EMP-derived cells with YFP (green). The tdTomato* HSC-derived cells
acquire YFP labeling, when differentiating into long-lived tissue macrophages
(yellow). Mice were injected with PBS as control or P. chabaudi infected RBCs to
develop malaria. The ontogeny of splenic CD163* and CD163" red pulp
macrophages (RPM) was described between day 7 and day 90 after the infection.
Round data points for controls; squares for malaria. (day 7: n = 2, day 14: n = 3,
day 35: n = 3, day 56: n = 5, day 90: n = 4)

With this model, other splenic macrophage populations were also assessed
(Figure 32). Splenic MMM were mostly YFP* (80 %) in the steady-state, with little

contribution of HSC-derived (double-positive) cells and this was maintained
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throughout the time course of the experiments. Upon infection with P. chabaudi,
a decrease in the EMP-derived population was observed, with a simultaneous
increase of HSC-derived (double-positive) cells. After 90 days of P. chabaudi
infection, approximately 70 % of MMM were double-positive for YFP and
tdTomato, indicating a strong turnover and influx of HSC-derived cells.

MZM, which populate the splenic marginal zone in close proximity to MMM,
showed a different pattern in terms of their developmental origin. A major
proportion of MZM was only tdTomato positive in controls, indicating a continuous
influx and replacement by short-lived HSC-derived cells. Within the three-month
experimental time course, more of these cells became tdTomato and YFP
double-positive  indicating  differentiation into long-lived HSC-derived
macrophages. The contribution of EMP-derived cells was small, with less than 10
% of MZM being YFP* only. Upon the infection with Plasmodium parasites, no
major changes in the developmental origin of the MZM were detected, but the
percentage of tdTomato* only, short-lived HSC-derived cells, remained elevated
above 50 % throughout the experimental time course, indicating a constant influx
of HSC-derived cells.

Splenic WPM in the steady-state (PBS-injected controls) were mostly
HSC-derived. The proportion of YFP and tdTomato double-positive, long-lived
macrophages increased over time and reached a peak of 60 %. The influx of
short-lived tdTomato™ HSC-derived cells decreased from 40 % to 20 % within the
experimental time course of 90 days. In control mice, between 20 % to 40 % of
WPM were only YFP*, thus EMP-derived. When the mice were infected with
P. chabaudi, the percentage of EMP-derived cells decreased below 20 % and
more than 60 % of splenic WPM were YFP and tdTomato positive and thus
long-lived HSC-derived macrophages. Long-term the percentage of only YFP*
WPM showed a trend of recovery and has increased to above 20 % at day 90
after the infection, which is more similar to the contribution of EMP-derived cells

in the steady-state controls.
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Figure 32: Quantification of HSC-derived and EMP-derived splenic
macrophages in malaria. The Tnfrsf11a®®; Rosa26-S-YFP; Ms4a3Fro;
Rosa26-FL-tdTomato fate mapping model labels HSC-derived cells with tdTomato
(red) and EMP-derived cells with YFP (green). The tdTomato* HSC-derived cells
acquire YFP labeling, when differentiating into long-lived tissue macrophages
(yellow). Control mice were injected with PBS and infected mice with P. chabaudi
infected RBCs. The ontogeny of splenic marginal metallophilic macrophages
(MMM), marginal zone macrophages (MZM) and white pulp macrophages (WPM)
was quantified between day 7 and day 90 after the infection. Round data points
represent controls; squares represent infected mice. (day 7: n =2, day 14: n = 2,
day 35: n =1, day 56: n = 3, day 90: n = 3)
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Taken together these data clearly support the concept of heterogeneity amongst
splenic macrophages with respect to their developmental origin, which can have
major impacts on their physiological function and response to challenges.

3.2.6 Characterization of the transcriptional profile of splenic
macrophages and changes upon a P. chabaudi infection via

single-cell RNA-sequencing

This study has described a major impact on the cellular composition of the spleen
and the ontogeny of splenic macrophages as a result of an infection with
P. chabaudi blood-stage malaria. To further characterize this, the impact of a
P. chabaudi infection on the transcriptome of cells in the spleen was studied via
single-cell RNA-sequencing, to find out how the transcription profile changes in
splenic macrophages and investigate how this might impact signaling and
interaction pathways. Therefore, the previously described double-fatemapper
mice (Tnfrsf11at; Rosa26-S--YFP; Ms4a3fPO; Rosa26-f-tdTomato) were injected
with either PBS as a control or with infected RBC to induce blood-stage malaria.
Spleens from two mice per condition were collected at day 90 after the infection
and sorted for CD64" cells, to identify the macrophages (Figure 33, A, all data
were analyzed by Dr. Nelli Blank-Stein).

After the quality control (cut-offs for number of genes, number of transcripts,
number of mitochondrial genes) a UMAP was generated and the clusters were
assigned a cellular identity (Figure 33, B). Although the cells were sorted for
CD64" macrophages, distinct clusters of B cells and T cells were visible. The
macrophage cluster was selected and subclustered (Figure 33, B).
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Figure 33: UMAP-clustering of CD64" sorted cells. (A) Experimental strategy:
Tnfrsf11a®; Rosa26-5--YFP; Ms4a3FP° mice were administered PBS as control or
infected with P. chabaudi to induce blood-stage malaria. After 90 days, spleens
were collected and CD64* cells were separated via cell sorting. The CD64*
fraction was subjected to a single-cell RNA-sequencing procedure (10x
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Genomics). (B) Sorted CD64" cells were aligned to a reference genome and after
quality control, a UMAP was calculated from two control and two P. chabaudi
infected mice (cellular input: in total 5264 cells of control samples and 8742 cells
of P. chabauid infected samples), resulting in 11 distinctive clusters. The clusters
were assigned to their cellular identity (adipocytes, B cells, dendritic cells,
endothelial cells, erythrocytes, fibroblasts, granulocytes, macrophages,
monocytes, NK cells, T cells). The macrophage cluster was selected for
subclustering (cellular input: in total 951 cells of control samples and 952 cells of
P. chabauid infected samples), resulting in 7 distinctive macrophage clusters.

According to chapter: 3.1 Identification and ontogeny of splenic macrophage
populations), the relevant markers to discriminate splenic macrophages were
identified within the macrophage populations and the expression profiles of those
characteristic genes were visualized on a UMAP. Feature plots were separated
to show cells from the controls and cells from the malaria samples. Adgre1 is the
gene locus encoding the characteristic macrophage antigen, F4/80. It is highly
expressed by splenic RPM, but not by the other splenic macrophage populations
(Borges Da Silva et al, 2015). Three out of the seven cell clusters showed high
Adgre1 expression (Figure 34). Examination of CD163 expression showed that it
was particularly high in cluster 1. Within this cluster, the expression intensity of
CD163 was not evenly distributed. The region of cluster 1, where CD163
expression was highest in the control, was absent in the malaria sample
(Figure 34).

The two macrophage populations that populate the splenic marginal zone are
similar but can be discriminated based on their expression of Siglec1 (CD169),
which is very characteristic for splenic MMM and expression of CDZ209b
(SIGNR1), which is specifically found on MZM (Borges Da Silva et al, 2015).
Cluster 3 showed high expression of Siglec1 (Figure 34). A distinct region of that
cluster disappeared in the malaria plot. While Siglec1 expression was partially
spreading to the neighboring cluster, CD209b expression was found specifically

in cluster 6.
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Figure 34: Feature plots showing expression of relevant macrophage genes
for splenic macrophages. After 90 days, CD64" cells were isolated from the
spleen of uninfected (control) or P. chabaudi infected (malaria) mice for sorting
and processed for single-cell RNA-sequencing. Data were aligned and a UMAP
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generated. The macrophage cluster was selected and subclustered to
discriminate different splenic macrophage subsets. Feature plots show
expression profiles of relevant genes expressed in red pulp, marginal zone and
white pulp macrophage, comparing between control and malaria: Adgre1, Cd163,
Siglec1, Cd209b and MerTK.

Mertk is a receptor with important roles in normal macrophage physiology and is
expressed by most macrophages (Anwar et al, 2009). Thus, Mertk expression
was detected in all macrophage clusters. In the study presented here, it was used
to discriminate WPM. High MerTK expression by splenic WPM has been
described by others (A-Gonzalez & Castrillo, 2018). In this study, particularly the
expression of Mertk in cluster 5 was relevant to identify WPM.

Feature plots of relevant marker genes for each splenic macrophage
subpopulation allowed an estimation of the location of each subset within the
UMAP. To specifically assign each cluster to a specific splenic macrophage
population, the top 20 expressed genes of each cluster were evaluated. The most
relevant genes amongst the top 20 genes, that were used to assign the UMAP
clusters were visualized in a dot-plot (Figure 35, A).

Two clusters showed high Adgre1 expression and were assigned as RPM. One
of those clusters showed particularly high expression of Cd163, along with other
macrophage genes (Adam22, Pparg, Mrc1) and was thus assigned as CD163"
RPM (Figure 35, B). In the second Adgre1-high cluster, Spic was specifically
highly expressed, which is a key transcription factor expressed by cell that have
committed to differentiate into red pulp macrophages (Kurotaki et al, 2015; Haldar
et al, 2014). This cluster was assigned as CD163" RPM (Figure 35, B). Further,
high levels of expression of Mertk and Hmox1 was detected in this cluster,
characteristic for the highly phagocytic RPM. Another cluster that is closely
related to the CD163- RPM, was characterized by high expression of Hmox1.

While the three previously described populations cluster in close proximity, the

other four clusters were quite distinct. Timd4 expression was predominantly found
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in two of the remaining clusters, which is characteristic for both splenic
macrophage populations in the marginal zone. The additional expression of
Siglec1 allowed for the assignment of one of these two clusters as MMM (Figure
35, B). High expression of CD209b and Marco assigned the other cluster as MZM
(Figure 35, B).

The expression of matrix metalloprotease genes (Mmp14) and complement
genes (C3), together with the detection of Cd4 genes allowed for the assignment
of one macrophage cluster as WPM (Figure 35, B), which are located in the white
pulp to phagocytose apoptotic B cells and T cells. The Cd63 expressing cluster
was assigned as monocytes (Figure 35, B).

In contrast to the flow cytometry data (see chapter: 3.2.1 Loss of splenic CD163*
RPM upon P. chabaudi infection and chapter 3.2.2 Loss of splenic CD163* RPM
upon malaria infection), the sequencing data showed that the cluster that was
assigned as CD163" RPM did not disappear after a malaria infection. However,
there was a shift detected in the CD163" RPM cluster upon the infection (see
circles, Figure 35, B). While a high abundance of cells was detected in the lower
corner of that cluster in control samples (where the highest CD163 expression
was detected, see Figure 34), the majority of cells shifted upwards within the
CD163" RPM cluster upon infection with P. chabaudi and the dense area of
CD163 expression that was present in the controls was not detected in the

malaria samples.

To investigate the change in the CD163* RPM cluster, the differentially regulated
genes were compared between cells from the controls and cells from the malaria
infected samples, specifically within the CD163* RPM and the CD163- RPM
clusters respectively (Figure 36). The Cd7163 gene was found to be differentially
expressed between the control and the malaria samples within the cluster
designated as ‘CD163*" RPM’. Next to Cd163, the metalloprotease gene Adam22
was expressed at a higher level in cells from the control samples when compared

to cells from the malaria samples.
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Figure 35: Assignment of UMAP clusters to splenic macrophage
populations. Mice were injected with PBS (control) or infected with P. chabaudi
(malaria). Cells were isolated from the spleen at day 90. CD64" cells were sorted
and processed for single-cell RNA-sequencing. Data were aligned and a UMAP
generated. Of all cells, specifically the macrophage cluster was selected and
subclustered to discriminate different splenic macrophage subsets. (A) Amongst
the 20 most expressed genes of each cluster, the most characteristic genes were
evaluated to assign the different splenic macrophage subtypes. (B) UMAP with
annotation of splenic macrophages (CD163* red pulp macrophages (RPM),
CD163- RPM, marginal metallophilic macrophages (MMM), Hmox1-high
macrophages (Hmox1-high), white pulp macrophages (WPM), marginal zone
macrophages (MZM) and Monocytes). Cellular input: in total 951 cells of control
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samples and 952 cells of P. chabaudi infected samples. Circles indicate the area
of highest CD163 expression.

In contrast, genes encoding proteins of the complement system (C4b), genes that
are related to metabolic processes (Akt3) and genes that are involved in
hematopoiesis (Runx1) and monocyte differentiation (Cd74 as part of the
MHC-complex) were increased in the CD163" RPM cluster from the malaria

samples (Figure 36).
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Figure 36: Differentially expressed genes in splenic red pulp macrophages
populations upon malaria infection. Mice were injected with PBS (control) or
infected with P. chabaudi (malaria). Cells were isolated from the spleen at day 90.
CD64" cells were sorted and processed for single-cell RNA-sequencing. Data
were aligned and a UMAP generated. Of all cells, specifically the macrophage
cluster was selected and subclustered to discriminate different splenic
macrophage subsets. Of the CD163" RPM and the CD163° RPM cluster,
differentially expressed genes were analyzed, comparing control and malaria
samples.



120

Within the CD163 RPM cluster, a variety of H2 genes that encode subunits of
the MHC class Il complex were upregulated in the malaria samples (Figure 36).

In addition to the comparison of differentially expressed genes between control
and malaria samples, the gene ontology (GO) terms for each splenic macrophage
subtype were determined. GO terms were assigned to each macrophage cluster,
but not discriminated between control and malaria samples, since the same
clusters emerged in both conditions. GO term analysis associates genes to their
molecular and biological functions. A variety of signaling regulatory pathways
were assigned to the CD163" RPM, including Ras-signaling, regulation of
GTPase-activity and negative regulation of protein phosphorylation (Figure 37).
Amongst the splenic macrophage populations, the CD163- RPM were associated
with apoptotic cell clearance as well as antigen processing and presentation.
CD163- RPM negatively regulate the production of IL-6 and were further
associated to cytokine response pathways, TLR signaling and T-cell activation
(Figure 37). Pathways related to antigen presentation via MHC were associated
with MMM in addition to pathways that positively regulate T-cell mediated
cytotoxicity (Figure 37). MZM were involved in cellular interaction pathways and
the regulation of cell adhesion (Figure 37). Pathways involved in lymphocyte
differentiation and activation were associated to WPM (Figure 37). In the Hmox1-
high cluster, genes related to intracellular transport and biosynthesis were
enriched (Figure 37). Monocytes were associated to interferon responses and
catabolic processes (Figure 37).
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Figure 37: Gene ontology analysis of different splenic macrophages. Mice
were injected with PBS (control) or infected with P. chabaudi (malaria). Cells were
isolated from the spleen 90 days later. CD64" cells were sorted and processed
for single-cell RNA-sequencing. Data were aligned and a UMAP generated. The
macrophage cluster was specifically selected and subclustered to discriminate
seven different splenic macrophage subsets. Distinct gene ontology terms were
assigned to each macrophage cluster (CD163" red pulp macrophages (RPM),
CD163- RPM, marginal metallophilic macrophages (MMM), Hmox1-high
macrophages, white pulp macrophages (WPM), marginal zone macrophages
(MZM) and monocytes).

Since previous data in this study have shown that malaria infection has a severe
impact on a subpopulation of splenic RPM, the Adgre1-positive RPM clusters
were selected and further subclustered, which resulted in six distinctive clusters
(Figure 38, A). Comparing the expression level of CD163 between control and
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malaria samples in each cluster, showed first that CD163 was predominantly
expressed in the control samples (Figure 38, B) and second that CD163 was
expressed only in clusters 0, 1, 2 and 3 of the controls, but not in clusters 4 and
5 (Figure 38, B). Since the CD163-dependent heterogeneity of RPM was a central
part of this study, it was next investigated how the CD163* RPM population could
be identified despite the loss of CD163 expression in malaria. Therefore, genes
that were upregulated in the CD163-expressing clusters 0 - 3 were identified and
selected for those that are not differentially regulated between control and malaria
samples. A uniformly high expression in all CD163-expressing clusters in both
control and malaria samples was detected for Icam1 (Figure 38, C). The gene
was not expressed in clusters 4 and 5, which were the CD163-negative clusters
(Figure 38, C).
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Figure 38: Subclustering of red pulp macrophages and comparison of
differentially expressed genes. Mice were injected with PBS (control) or
infected with P. chabaudi (malaria). Cells were isolated from the spleen at day 90.
CD64" cells were sorted and processed for single-cell RNA-sequencing. Data
were aligned and a UMAP generated. The macrophage cluster was selected and
subclustered to discriminate seven different splenic macrophage subsets. (A) The
Adgre1-positive red pulp macrophage cluster was subjected to further sub-
clustering (cellular input for RPM subclustering: 513 cells of control samples and
700 cells of P. chabaudi infected samples). (B) Expression of CD163 was
compared between the control and the malaria samples in each cluster. (C)
Within the CD163-expressing clusters, genes that are not differentially expressed
between control and malaria conditions were identified. /lcam1 was conserved in
all CD163-expressing clusters, in both (control and malaria) conditions.
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3.3 Genetic depletion of CD163 receptor or macrophage
populations in the splenic marginal zone and respective impact

on malaria progression

A strategy to study the functional impact of specific macrophage populations or
their signaling pathways, is the use of transgenic mouse models. These models
allow for the depletion of specific cell populations or deletion of specific genes
and, therefore, facilitate studies of the disease progression in the absence of a
specific cell population or protein, allowing for conclusions to be drawn about the
functional impact of these populations on parasite clearance and malaria disease

progression.

3.3.1 Genetic depletion of the CD163 receptor and relevance for
the maintenance and recovery of the splenic architecture in

malaria

In this project, novel heterogeneity amongst splenic RPM was discovered and in
chapter 3.2 (The dynamics of splenic myeloid cells during blood-stage malaria),
it was shown that CD163 expression was lost on the CD163* RPM subset upon
malaria infection.

In order to understand the functional relevance of CD163 expression on RPM in
the progression of malaria disease, a conditional depletion model for the CD163
receptor could be generated. A conditional depletion model for CD163 is not
available to date. This model would facilitate the depletion of CD163 expression
specifically in Tnfrsf11a-expressing cells (breeding with Tnfrsf11a¢*). With the
CRISPR/Cas9 technique for gene editing (Redman et al, 2016), two loxP-sites
sited could be introduced into the CD163 wildtype allele. To this end, guide RNAs
were designed to target intron 1 and exon 17 for the introduction of loxP-sites
(detailed description see methods chapter: 2.2.1.3 Generation of a CD163-
depletion mouse model). A recombination between the loxP-sites in intron 1 and
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exon 17 would deplete a large proportion of the coding sequence of the CD163
gene. However, the generation of this model was not possible within the
time-frame of this project.

Instead, a global genetic knockout model for the CD163 receptor was used and
studied in the context of blood-stage malaria. The CD163-knockout mouse line
was generated by introducing the flox-sites described above for the generation of
the conditional knockout model. The large fragment between the two CRISPR
target sites in intron 1 and exon 17 was deleted, resulting in the knockout of the
CD163 allele. Mice with a homozygous deletion on both alleles were used in this
study and termed CD163KO.

CD163KO mice were infected with P. chabaudi to induce blood-stage malaria or
injected with PBS as controls. Fourteen days after infection, the spleen was
collected and processed for immunofluorescent imaging with a confocal
microscope (Figure 39, A). Parasitemia in CD163KO mice was monitored during
the experimental time course of 14 days and compared to wildtype mice that were
infected with P. chabaudi (Figure 39, B). Preliminary data suggest that the
absence of CD163 did not have a major impact on parasitemia. In both wildtype
and CD163KO mice, the parasitemia was above 20 %. However, the peak of
parasitemia was slightly shifted and delayed in the CD163KO model.

The spleens of uninfected and P. chabaudi infected CD163KO mice were fixed
and embedded in paraffin for staining with hematoxylin and eosin. In CD163KO
mice that were injected with PBS (control), the splenic red pulp and white pulp
were clearly separated and appeared similar to the spleen tissue of uninfected
wildtype mice (Figure 39, C). Hematoxylin binds to nucleic acids and especially
the lymphocyte rich white pulp was densely stained. Characteristic circular
patches that describe the splenic white pulp were visualized. A total loss of spleen
integrity was observed at day 14 after P. chabaudi infection in CD163KO mice
(Figure 39, C) with the splenic white pulp and red pulp areas becoming totally

intermingled.
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Figure 39: Impact of the absence of the CD163 receptor on splenic
architecture and parasitemia in malaria. (A) Experimental strategy: CD163KO
mice were infected with blood-stage malaria (P. chabaudi) and the spleen tissue
collected at day 14 after the infection for immunofluorescence microscopy. (B)
Blood was collected from day 7 to day 14 from uninfected (ctrl) and infected
CD163KO mice (KO) and the parasitemia compared to infected wildtype mice
(WT) (n = 3). (C) At day 14 after the infection, spleen tissue from wildtype and
CD163KO mice was collected for fixation and hematoxylin & eosin staining.
Control and P. chabaudi infected spleens were compared in CD163KO. (of two
experiments: representative for n = 2, scale bar = 200 pm).

In the above-described experiment, infected and uninfected cohorts of wildtype
and CD163KO mice were compared, both were either injected with PBS as
control or infected with P. chabaudi. At day 14 after the injection, the spleens were
collected from wildtype animals (WT) and CD163KO mice. Infected WT and
CD163KO mice showed a similar degree of splenomegaly. The spleens were



127

fixed, labelled with antibody and imaged. Comparing the spleen tissue of
uninfected controls between WT and CD163KO did not show clear differences in
the splenic architecture, cellular composition and distribution (Figure 40, A). Iba1
labels macrophages in general and the signal was distributed throughout the
spleen tissue equally in WT and CD163KO. F4/80 is specifically highly expressed
on RPM in the spleen and was homogeneously distributed throughout the red
pulp. Labeling with CD169 to detect the splenic marginal zone was clear in both
the uninfected WT and CD163KO mice.

In contrast, when mice were infected with blood-stage malaria, the impact on the
splenic architecture was more severe in CD163KO mice. As described before
(see chapter: 3.2.1 Loss of splenic CD163" RPM upon P. chabaudi infection),
during the acute phase of a P. chabaudi malaria infection, the splenic marginal
zone was disrupted in wildtype mice. ACD169 signal was visible, but the marginal
zone was open and fenestrated and the separation between white and red pulp
was disrupted as indicated by the F4/80 signal, which was detected throughout
the spleen tissue and not specifically localized to the red pulp area (Figure 40, B).
Similarly, the F4/80 signal was diffusely spread throughout the spleen tissue in
the CD163KO model upon P. chabaudi infection. However, no CD169 signal
could be detected in the spleens from the infected CD163KO mice at all. Thus,
our preliminary studies show that in the spleen of mice that lack the expression
of the CD163 receptor, an acute malaria infection may cause a loss of the
marginal zone, which would otherwise be clearly detected upon labeling with a
CD169 fluorescent antibody and confocal microscopy.
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Figure 40: The absence of CD163 impacts the splenic marginal zone in
malaria. Wildtype (WT) and CD163KO (genetic loss of the CD163 receptor) mice
were infected with blood-stage malaria (P. chabaudi) and spleen tissue collected
at day 14 after the infection for fixation, labeling with fluorescent antibodies and
confocal imaging. Labeling with Iba1 for all macrophages (magenta), F4/80 for
red pulp macrophages (cyan), CD169 for the splenic marginal zone (yellow) and
merge. (A) Spleen tissue of uninfected WT and CD163KO mice. (B) Spleen tissue
of P. chabaudi infected WT and CD163KO mice (of two experiments:
representative for n = 3, scale bar = 100 uym).
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3.3.2 The impact of the depletion of splenic marginal zone and

marginal metallophilic macrophages on malaria progression

The data shown above suggested that there may be a connection between the
splenic marginal zone and CD163 expression. The presence or absence of the
CD163 receptor may have had an impact on the splenic marginal zone and the
maintenance of its architecture. When the Cd763 locus was depleted, resulting
in all cells missing the CD163 protein, the marginal zone was no longer detected
during acute malaria infection.

Therefore, it was further investigated if and how the absence of the splenic
marginal zone macrophages (MZM and MMM) would impact malaria pathology
and disease progression. Splenic MZM and MMM rely on the nuclear factor
Lxr-alpha (Lxra) and a full knockout of Lxra causes a loss of both macrophage
populations from the splenic marginal zone (A-Gonzalez et al, 2013). In this
thesis, the Tnfrsf11a¢®*; Lxra™"°x mouse model (LxraKO) was generated and
used to specifically deplete Lxra-dependent macrophages. LxraKO mice were
compared to litermate controls (Tnfrsf11a**; Lxra™x here LxraWT).
Histological staining with hematoxylin and eosin of uninfected mice showed that
the absence of macrophages in the marginal zone in steady-state conditions does
not influence the splenic structure per se (Figure 41, upper panels). Spleen tissue
of both, LxraWT and LxraKO, showed characteristic darker, circular white pulp

areas, evenly distributed throughout the tissue in uninfected controls.
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Figure 41: Spleen tissue in the absence of macrophages in the splenic
marginal zone and impact of a P. chabaudi infection. Spleen tissue of LxraWT
(Tnfrsf11a**, Lxra™¥™X) and LxraKO (Tnfrsf11a%®*, Lxra™fX) mice was
collected for fixation and hematoxylin and eosin staining at day 14 after the
injection of PBS (control) or the infection with P. chabaudi (of two experiments:
representative for n = 2, scale bar = 200 ym).

LxraKO mice and littermate controls (LxraWT) were infected with P. chabaudi and
the cellularity and structure of the spleen analyzed at day 14 and day 35 after
blood-stage malaria infection (Figure 42, A). Parasitemia was monitored
throughout the time course of the infection (Figure 42, B). The percentage of
infected RBC was higher in LxraKO mice when compared to LxraWT littermates.
In both, infected LxraWT and LxraKO mice, the highest peak in parasitemia was
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detected at day 10 of the infection, but in LxraKO mice the parasitemia was above
30 %; almost 20 % higher than in LxraWT mice.

At day 14 after P. chabaudi infection, spleens were collected and analyzed via
flow cytometry. Both macrophage populations in the splenic marginal zone, MZM
and MMM, are characterized by high Tim4 expression. Thus, MZM and MMM in
the Lxra-model were uniformly identified as Tim4* macrophages. At day 14, no
Tim4* macrophages were detected in the spleen of either uninfected or
P. chabaudi infected LxraKO mice (Figure 42, C). Thus, the genetic mouse model
(LxraKO) efficiently depletes macrophages from the splenic marginal zone.

In littermate controls (LxraWT) that were not infected, the number of Tim4*
macrophages was significantly higher per gram of tissue as well as per gram of
spleen compared to the numbers in uninfected LxraKO spleens (Figure 42, C).
Upon P. chabaudi infection, the number of Tim4* macrophages was significantly
reduced in LxraWT compared to uninfected littermate controls. In particular, the
total number of Tim4* marginal zone macrophages per spleen showed that an
acute P. chabaudi infection (at day 14) led to a reduction of this population.
However, the comparison of total numbers of Tim4* marginal zone macrophages
in the infected LxraWT mice to LxraKO mice showed that the Tim4* marginal zone
macrophages were reduced, but not completely depleted in infected LxraWT
mice. Monitoring the spleen weight at day 14 showed significant splenomegaly
upon P. chabaudi infection (Figure 42, D). Comparing the spleen weight between
infected LxraWT and LxraKO mice, revealed that splenomegaly was more
prominent in LxraWT mice.

The spleen tissue of P. chabaudi infected LxraWT and LxraKO mice was
additionally analyzed via immunofluorescent antibody labeling and confocal
microscopy (Figure 43). Labeling of uninfected LxraWT spleens confirmed that
the staining procedure visualized the circular marginal zone structure. CD169
labels the splenic marginal zone (specifically MMM). In P. chabaudi infected
LxraWT spleens, CD169 expressing macrophages were detected, forming the

marginal zone around the white pulp.
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Figure 42: The impact of the absence of splenic marginal zone macrophage
populations on the splenic architecture and cellularity during a malaria
infection (A) Experimental strategy: Genetic depletion of Lxra (Tnfrsf11a¢**,
Lxraxfox here LxraKO) specifically depletes splenic marginal metallophilic
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macrophages (MMM) and marginal zone macrophages (MZM). LxraKO mice and
littermate controls (Tnfrsf11a**, Lxra™x here LxraWT) were infected with P.
chabaudi to induce blood-stage malaria and spleen tissue was analyzed at day
14 and day 35 via confocal imaging and flow cytometry. (B) Blood was collected
from uninfected and infected LxraWT and LxraKO mice to monitor the percentage
of parasitemia. (n = 2 - 4, statistics: p-values obtained using unpaired parametric
t test between infected LxraWT and LxraKO at day 10, *p < 0.05) (C) At day 14
after the infection, spleen tissue was collected and processed for antibody
staining and flow cytometry analysis. In LxraWT and LxraKO mice, splenic MMM
and MZM (Tim4* macrophages) were quantified for cells per gram of tissue and
cells per spleen via flow cytometry at day 14 after PBS injection (ctrl) or infection
with P. chabaudi (P.chab) (n = 3 - 4, statistics: p-values obtained using one-way
ANOVA for multiple group comparison, *p < 0.05, ***p < 0.001, ****p < 0.0001).
(D) Spleen weight was compared between uninfected and infected LxraWT and
LxraKO respectively, at day 14 (n = 3 - 4, statistics: p-values obtained using one-
way ANOVA for multiple group comparison, *p < 0.05, **p < 0.01, ****p < 0.0001).
(E) At day 35 after PBS injection (ctrl) or infection with P. chabaudi (P.chab) cell
numbers between LxraWT and LxraKO were compared via flow cytometry
analysis (n = 1 - 2). (F) In uninfected LxraWT and LxraKO spleens, the number
of CD163" RPM was determined per gram of tissue and per spleen (n = 3;
statistics: p-values obtained using unpaired parametric t test, *p < 0.05, **p <
0.01).

As described for wildtype mice in previous chapters (see chapter: 3.2.1 Loss of
splenic CD163* RPM upon P. chabaudi infection and chapter: 3.2.2 Loss of
splenic CD163" RPM upon malaria infection), the integrity of the marginal zone
was lost during acute malaria and was open and fenestrated in the infected
LxraWT spleen. In contrast, in infected LxraKO mice, no CD169 signal was

detectable.

Histological staining with hematoxylin and eosin confirmed the loss of splenic
integrity upon P. chabaudi infection (Figure 41). In both, infected LxraWT and
LxraKO spleens, no separation between the white and red pulp was visible,
instead the tissue appeared homogeneous. A comparison between infected
LxraWT and LxraKO spleens with histological hematoxylin and eosin staining
showed a similar pathology, but differences in the cellularity and splenic integrity
were detected more effectively by confocal microscopy.
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After the acute phase of malaria, when parasitemia had been controlled, at day
35 after the infection (Figure 42, E), the Tim4* macrophage population of the
splenic marginal zone was recovering in LxraWT mice. In both, the uninfected
and infected, LxraKO mice, no Tim4* macrophages were detected in the splenic
marginal zone at day 35 after the infection.

control (day 14):

LxraWT

LxraWT

LxraKO

Figure 43: The absence of macrophages in the splenic marginal zone and
impact on the splenic architecture upon P. chabaudi infection. Spleen tissue
of LxraWT (Tnfrsf11a**, Lxra™"x) and LxraKO (Tnfrsf11a¢®"*, Lxra™foX) mice
was collected for fixation and labeling with fluorescent antibodies at day 14 after
the injection of PBS (control) or the infection with P. chabaudi. Labeling with F4/80
for red pulp macrophages (magenta), CD163 for splenic RPM subset (cyan),
CD169 for the splenic marginal zone (yellow) and merge (of two experiments:
representative for n = 3, scale bar = 100 uym).
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To investigate the impact of MZM and MMM depletion on other splenic
macrophage populations, the numbers of CD163* RPM were compared between
uninfected LxraWT and LxraKO mice. A significant difference was detected: the
numbers of CD163" RPM were lower in the absence of splenic MZM and MMM
(LxraKO) (Figure 42, F).

CD163 expression was further investigated in P. chabaudi infected mice upon
fixation of the spleen tissue and labeling with fluorescent antibodies for confocal
microscopy. Comparing LxraWT and LxraKO spleens at the peak of a malaria
infection (day 14), showed a loss of the CD163 signal in both LxraWT and LxraKO
tissue, while the signal was clearly detectable in LxraWT control spleen tissue
(Figure 43). In contrast, the F4/80 signal, which is characteristic for RPM in the
spleen, was abundantly detected in P. chabaudi infected LxraWT and LxraKO
spleens.

3.4 The cellular dynamics in the bone marrow and blood during

blood-stage malaria

In the blood-stage of malaria, circulating erythrocytes are infected with the
Plasmodium parasite. These infected erythrocytes are mostly cleared through the
filtering function of the spleen. However cellular loss needs to be compensated
and thus the bone marrow stem and progenitor cells as well as circulating

immune cells were further investigated in this study.

3.4.1 Stem- and progenitor cells in the bone marrow during

blood-stage malaria

After birth, hematopoiesis is entirely shifted to the BM and the stem- and
progenitor cells give rise to various immune cells. In the steady-state, short lived
cells are constantly replaced through differentiation of BM-progenitors
(Jagannathan-Bogdan & Zon, 2013). Upon need (for example during bleeding or
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infections) the hematopoietic output can be increased and a higher number of
progenitor cells differentiates and gives rise to effector cells, which can be
mobilized towards the organs where their function is required (Hoggatt & Pelus,
2011).

An expansion of hematopoietic progenitor cells was also observed in the BM
during the acute phase of infection with P. chabaudi. Infected mice that were
previously analyzed for splenocytes in this project, were also investigated for the
bone marrow progenitor cells via flow cytometry. Between one and 90 days after
the infection with P. chabaudi, the BM was isolated and cells labeled with
fluorescent antibodies. This allowed discrimination of granulocyte macrophage
progenitors (GMP), multipotent progenitors 2, 3, 4 (MPP2, MPP3, MPP4) as well
as short-term hematopoietic stem cells (ST-HSC) and long-term hematopoietic
stem cells (LT-HSC) (Figure 44, A).

The BM cells of uninfected controls and P. chabaudi infected mice were
compared (Figure 44, B). LT-HSC, which are at the top of the hematopoietic
hierarchy, showed minor expansion at day four after the infection, but were
otherwise not affected by the parasitic infection. Further down the hematopoietic
hierarchy, ST-HSC expanded at day four, early after the infection, with the peak
at day seven after the infection. All MPP populations expanded upon malaria
infection. Similar to the ST-HSC, the peak of MPP expansion was observed at
day seven after the infection, when the MPP compartments had multiplied
compared to the cell numbers in uninfected controls. However, while ST-HSC
already expanded at day four after the infection, MPP2 and MPP3 showed a
distinct peak at day seven after the infection, with minimal deviation from controls

at day four.

MPP4 on the other hand already expanded on day four of the infection. All MPPs
normalized after two weeks and remained at the control level throughout the
experimental time course. GMPs, which are further downstream the
hematopoietic hierarchy and give rise to myeloid cells, did not show major
infection-related deviations from the steady-state control cell numbers.



137

A Single, live cells: . ]
= 10* s 10% 4
& z ! ;
a10° s 10° : 1
X 4 X 3 | !
©o | © F | :
] ] ! .
103 10% 4 : 10% 4 :
S I T R foo o o | "o
Lin BV785 Scal -BV510 CD150 »PE/Cy7
1
10° 4 v 0°4 MPP3 MPP2
~ 3 ; .
g 10* GMP O 10*
o
% &
N 2 Q5
10° 4 < 10°+
e 1 g
E o & o &
o i ]
-10% 4 10°4 ST-HSC LT-HSC
7:03‘ "g ‘ :03 ‘ :o‘ ‘ :05 ,'103‘ "ul ‘ :o :u‘ ‘ 10°
B CD34 -BV650 CD150 -PE/Cy7
LT-HSC ST-HSC
0.025m -9- cirl
0.034
©0.020+ o - P.chab
Q Q
a B
T 0.0154 T 0.0
[&] (8]
©0.010- k=)
x x 0.0
0.005+
0.000: 0.004
1 1 _ T 14 3 3% 9D
Days after |nfect|on Days after infection
MPP2 MPP3
0.10m T -
0.34
()] ()]
2 2
@ )
5 < 0-21
O 0.05+ o
«© [(e]
= =
¢ _ w 0.1=
S
0.00d—4 / — 0.0- —
1 4 .35 6 90 1 4 14 35 56 90
Days after infection Days after infection
MPP4 GMP
0.084 T 109
)] 0.8+
2 0.06- 2
@ )
] 3 0.6
S 0.04- >
= S 0.4
x T x
0.021 0.24
0.00 T - 0.0 T
4

1 4 7 14 35 56 90
Days after mfectlon Days after infection

—

Figure 44: Quantification of stem- and progenitor cells in the bone marrow
during a malaria infection. (A) Gating strategy to discriminate stem and
progenitor cells in the bone marrow via flow cytometry: long-term hematopoietic
stem cells (LT-HSC), short-term hematopoietic stem cells (ST-HSC), multipotent
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progenitors (MPP2, MPP3, MPP4) and granulocyte macrophage progenitors
(GMP). (B) At the indicated timepoints after P. chabaudi infection, the bone
marrow was isolated from mice for labeling with fluorescent antibodies for flow
cytometry staining. Stem- and progenitor cells were quantified in uninfected (ctrl)
and P. chabaudi (P.chab) infected samples (day 1: n = 1, day 4: n = 2, day 7:
n =3, day 14: n =4, day 35: n = 3, day 56: n = 6, day 90: n = 6).

3.4.2 Circulating immune cells in the blood during blood-stage

malaria

Hematopoietic progenitor cells that differentiate in the bone marrow give rise to
effector cells, which can be released into the circulation. The blood stream mostly
consists of erythrocytes, but also carries immune cells that monitor the
environment and can extravasate into the tissue (Charles A Janeway et al,
2001b). This process is tightly controlled and highly dynamic in the steady-state.
This dynamic nature allows the hematopoietic system to adapt rapidly to
challenges, such as infections, to contain and eliminate pathogens immediately.
In the blood-borne infection model of P. chabaudi induced malaria, circulating
lymphoid and myeloid cells were monitored. Blood was collected between day
one and day 90 after the infection, from the previously described mice (that had
been used for spleen and bone marrow analysis in this study). Immune cells in
the blood were labeled with fluorescent antibodies for flow cytometry. This
allowed a discrimination of B cells and T cells of the adaptive immune system as
well as granulocytes, Ly6C* classical monocytes, MHC class II" monocytes and
Ly6C'°" patrolling monocytes of the innate immune system (Figure 45, A).
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Figure 45: Quantification of lymphoid and myeloid immune cells in the
blood during a malaria infection. (A) Gating strategy to discriminate B cells and
T cells as well as granulocytes, patrolling monocytes, Ly6C monocytes and MHC
class Il monocytes in the blood. (B) At the indicated timepoints after P. chabaudi
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infection, blood was collected from mice for labeling with fluorescent antibodies
for flow cytometry staining. B cells and T cells of the adaptive immune system as
well as granulocytes, patrolling monocytes, Ly6C* monocytes and MHC class II*
monocytes of the innate immune system were quantified in P. chabaudi (P.chab)
infected samples and compared to uninfected (ctrl) blood samples (day 1: n = 1,
day 4:n=2,day 7: n =4, day 14: n = 4, day 35: n = 2, day 56: n = 6, day 90:
n =06).

Circulating immune cells in uninfected controls and P. chabaudi infected mice
were compared (Figure 45, B). Regarding the adaptive immune system, B-cell
and T-cell numbers were consistent in the blood of uninfected control mice. Upon
infection with P. chabaudi, the counts of both adaptive immune cell populations
became more unstable and fluctuated compared to controls, but no clear increase
or decrease was observed during the acute phase of malaria and the progression
of the disease.

Regarding the response of the myeloid immune cells, no major infection-related
changes were detected in granulocytes and patrolling Ly6C'*" monocytes. The
amount of Ly6CM9" monocytes in the blood was partially elevated upon the
infection in comparison to the control group, but no distinct peak or high elevation
was found. In contrast, a strong immune response was detected amongst MHC
class II" monocytes in the blood. The MHC class II" monocyte population
increased during the acute phase of the infection, with a peak at day seven and
remained elevated after two weeks. One month after the infection the amount of
circulating MHC class II" monocyte had decreased and was similar to the
uninfected controls until day 90 after the infection.
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4 Discussion

Macrophages are innate immune cells that are essential for maintaining
homeostasis in the body and play vital roles in combatting infections and
diseases. It is an ongoing field of research to explore the full potential of this
crucial, yet very heterogeneous cell type. Although the old dogma, that
macrophages originate from HSCs and differentiate into a pro-inflammatory or
anti-inflammatory phenotype, has been revised in the last decade, still much
needs to be discovered. Macrophages are not one distinct cell population;
depending on their tissue of residence and their developmental origin, they are
attributed diverse functions and phenotypes (Mass & Gentek, 2021).

The spleen is an essential organ for maintaining homeostasis in the blood. Its
main function is the filtration of the blood, to remove any harmful substances or
pathogens (Cesta, 2006). This removal is mostly carried out by splenic
macrophages, which phagocytose aberrant red blood cells and pathogens (A-
Gonzalez & Castrillo, 2018).

The splenic macrophages are, however, quite heterogeneous. To date, at least
four different macrophage populations have been described (Haan & Kraal,
2012). However, published research has mostly focused on only one particular
sub-population of splenic macrophages at a time, but there is still a large
knowledge gap, as the populations have not been characterized simultaneously
and in great detail with respect to their developmental origin and function.

4.1 Characterization of splenic macrophages

In this study, cell surface markers expressed by splenic macrophages were
identified. While most macrophages are characterized by the expression of
F4/80, in the spleen it is specifically the RPM that express F4/80 at high levels.
In the literature, splenic F4/80M" macrophages have so far been described as
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RPM (Kurotaki et al, 2015). However, experiments in the context of this thesis
have shown that RPM are not a homogeneous macrophage population that can
simply be described by the expression of F4/80, as this population is
heterogeneous. Splenic F4/80-positive RPM differ in their expression of the
surface receptor CD163 and were thus subdivided into CD163* RPM and CD163-
RPM in this study.

The important role of the CD163 receptor in iron recycling and homeostasis will
make more detailed discrimination of splenic RPM relevant for future studies that
assess RPM in homeostasis and disease. Single-cell RNA-sequencing analysis
confirmed that both subpopulations have a similar expression profile, but
significantly differ in the expression of CD163. Additionally, the RPM-specific Spic
gene was expressed at a higher level in the CD163- RPM population.
Functionally, CD163* RPM were assigned to various regulatory pathways, while
CD163" RPM were assigned to cytokine mediated signaling pathways and the
response to IFNy stimuli. This novel phenotypic and functional heterogeneity of

splenic RPM is a central topic of this study.

Further, both macrophage subtypes that populate the marginal zone are very
similar in their expression profile and both express a number of key surface
markers. MZM and MMM express MARCO and Tim4, but MZM express MARCO
at higher levels, while MMM express Tim4 at higher levels. To precisely
distinguish these two very similar macrophage subsets, SIGNR1 and CD169
expression can be used. MZM are characterized by SIGNR1 expression (Koppel
et al, 2008) and MMM are characterized by CD169 expression (Backer et al,
2010). Both macrophage subtypes that populate the marginal zone are less
abundant than the RPM and thus an appropriate isolation strategy has to be
applied to study them in detail (Fujiyama et al, 2019). In this study, enzymatic
digestion and mechanical grinding were employed to allow isolation of these rare

macrophages.

Macrophages in the splenic white pulp (WPM) have not yet been studied
extensively. They are very similar to the so-called tingible body macrophages that
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are found in the germinal centers of lymph nodes. These cells received their
name due to the visible apoptotic bodies that were observed in their cytoplasm
during phagocytosis of apoptotic lymphoid cells (Swartzendruber & Congdon;
Gotur & Wadhwan, 2020). They do not express F4/80 but can be identified via
CD68 expression (A-Gonzalez & Castrillo, 2018). CD68 is a common
macrophage marker that is found in the lysosome and associated with
phagocytotic activity (Chistiakov et al, 2016). Because of its relevance in the
degradation of phagocytosed particles, CD68 is expressed on all splenic
macrophages. Therefore, it was not used to specifically identify WPM in this
study. Additionally, CDG8 is a glycoprotein located in the lysosome and usually
not transported to the cell surface. Thus, intracellular staining procedures would
be required that include fixation of the cells. This can alter staining patterns
through the masking of epitopes (Scalia et al, 2017). In the current study, the
approach taken allowed for the identification of WPM via expression of CD64 and
CD11b and, after the exclusion of MZM and MMM, they were described by MerTK

expression (A-Gonzalez et al, 2009).

Based on the expression profiles of splenic macrophages, a novel gating strategy
was developed that allowed for the discrimination of all splenic macrophage
populations simultaneously via flow cytometry. In a related study (Fujiyama et al,
2018), the authors first compared a mechanical versus an enzymatic dissociation
strategy and found that the enzymatic approach yielded a higher quantity of
splenic macrophages and that only the enzymatic approach allowed for the
isolation of marginal zone macrophages. Here, a combined approach of
enzymatic digestion, followed by mechanical grinding was used and yielded even
higher numbers of macrophages. The study of Fujiyama et al (2018) further
identified CD11b*, F4/80"°" MZM and MMM via differential expression of Tim4.
They validated the cellular identity of MZM with a CD79” model, showing a
distinct reduction of MZM. The identity of MMM was validated with a CD169°™R
model, which caused a loss of the population identified as MMM. Here, a similar
gating strategy was used; in addition, a large spectrum of antibodies for
macrophage subtype-specific epitopes allowed for a more detailed discrimination
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of MZM and MMM via SIGNR1 and CD169 expression, respectively. On the other
hand, the heterogeneity of RPM was not addressed by Fujiyama et al (2018) and
WPM were neglected.

Splenic macrophages subtypes do not only show phenotypic, but also functional
differences. The anatomical location that a specific macrophage subtype
populates and the functions they have at their site of residence, are related to
their developmental origin (A-Gonzalez & Castrillo, 2018). The tools to study
macrophage ontogeny and development are limited and have many pitfalls
(Mass, 2018). Chemical targeting with clodronate in liposomes or diphtheria toxin
induced uncontrolled systemic inflammation and thus does not represent
homeostatic conditions (Chapman & Georas, 2013). Approaches using
parabiosis or adoptive transfer after irradiation yield important insight on the origin
of cells, but mainly allow for conclusions to be drawn about HSC-derived cells
only (Yona et al, 2013). Genetic models that use the Cre/loxP system have
evolved as important tools to describe cellular ontogeny in a spatiotemporal
manner. Fate-mapping with the Cre/loxP system, using cell-specific promoters
have so far only allowed tracing of cells of one origin at a time, i.e. either
HSC-derived or EMP-derived cells. The discovery of the dual origin of tissue
macrophages was a breakthrough in the field that allowed for the development of
new tools to follow homeostatic kinetics and functions of macrophages of both
origins. Therefore, the novel DFM-model was developed in this project, to study
macrophage ontogeny in the spleen.

With the DFM-model, which labels EMP-derived cells with YFP and HSC-derived
cells with tdTomato, it was shown that splenic RPM are almost exclusively
EMP-derived during embryogenesis and in young mice. The EMP-derived origin
of macrophages was also observed by others (Schulz et al, 2012), however,
splenic RPM were so far considered as a homogenous population. Here, the
distinct developmental origin of splenic CD163* and CD163- RPM was
characterized. In prenatal and young mice, both CD163* and CD163- RPMs were
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almost 100 % EMP-derived. By 3 weeks of age, the contribution of HSC-derived
cells started to increase for CD163" RPM, but not CD163* RPM. This highlighted
not only a difference amongst splenic RPM with respect to their expression of the
surface receptor CD163, which is important for the spleens function in iron
homeostasis (Winn et al, 2020), but also deviating developmental trajectories.
The anatomical location of CD163" RPM also resolved in a temporal manner.
While CD163" RPM were distributed throughout the developing spleen tissue
within the first week after birth, they localized specifically to the red pulp in juvenile
mice (here shown at the age of 8 weeks). The homing of F4/80-expressing RPM
to the red pulp was described to occur between postnatal day 14 and 21, when
the red pulp and white pulp have segregated (A-Gonzalez & Castrillo, 2018).
Since a heterogeneity of splenic RPM has not been considered in other research
so far, F4/80-expressing RPM include both, the CD163" and CD163- RPM that
were identified in this study. The study of Gonzalez & Castrillo (2018) supports
the findings presented here: in mice that were younger than 14 days, both, the
CD163" and CD163- RPM were distributed throughout the spleen tissue and, in
juvenile mice older than 21 days, the splenic red and white pulp had segregated
and both RPM populations were specifically located in the red pulp.

The heterogeneity in the development of macrophages has been described
amongst resident macrophages in different tissues (Mass et al, 2016), but the
novel DFM model allows for the discrimination of minor differences in the
temporal development of particular subtypes of tissue macrophages. The
difference between CD163" and CD163" splenic RPM is even more evident in
adult mice. At three months of age, a distinct influx of HSC-derived cells to the
splenic RPM compartment was observed, which reached an equilibrium after one
year for CD163* RPM, while for CD163- RPM an ongoing trend of replacement
by HSC-derived cells was observed. After one year, the influx of HSC-derived
cells to the splenic CD163" RPM compartment reached 50 %, while only
approximately 35 % of the splenic CD163" RPM were HSC-derived at that
timepoint. The replacement of EMP-derived cells by monocyte-derived
macrophages that originated from HSC was described for resident macrophage
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populations in various tissues (Mass et al, 2023), but it has so far not been
possible to study them at the resolution employed in the current study using the
DFM-model. The infiltration of HSC-derived macrophages was shown for some
macrophage subtypes in the lung (especially for interstitial macrophages) or in
the gut for example (Maheshwari, 2022; Evren et al, 2020). Others, like microglia
in the brain are not replaced by infiltrating monocytes (Ginhoux et al, 2010). Many
studies have examined important organs, such as the brain (Werner et al, 2020),
the liver (Mass et al, 2016) or the lung (Mass et al, 2023). Related studies used
the Ms4a3°® mouse model to label HSC-derived monocytes and showed that
their contribution to tissue macrophages was negligible after birth, but increased
with age in the spleen (Liu et al, 2019). They, however, did not discriminate
between the different splenic macrophage subtypes, which is now possible with
the new panel and gating strategy that was developed in this study. Thus, this
study yielded novel insight into the developmental origin and heterogeneity of
splenic macrophages.

The replacement of splenic EMP-derived RPM by HSC-derived cells and the
developmental heterogeneity amongst CD163* and CD163- RPM that was
demonstrated with the novel DFM model, was further supported using the
tamoxifen-inducible fate-mapping of Cxcr4 expressing HSC-derived cells
(Werner et al, 2020). In adult mice, 6 months after tamoxifen-mediated induction
of Cre-expression, the percentage of labeled HSC-derived CD163" RPM was
higher than the percentage of CD163* RPM. Overall, for both, the CD163" and
CD163" RPM, the labeling frequency of HSC-derived cells in adult mice was
about 10 % higher in the Cxcr4-model than in the DFM-model. The Cxcr4-Cre is
inducible, but the high labeling frequency of almost 100 % of myeloid cells in the
blood indicated a good labeling efficiency. In the DFM-model, labeling of
HSC-derived cells is induced with the FlpO-recombinase; in contrast, the
Cre-recombinase mediates labeling of HSC-derived cells in the Cxcr4-model.
Different recombinase enzymes can differ in their recombination efficiency
through different efficacy in the recognition of the target site and different
cleavage potentials (Hara & Verma, 2019). Another difference between the two
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models is the driver gene for recombinase expression. Cxcr4 is expressed by
LT-HSC and thus targets all cells downstream of the hematopoietic hierarchy
(Mauel & Mass, 2024; Werner et al, 2020), while Ms4a3, which is used to drive
FIpO expression in the DFM, is expressed by GMP, further down the
hematopoietic hierarchy (Liu et al, 2019). In addition, the driver gene itself can
affect the level of recombinase expression and thus the efficiency of
recombination (Song & Palmiter, 2018; Hua et al, 2018).

Overall, both models support the same outcome: splenic RPM are a more
heterogeneous population than described so far in regards to their ontogeny.
High-dimensional flow cytometry revealed that phenotypically different RPM
populations exist in the spleen and genetic fate-mapping highlighted deviating
developmental trajectories among them. There is increasing evidence, that not
only the developmental origin of a cell type dictates its function and phenotype,
but that also the tissue environment can direct the phenotype of macrophages
that integrate into a tissue. The micro-architectural niches of an organ can provide
signals that direct macrophage function and EMP-derived, versus HSC-derived,
macrophages that integrate into the same tissue niche might respond differently

to the same signals (Mass et al, 2023).

Macrophages adapt to their tissue of residence and perform specific functions
that are essential for organ homeostasis (Guilliams et al, 2020). Circulating
monocytes, which can take up residency in any number of tissues can acquire
functional specializations within a specific tissue, analogous to that of their
resident EMP-derived counterparts (van de Laar et al, 2016). This supports the
idea that the tissue niche confers tissue-specific identity (Guilliams et al, 2020).
There is evidence that the establishment of tissue-specific macrophage niches
are supported by other cells in that particular niche; for example the secretion of
CSF-1 by endothelial cells in the lymph node is essential for formation of the
functional network of different macrophage subtypes (Mondor et al, 2019). Due
to these niche-specific functions and interactions, the macrophage network has
been described as a dispersed homeostatic organ (Gordon & Pluddemann,
2017). The DFM-model showed that in the developing spleen, almost all RPM
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were EMP-derived and only during adulthood, do HSC-derived cells partially
replace them. The dynamics of HSC-derived cell replacement differed between
CD163" and CD163" RPM, but in an intact splenic environment, infiltrating
monocytes have the capacity to differentiate into both subpopulations, suggesting
that the cells are equally capable of contributing to essential homeostatic

functions.

4.1.3 Conclusions regarding aim 1

With respect to aim 1 (characterization of developmental origin and phenotypic
identity of splenic macrophage subpopulations), a novel gating strategy to
distinguish all macrophage subtypes in the spleen was established. Additionally,
phenotypic differences and previously unappreciated heterogeneity within the
splenic RPM compartment was identified with different developmental trajectories
defined in the novel DFM-model.

For macrophage populations in other organs, it is likely that further ontogenetic
and functional heterogeneity exists (Mass, 2018). The use of the novel
DFM-model for the dissection of macrophage heterogeneity and origin will lead
to a deeper understanding of the different phagocyte types that exist and has the
potential to revolutionize research in the field of macrophage development in the

context of disease.
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4.2 Characterization of cellular and molecular changes of splenic

macrophages upon malaria infection

4.2.1 Ontogeny and phenotype of splenic red pulp macrophages

upon malaria infection and other perturbations

The above-described studies on splenic macrophages led to novel insight on the
heterogeneity and developmental origin of splenic RPM. Analysis of the splenic
compartment in homeostasis has shown that two distinct subpopulations of RPM
co-exist in the splenic red pulp in the steady-state, which are mostly EMP-derived.
Splenic RPM play an important function in the capture of circulating pathogens
and the maintenance of iron homeostasis (Ganz, 2012). The presence of heme
induces the expression of Spi-C, an important factor for RPM differentiation
(Lavin et al, 2015; Haldar et al, 2014). Spi-C selectively controls the development
of RPM and is not expressed by monocytes or dendritic cells. Genetic depletion
of the gene (Spic™) resulted in a defect in the development of RPM (Kohyama et
al, 2009) with a total loss of F4/80-expressing cells in the spleen of Spic”- mice
but normal appearance of MMM and MZM, when assessed by
immunohistochemistry analysis. The loss of RPM could be rescued by Spi-C
reconstitution through retroviral-mediated Spi-C expression. It was further shown
in vitro that Spi-C expression induces VCAM1-expression, but not CD163 or
heme-oxygenase (Kohyama et al, 2009).

Spi-C dependent RPM are early sentinels of malaria infection (Kim et al, 2012).
In Spic” mice, significantly lower levels of type | interferons were found in the
spleen and plasma in response to P. chabaudl infection, when compared to Spic*”
littermates. Progression and peaks of parasitemia were similar between Spic”
and Spic*~ mice, as was the frequencies of neutrophils and F4/80- macrophages
in the splenic marginal zone. But the frequency of monocytes was higher in the
blood and spleen 12 days after infection in the Spic”- model (Kim et al, 2012).The
Spi-C dependent RPM were a central part of this study, but two phenotypically
distinct subtypes of RPM were identified as part of this research. Thus, the focus
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of this project was directed towards the differential impact of the above described
CD163" and CD163" RPM on a malaria infection (see discussion chapter: 4.1
characterization of splenic macrophages), instead of considering Spi-C
dependent RPM as a uniform population.

In blood-stage malaria, infected RBC pass the blood filtering system of the spleen
and can be recognized and phagocytosed by the resident macrophages
(Sengupta et al, 2019). The current study used the murine malaria model of
P. chabaudi infection to mimic relevant aspects (e.g. anemia) of human pathology
(Stephens et al, 2012) and investigate the role of splenic macrophages. Murine
malaria models are indispensable to advance the understanding of malaria
pathogenesis and pave the way to advance treatment and prevention strategies
in humans (Li et al, 2001). Here it was shown that the model mimicked typical
aspects of a malaria infection with respect to parasitemia and splenomegaly.
Methodologically, parasitemia was quantified via flow cytometry, which is
advantageous over microscopy due to the higher speed and reproducibility (Jun
et al, 2012). Similar to other studies using the same infectious dose, the first peak
of parasitemia was observed after day 10 of the infection and the second peak
around day 20 (Fernandez-Ruiz et al, 2017). P. chabaudi infections exhibit
features reminiscent of chronic human infection with P. falciparum, in which
parasitemia can rebound over 30 days (Sheel & Engwerda, 2012). Shortly after
the first and major peak of parasitemia, the spleen reached its maximal
expansion. Splenomegaly is a common complication in malaria and can be
caused by a prolonged elevation of anti-malaria antibodies in the spleen, along
with massive immune cell recruitment (Leoni et al, 2015). The increase in spleen
size is also caused by an expansion of the plasma volume and its sequestration
in the spleen as a result of increased hemolysis caused by the parasites
(Aldulaimi & Mendez, 2021; Ringelhann et al, 1973). After the acute infection,
parasitemia is less prominent and the spleen reverts to a smaller size. While
studies often focus on acute malaria infection, here the long-term effects were
considered and it was shown that the splenic architecture recovered 90 days after
the infection. However, the dark coloration that appeared in correlation with the
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malaria infection remained. This is a result of hemozoin deposits in phagocytic
cells of the liver and spleen (Bryceson et al, 1983). These hemozoin deposits can
on the one hand cause chronic inflammation by triggering NOD-like receptor
signaling and inflammasome activation, which leads to the production of large
amounts of inflammatory cytokines, especially IL-18 (Olivier et al, 2014). On the
other hand hemozoin aggregates can limit the capacity of conventional dendritic
cells to mount a robust T cell response (Pack et al, 2021). Macrophages engulf
hemozoin deposits, but cannot dispose of it, which leads to an increase in cell
volume (Lai et al, 2018). Larger amounts of hemozoin accumulation in
phagocytes are associated with disease severity in human patients. The
hemozoin deposits can persist for a long period of time and impair phagocytic
activity - a core function of macrophages (Olivier et al, 2014). Upon subsequent
infections, this compromises the innate immune response. In the context of this
study, the phagocytic capacity of macrophages that had recovered from malaria
infection could be compared to control groups upon the administration of
apoptotic cells (Toussirot et al, 2021), to determine if phagocytic function is
impaired.

In general, splenic RPM act as scavengers for senescent erythrocytes, but there
is increasing evidence of a role for splenic RPM in the control of infections, such
as blood-stage malaria (Borges Da Silva et al, 2015). Their main protective
function is in the phagocytosis of pathogens from the circulation. Further,
macrophages are equipped with a variety of pattern-recognition receptors and
signaling through these receptors leads to the expression of pro-inflammatory
genes and ultimately to the activation of the innate immune system (Campos et
al, 2001). However, in this study, it was shown that splenic RPM are not a
homogeneous population, but the macrophages in the red pulp are
phenotypically different and can be further divided into at least two distinct
subpopulations. Approximately one third of splenic RPM express the
hemoglobin-binding receptor CD163, while two thirds of the RPM do not express
the receptor in steady-state conditions. Each subtype responds differently to
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blood-stage P. chabaudi infection. CD163* RPM were no longer detected via flow
cytometry early during the acute phase of the infection and the expression of
CD163 did not recover long-term in this population. In contrast, CD163- RPM
expanded two weeks after the infection, remained elevated for two months and
reverted to the numbers observed in control (uninfected) mice. A reason for the
expansion of CD163 RPM could be that malaria induced heme-stress is noxious
for phagocytes; thus, they are excessively replenished by the influx of bone
marrow-derived progenitors (Vallelian et al, 2022a). This is supported by a
transfusion-based approach, to study erythrophagocytes in the spleen (Youssef
et al, 2018). The injection of damaged RBCs led to increased
erythrophagocytosis by splenic RPM, but consequently induced ferroptosis in this
population within 24 h. This iron-dependent form of cell death was accompanied
by increased ROS production and the release of chemokines that attract Ly6C"i9"
monocytes to the spleen. Youssef et al (2018) showed that robust
erythrophagocytosis leads to the depletion of RPMs in the spleen and is followed
by a restoration of homeostasis through local proliferation and the recruitment of
circulating monocytes. Since malaria causes severe damage to erythrocytes and
requires efficient clearance, ferroptosis could explain the initial decline of RPMs.
However, repeated peaks of parasitemia and RBC rupture make the recovery
much more complex. The encounter of pathogens induces the local release of
inflammatory cytokines, which leads to the upregulation of vascular endothelial
adhesion molecules (Lai et al, 2018). Consequently, circulating monocytes can
adhere more efficiently and extravasate into the spleen tissue to compensate for

the loss of local macrophage populations.

Extensive studies using P. chabaudi to elucidate the impact of blood-stage
malaria on splenic macrophages showed drastic and lasting changes amongst
splenic RPM. CD163" RPM disappeared early during an acute malaria infection
and did not recover. Single-cell RNA-sequencing revealed that the cluster that
was identified as CD163" RPM in control samples remained upon malaria
infection, but that the cells in this cluster did not express CD163 anymore after
the infection. The question remained, whether this loss of CD163 expression was
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specific to the P. chabaudi infection model or a general consequence of malaria
infection. Other murine malaria species include P. yoelii and P. berghei. Upon
infection with these parasite species, mice developed characteristic parasitemia
and splenomegaly after 7 days. The splenic RPM were quantified via flow
cytometry and showed a reduction of CD163- RPM, as observed early following
P. chabaudi infection, prior to the subsequent expansion of CD163- RPM, seen
after the first parasitemia peak on day 14. Complete depletion of CD163" RPM
was also observed during P. yoelii or P. berghei infection, mirroring the
P. chabaudi infection model. This last finding indicates that the absence of CD163
expression on macrophages in the splenic red pulp generally occurs upon malaria
infection and is not specific to a certain parasite species.

A closely related study used the P. yoelii infection model, and showed a rapid
disappearance of F4/80" tissue macrophages in the spleen before the first peak
of parasitemia and an influx of CD11b*, Ly6C™ classical monocytes starting at
day 4 after the infection (Lai et al, 2018). They demonstrated that these
monocytes populated the empty splenic macrophage niche and their expression
profile overlapped with the original F4/80* cells. This study, however, did not
discriminate between splenic RPM subtypes. The influx of monocytes and
differentiation of these cells into F4/80" macrophages is therefore most likely
representative of the CD163- RPM population and would support the idea that
infiltrating monocytes, on a protein level, obtain only the phenotype of
CD163" RPM, but do not have the capacity to upregulate CD163 expression.
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It was shown in the first part of this study, that the CD163" RPM are mostly
EMP-derived, thus the aim was to delineate the origin of splenic macrophages in
the context of a malaria infection and address the influx of HSC-derived
monocytes. In organs that are populated by EMP-derived tissue resident
macrophages, these populations self-renew with minimal contribution by
circulating monocytes (Perdiguero & Geissmann, 2016). This study showed that
CD163-expressing RPM were predominantly EMP-derived in steady-state
conditions. If the expression is lost upon challenge, incoming cells of a different
origin might not be able to reconstitute the same phenotype and function, with
respect to CD163 expression (as demonstrated by single-cell RNA-sequencing:
CD163 expression is downregulated in the CD163" RPM cluster upon infection).
Steady-state data showed that a minor percentage of HSC-derived cells
contributed to the pool of CD163" cells upon aging. It is therefore likely that the
splenic environment is altered through the infection (Meizlish et al, 2021) and
does not provide necessary cues to induce CD163 expression irrespective of the

cellular origin.

With two different mouse models (Cxcr4¢ER2; Rosa26-StdTomato & Tnfrsf11aCre;
Rosa26-S-YFP; Ms4a3FP0; Rosa26--tdTomato) that allow tracing of macrophage
ontogeny, it was shown here that splenic RPM were mostly EMP-derived, with
little contribution of HSC-derived cells in the steady-state. Upon challenge with
malaria parasites, both models described a strong influx of HSC-derived cells into
the splenic CD163° RPM compartment, while CD163-expressing RPM were
absent. The percentage of EMP-derived CD163" RPM severely decreased within
the first two weeks of the infection, while the contribution of HSC-derived cells
rose above 80 % in both mouse models within the first few weeks after the
P. chabaudi infection. The resident EMP-derived CD163- RPM are likely to be
depleted through the phagocytosis of parasitized erythrocytes. Recent studies
that examined human spleen tissue (of patients that had undergone splenectomy
upon malaria infection) demonstrate that intraerythrocytic malaria parasites
accumulate in the spleen (Kho et al, 2021a, 2021b). In addition, malaria causes

chronic heme-stress, which is noxious for macrophages (Vallelian et al, 2022a).
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The research of Vallelian et al (2022) demonstrated that erythrophagocytes in the
spleen require constant replenishment from bone marrow-derived progenitors
upon erythrolysis. These infiltrating monocyte-derived cells have a higher
capacity to metabolize heme and recycle iron. They described that heme
activates NRF2 signaling, which shifts myeloid cell differentiation towards an
antioxidant, iron-recycling macrophage phenotype at the expense of dendritic
cells. Accordingly, splenic RPM were shown to be constantly replenished from
BM-derived progenitors in this study. The investigation of the capacity of original
and replenished RPM to process heme and recycle iron is a future direction
suggested by the results presented in this study.

Related approaches used the KitMercreMer fate-mapping model that labels early
hematopoietic progenitors (Lai et al, 2018). Upon a P. yoelii infection, 80 % of the
splenic F4/80" macrophages were labeled at day 35. The same labeling
percentage was detected after 90 days, indicating a long-term persistence of
BM-replenished macrophages. The results of the Kit"erceMer model support the
findings of this study and showed similar labeling percentages of HSC-derived
cells after an infection. However, RPM heterogeneity was not assessed in the
study of Lai et af (2018).

Upon systemic infections, such as malaria, the hematopoietic system adapts with
enhanced cellular output and mobilization from the BM (Schultze et al, 2019).
However, the large influx of HSC-derived cells into the spleen and the absence
of CD163* RPM might indicate that HSC-derived macrophages do not have the
same capacity as EMP-derived cells to express this receptor. Thus, they differ
from EMP-derived macrophages, which typically express CD163 and mostly
self-maintain through local proliferation (Hashimoto et al, 2013), while recruited
macrophages from the BM often do not manifest tissue-specific functions, but act
as general immune sentinels (Mass, 2018). Transcriptional regulation that occurs
during developmental pathways are linked to the function of macrophages
(Schulz et al, 2012). Depletion of tissue macrophages by inflammation leaves the
niche available and accessible to infiltrating monocytes (Guilliams & Scott, 2017).
Repopulation with monocyte-derived cells following depletion due to Plasmodium
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infection might result in a different functional and phenotypic profile of the newly
recruited macrophages. Based on the data presented here, it is proposed that
one reason that HSC-derived RPM do not express CD163 for at least 3 months
after clearance of infection is that the infection alters the splenic macrophage
niche and the RPM therefore do not receive the required cues to upregulate
CD163 expression. Tissue-specific factors shape the function of splenic
macrophages and it has been suggested that the macrophage niche of a tissue
provides macrophage tropic factors (Guilliams et al, 2020). If the niche is
disrupted and cannot produce those factors, then repopulation of specific

macrophage populations or functions would be impaired.

The genetic fate-mapping models revealed distinct changes in the ontogeny of
splenic macrophages upon malaria infection. Novel methodologies allowed for
the characterization of tissue-specific macrophages and identified distinct
subpopulations with different developmental trajectories and transcriptional
programs (Mass et al, 2023). Single-cell RNA-sequencing allows for the
characterization of cell types at a molecular level and deciphers minor differences
amongst closely related cell populations. To assess lasting changes in the splenic
macrophage compartment, splenocytes were isolated 90 days after P. chabaudi
infection and compared to uninfected controls. For specific isolation of
macrophages, CD64" cells were sorted before sequencing. After the alignment
to a mouse reference genome, the generated UMAP showed contamination with
various other cell types, especially B cells and T cells. In the lymphocyte rich
spleen tissue, it is likely that those cells were tightly associated with the CD64*
macrophages. In vitro studies have shown that T cells firmly adhere to the surface
of macrophage in co-cultures (Chang et al, 2009).

Sub-clustering of the cells defined as macrophages resulted in seven clusters.
Three clusters were in close proximity. A common feature amongst those three
clusters was the expression of Adgre1 (the gene encoding F4/80), a characteristic
gene that is expressed at high levels by macrophages in the red pulp (A-Gonzalez
& Castrillo, 2018). The three Adgre1-high RPM clusters were then classified in

greater detail.
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Other factors that regulate the development and survival of RPMs are Spi-C and
heme-oxygenase-1 (Kurotaki et al, 2015). Spi-C is a PU.1-related transcription
factor that selectively controls the development of RPM and is not expressed by
monocytes or dendritic cells (Kohyama et al, 2009). RPM express genes that are
involved in iron regulation at high levels, thus it is not surprising that Hmox1 was
upregulated in all RPM clusters, compared to the other splenic macrophage
subtypes. Heme-oxygenase-1 catabolizes the degradation of cellular heme to
free iron and is preferentially expressed in macrophages (Poss & Tonegawa,
1997), though it can be expressed by other cells in response to stressful
conditions. For example, when the physiological integrity of RBCs becomes
compromised upon a Plasmodium-infection, the cellular content can be released
into the cytoplasm, including non-covalently bound heme. This can cause acute
kidney injury, a common complication of malaria infections. Host defense
strategies rely on tissue-damage control-mechanisms to detoxify labile heme,
which can be achieved through the induction of heme-oxygenase-1 expression
in renal proximal tubule epithelial cells (Ramos et al, 2019). Genetic depletion of
the Hmox1 gene specifically in those renal cells impaired the survival of
Plasmodium-infected mice. Thus, heme-oxygenase-1 expression is critical in the
control of malaria related systemic pathologies. The cluster that showed the most
intense upregulation of Hmox1 was classified as Hmox1-high macrophages.

Two cell clusters were identified as RPM by high expression of Spic and Adgre1.
Several genes were upregulated in these two RPM cluster, including Siglece and
Mrc1, which are both involved in the regulation of inflammatory responses to
pathogens (Nielsen et al, 2020). In the context of this study, special focus was
placed on the differential expression of CD163 in RPM. Single-cell
RNA-sequencing revealed that CD163 expression was particularly upregulated
in steady-state in one cluster. But, different from previous experiments presented
in this study, which suggested a depletion of CD163" RPM upon malaria infection,
this cluster persisted upon infection, although the abundance of cells within that
cluster was reduced compared to the steady-state controls. In addition, CD163
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expression was not homogeneously distributed throughout this cluster in control
samples and the area that showed highest expression of CD163 was diluted in
the UMAP of the P. chabaudi infected sample. Therefore, it is suggested that the
CD163" RPM lose expression of CD163 upon infection, but the macrophage
population itself persists and adapts to the parasite challenge via a phenotypic
shift. Since both, the CD163* RPM and the CD163" RPM cluster persisted upon
the infection, a simple conversion of CD163-expressing RPM to the CD163" RPM
population can be excluded. Instead, a CD163*-like RPM cluster persisted after
malaria infection.

To further characterized the RPM populations, differentially expressed genes
between the control and malaria sample in the CD163" RPM cluster were
evaluated. CD163 was downregulated in the malaria samples, next to other
characteristic macrophage genes, such as Timd4 and Marco. Taken together, this
describes a downregulation of several scavenging receptors on CD163" RPM
upon malaria infection and a phenotypic shift, which may be related to an influx
of monocyte-derived macrophages, which occupy the niche. Fate-mapping data,
using the powerful DFM mouse-model indicated a high influx of HSC-derived cells
upon malaria infection. At the transcriptional level, a shift in the gene signatures
of the CD163" RPM cluster showed an upregulation of various genes related to
hematopoiesis and monocyte differentiation upon infection. Thus, the splenic
RPM niche might be repopulated upon malaria infection with cells that are similar,
but cannot take over the original expression profile, which implies changes in the
function of these macrophages.

Others have performed bulk RNA-sequencing 35 days after P. yoelii infection to
determine if monocytes that infiltrate the spleen upon malaria infection could take
over the gene expression pattern of the macrophages that they replaced (Lai et
al, 2018). They defined a broad cluster of F4/80" macrophages that was similar
between control and malaria samples. While they did not identify a specific cluster
with high Cd7163 expression, they describe the upregulation of Cd7163/1 upon
infection within the F4/80" cluster. The Cd7163/1 gene arose from duplication of

the CD163 gene, but does not possess measurable affinity for hemoglobin
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complexes (Moeller et al, 2012). Others have described CD163L1 to be
expressed on yd T-cells and downregulated upon malaria infection
(Kumarasingha et al, 2020). Since lymphocytes were excluded, Cd163/1 did not

appear amongst the list of differentially expressed genes in this study.

To investigate if the splenic environment provides signaling to support the
maintenance of CD163" RPM, the CD45 splenocytes could be sorted and
analyzed via single-cell RNA-sequencing. CD45" cells include fibroblasts and
stromal cells (Sikora et al, 2021), which can provide signals to regulate
macrophage polarization (Bruch-Oms et al, 2023). Signaling molecules that are
released by cells in the splenic environment could interact with upstream
regulators of the CD163 gene, which include PPAR-y, KLF4 and HIF-1a (Ritter et
al, 2000).

Regarding their gene ontology, CD163* RPM were shown here to be involved in
a variety of regulatory processes. CD163-expressing macrophages possess
strong anti-inflammatory potential and take part in the downregulation of
inflammatory responses (Kowal et al, 2011). During blood-stage malaria infection,
pro-inflammatory cytokines play a pivotal role in controlling parasite growth and
elimination. However, prolonged elevated levels of such cytokines can induce
secondary pathologies (Popa & Popa, 2021). Therefore, initial downregulation of
the expression of the immunoregulatory CD163 receptor could be advantageous

to ensure a fast inflammatory response and enhancement of parasite clearance.

The detected loss of CD163-expressing macrophages upon P. chabaudi infection
by flow cytometry did not align with the single-cell RNA-sequencing data, which
showed a changed, but persistent cluster of CD163*-like RPM. Therefore, splenic
RPM were subjected to sub-clustering. Comparing the expression of Cd7163
between the control and malaria samples showed high levels of CD163
expression only in the controls. Of the six RPM subclusters, cluster 3 showed the
highest expression level of CD163 and this cluster was noticeably sparse in the
malaria sample. Overall, CD163-expression was detected in four clusters and
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absent in the other two clusters. Since the sequencing data revealed that a
CD163"-like RPM population persisted upon malaria infection, but CD163 was
not expressed, CD163 alone does not suffice to discriminate splenic RPMs after
infection. Therefore, the four clusters that showed CD163-expression, were
screened for another marker that is specifically expressed by CD163-expressing
cells, but not by CD163- RPM and not affected by the infection. lcam-1 was
specifically upregulated in all CD163-expressing clusters, but not in the
CD163-negative clusters. Additionally, lcam-1 expression was not influenced by
the infection, but uniformly expressed in control and malaria conditions. Thus
Icam-1 is proposed as an additional surface marker to discriminate splenic RPM
and may allow for the identification of CD163*-like RPM in malaria.

The cluster that was assigned as CD163" RPM showed a similar expression
profile to the CD163" RPM cluster for most genes. Genes that were differentially
expressed included lower expression of Cd763 and the highest expression of
Spic within the CD163" RPM clusters. Other studies have shown that splenic RPM
specifically express Spic, while the expression level in all other macrophages
(including alveolar macrophages, microglia, Langerhans cells, Ly6C* blood
monocytes) is very low (Kurotaki et al, 2015). In this cluster of classical RPM, the
abundance of cells increased upon malaria infection.

A comparison of differentially expressed genes in the CD163- RPM cluster
between control and malaria samples revealed a distinct upregulation of genes
involved in the assembly of MHC complexes upon infection. MHC class I
molecules on the surface of antigen presenting cells can bind parasite proteins
and regulate a malaria-specific CD4 T-cell response (Draheim et al, 2017). Other
studies that examined macrophage signatures after the resolution of
zymosan-induced peritonitis showed a similar upregulation of MHC class I
related genes (Stables et al, 2011). Clinical research, focusing on infection with
P. vivax in humans, showed a relationship between a genetic polymorphism of
MHC genes and the host resistance or susceptibility to a malaria infection (Lima-
Junior & Pratt-Riccio, 2016).
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Gene ontology terms support an association of CD163- RPM with antigen
processing and presentation. MHC class Il mediated signaling not only triggers
lymphocyte activation, but also transduces intracellular signals in antigen
presenting cells that lead to the production of inflammatory cytokines (Al-Daccak
et al, 2004). CD163- RPM were also associated with the GO term for
responsiveness to IFNy signaling. This would also activate macrophages and
induce the production of cytokines (Schroder et al, 2004). Thus, two pathways
converge in the production of pro-inflammatory cytokines, which mediate the
recruitment and activation of immune cells. Additionally, IFNy signaling leads to
the upregulation of MHC class | molecules, which promotes NK cell activity and
regulates Th1 cell activation (Bhat et al, 2018).

Overall, single-cell RNA-sequencing data with respect to GO terms suggest that
CD163° RPM process pathogenic antigens and can function as antigen
presenting cells that mediate inflammatory responses as well as the recruitment
and activation of other immune cells. Thus, they are proposed to play an
important role in the defense against pathogens, including malaria parasites. To
validate the functions that were assigned to splenic RPM based on the
sequencing results, the cells could be isolated and incubated with the model
antigen ovalbumin to investigate T lymphocyte activation in vitro (Muntjewerff et
al, 2020). Others have shown ovalbumin-specific T-cell activation in a mouse
model that was depleted for dendritic cells (Schliehe et al, 2011).

The sequencing data further support the concept that splenic RPM are diverse
and differentially regulate immune responses towards infections. In accordance
with the previous research of this study, a subpopulation of RPM was identified
that was characterized by high expression levels of CD163. Sequencing analysis
then showed that this particular macrophage population persists upon a malaria
infection, but downregulates the expression of CD163. Therefore, the addition of
Icam-1 to the flow cytometry panel is proposed for future experiments to identify
the CD163*-like RPM population in malaria.
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4.2.1.3 Cure of Plasmodium infection does not recover CD163 expression
on RPM

The data presented have shown that CD163 expressing RPMs themselves
persist after a malaria infection, but fail to re-express CD163, however, the reason
for this was still to be clarified. If residual parasites persist after clearance of the
acute infection and prevent re-expression of CD163 on macrophages, then drug
treatment to remove all remaining parasites might allow for the re-expression of
CD163. Therefore, P. chabaudi infected mice were treated with chloroquine after
the acute infection, to eliminate all parasites, and splenic macrophages followed
over a time course of 90 days to determine if CD163 expression on RPM

appeared again.

Following the parasitemia in this study showed an efficient clearance of the
parasites upon chloroquine treatment. After two characteristic peaks of
parasitemia within the first three weeks of the infection, chloroquine treatment
clearly removed all parasites from the circulation, as parasitemia was
indistinguishable from controls upon treatment. Minor deviations in the
parasitemia at day 56 between the parasitemia curves of the control mice and
the infected animals in the preliminary experiment may be the result of
dysregulated erythropoiesis upon parasite-induced anemia (Dumarchey et al,
2022). Enhanced production of erythrocytes leads to the presence of immature
erythroid cells in the circulation that have not yet extruded their nucleus
(Buttarello & Buttarello, 2016) and will therefore intercalate Hoechst, which
renders them indistinguishable from parasitized erythrocytes in this assay.

Splenic RPM were followed for one month (day 56 after initial P. chabaudi
infection) and two months (day 90 after initial P. chabaudi infection) after
chloroquine mediated clearance of the parasites. Interestingly, removal of the
parasites did not rescue CD163 protein expression on the surface of RPM, in the
preliminary experiment conducted. The expression of the scavenging receptor
remained lost even long after chloroquine treatment and lasting clearance of

parasitemia. This suggests that the exposure of splenic RPM to malaria parasites
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may have a lasting impact on CD163 expression. This may be because the
splenic environment is remodeled by the infection in such a way that the tissue
niche actively suppresses CD163 expression on the macrophages. Newly
incoming cells might therefore not have the capacity to resemble the original
phenotype of the CD163" RPM. That the tissue niche impacts macrophage
function and phenotype has been demonstrated by others, showing that cell-cell
interactions in the respective niche imprint tissue-specific identities of
macrophages (Bonnardel et al, 2019). Bonnardel et al (2019) showed that
repopulation of Kupffer cells to an empty niche in the liver, requires endothelial
cells in the liver to release chemokines and adhesion molecules for the
engraftment of monocytes. Subsequently, factors provided by hepatocytes are
essential for the acquisition of the Kupffer cell-specific phenotype. In the context
of this study, investigating alterations in the signaling of splenic stromal cells,
could vyield insight into changes of the splenic niche that impact macrophage
function and phenotype.

4.2.1.4 Splenic RPM dynamics upon viral perturbations

Since the impact of malaria infection on splenic CD163-expressing RPM was so
profound, it remained to be determined whether other systemic infections had the
same impact on the splenic RPM populations.

LCMV is a commonly used model to study the impact of viral infection on the
immune system. In the applied model of acute LCMV infection, viral titers usually
decrease between day 4 and day 6 after infection (Mdller et al, 2002). Thus, viral
particles are rapidly cleared. Here, the effect of an LCMV infection on splenic
RPM was investigated between one and 20 weeks after infection. A clear effect
of viral infection on splenic CD163* RPM was observed, while no significant
changes were detected for CD163- RPM throughout the time-course. Compared
to uninfected controls, the number of CD163-expressing RPM was reduced in the

spleen one week after the infection and this reduction lasted for 20 weeks. Thus,
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upon LCMV infection, the expression of CD163 by splenic RPM was not entirely
depleted, in contrast to the complete loss in the malaria infection models, but the
number of CD163-expressing RPM was reduced and did not recover to control
numbers long after the virus was cleared. Other studies have shown a tropism of
the virus for the splenic marginal zone, with the viral titer being lower in genetic
mouse models that have a disrupted splenic marginal zone (Muller et al, 2002).
Thus, LCMV infection has an impact on the splenic RPM population, but these
cells are not the primary target of the virus. In contrast, in a blood-stage malaria
infection, the splenic RPM are involved in the phagocytosis of aberrant or
parasitized erythrocytes. This could explain the differential impact of LCMV and
Plasmodium infection on the phenotype of splenic RPM. However, the fact that
the numbers of CD163" RPM were lower after LCMV infection and did not recover
to control levels, supports the idea that once this specific cell type is altered, the
source of origin or the necessary environmental cues differ and are not sufficient

to stimulate CD163 expression on RPM.

Others have shown that pro-inflammatory mediators, such as IFNy and TNFa
suppress the expression of CD163 (Buechler et al, 2000). For the acute LCMV
infection-model used in this study, it has been described that the inflammatory
cytokine response peaks after 24 - 48 h and normalizes after 78 h (Norris et al,
2013). This could explain the observed reduction of CD163-expressing cells in
the acute LCMV-model. In contrast, the presence of inflammatory cytokines
remains elevated in response to an ongoing malaria infection (Popa & Popa,
2021). Buechler et al (2000) further showed that anti-inflammatory cytokines,
such as IL-10, lead to the upregulation of Cd763 mRNA abundance. CD163 is
assigned a functional role in anti-inflammatory immune responses. Therefore, a
suppression of CD163-expression in the presence of pathogens could be

advantageous for a persistent immune response.
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4.2.1.5 Mechanisms of CD163 loss

Having shown that CD163 expression was reduced or lost upon infections and
cannot be detected on the surface of macrophages after the resolution of the
infection, pathways that could be responsible for the initial loss of CD163 were
investigated. Blood-stage malaria causes severe hemolysis, making scavenging
of free heme extremely relevant to prevent oxidative stress. The physiological
mechanism by which the CD163 receptor scavenges free heme is via binding of
a hemoglobin-haptoglobin complex, followed by endocytosis and recycling of
iron. The receptor itself is then transported back to the cell surface under
physiological conditions to capture further heme (Schaer et al, 2006). One
possibility for the detected loss of the CD163 receptor is therefore, that the
receptor persistently binds the hemoglobin-complex, which is present at high
levels in the spleen upon malaria infection and is thus constantly internalized and
not detectable on the cell surface. However, neither by labeling of fixed spleen
tissue with fluorescent antibodies for imaging, nor by intracellular flow cytometry
could the CD163 receptor be detected. Thus, internalization can be excluded as
a reason for the loss of CD163.

Further downstream in the hemoglobin-CD163 pathway, heme is degraded by
the enzyme heme-oxygenase to harmless byproducts and iron (Schaer et al,
2007). Byproducts are bilirubin, a pigment with antioxidant properties that can
scavenge free radicals and carbon monoxide, which can act as a signaling
molecule to modulate inflammation (Yang & Wang, 2022). Iron can be stored in
a ferritin complex until utilized for the hemoglobin synthesis (Zhang et al, 2021).
The iron content in the spleen tissue was followed in this study and was
significantly decreased two weeks after P. chabaudi infection. This was mostly
likely due to severe anemia, which is a common complication in malaria. Next to
enhanced erythrocyte clearance in the spleen, dyserythropoiesis in the BM is a
protective mechanism to deprive parasites of their replicative niche and required
metabolites. Together, these factors both contribute to malaria anemia and thus
the availability of heme and its bound iron (White, 2022; Spottiswoode et al,
2014). The destruction of RBCs is reversed and hemoglobin levels start to rise
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as soon as the infection is controlled, otherwise patients require blood
transfusions to prevent iron deficiencies, hypoxia and susceptibility to secondary
infections (Spottiswoode et al, 2014). It would therefore be relevant to investigate
the iron content later than 14 days post-infection, when the acute phase has
passed and the parasites are controlled. Here, no major parasitemia peaks were
detected after day 35, therefore an evaluation of the iron content at day 35 and
day 56 after the infection could yield useful insight. Additionally, the iron content
in other organs could be measured. If iron recycling is reduced in the spleen due
to CD163 loss upon malaria infection, other organs might compensate and show
increased iron deposits. A study that used a similar P. chabaudi infection-model,
revealed the kidney as a promising candidate (Wu et al, 2023). Similar to the
findings presented here, they showed that the iron content in the spleen
decreased during the first peak of parasitemia, accompanied by a loss of
circulating RBCs (anemia) and a reduction of RPMs. Wu et al (2023) further
quantified the iron content in the kidneys and found a marked increase. They
propose a re-allocation of the iron-storage to the kidney, while the iron-recycling
capacity of splenic macrophages was overloaded during acute malaria infection.
Sequencing data showed an upregulation of iron-regulatory genes in renal
proximal tubule epithelial cells and in vitro studies confirmed that the presence of
labile heme induced the expression of ferroportin 1 in those cells. Genetic
depletion of ferroportin 1 in renal epithelial cells was associated with an increased
mortality upon P. chabaudi infection. Wu et al (2023) revealed that renal epithelial
cells undergo transcriptional re-programming and contribute to iron-recycling to
prevent life-threatening malaria anemia. They further propose that iron is
subsequently delivered to erythroblast islands in the spleen, thus the
investigation of the splenic iron contents at later timepoints as well as the
quantification of the iron content in the kidneys is a proposed future direction for
this project.

Having excluded an internalization as the reason for the loss of the
hemoglobin/haptoglobin-binding receptor CD163 on the surface of RPM and
showing a reduction of the total iron content in the spleen upon infection, the role
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of the malaria-toxin hemozoin on the expression of CD163 could be further
investigated. Throughout the experimental time-course of 90 days, the dark
coloration of hemozoin deposits persisted in the spleen. Either hemozoin
deposits in the splenic environment negatively influence signaling pathways that
would induce CD163 expression, or hemozoin might interact directly with the
receptor and confer toxicity to the cells. Methods to follow hemozoin include
immunohistochemical assays or flow cytometry with specific hemozoin-binding
antibodies (Rebelo et al, 2013). The presence of hemozoin has been proposed
as an indicator for malaria severity and new chip-based devices allow for a quick
quantification in the sera of human patients (Baptista et al, 2022).

Another possibility for the loss of CD163-expression on RPM could be the
shedding of the receptor from the macrophage surface. Shedding of CD163 and
thus, increased concentrations of soluble CD163, have been reported in human
malaria cases (Kusi et al, 2008). High serum levels were associated with a
downregulation of inflammation and consequently a reduction of disease severity.
Comparing the amount of soluble CD163 in the serum of uncomplicated patients
with severe malaria patients showed that the concentration was higher in
uncomplicated patients (Kusi et al, 2008). High concentrations of soluble CD163
might thus induce anti-inflammatory responses and avoid further complications
during the infection. It was however not determined if CD163 was lost on
macrophages at the site of inflammation in uncomplicated patients or if the
receptor was still attached to the macrophage surface in patients with severe
malaria, reflecting ongoing levels of higher inflammation (Kusi et al, 2008).

With the murine malaria model used in this study, the CD163 receptor was lost
on splenic macrophages. Quantification of soluble CD163 in the serum of malaria
infected mice 7 days after infection revealed that the concentration was lower in
infected mice when compared to controls. However, it was shown by others that
high expression of CD163 on macrophages is a characteristic response in the
tissue to early-stage inflammation (Etzerodt & Moestrup, 2013), thus it would be

relevant to analyze the serum at an earlier timepoint after the infection and
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quantify soluble CD163. In addition, a quantitative analysis of soluble or
membrane-bound CD163 in other tissues, which harbor CD163-expressing
macrophages, such as the liver (Nielsen et al, 2020), would help to draw a

systemic picture of CD163 dynamics upon malaria infection.

The soluble form of CD163 may be a biomarker for inflammatory diseases and
the cell surface bound receptor on macrophages could be a therapeutic target for
drug delivery, to direct macrophages in inflammatory diseases (Etzerodt &
Moestrup, 2013). Next to chronic inflammation, cancer research has also begun
to focus on macrophages as targets for immunotherapy. While macrophages in
general show a high plasticity and comprise numerous types with different
functions, the tumor microenvironment is rich in CD163-expressing macrophages
(Park et al, 2016). Thus, CD163 targeting antibodies could direct tumoricidal
drugs to CD163-expressing macrophages, as demonstrated in proof of principle
pre-clinical studies with high efficiency and low toxicity (Skytthe et al, 2020). The
CD163 receptor is therefore an exciting target for future research with many
applications. Stimulating expression of the anti-inflammatory receptor CD163
after the acute phase of a malaria infection, could be advantageous and enhance
tissue recovery and accelerate the return to its homeostatic state. In vitro, CD163
expression can be induced on monocytes upon stimulation with glucocorticoids,
but not by treatment with IL-4, GM-CSF or IFNy (Van Den Heuvel et al, 1999).

Splenic RPM play a critical role in the elimination of pathogens during malaria
infection (Sengupta et al, 2019). This study has shown that RPM are
heterogeneous and differentially impacted by infection. The loss of the CD163
receptor on splenic RPM could have adverse effects during subsequent
infections.

To demonstrate whether CD163* RPM have a homeostatic function that is related
to iron homeostasis or whether their loss impairs immune function, mice that have
recovered from a malaria episode could be re-infected with either another
Plasmodium species or with another parasite, for example Leishmania. In

comparison to a control group with naive spleen tissue, this would yield insight
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into the relevance of expression of CD163 by splenic RPM. Parasitemia read-outs
would indicate if mice that lack CD163 expression after a malaria-infection, have
a disadvantage and cannot clear pathogens with the same efficiency as control
groups that have CD163" RPM in the spleen.

4.2.2 Ontogeny and phenotype of splenic macrophages in the

marginal zone and white pulp upon P. chabaudi infection

4.2.2.1. Marginal zone macrophages and marginal metallophilic
macrophages

Spleen resident macrophages confer early defense against Plasmodium
parasites (del Portillo et al, 2012). MZM and MMM are strategically located
around the splenic marginal sinus, where infected RBC enter. They are
considered important mediators of the adaptive immune response, because of
their involvement in the processing and transfer of antigens to support humoral

immune responses (Kraal & Mebius, 2006).

In particular, MZM are required for the maturation and regulation of germinal
center B cells (Pirgova et al, 2020). In experimental animal hosts, the humoral
immune response during the first peak of parasitemia relies on an adequate
priming of B cells by antigen presenting cells (Meding & Langhorne, 1991).

Splenic MZM were identified via single-cell transcriptomics based on their
expression of Cd209b and Marco. In addition, Cxcl/10 and Siglech were
upregulated. Cxcl10is upregulated in response to IFNy stimuli and in turn recruits
further immune cells (Lee et al, 2009). Siglec-H is involved in the recognition and
clearance of apoptotic cells and thereby helps to maintain immune tolerance
(Schmitt et al, 2016). Gene ontology analysis uncovered that MZM modulate the
assembly of cell junctions and positively regulate adhesion. Thereby, they likely
provide structural support and modulate stability and plasticity within the tissue
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(Collinet & Lecuit, 2013). MZM might play an important part in the regeneration
of the splenic architecture after an acute malaria infection and are not directly
involved in the clearance of the parasites, but rather act as secondary mediators
that interact with lymphoid cells.

In the single-cell RNA-sequencing data, MMM were identified via the expression
of signature genes for MMM identity: Siglec1 and Timd4 (den Haan & Kraal,
2012). The bulk of cells in the MMM cluster shifted location between the control
and malaria samples, suggesting that P. chabaudi infection may have a lasting
impact on the gene expression trajectories of MMM. Gene ontology terms
revealed that MMM are predominantly involved in processing and presentation of
antigens via MHC class | and the regulation of T-cell mediated cytotoxicity. That
MMM can take up antigens and transfer them to CD8" dendritic cells, which in
turn activate T cells, has been demonstrated in other studies (Backer et al, 2010).
Due to their strategic position at the marginal sinus, MMM can rapidly internalize
blood-borne pathogens. Their close proximity to lymphocyte rich zones then
favors a rapid activation of an adaptive immune response (Borges Da Silva et al,
2015).

The majority of MMM were EMP-derived, while MZM were shown by the
DFM-model to be a very transient population with permanent influx of short-lived
HSC-derived cells. Others claim that MMM and MZM only appear in the spleen
between postnatal day 7 - 14 (A-Gonzalez & Castrillo, 2018). In contrast, our data
show that a significant proportion of MMM are EMP-derived in steady-state.
Immunofluorescent imaging analysis further showed the presence of CD169*
MMM already at postnatal day 7. In accordance with others, immunofluorescence
analysis showed that the MMM only locate specifically in the splenic marginal
zone after 3 - 4 weeks of age (A-Gonzalez et al, 2013).

The ontogeny of MMM is rather stable in the steady-state, but upon infection, the
proportion of EMP-derived cells decreases, while HSC-derived cells infiltrate and
differentiate to long-lived MMM. A transient loss of the marginal zone integrity was
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shown via immunofluorescence analysis with fewer CD169* cells and a
fenestrated and disrupted structure of the marginal zone during the acute phase
of malaria infection. This correlated with the loss of EMP-derived cells and an
influx of HSC-derived cells. Therefore, it is likely that incoming cells are able to
take over the position and function of MMM and restore the structure of the
splenic marginal zone long-term. Others have shown that adoptive transfer of
BM-derived cells could rescue the splenic marginal zone in a mouse model of

genetically depleted marginal zone macrophages (A-Gonzalez et al, 2013).

Related studies showed a similar loss of the splenic integrity at day 10 after a
P. chabaudi infection (Cadman et al, 2008). In addition, they showed that the
splenic architecture was partially protected after P. chabaudi infection in TLR4”"
and TLR9” mice, compared to infected wildtype controls. It was hypothesized
that infected RBC contain hemozoin, which is recognized by TLR9 and that
membrane proteins of the parasite can be recognized by TLR2 and TLR4. They
and others (Togbe et al, 2007) claim that a loss of TLR-expression is not
associated with increased susceptibility to malaria infection, but instead that the
receptor knockout can prevent changes in the spleen structure. While
TLR-signaling mediates the release of inflammatory cytokines and thereby the
recruitment of cells, it would be advisable to investigate if the knockout mice are
protected from severe splenomegaly. Further, alterations in the splenic
microenvironment contribute to lower B cell and T cell responses (Cadman et al,
2008). Considering the functional involvement of MMM in the processing of
antigens for the initiation of adaptive immune responses (according to the single-
cell RNA-sequencing data of this study), the importance of the splenic marginal
zone integrity could be further investigated. If TLR-knockout mice protect the
integrity of the marginal zone and thus MMM, the T cell response to a malaria-
infection could be monitored with parasite-specific tetramers and compared to

wildtype infected mice.
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4.2.2.2 White pulp macrophages

One of the main functions of WPM is the phagocytosis of apoptotic lymphocytes.
This prevents the presence of apoptotic cells, which can activate inflammatory
reactions (den Haan & Kraal, 2012). The detection of CD4 genes in the WPM
UMAP-cluster could be a result of their phagocytic uptake of T cells. The cellular
components, including the genetic material, might not have been fully degraded
and were captured by the sequencing method. It is also possible that T cells firmly
attach to the macrophage surface and contaminate the sample (Hodne &
Weltzien, 2015). The expression of CD4 has furthermore been described on
nonlymphoid cells, especially on monocytes (Baba et al, 2006), which could give
rise to CD4-expressing WPM in the spleen. Complement related genes and
metalloproteases were also upregulated in WPM. The activation of the
complement system triggers an enzymatic cascade that results in the covalent
attachment of complement proteins to the surface of pathogens, which subjects
them to phagocytosis. Complement components can further act as chemo-
attractants to recruit phagocytes (Charles A Janeway et al, 2001c).

Gene ontology analysis suggested that WPM are involved in the processing and
presentation of antigens as well as in the differentiation of lymphocytes and the
activation of T cells. The strategic location of WPM in the B cell and T cell zones
in the spleen allows for tight interactions.

Macrophages found in the white pulp of the spleen are similar to tingible body
macrophages found in the germinal centers of the lymph node. They can capture
antigens to initiate lymphocyte effector functions (den Haan & Kraal, 2012). In the
lymph node follicles, germinal center reactions eventually lead to a specific
humoral immune response, but also cause cell death of maturing B cells. The
main task of tingible body macrophages is the clearance of those apoptotic
B cells to prevent necrosis and autoimmune activation through the release of
intracellular self-antigens. Tingible body macrophages are non-migratory and
capture cell fragments via cytoplasmic processes. Similar to the WPM in the
spleen, they are characterized by high expression of the phagocytosis receptor
MerTK. The functional relevance of the receptor was demonstrated in Mertk”
mice, by impaired clearance of apoptotic cells (Grootveld et al, 2023).
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Lineage tracing with a CD169-reporter mouse line showed labeling of tinglible
body macrophages, but no expression of CD169 (Grootveld et al, 2023). Thus,
the authors assume that tingible body macrophages originate from long-lived
lymph node-resident cells that express MerTK, CD68 and Cx3cr1. Similar to the
WPM in this project, they identified lymph node tingible body macrophages as
CD11b*, CD169, MerTK" cells. Grootveld et al (2023) further showed the majority
of tingible body macrophages were derived from non-CCR2-expressing
tissue-resident cells in the lymph node, but that CCR2-expressing cells can
contribute to the pool of tingible body macrophages. The high plasticity of
macrophages however, made it difficult to study the dynamics upon immunization
and germinal center formation.

The novel DFM mouse model used in this project is advantageous for the
delineation of macrophage fates and origins. It was shown that WPM originate
mostly from HSC-derived cells and differentiate into long-lived macrophages in
the spleen. Others claim that the HSC-derived WPM only appear in the white pulp
when the germinal centers form in the spleen after weaning upon contact with the
external environment (A-Gonzalez & Castrillo, 2018). Together with the insight of
Grootveld et al (2023), that tingible body macrophages originate from a
CD169-expressing precursor and the findings of this project that CD169" splenic
MMM are mostly EMP-derived, this could hint towards a so far unrecognized
developmental trajectory of splenic WPM, which might diverge from EMP-derived
CD169* precursor cells and populate the white pulp after birth. The DFM model
showed that the majority of WPM originate from HSC-derived cells that
differentiate into long-lived tissue resident cells, similar to the CCR2-dependent
replenishment of tingible body macrophages by monocyte-derived cells, which
was described by Grootveld et al (2023). But the detected 30 - 40 % of
EMP-derived WPM in steady-state, could originate from a similar EMP-derived
precursor as splenic CD169" MMM.

In comparing the WPM population in steady-state controls to the ontogeny of
WPM upon P. chabaudi infection, no major differences were detected. Since the
number of WPM varied in the control groups, repeating the experiments with
larger cohorts would allow for more precise conclusions about the impact of
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malaria infection on splenic WPM. A trend of recovery of EMP-derived WPM was
described after the acute phase of the infection (after day 35). When the splenic
architecture begins to recover, the distinct environmental niches that support
macrophage maintenance and function (Guilliams & Scott, 2017) may reestablish
to support the recovery of EMP-derived WPM to steady-state levels.

4.2.3 Conclusions regarding aim 2

The dynamics of splenic macrophages during blood-stage malaria were
described. Focusing on RPM, the expression of the hemoglobin-binding receptor
CD163, which facilitates the downstream recycling of iron, was lost upon
infection, but sequencing data showed that this population persisted. lcam-1 was
predicted as an additional surface-marker to identify this population in future
experiments. The CD163-negative RPM population became successively
replaced by HSC-derived cells during the course of the infection.

Focusing on macrophages in the splenic white pulp and marginal zone, their
developmental origin could be resolved with the novel DFM-model. The
EMP-derived origin of most MMM in steady-state was demonstrated and a new
developmental trajectory was proposed for WPM.
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4.3 Delineating macrophage interaction and signaling pathways
in malaria via the genetic depletion of receptors or sub-

populations

As already mentioned, macrophages play crucial roles during homeostatic tissue
processes and in the management of infections (Ponzoni et al, 2018). The genetic
depletion of a specific macrophage subtype or an important signaling molecule,
allows for the study of their respective role in diseases in greater detail (Hua et
al, 2018).

4.3.1 Genetic depletion of the CD163 receptor on macrophages

in the context of P. chabaudi infection

The previous chapter clearly demonstrated a profound impact of the infection with
blood-stage P. chabaudi and other murine parasite species on splenic RPM,
causing a loss of CD163 expression on RPM. Therefore, a global
CD163-knockout mouse model (CD163KO) was used to study the relevance of
the absence of CD163 on malaria progression. Preliminary experiments in which
parasitemia was compared between CD163KO and wildtype animals revealed
that the absence of CD163 expression may not have a major impact on the
clearance of parasites from the circulation. The peak of parasitemia was
comparable between CD163KO and wildtype mice with respect to the degree of
parasitemia, but preliminary studies indicated a temporal shift (because the first
peak appeared delayed in CD163KO compared to wildtype infected mice). These
data suggest that the CD163 receptor may not be involved in the clearance of
parasites themselves, but might rather be important to clear malaria-associated
debris, mostly free heme (Onofre et al, 2009). Plasmodium parasites cause
enhanced hemolysis and the release of free heme which is associated with
oxidative stress and inflammation (Mooney et al, 2018). In cases of human
P. falciparum malaria, individuals with higher levels of regulatory molecules,
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including IL10 and CD163, show less severe disease progression and monocytes
isolated from those individuals exhibited attenuated inflammatory cytokine
responses upon re-exposure to the parasites in vitro (Guha et al, 2020).

Thus, itis reasonable to propose that the degree of parasitemia is similar between
wildtype and CD163KO mice, as the receptor does not directly participate in the
clearance of the parasites, but has anti-inflammatory properties through the
binding of hemoglobin and thus preventing oxidative damage by free heme (di
Masi et al, 2020). This is an important function in the context of blood-borne
infections and has significant relevance for the resolution of the disease and the
recovery of the physiological conditions in the host.

The absence of CD163 expression did not have an impact on the splenic
structure in steady-state conditions. The marginal zone was clearly visible and
separated the white pulp from the red pulp with the F4/80 signal for splenic RPM
evenly distributed throughout the red pulp in immunofluorescent images.

In contrast, preliminary experiments suggest that the absence of CD163
expression might have an impact on the anatomical structure of the spleen upon
P. chabaudi malaria infection. During the acute infection, at day 14 after the
administration of P. chabaudi, the marginal zone was not detected in
immunofluorescent imaging of the spleen of CD163KO mice. Wildtype mice that
were infected with the same batch of parasites showed the previously described
disrupted and fenestrated appearance of the marginal zone, but the CD169 signal
was still detectable.

It remains to be investigated if the splenic marginal zone of CD163KO mice
recovers at later timepoints. In wildtype animals it was shown that the marginal
zone had recovered and formed a closed circular structure around the splenic
white pulp area again 90 days after P. chabaudi infection. These data hint toward
an important homeostatic function of the CD163 receptor that supports the

splenic microenvironment, which warrants further investigation.

To further investigate the functional relevance of the CD163 receptor in the
spleen, in terms of hemoglobin scavenging function, wildtype and CD163KO mice
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could be challenged with a chemical to induce hemolysis (Martin Shetlar & Allen,
1985). Phenylhydrazine has been used in other studies to induce acute hemolysis
and follow iron levels in serum and tissue (Masaratana et al, 2012). Preliminary
data suggested that the CD163 receptor might not be directly relevant for the
clearance of parasites. Instead, it is proposed to prevent oxidative damage by
free heme through the binding and uptake of hemoglobin-haptoglobin complexes
(Thomsen et al, 2013), which are increased in the circulation upon a malaria
infection due to hemolytic events (White, 2018). A Plasmodium infection causes
a transient depletion of erythrophagocytic macrophages (Wu et al, 2023), which
leads to intravascular hemolysis and the release of non-covalently bound heme.
When heme is only loosely associated to plasma proteins, this fails to control the
redox activity of its contained iron (Gouveia et al, 2017). Labile heme has been
described to catalyzes the pathogenesis of severe malaria (Wu et al, 2023) and
patients with severe malaria have a significantly higher concentration of labile
heme compared to uncomplicated cases (Ramos et al, 2024). Although the
affinity of the CD163 receptor is towards hemoglobin-complexes, the persistent
absence of the receptor upon a malaria infection, could have a severe impact on
iron metabolism and subsequent hemolytic diseases in patients. In the proposed
model, CD163KO mice would mimic the post-malaria phenotype and chemically
induced hemolysis might challenge the CD163-mediated scavenging pathway. In
comparison to wildtype mice that express CD163, this assay would reveal if other
redundant mechanisms can compensate for the loss of CD163 expression or if
CD163 is important for controlling responses to secondary complications that
induce hemolysis, such as a repeated malaria episode.

Other studies have investigated the relevance of CD163 on different diseases. In
a collagen-induced arthritis model, CD163KO mice had higher arthritis scores
and prolonged disease progression (Svendsen et al, 2020). Upon bacterial
challenge with S. aureus, CD163KO mice were more susceptible to the infection
(Fabriek et al, 2009). And in a model of allergic dermatitis CD163KO mice showed
stronger inflammation. Thus, the regulatory and anti-inflammatory properties of
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the CD163 receptor might leave individuals more susceptible to secondary
infection when the receptor is lost upon blood-stage malaria infection.

4.3.2 Depletion of Lxra-dependent macrophages in the splenic

marginal zone in the context of P. chabaudi infection

Since P. chabaudi infection in wildtype and CD163KO mice indicated that CD163
may have an impact on the integrity of the splenic marginal zone, the function of
the splenic marginal zone was tested in a conditional knockout mouse model for
the Lxra-dependent MMM and MZM. It was previously reported that the
macrophages in the splenic marginal zone (MMM and MZM) specifically rely on
the nuclear receptor Lxra, while other splenic macrophages are not affected by
the absence of Lxra (A-Gonzalez et al, 2013). Different from the aforementioned
study, which used a global Lxra knockout, here a conditional knockout that
depletes Lxra specifically in Tnfrsf11a-expressing tissue macrophages was used
(Tnfrsf11aC”*; Lxra™*ox: here LxraKO).

In the absence of MMM and MZM (LxraKO) the parasitemia was higher compared
to P. chabaudi infected littermate controls (Tnfrsf11a**; Lxra™*x: here LxraWT).
Thus, the marginal zone macrophage populations might have a direct impact on
the clearance of Plasmodium parasites. Although the main parasite scavenging
function is assigned to splenic RPM, MMM and MZM play an important role in
infectious diseases (Borges Da Silva et al, 2015). The SIGNR1 receptor,
expressed on MZM binds yeast particles and bacteria and can activate the
classical complement pathway (Kang et al, 2006). The scavenger receptor
MARCO is expressed on different macrophage populations but is especially
highly expressed on MZM. MARCO mediates the uptake of gram-negative
bacteria and enhances phagocytosis activity (Chen et al, 2010). Removal of
MMM and MZM with low dose clodronate liposomes in a Listeria infection model,

showed that both marginal zone macrophage populations are dispensable as
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antigen-presenting cells for the initiation of T cell responses (Aichele et al, 2003).
On the other hand, their strategic location at the interface between the
bloodstream and lymphocyte-rich zones in the spleen, makes them suitable for
bridging the innate and adaptive immune responses. Splenic MMM for instance
transfer antigens to CD8a" dendritic cells and collaborate to activate cytotoxic
T cells (Backer et al, 2010).

The involvement of MMM in the initiation of an adaptive immune response could
be an explanation for the higher parasitemia in LxraKO mice. The major peak in
parasitemia is observed 10 days after the P. chabaudi infection. Upon first antigen
encounter it takes approximately one week until effector T cells are primed,
expand and accumulate at the site of infection (Sun et al, 2023). Because this
pathway is intact in LxraWT mice, the adaptive control of parasitemia might be
better than in LxraKO littermates. The pathway of MMM-mediated antigen
transfer for the priming of an adaptive immune response is impaired in LxraKO

mice which could be an explanation for higher parasitemia.

Both MMM and MZM express high levels of Tim4, which was used for their
identification in the Lxra model of this study. In LxraWT uninfected control mice,
stable counts of Tim4* marginal zone macrophages were detected. Both Tim4*
splenic marginal zone macrophage populations were absent in LxraKO mice,
irrespective of the treatment (PBS or infected with P. chabaudi). Minimal residual
cell numbers that were detected via flow cytometry in uninfected LxrakKO, could
result from the conditional depletion model, which might differ from a global
knockout model as it is not 100 % efficient. Imnmunofluorescent images confirmed
the absence of the marginal zone macrophages in LxraKO mice 14 days after
P. chabaudi infection, while a dim signal of the disrupted marginal zone was
visible in infected LxraWT mice.

Surprisingly, the absence of marginal zone macrophages in the steady-state also
had an impact on CD163 expression on RPM. The numbers of CD163* RPM in
uninfected controls were significantly reduced in LxraKO mice compared to
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LxraWT mice. It can be postulated that splenic macrophages in the red pulp and
marginal zone may influence each other. Macrophage-macrophage interactions
with anti-inflammatory properties have been demonstrated in other studies
(Nakamura et al, 2023). Nakamura et al (2023) showed that acetylcholine
signaling in the spleen enhances macrophage interactions, which in turn reduces

TNFa signaling and has protective effects towards inflammatory kidney diseases.

An intact macrophage network is crucial for an adequate innate immune response
upon infection. This study has shown that the loss of a specific subtype of
macrophages within the spleen can impact the progression and recovery of
diseases, such as P. chabaudi-induced blood-stage malaria. Understanding
these pathways in detail will help to stimulate or suppress specific pathways in

order to ameliorate the disease outcome.

4.3.3 Conclusions regarding aim 3

Genetic depletion of the CD163-receptor had no impact on parasitemia, which
suggested that the receptor is not primarily involved in parasite clearance during
malaria infection. Instead, the absence of the receptor had an impact on the
recovery of the integrity of the splenic marginal zone upon infection. The depletion
of both marginal zone macrophage populations on the other hand resulted in
reduced numbers of CD163" RPM in steady-state and higher parasitemia upon

malaria infection.
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4.4 The cellular dynamics in the bone marrow and blood during

blood-stage malaria

In blood-stage malaria, infected red blood cells are mostly removed when they
pass through the spleen. Challenges, such as malaria infection, require an
adaptation of the hematopoietic output from the bone marrow to ensure efficient
elimination of the pathogens (Fanti et al, 2023).

4.4.1 Adaptation of stem- and progenitor cells in the bone

marrow to blood-stage infection with P. chabaudi

Hematopoiesis is a tightly regulated process with a controlled output in
physiological conditions. LT-HSC comprise the top of the hematopoietic hierarchy
and are mostly quiescent, but have the capacity to self-renew or differentiate.
They can give rise to the whole repertoire of hematopoietic cells (Zhao &
Baltimore, 2015). Unique adaptations of LT-HSC protect the lifelong production
of blood cells (Zhao et al, 2023).

Comparing the LT-HSC population in the BM between P. chabaudi infected mice
and uninfected controls revealed that parasitic infection does not have a major
impact on LT-HSC. Similar studies of systemic infections showed that LT-HSC do
not expand in a sepsis model (Fanti et al, 2023). A minimal rise of LT-HSC was
observed at day 4 after P. chabaudi infection. It has been shown that HSC are
vulnerable to ferroptosis (Zhao et al, 2023). An increase in iron ions, as a result
of parasite induced hemolysis, could cause oxidative stress in LT-HSC, but they
quickly revert to their quiescent state. Overall, the LT-HSC niche is well protected
from inflammatory challenges. Their quiescent state is required to prevent
exhaustion of LT-HSC and ensure maintenance of the whole hematopoietic
system (Singh et al, 2020).

The necessary cellular output to satisfy the increased demand of effector cells
must therefore be delivered by cells further downstream the hematopoietic
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hierarchy. ST-HSC expand between day 4 and day 7 after infection with
P. chabaudi and normalize after two weeks. This correlates with the expansion of
all multipotent progenitor populations. MPP2 and MPP3 expand with a peak at
day 7 after the infection. The temporal delay of MPP expansion reflects the
hematopoietic hierarchy. ST-HSC expand already at day 4 after the infection.
They give rise to MPPs, which expand one week after P. chabaudi infection and
normalize after two weeks. In a model of a systemic bacterial infection, it was
similarly demonstrated that MPPs further downstream the hematopoietic
hierarchy respond to the infection and proliferate to enhance the release of
effector cells (Fanti et al, 2023).

Downstream the hematopoietic hierarchy, MPPs give rise to CMPs, from which
MEPs and GMPs emerge (Paudel et al, 2022). In many bacterial infections,
emergency granulopoiesis occurs and leads to an expansion of GMPs, to sustain
the high neutrophil demand in peripheral tissues. Since the intracellular malaria
parasites might not primarily require a neutrophil response, this could explain why
the GMP population did not expand upon P. chabaudi infection.

In general, the hematopoietic system rapidly adapts to acute infections. The state
of emergency hematopoiesis was described in inflammation, bleeding and
radiation (Boettcher & Manz, 2017). Various stimuli then increase the
hematopoietic output. Next to paracrine signaling in the stem cell niche, the
expansion of progenitor cells in the BM can be induced by inflammatory
cytokines, such as TNFa and IL-6 (Bernad et al, 1994). IL-1 signaling, which is
dispensable for homeostatic hematopoiesis, drives emergency myelopoiesis in
acute infections (Mantovani et al, 2019). The bias towards myelopoiesis and the
enhanced output of innate immune cells happens at the expense of lymphoid
cells and erythrocytes (Zhao & Baltimore, 2015). Therefore, it is likely that
emergency myelopoiesis during an acute malaria episode is one of the reasons
for the lasting anemia, as one of the main complications during a malaria

infection.
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Overall, a rapid response of stem- and progenitor cells following infection allows
for early intervention and containment of pathogens. But the activation of the
stem- and progenitor cells can have short- and long-term impacts on the

preservation of the stem cell niche (Essers et al, 2009).

44.2 The impact of P. chabaudi blood-stage malaria on

circulating immune cells in the blood

During the blood-stage of malaria infection, the parasites proliferate inside
erythrocytes and are recognized and cleared by the blood filtering function of the
spleen. The blood is also the route of transport for delivery of effector cells to
infectious sites and organs. Progenitors in the bone marrow provide the
hematopoietic output for those effector cells, which are mobilized and enter the
circulation (Paudel et al, 2022).

Upon P. chabaudi infection, no major changes in the numbers of circulating
lymphocytes were detected in comparison to uninfected controls. The spleen is
the critical organ for parasite clearance during a blood-stage malaria infection. It
is likely that B cells and T cells are activated and proliferate locally in the spleen,
because the spleen itself is a secondary lymphoid organ. Thus, antigen
presentation and lymphocyte priming takes place in the parenchyma (Lewis et al,
2019). Both a cellular and humoral adaptive immune response are essential to
limit the progression to severe malaria. An immune response of CD8" cytotoxic
T-cells, depends on the help of CD4* T-cells (Fernandez-Ruiz et al, 2017; Bedoui
et al, 2016). CD4" T-cells play a central role during the erythrocytic stage of the
infection and the elimination of infected RBC. They produce IFNy to control the
acute infection and support the activation of a protective B-cell response (Perez-
Mazliah & Langhorne, 2014).
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Furthermore, circulating granulocytes did not differ in the blood of P. chabaudi
infected mice when compared to steady-state controls. The most abundant type
of granulocytes are neutrophils. In general, neutrophils are involved in the
defense of bacterial and fungal infections, while less abundant eosinophils
respond to parasites. It has been described that the neutrophil response to
Plasmodium parasites compromises their antibacterial functions, rendering
patients more susceptible to secondary infections (Pollenus et al, 2022).

It has been described in previous chapters that splenic macrophages are strongly
impacted by blood-stage malaria infection. While certain populations changed, or
lost expression of key molecules, others expanded during the progression of the
disease. Spleen resident macrophages themselves have been reported to be
involved in signaling that leads to the recruitment of effector cells during acute
immune responses (Borges Da Silva et al, 2015). For example, MMM take up
apoptotic cells, whereupon they release CCL22, which recruits regulatory T cells
and dendritic cells (Ravishankar et al, 2014). In a sepsis model, it was shown that
myelopoiesis is controlled by IL-3, which causes higher production of monocytes
in the bone marrow (Schultze et al, 2019). Circulating monocytes were followed
in the blood stream during P. chabaudi infection. Monocytes are heterogeneous
(Menezes et al, 2016); classical Ly6C* monocytes can upregulate MHCII during
their maturation and are critical during inflammatory responses, while patrolling
monocytes maintain vascular homeostasis (Narasimhan et al, 2019). Patrolling
and classical Ly6C* monocytes in the blood were not affected by P. chabaudi
malaria infection. In contrast, MHCIl monocytes expand within the first week of
the infection and only normalize after one month. The expansion of MHCII
monocytes in the blood correlates with the time course of precursor expansion in
the bone marrow. Precursor cells in the bone marrow proliferate within the first
week of infection and subsequently the number of circulating monocytes
increases in the blood. A significant proportion of these monocytes might
extravasate into the spleen and replace the red pulp macrophages, which expand
between day 14 and day 56 after the infection. Phagocytes in the spleen have

been reported to be constantly replenished by bone marrow derived progenitors
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during a malaria infection (Vallelian et al, 2022a). The adaptation to an increased
monocyte output might shift differentiation trajectories in the bone marrow at the
expense of dendritic cells and contribute to secondary immunodeficiencies
(Vallelian et al, 2022a).

4.4.3 Conclusions regarding aim 4

LT-HSC were not affected by the parasitic infection. Downstream the
hematopoietic hierarchy, ST-HSC and MMPs expanded early after the infection
and quickly normalized within two weeks. In the circulation this led to increased
numbers of MHCII" monocytes until day 35 after P. chabaudi infection.
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5 Conclusion

In summary, this thesis has resolved the different developmental origins of distinct
macrophages subtypes in the spleen with a novel fate-mapping model and
identified a so far unrecognized CD163-dependent heterogeneity amongst
splenic RPM.

Splenic CD163* and CD163" RPM showed different developmental trajectories
and responded differently to the challenge of a malaria infection. While
CD163-expressing macrophages were depleted early after the infection with
different murine Plasmodium species, CD163° RPM were replenished by
HSC-derived cells. Shedding and internalization were excluded as a reason for
the loss of the CD163 receptor. The expression of the CD163 receptor could not
be rescued by curing the mice with chloroquine. A viral infection model
demonstrated a lasting reduction instead of an entire depletion of CD163
expression. Transcriptomic data validated a downregulation of CD163 expression
in malaria, but a persistent cell CD163" RPM-like population.

Genetic depletion of the CD163 receptor did not have an impact on parasitemia,
but did affect the splenic micro-architecture. Thus, the CD163 receptor, which is
involved in iron recycling pathways, might rather have homeostatic functions that
support tissue maintenance and homeostasis than being involved in pathogen
clearing.

The fact that splenic macrophage subsets populate the organ at different
developmental stages and originate from different progenitors leads to the
assumption that splenic macrophage turnover during malaria progression and the
resulting repopulation by cells of different origins could impact organ function and
affect disease progression.

Changes in the splenic macrophage niche due to the infection might not enable
infiltrating cells that replenish the empty niche to express the CD163 receptor.
CD163 is assigned anti-inflammatory properties and the presence of the receptor
is associated with better prognosis in human malaria. Having identified this novel

heterogeneity in the splenic RPM population and their distinct developmental
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origin, this knowledge could help to exploit CD163 as a new target and potentially
restore its expression to amelioration of disease.

It is likely that the absence of the CD163 receptor is advantageous during the
early acute phase of infections, to ensure an inflammatory response and
recruitment of effector cells for efficient elimination of pathogens. But the receptor
might be relevant for tissue recovery after an episode of severe inflammation.
Thus, enhancing or promoting CD163 expression after peak parasitemia could

support the recovery to a homeostatic state and prevent lasting tissue injuries.
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