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Abstract

Malaria is caused by different Plasmodium species that can infect a variety
of animals including humans and rodents. The life cycle of these parasites is
complex and includes a liver stage followed by a blood-stage in their vertebrate
hosts. While the host's immune response against each of these stages is
incompletely understood, CD4 T cells are known to play an important role in
immunity to Plasmodium infection during both stages. This project aims to
examine the specific CD4 T cell response to a novel MHC ll-restricted epitope
in Plasmodium infection in C57BL/6 mice, and to characterise the protective
capacity of these T cells. To this end, we made use of a recently generated TCR
transgenic mouse line, termed PbT-II, which responds to a so far unknown
Plasmodium derived epitope. In this project, the PbT-Il epitope was identified as
derived from heat shock protein 90, residues 484 to 496 (Hsp904g4-a96 OF
abbreviated DIY). Different priming methods, such as injection of an anti-Clec9A
antibody attached to the Hsp90 epitope (aClec9A-DIY), infection with P. berghei
ANKA (PbA) infected red blood cells (iIRBCs) or immunisation with radiation
attenuated PbA sporozoites (RAS), were used to characterise PbT-Il memory cell
formation. Results revealed the formation of memory PbT-Il cells expressing
surface markers associated with central memory T cells (Tcwm), effector memory
T cells (Tem) and tissue resident memory T cells (Trm). Given the importance of
tissue-resident memory T cells in peripheral immunity, mainly studied in CD8 T
cells, we focused our study on the formation and function of CD4 Trwm cells in the
liver. Parabiosis studies using RAS vaccinated mice confirmed the liver residency
of a CD69* PbT-II cell population. Gene expression profile analysis revealed that
these CD4 T cells expressed a core gene signature similar to that of CD8 resident
memory T cells. Furthermore, differences in the gene expression profile of PbT-
Il Trm cells generated via different protocols, suggested lineage specific effector
mechanisms, such as IL-4 production or perforin expression, for subsets of CD4

Trum cells in the liver.



As CD4 T cells can potentially act against both the liver and blood-stage
of Plasmodium infection, we sought to investigate the protective potential of PbT-
Il effector and memory cells for both of these stages. While none of the PbT-II
priming methods resulted in a reduction of liver parasite burden upon sporozoite
infection, mice injected with large numbers of in vitro polarized PbT-Il Th1 or Th2
cells showed reduced parasitemia after PbA blood-stage infection. Surprisingly,
most of these mice were protected from experimental cerebral malaria (ECM),

although they were not able to clear PbA blood-stage infection.

Altogether, these findings provide novel insight into the formation of
Plasmodium specific CD4 memory T cells and their protective role in Plasmodium
infection. PbT-II cells and their cognate antigen Hsp90 represent convenient tools
to study antigen specific CD4 T cell responses against the liver and blood stages

of Plasmodium infection.
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Chapter 1

Literature review



Chapter 1 Literature review

1.1 Introduction

Malaria is a mosquito-borne disease caused by Plasmodium species,
which are a protozoan parasite that can infect a variety of animals including
humans and rodents (Cowman et al., 2016, Phillips et al., 2017, White et al.,
2014). Six different Plasmodium species are described to cause malaria in
humans. Plasmodium falciparum is considered the most prevalent species in the
African and Eastern Mediterranean Regions, while Plasmodium vivax
predominates in South-east Asia and South America. Other species, such as
P. ovale curtisi, P. ovale wallikeri, and P. malariae, are much less common
globally. However, in recent years P. knowlesi, a zoonosis from primates, has
emerged as a local disease burden leading to severe infections in southeast Asia
(Ahmed and Cox-Singh, 2015).

Globally, an estimated 229 million cases and around 409,000 deaths
(2019) are caused by malaria annually (WHO, 2019). Most of these cases are
reported in developing areas such as the African region (93 %) and South-East
Asia (3.4 %). An estimated US$ 2.7 billion were invested in efforts to control and
eliminate malaria in 2018. Similarly, large investments in previous years led to an
initial decrease in incidence from 71 to 57 cases per 1000 in at-risk populations
between 2010 and 2014. Furthermore, the number of countries with less than
100 cases increased from 17 (2010) to 27 (2018). However, malaria disease's
overall burden did not decrease significantly between 2014 and 2018, reflecting
an emergence of drug-resistance in parasites and insecticide-resistance in
mosquitoes. Recent modelling approaches also suggest that COVID-19 related
disruption to malaria prevention activities, such as insecticide-treated nets and
anti-malarial drug distribution, could double the number of malaria cases in 2020
in sub-Saharan Africa (Sherrard-Smith et al. 2020), further interfering with the



World Health Organisation’s (WHO) goal of reducing malaria incidence by 90 %
by the year 2030 (WHO, 2015).

A promising alternative to insecticides for targeting the mosquito vector or
drugs for targeting the parasites is development of an effective vaccine.
Vaccination aims to induce a long-lasting immune response preventing an
individual from becoming infected by a specific pathogen. However, while some
vaccination approaches against Plasmodium parasites, such as RTS,S, ChAd63-
MVA and PfSPZ vaccine seemed promising at first, efficacy in field trials has
been disappointing (RTS, 2015, Ewer et al., 2013, Seder et al., 2013,
Partnership, 2015). This suggests that efficient vaccine development requires a
better understanding of the host's immune response to Plasmodium infection.

1.2 Plasmodium parasite life cycle

The Plasmodium parasite's complex lifecycle takes place in two different
hosts, a female Anopheles mosquito and a vertebrate host. In both hosts, the
parasite transits through individual cellular stages that allow the Plasmodium
parasite to adapt to different organs and temperatures inside the hosts. There
are two main phases inside a mammalian host, the pre-erythrocytic stage, and
the disease-causing erythrocytic or blood stage.



1.2.1 Pre-erythrocytic stage

1.2.1.1 Initial sporozoite inoculation

During the blood meal of an infected female Anopheles mosquito, up to
1,300 Plasmodium parasites are released into the dermis of the host skin along
with the mosquito's saliva (Medica and Sinnis, 2005). These parasites, termed
'sporozoites' actively move through the dermis until they reach a blood vessel,
where they enter the circulation. Experimental mouse infection models with
P. berghei ANKA (PbA) revealed that sporozoites require gliding motility for up to
30 minutes to enter the circulation if injected into the avascular dermal tissue
(Vanderberg and Frevert, 2004). This active gliding depends on surface
phospholipases, which breach host cell membranes during the migration stage
(Bhanot et al., 2005).

Roughly 70 % of sporozoites that leave the bite area enter the host blood
vessels, while the remaining 30 % invade the lymphatics, potentially becoming
trapped in the draining lymph nodes (LN). In the LN, sporozoites may be
phagocytosed by dendritic cells (DCs). PbA infection models have also shown
that a small proportion of the parasites that migrate to lymphoid tissues develop
into small exoerythrocytic forms, similar to the parasite inside a hepatocyte, and
then eventually become degraded (Amino et al., 2006).

1.2.1.2 Liver structure

The majority of sporozoites that enter the bloodstream reach the liver
within minutes. The complex liver structure allows large volumes of blood to
traverse through this organ. Inside the liver, nutrient-rich blood from the portal
vein and oxygen-rich blood from the hepatic arteriole flow through small and
highly branched capillaries, termed sinusoids, heading to the central vein,



eventually leading back to the heart (Wick et al., 2002). Sinusoids are unlike any
other capillaries in solid organs, as the endothelial lining of the sinusoids is
constituted by liver sinusoidal endothelial cells (LSECs). LSECs contain clustered
fenestrations, known as sieve plates, that allow the exchange of small particles
between the sinusoidal lumen and the space of Disse, a gap between LSECs and
hepatocytes, which is formed by the lack of a basement membrane (Wisse et al.,
1985, Warren et al., 2006). Inside this gap reside stellate cells, responsible for
vitamin A storage and collagen secretion in the case of liver injury (Wake, 1971,
de Leeuw et al., 1984). The outer layer of the sinusoids is formed by hepatocytes,
the liver's main parenchymal tissue cell-type, and final targets of liver-stage
Plasmodium parasites. The high vascularity of the liver and large surface area of
sinusoids reduces the blood flow velocity inside the capillaries compared to other
solid organs (McCuskey and Reilly, 1993). Additionally, liver resident
macrophages, called Kupffer cells (KCs), can block sinusoids while patrolling,
thereby further reducing the blood flow inside the liver (MacPhee et al., 1995).

1.2.1.3 Liver invasion

The reduced blood flow in the liver facilitates interactions of sporozoites
with the sinusoidal structures. These interactions depend on surface molecules
derived from both host cells and sporozoites. One of the potentially best-studied
surface molecules known to facilitate sporozoite arrest in the liver is the
circumsporozoite protein (CSP). CSP, which densely coats the sporozoite
surface, interacts with heparan sulphate proteoglycans (HSPGs) on liver cells
and is considered the central receptors for attachment of Plasmodium parasites
(Pinzon-Ortiz et al., 2001). Studies have shown that recombinant CSP binds to
hepatocyte microvilli coated with HSPGs, within the space of Disse. However,
HSPGs can also reach through endothelial fenestrations into the sinusoidal
lumen leading to interaction with CSP and sporozoite arrest. (Wisse et al., 1985,
Frevert et al., 1993, Cerami et al., 1992)



Upon sequestration in the liver sinusoids, sporozoites encounter two main
cell types: KCs and endothelial cells. Studies using in vitro cultures of KCs and
LSECs as well as in vivo 2-photon imaging showed that sporozoites mostly
traverse through KCs to the space of Disse (Frevert et al., 2006). Interestingly,
this invasion occurs independent of phagocytosis, but under the formation of a
parasitophorous vacuole (PV) (Meis et al., 1983, Pradel and Frevert, 2001).
Moreover, no colocalization with lysosome markers could be observed, so it is
unlikely that the parasites are degraded inside the KCs. However, KC depletion
studies, through clodronate liposomes, showed greater sporozoites infection
levels in the absence of KCs, which indicated that traversing through KCs is not

required for hepatocytes infection by sporozoites (Baer et al., 2007).

Once in the space of Disse, sporozoites infiltrate hepatocytes. To this end,
the parasites breach the hepatocyte cell membrane, a process that induces micro
lesions/injuries, which are rapidly repaired (Mota et al., 2001). Experimental
mouse models using PbA sporozoite infections identified specific proteins
involved in invading hepatocytes: SPECT2 (also known as Plasmodium perforin-
like protein 1, PPLP1) and phospholipase (PbPL) are engaged in initial pore
formation in the hepatocyte membrane (Vaughan et al., 1999, Ishino et al., 2005).
Other proteins, such as cell traversal protein for ookinete and sporozoite
(CelTOS), are essential for the movement through the hepatocyte cytosol (Kariu
et al., 2006). Sporozoites migrate through several hepatocytes before invading
the final hepatocytes in which a PV is formed and further differentiation begins
(Mota et al., 2001, Silvie et al., 2003). So far, it is not fully understood why
Plasmodium parasites migrate through different hepatocytes before starting
further differentiation. Some studies suggest that migration activates exocytosis
by sporozoites, resulting in membrane protein exposure on the sporozoites cell-
surface and enhancing infection efficiency (Mota et al., 2002). Nevertheless,
studies using sporozoites with a disrupted spect gene, which impairs the ability
to migrate through hepatocytes, were still able to infect hepatocytes in vitro,
indicating that migration might not be required to establish an infection (Mota et
al., 2002, Ishino et al., 2004). One molecule important for hepatocyte invasion is
thrombospondin-related anonymous protein (TRAP), which accumulates at the



parasite's apical end, contributing to tight interactions between the hepatocyte
cell membrane and the sporozoite (Mota et al., 2002, Matuschewski et al., 2002).

Inside the final hepatocyte, Plasmodium parasites undergo several rounds
of asexual proliferation for approximately 2 days in mice and up to 10 days in
humans, resulting in a merozoite-filled vacuole called a schizont. Each schizont
releases up to 40,000 merozoites into the blood circulation (Sturm, 2006).
Reaching the blood, merozoites will invade erythrocytes within minutes.

Interestingly, P. vivax and P. ovale parasites have the potential to remain
in the liver tissue in a dormant state termed hypnozoites, potentially leading to
relapses months or years post the initial infection.

1.2.1.4 Erythrocytic stage

Once released into the blood, merozoites rapidly invade erythrocytes in a
multi-step process, including pre-invasion, active invasion, and echinocytosis
(Weiss et al., 2015). The initial step of invasion is mediated by the merozoite's
low-affinity attachment to the erythrocytes, mediated by merozoite surface
proteins (MSPs) (Holder and Blackman, 1994). The resulting interaction between
surface molecules of both cells leads to the deformation of the erythrocyte cell
membrane mediated by a parasite actomyosin motor (Weiss et al., 2015). After
parasite attachment, the merozoite re-orientates so that the apical end faces the
host membrane (Tham et al., 2012). An irreversible attachment of the merozoite
to the erythrocyte is established through the formation of tight junctions. As a final
step of invasion, the parasite is driven inside the host cell by actomyosin motor
activity (Riglar et al., 2011). While entering the erythrocyte, lipid-rich content from
the rhoptry, a secretory organelle of Plasmodium parasites, is secreted. Those
lipids are involved in establishing a PV membrane, which surrounds and protects
the blood-stage parasite (Riglar et al., 2011).

From within this vacuole, the parasite starts to export hundreds of proteins

into the infected erythrocyte (Charpian and Przyborski, 2008, Maier et al., 2009).



To this end, a trafficking network is established inside the host-cell. One critical
feature of this transport system are Maurer's clefts, membrane structures that bud
from the parasitophorous membrane, facilitating protein transport throughout the
host cell (Gruring et al., 2012). P. falciparum erythrocyte membrane protein 1
(PFEMP1) family members are the most extensively studied proteins exported to
the P. falciparum infected host cell membrane. These proteins contain several
adhesive domains, which allows the parasites to sequester in vasculature of
several organs, thereby escaping splenic clearance (Nunes-Silva et al., 2015).
Eventually, infected erythrocytes can block the vasculature in different organs,
such as the brain and placenta, leading to the development of severe malaria-
associated symptoms and fatal outcomes.

Simultaneously, merozoites mature through several differentiation stages.
First, merozoites form a ring and start to enlarge their food vacuole, creating a
trophozoite (Boddey and Cowman, 2013). At this stage, the parasite consumes
a large amount of haemoglobin from the infected erythrocyte, resulting in the
accumulation of hemozoin within the PV. Subsequently, a schizont is formed by
nuclear divisions of the trophozoite. Finally, about 48 hours after infection of the
initial erythrocyte, 16 -32 new P. falciparum merozoites are released into the
bloodstream, rapidly infecting new erythrocytes.

Besides this asexual replication, a small proportion of merozoites
differentiate into a long-lived, sexual form, termed gametocytes. If ingested by a
mosquito, haploid male and female gametes fuse, generating zygotes inside the
mosquito gut (Sinden, 1983). After further differentiation into oocysts, fresh
sporozoites are formed. Finally, sporozoites migrate towards the salivary glands,
resulting in a new transmission cycle if injected into the appropriate host (Vlachou
et al., 2006, Josling and Llinas, 2015).



Figure 1.1 Plasmodium life cycle within the mammalian host.

(1) During the blood meal of a female infected Anopheles mosquito, sporozoites
are released into the skin of the mammalian host. Within a few hours sporozoites
migrate with the bloodstream towards the liver. (2) In the liver, sporozoites
infiltrate the tissue by crossing the sinusoidal barrier towards the space of disse,
most likely through KCs. Once they reach the space of disse, some sporozoites
infiltrate hepatocytes. Within around 10 days, depending in the Plasmodium
species, sporozoites differentiate into schizonts and begin to generate
merozoites. Thereafter, thousands of merozoites are released into the blood
stream, where they rapidly infect erythrocytes. (3) Inside red blood cells,
merozoites undergo a series of asexual replication steps and duplicate once
every 48 hours. The newly generated merozoites are then released into the blood
stream, infecting new RBCs. This leads to a cyclic increase of parasitaemia inside
the host. (4) Some merozoites differentiate into gametocytes, the sexual parasite
stage. If taken up by a mosquito blood-meal, gametocytes develop into
sporozoites inside the mosquito’s gut, before they migrate to the salivary glands.
With the next blood meal an infected mosquito can start a new cycle. Created
with Biorender.com.
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1.3 Immune responses to Plasmodium spp. infection

The immune response to Plasmodium infection is multifaceted, with cells of
the innate and adaptive immune systems working together to induce protection.
Innate immunity responds rapidly, and in an antigen-independent manner,
providing some level of initial parasite control and enabling the activation of
adaptive immune cells. These latter cells, which include T and B cells, are highly
specific and contribute to fighting established infections, as well as in generating
immunological memory, ie. in  mediating protracted protection

against Plasmodium re-infection.

1.3.1 Innate immune responses to Plasmodium spp. infection

The pre-erythrocytic stage of Plasmodium spp. is clinically silent, but not
immunologically inert. Upon natural, mosquito-transmitted infection, up to 1,300
sporozoites are inoculated into the dermis of the skin (Medica and Sinnis, 2005,
Kebaier et al., 2009). Upon first exposure to these parasites, innate immune cells
recognize invading sporozoites, potentially triggering an immune response
(Roland et al., 2006, Stevenson and Riley, 2004). The fact that sporozoites have
a short dwell time in the skin, blood, and the liver makes an adaptive immune
response, which takes days to weeks to develop, unlikely to be effective during
the primary infection (Ademokun and Dunn-Walters, 2010).
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1.3.1.1 Innate immune response pre-erythrocytic Plasmodium parasite

infection

The innate immune system evolved to recognize specific components
derived from pathogens that distinguish them from host cells. This is achieved
through pattern-recognition-receptors (PRRs) that sense various pathogen-
derived molecules, including DNA, double or single-stranded RNA,
peptidoglycans, and carbohydrates (Medzhitov and Janeway, 1997). PRRs are
strategically expressed on the plasma membrane or in the cytoplasm of cells that
are likely to be the first to encounter pathogens upon infections. The activation of

PRR results in downstream signaling, often inducing direct effector functions.

Sporozoites that migrate into lymphoid organs, such as the skin draining
LN, have been shown to be taken up by DCs, which can contribute to the
activation of both innate and adaptive immune cells (Chakravarty et al., 2007).
Once in the liver, hepatocytes can sense sporozoite infection through recognition
of Plasmodium RNA using melanoma differentiation-associated protein 5
(MDAS5). MDAS binding to parasite-derived cytosolic RNA results in the activation
of mitochondrial antiviral signalling protein (MAVS) (Liehl et al., 2014). MAVS
activation leads to the induction of transcription factors Irf3/Irf7, which prompts a
type | interferon (IFN) response in hepatocytes. This type | IFN response results
in the induction of IFN-stimulated genes (ISGs) in an autocrine and paracrine
fashion, thus also activating neighboring hepatocytes. Sporozoite infection of
interferon receptor alpha | (Ifnar1) deficient mice resulted in elevated parasite
loads in the liver compared to wild-type mice. Furthermore, wild-type mice treated
with 5,6-dimethylxanthenone-4-acetic acid (DMXAA), 3h before infection,
restricted parasite replication in the liver, compared to non-treated mice. DMXAA
treatment induces the transcription factor Irf3, in a similar manner to that seen for
MAVS activation, and results in the induction of a type | interferon response.
DMXAA treatment of IFNARI’- mice did not affect the liver-parasite burden (Liehl
et al. 2014). These results indicate that a type-| interferon response, initiated by
sporozoite infected hepatocytes, is one of the first defense mechanisms against
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Plasmodium parasite liver infection. The same authors could show mice that
received two consecutive sporozoite infections (day 0 and 2) had reduced liver
parasite load, blood parasitemia, and improved survival compared to single
infected mice (Liehl et al., 2015). This indicated that a pre-activated innate
immune system enhanced immune responses against an immediate second
Plasmodium infection. The same treatment of either IFNAR1” or IFNy’ mice
resulted in diminished protection, emphasizing a type | interferon and IFN-y
mediated defense mechanism in response to liver-stage Plasmodium parasites,
initiated by hepatocytes (Liehl et al. 2015).

Under steady-state conditions, 20-30 % of murine liver lymphocytes are
natural killer T (NKT) cells (Bendelac et al., 1997). NKT cells express a semi-
invariant T cell receptor (TCR) that compromises an invariant a. and a restricted
B chain. With this TCR, NKT cells recognize glycolipids presented via a particular
type of major histocompatibility (MHC) | like molecule termed CD1d (Godfrey and
Kronenberg, 2004). One compound shown to induce strong NKT cell activation
is a synthetic glycolipid, termed a-galactosylceramide (a-GalCer) (Hayakawa et
al., 2004). aGalCer was proven to form a complex with CD1d, which then binds
to NKT cell TCR, inducing the activation of mouse and human NKT cells (Sidobre
et al., 2002). Several immunological functions are attributed to NKT cells, such
as specific antitumor responses and regulating the development of cellular
immune response against Toxoplasma gondii infection (Nakagawa et al., 1998,
Ronet et al., 2005). NKT cells can also play a role in immunity against
Plasmodium liver-stage infection (Miller et al., 2014). After inoculation with
P.yoelli sporozoites, NKT cells were recruited to the liver and were able to reduce
the liver parasite burden. Interestingly, NKT cell numbers were decreased, and
parasite burdens were increased in IFNAR ko mice, suggesting type | IFN
dependent recruitment and defence mechanisms. Furthermore, mice treated with
aGalCer 2 days before Plasmodium challenge, displayed reduced liver-stage
parasite burden (Gonzalez-Aseguinolaza et al., 2000). However, protection in
CD1d KO mice, which lack NKT cells was not altered after radiation attenuated
sporozoite (RAS) vaccination and sporozoite challenge one week later,
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compared to that in wild-type (WT) mice (Romero et al., 2001). Thus, NKT cells
only provide protection against Plasmodium infection if recently activated. In
other settings, NKT cells have also been shown to provide help for adaptive

immunity capable of controlling infection (Holz et al., 2020).

Another cell type potentially targeting the liver-stage of infection are NK
cells. NK cells express multiple germ-line encoded cell surface receptors either
having inhibitory or activating functions. These receptors allow NK cells to
recognize infected or cancerous cells in an antigen and MHC independent
manner (Lanier, 2005, Raulet et al., 2001, Ljunggren and Karre, 1990). In murine
malaria studies it was described that P. yoelli sporozoite infection led to a
decrease of NK cells in the spleen and an increase in the liver (Roland et al.,
2006). Furthermore, hepatic but not spleen-derived NK cells showed cytotoxic

capacity against P. yoelii liver-stages in vitro.

1.3.1.2 Innate immune response to the erythrocytic-stage of Plasmodium

infection

Upon completion of their development in the liver, Plasmodium parasites
infect red blood cells and are distributed throughout the circulation where they
become accessible to a variety of immune cells. For example, upon encounter
with Plasmodium iRBCs, NK cells are activated and start to express IFN-y
(Artavanis-Tsakonas and Riley, 2002). IFN-y and cytotoxicity mediated by NK
cells is IL-12 dependent and is essential for developing a protective immune
response against Plasmodium blood-stage infection (Stevenson et al., 2001,
Mohan K et al., 1997). The depletion of NK cells in C57BL/6 mice infected with
non-lethal P. chabaudi (Pch) resulted in a rapid increase in parasitemia and a
reduced capability to resolve infection compared to WT mice (Mohan K et al.,
1997). Furthermore, NK cells isolated from human PMBCs are the first cells to
respond to P. falciparum infected erythrocytes in vitro (Artavanis-Tsakonas and
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Riley, 2002). This response is characterized by the rapid expression of IFN-y
within 24 — 48 post stimulation. Other immune cells like y5-T cells (48-72h) and
af T cells (4-6 days) produced IFN-y at later times.

The clinical relevance of yd T cells in the erythrocytic stage of Plasmodium
infection has not been thoroughly evaluated. However, acute P. falciparum
infection has been found to induce expansion of y6 T cells and secretion of large
amounts of IFN-y (Hviid et al., 2001). Furthermore, yd T cells were found to
expand after resolution of acute Pch blood-stage infection and were essential in
the control of parasite reoccurrence in the chronic phase of infection (Mamedov
et al., 2018). In addition, y3-T cell responses were linked to ECM development in

an PbA blood-stage infection model (Yarez et al., 1999).

Macrophages can phagocytose Plasmodium-infected red blood cells in the
absence of specific antibodies (Serghides et al., 2003). However, macrophages
are more efficient at clearing Plasmodium iRBCs in conjunction with adaptive
immunity. Opsonizing antibodies, secreted by B cells after Pch infection,
mediated internalization of infected erythrocytes by macrophages more efficiently
than without opsonizing antibodies (Mota et al., 1998). Furthermore, IFN-y
secretion by CD4 T cells induced expression of anti-parasite molecules such as
nitric oxide (NO) intermediates and reactive oxygen species (ROS) by
macrophages, leading to Plasmodium parasite death inside the host cell (Su and
Stevenson, 2000, Shear et al., 1989).

One of the most crucial cell types communicating between the innate and
adaptive immune systems are DCs. Early studies showed that the binding of
iRBCs by DCs can lead to reduced maturation of DCs and therefore impaired
activation of the adaptive immune system (Urban et al., 1999). However, this was
only the case when large numbers of iRBCs were cultured with small amounts of
DCs (100 iRBCs: 1 DC), a lower dose of iRBCs (10 iRBCs: 1 DC) induced
efficient maturation of DCs (Urban et al., 1999, Elliott et al., 2007). DC are
activated by Plasmodium-derived pathogen-associated molecular patterns
(PAMPs), which are molecular elements conserved across pathogens and
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recognized by the immune system as foreign through certain protein families
such as toll-like receptors (TLRs). This activation induces the up-regulation of co-
stimulatory molecules such as CD83, CD86, and CD1a on human monocyte-
derived DCs and the secretion of IL-12, a cytokine important for NK cell and T
cell activation (Coban et al., 2002). One such Plasmodium derived PAMP was
purified from merozoites (Wu et al., 2010, Gowda et al., 2011). The authors
described a nucleosome-DNA complex as a major DC activating compound in
P. falciparum blood-stage infection. This complex signalled TLR9 on DCs and led
to the production of inflammatory cytokines such as IFN-y, TNF and IL-12. Such
inflammatory cytokines are essential to activate other innate and adaptive
immune cells. For example, DC activation is shown to induce NK cell function
and, as such, depletion of DCs reduced NK cell-mediated IFN-y responses after

PbA blood-stage infection (Ryg-Cornejo et al., 2013).

In addition to strong activation of the innate immune system, a robust
adaptive immune response is essential to protect from a Plasmodium infection
and re-infection. Thus, the next section will introduce the induction of adaptive

immune responses against Plasmodium infections.

1.3.2 T cell priming

Conventional a3 T cells can be divided into two broad subsets of CD8 and
CDA4 T cells. Each T cell expresses a specific T cell receptor (TCR) consisting of
an o and a B chain. These TCRs can recognize peptides bound to major
histocompatibility complex (MHC) molecules. Peptide fragments recognized by
CD8 T cells are presented via MHC-I molecules on the cell surface of all
nucleated cells. The TCR of CD4 T cells can bind to MHC-II molecules, which,
unlike MHC-I molecules, are mainly expressed by specialized immune cells such
as DCs, B cells, and macrophages. Those cells are commonly referred to as

professional antigen-presenting cells (APCs). However, it was shown that non-
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professional APCs can also be induced to express MHC-Il molecules on the cell
surface. For example, an IFN-y dependent upregulation of MHC-II molecules in
brain microvascular cells of experimental cerebral malaria susceptible mice was
observed (Monso-Hinard et al., 1997) . Similar, it was shown that in clinical
hepatitis, hepatocytes expressed MHC-II molecules upon IFN-y stimulation,

which in turn can stimulate CD4 T cell responses (Franco et al., 1988).

The origins of peptide fragments loaded onto either MHC-| or Il molecules
differ. Peptides derived from cytosolic molecules are typically loaded onto MHC-
| molecules inside the endoplasmatic reticulum before they get presented on the
cell surface (Purcell and Elliott, 2008). MHC-I molecules that do not bind to a
peptide are unstable and unlikely to appear or be maintained on the cell surface
(Townsend et al., 1989). On the other hand, MHC-II molecules are loaded with
extracellular peptides generated in acidified endocytic vesicles (Watts, 1997).
This suggests that MHC-I molecules present peptides of cytosolic pathogens,
whereas MHC-II molecules contain peptides derived from extracellular
pathogens. However, due to a process called “cross-presentation,” exogenous
proteins can be introduced into the MHC-I| loading machinery and be presented
on MHC-I molecules by specialized APCs (Ackerman and Cresswell, 2004). In
addition, autophagy, a process where portions of the cell’'s own cytosol are taken
up into specialized vesicles and degraded, enables cytosolic derived peptide
fragments to be presented via MHC-II molecules (Dengjel et al., 2005). These
mechanisms ensure the efficient initiation of specific immune responses against

a wide variety of pathogens and malignant cells.

The length of peptides presented on MHC-I or Il molecules differs. MHC-I
molecules have a closed peptide-binding groove that stabilises the bound peptide
at both ends (Bouvier and Wiley, 1994). Therefore, the variation in peptide length
that can bind to MHC-I molecules is limited. In general, 8-10 amino acid long
peptides are found inside the peptide-binding groove of MHC-I molecules (Van
Bleek and Nathenson, 1990, Jardetzky et al., 1991). In contrast, MHC-II
molecules have an open peptide binding groove allowing for longer peptides to
be loaded into the MHC-II molecule binding groove (Fremont et al., 1998, Park et
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al., 2003). Hydrogen bonds between the peptide and highly conserved amino
acid residues within MHC-II molecules are responsible for stabilizing the MHC-
ll:peptide complex (McFarland et al., 1999, Landais et al., 2009, Holland et al.,
2013).

The priming process of T cells mainly takes place in secondary lymphoid
organs such as the spleen and lymph nodes (LN), where the density of APC and
naive T cells is high. DCs are the major APC population responsible for T cell
priming. In general, DCs can be divided into monocyte derived DCs,
plasmacytoid DCs and conventional DCs (cDCs) (Brown et al., 2019).
Conventional DCs can be further divided into cDC type 1 (cDC1) and cDC type 2
(cDC2). Activation of T cells through TCR stimulation by peptide:MHC complexes
and costimulatory signals results in their differentiation into effector T cells. Each
effector T cell can undergo clonal expansion, a proliferation process that leads to
an increased effector T cell pool with identical specificities. The now numerous
effector T cells can re-enter the bloodstream through efferent lymphatics and be
distributed throughout the body, where they seek and fight infection.

Upon intradermal Plasmodium sporozoite infection, CD8 T cell activation
is first induced in the skin draining lymph node within 48 hours post-infection, but
is not detectable in the spleen and liver (Chakravarty et al., 2007). Surgical
removal of the draining LN prior to infection via a mosquito bite reduced the
number of activated CD8 T cells in the liver by about 60 %. This suggests that
the skin draining LN represents the primary site for CD8 T cell priming after
Plasmodium mosquito bite infection. However, intravenous (i.v.) injection of live
sporozoites or radiation attenuated sporozoites (RAS), used in experimental
infection and vaccination models, demonstrated CD8 T cell priming in liver and
spleen (Lau et al., 2014, Sano et al., 2001). Interestingly, RAS vaccination
induces better CD8 T cell priming and memory formation compared to injection
of heat-inactivated sporozoites (HKS) (Ghilas et al., 2021). Furthermore, co-
administration of RAS and HKS could not rescue T cell priming and memory
formation of a T cell population specific for an epitope only expressed by the HKS.

Therefore, the authors argued that antigen is presented by a different subset of
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APCs after RAS vaccination than after HKS. While the exact mechanism is not
fully elucidated, activation of NKT cells enhanced T cell responses after HKS
vaccination (Ghilas et al., 2021). This suggests that RAS vaccination may also
induce NKT cells activation which, therefore, can lead to improved APC
maturation and IL-4 and IL-12 production. Both cytokines were described to be
essential for CD8 T cell activation and memory formation upon RAS vaccination
(Carvalho et al., 2002, Jobe et al., 2009).

Immunofluorescence microscopy of the skin draining LN after intradermal
sporozoite inoculation demonstrated cluster formation of antigen-specific CD8 T
cells and CD8* cDCs (cDC1) (Radtke et al., 2015). As cDC1 have been described
as the major APC facilitating cross-presentation, these data support the view that
CD8 T cell priming was carried out by cDC1 during sporozoite infection (den Haan
et al., 2000, Schnorrer et al., 2006, Radtke et al., 2015). Once activated, T cells
can leave secondary lymphoid organs and migrate to the liver, where they detect
infected hepatocytes through peptide:MHC presentation on the cell surface, and
then kill infected cells without the need for APCs (Chakravarty et al., 2007, Balam
et al., 2012). It remains unclear if CD4 T cells are primed in a similar way to CD8
T cells after sporozoite infection. However, it was shown that during Plasmodium
infection the same DC subpopulation is required for efficient CD4 and CD8 T cell
priming (Radtke et al., 2015, Borges da Silva et al., 2015). It is therefore likely,
that the initial CD4 T cell priming also occurs in the skin draining LN.

After liver-stage infection, merozoites that enter the circulation and infect
RBC are substantially different from sporozoites, making an array of new
antigens available to the immune system. The Lack of MHC-I and |l molecule
expression on mature erythrocytes prevents T cells from directly responding to
antigen on IiRBCs. Nevertheless, robust CD8 T cell responses against
Plasmodium blood-stage antigens are found in the spleen after blood-stage
parasite exposure (Chandele et al., 2011, Lundie et al., 2008). Studies using
transgenic CD8 T cells revealed CD8* (XCR1*) DCs (cDC1 DCs) were
responsible for the activation of CD8 T cells during blood stage infection, via

cross-presentation of antigen derived from Plasmodium erythrocytes (Lundie et
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al., 2008, Miyakoda et al., 2008, Fernandez-Ruiz et al., 2016). The lack of MHC-
| molecules on RBCs suggests that CD8 T cells cannot directly control
Plasmodium blood-stage infection. However, a study using P. yoelii infections
observed CD8 T cell dependent reduction of iRBCs in mice (Imai et al., 2010).
Most likely, IFN-y secretion by CD8 T cells activated macrophages to Kill

Plasmodium iRBCs.

Compared to CD8 T cell activation, CD4 T cell priming is less well
characterised. CD4 T cells undergo a specific differentiation process upon
activation, resulting in different CD4 T cell lineages, each characterised by the
expression of specific cytokines and transcription factors (TF) (Agarwal and Rao,
1998). Different factors such as cytokine milieu, the type of APC interacting with
CD4 T cells, TCR signalling strength and co-stimulatory signals, determine CD4
T cell differentiation (Bajenoff et al., 2002, Eizenberg-Magar et al., 2017, Harpur
etal., 2019, Tubo et al., 2013, Igyarto et al., 2011). cDC1 (lymphoid-related DCs)
are believed to bias CD4 T cells differentiation towards a Th1 lineage due to high
levels of IFN-y and IL-2 during T cell priming, while cDC2 (myeloid-related DCs)
provide a cytokine milieu favouring Th2 differentiation (Pulendran et al., 1999,
Gao et al., 2013).

Historically, naive CD4"* T cells were thought to give rise to either Th1 or
Th2 cells upon activation. However, more recently it has become apparent that
the CD4 T cell compartment is far more complex and consists of multiple different
lineages, including follicular helper (Tfh), Th17 and regulatory T cell (Treg), to
name some (Figure 1.2). Th1 cells are characterised by the expression of T-box
transcription factor 21 (Tbet) and secretion of IFN-y and tumour necrosis factor
(TNF) and are described to mainly play a role in the clearance of intracellular
pathogens, whereas Th2 cells are characterised by the expression of GATA
binding protein 3 (GATA3) and IL-4, IL-5 and IL-13 (Szabo et al., 2000, Zheng
and Flavell, 1997). Interestingly, binding of GATAS3 to the /fng locus inhibits IFN-
v expression, thereby supressing the development of a Th1 phenotype (Jenner
et al., 2009, Kishikawa et al., 2001, Chang and Aune, 2007). In contrast, Tbet
expression by CD4 T cells inhibits the development of a Th2 phenotype by
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binding to the //4 promoter, which abrogates IL-4 expression by CD4 T cells
(Ansel et al., 2004, Jenner et al., 2009, Djuretic et al., 2007).

While Th2 cells were previously thought to be crucial for B cell activation
and antibody maturation, it is now known that this function is mainly attributed to
Tth cells, expressing Bcl6 as their lineage marker TF (Hatzi et al., 2015). Tth cells
are described to be mainly located in secondary lymphoid organs, where they

support germinal centre formation.

Another well characterised CD4 T cell lineage are Th17 cells,
characterised by the expression of RoryT, IL-17 and IL-22 (Ilvanov et al., 2006,
Liang et al., 2006). Th17 cells are mainly described to be involved in the immune
response against fungi and extracellular bacteria.

Treg cells are the main immunosuppressive CD4 T cell subtype and can
either be derived from the thymus (natural Treg, nTreg) or locally induced in the
tissue (induced Treg, iTreg) (Lee and Lee, 2018). Tregs are known to supress a
variety of different immune cells through the secretion of immune suppressive
cytokines such as IL-10 and IL-33 and consumption (and thereby depletion) of
IL-2(reviewed by (Schmidt et al., 2012)). Furthermore, Tregs are described to be
able to directly kill effector cells through the secretion of perforin and Granzyme
B.

It is unclear, whether CD4 T cells can recognize infected hepatocytes
during the liver-stage of Plasmodium infection via MHC-II molecules. Under
steady state conditions hepatocytes do not express MHC-II molecules, making
them “invisible” for CD4 T cells (Franco et al., 1988). However, MHC-II expression
by hepatocytes can be induced in an IFNy dependent manner. Sporozoite
invasion results in the release of type-| interferons by hepatocytes, which in turn
results in the induction of IFN-y (Liehl et al., 2014, Liehl et al., 2015). Theoretically,
this local IFN-y response could result in the upregulation of MHC-II molecules on
hepatocytes enabling CD4 T cells to recognize their cognate antigen on the
infected cell surface. However, it is not known if this upregulation occurs.



21

Plasmodium specific CD4 T cells have also been shown to be primed in
the spleen, similar to CD8 T cells. Increased colocalization of CD4 T cells and
CD11c* DCs was found as early as 2 h post Pch infection in T cell-rich areas and
the red pulp of the spleen (Borges da Silva et al., 2015). Furthermore, it was
shown that CD11CMe" but not plasmacytoid DCs were able to phagocytose
parasite and induce CD4 T cell activation (Voisine et al., 2010). Interestingly, a
study investigating the role of CD11c* CD8" and CD8" DCs revealed that while
both populations where able to induce IFN-y expression by CD4 T cells in
response to Pch infection, CD8 DCs also induced CD4 T cell populations
expressing IL-4 and IL-10 indicating the possibility of different DCs subset to
induce different CD4 T cell lineages (Sponaas et al., 2006).

Not only can the specific DC subtype influence CD4 T cell lineage
differentiation, also the way the antigen is delivered to and processed by DCs
affects CD4 T cell priming and differentiation. cDC1 DCs express surface
receptors such as Clec9A, DEC205, and Clec12A, which facilitate antigen uptake
and processing (Jiang et al., 1995, Huysamen et al., 2008, Hutten et al., 2016).
Targeting those receptors with an antibody carrying a specific T cell antigen can
induce robust CD8 and CD4 T cell proliferation as well as humoral immunity
(Lahoud et al., 2011). However, CD4 T cell responses differed depending on the
targeted receptor. Delivering OVA antigen by targeting Clec9A receptor on
CD8a*" DCs induced superior proliferation and maintenance of OT-Il cells,
compared to targeting DEC205 or Clec12A (Lahoud et al., 2011). Furthermore,
targeting DEC-205 can skew CD4 T cell differentiation towards a regulatory
phenotype, while Clec9A on CD8a* DCs mostly led to Th1 and Tfh differentiation
of CD4 T cells (Idoyaga et al., 2011, Lahoud et al., 2011). These reports showed
that a monoclonal antibody targeting Clec9A induced the same CD4 phenotypes
as PbA blood-stage infection in PbT-Il cells (Idoyaga et al., 2011, Lahoud et al.,
2011, Fernandez-Ruiz et al., 2017).
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After T cell activation, differentiation and proliferation in response to an
infection or vaccination, most effector T cells undergo cell death, leaving behind
a small population of memory T cells. Those memory T cells are described to
develop immediate effector functions in response to antigen encounter and are
therefore better suited to prevent a re-infection. Therefore, the next chapter will

give a brief overview of T cell memory formation and subpopulations.

1.3.3 Memory T cell development

Effector T cells are a heterogeneous population and can be divided into
KLRG1* CX3CR1*, S1PR1* short-lived effector cells (SLECs), and KLRG1", IL-
7R* memory precursor effector cells (MPECs) (Joshi et al., 2007, Kaech et al.,
2003, Chandele et al., 2011, Jung et al., 2010, Gerlach et al., 2016). High
numbers of SLECs form after T cell activation, but they rapidly decline in numbers
after clearance of infection. MPECs, on the other hand, form at lower numbers
but survive and develop into long-term memory T cells, which have the capacity
to generate potent recall responses. However, it has to be noted that this
classification of effector T cells into SLECs and MPECS is not exhaustive. An IL-
7R*, KLRG1" phenotype cannot be exclusively used to define memory
precursors, as not all IL-7R" cells are long-lived, and some KLRG1* T cells were
found to persist into the memory phase (Lacombe et al., 2005, Olson et al., 2013,
Martin et al., 2015). Furthermore, a recent study using a fate mapping system
showed that some KLRG1+ effector cells could switch off KLRG1 expression and
give rise to memory cells, indicating a previously unappreciated degree of
plasticity (Herndler-Brandstetter et al., 2018). Thus, the elements that determine
T cell fate decision remain to be fully elucidated. Several factors, such as TCR
signal duration and the inflammatory environment during T cell priming, have
been shown to determine T cell fate (Joshi et al., 2007, Sarkar et al., 2008).
Furthermore, asymmetric cell division of T cells is suggested to play a role in early
T cell fate decisions (Chang and Aune, 2007). Within the first cell division, cells

that derived from the proximal daughter T cell, in relation to the APC, showed
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increased proliferation after primary infection and elevated downstream
glycolysis metabolites, properties attributed to SLECs. In contrast, the distal
daughter T cell displayed increased memory potential, recall responses, and
higher dependency on lipid metabolism and therefore its respective daughter
cells are better equipped to progress into the memory T cell pool (Borsa et al.,
2019, Pollizzi et al., 2016, Verbist et al., 2016). Asymmetric cell division can be
forced in CD8 T cells via a transient inhibition of the protein kinase mTOR, which
has a central role regulation of cell growth and metabolism (Zoncu et al., 2011).
This inhibition led to increased memory potential, recall response, and viral LCMV
control in mice (Borsa et al., 2019). Further studies confirmed reduced mTOR
signalling, and therefore expression of the transcription factor c-Myc, enhanced
long-term survival by inducing anti-apoptotic molecules, increased response to
secondary infection, and a shift to lipid metabolism in T cells(Pollizzi et al., 2016,
Verbist et al., 2016). In addition, a study using a chronic P.chabaudi infection
model described that once a memory precursor cell is formed a linear T cell
memory differentiation occurs from central memory, early effector memory to late

effector memory CD4 T cells (Stephens and Langhorne, 2010).

Establishment and long-term survival of MPECs and memory T cells
depend on the cytokines IL-7 and IL-15 (Kaech et al., 2003, Surh and Sprent,
2008). After binding of these cytokines to their receptors on the T cell surface,
intracellular signalling events result in the expression of anti-apoptotic molecules
including Bcl2 and Mcl1. These molecules have been shown to promote memory
formation and to prevent death of activated effector T cells (Rathmell et al., 2001,
Opferman et al., 2003, Kondrack et al., 2003, Schluns et al., 2000, Yajima et al.,
2006, Hildeman et al., 2002). Additionally, IL-15 induces a metabolic switch in T
cells from glycolysis, characteristic for effector T cells, to fatty acid oxidation,
associated with T cell memory formation (van der Windt et al., 2012). Fatty acid
oxidation generates roughly 6 times more energy per unit of substrate weight than
glycolysis and is crucial for memory T cell survival (Lodish et al., 2000). Studies
using TRAF6 deficient T cells, which present defective mitochondrial fatty acid
oxidation, demonstrated enhanced effector T cell contraction and lower memory
potential, whereas the stimulation of fatty acid metabolism in these cells by a drug
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that promoted AMP-activated kinases and circumvented TRAF6-dependency
prevented these deleterious effects (Pearce et al., 2009). In addition to IL-15, IL-
7 is thought to promote the metabolic switch from glycolysis to fatty acid oxidation.
Most memory T cells arise from the IL-7R expressing subpopulation of effector T
cells (Kaech et al., 2003). IL-7 signalling has been shown to induce the
expression of aquaporin 9, which is a glycerol transporter that supports fatty acid
uptake, thereby promoting fatty acid uptake and oxidation in CD8" T cells (Cui et
al., 2015). The migration of MPECs to T cell areas in secondary lymphoid organs
is facilitated by their expression of the chemokine receptor CCR7 which guides
them along a CCL19 and CCL21 gradient (Hara et al., 2012). Within secondary
lymphoid organs, T cells encounter IL-7, which is predominantly produced by
stromal cells. Of note, epithelial cells in organs such as the skin and the intestine

can also produce IL-7.

Memory T cells undergo homeostatic proliferation, which is important to
sustain this population. IL-15 is shown to be involved in T memory cell
homeostasis. For example, in the absence of IL-15, CD8" memory T cell number
decline as basal CD8" T cell memory proliferation is impaired (Becker et al., 2002,
Goldrath et al., 2002). Reliance on IL-15 for maintenance have been found in
different subtypes of memory T cells (Holz et al., 2018, Herndler-Brandstetter et
al., 2018). However, more recent studies indicate that IL-15 dependency might
not be absolute for all CD8 memory T cells (Verbist et al., 2011, Schenkel et al.,
2016).

Historically, memory T cells were classified into two subsets, CCR7"
CD62L" central memory (Tcwm), and CCR7- CD62L" effector memory T (Tewm) cells
(Sallusto et al., 1999). CCR7 and CD62L are lymph node homing molecules
essential for access into lymphoid tissues. Tcwm cells have been shown to migrate
through lymphoid tissues, whereas Tem cells predominantly traffic through
peripheral tissues and the blood (Sallusto et al., 1999, Masopust et al., 2001).
However, recent work by Gerlach et al. described a higher complexity in T cell
memory populations in mice. Based on the chemokine receptor CX3CR1

expression, three distinct memory populations could be discriminated. Besides
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Tem (which are CX3CR1-) and Tem (CX3CR1M), a CX3CR1™" peripheral memory
(Tem) cell population was described as the major migratory memory subsets in
peripheral tissues, a role previously attributed to Tem cells. The authors
investigated migratory memory T cells in the thoracic duct lymph (TDL) after
LCMV infection. In the TDL, migratory lymphocytes from tissues below the
diaphragm and the left upper body accumulate on their way to the blood. Gerlach
et al. found that Tem cells dominated the peripheral blood, while Tem cells
represented the most abundant subset in TDL (Gerlach et al., 2016). In addition,
LCMV infected mice were surgically joined to naive mice, in a procedure termed
parabiosis. Parabiotic mice establish a shared circulation, allowing hematopoietic
cells to pass from one mouse to the other. Consistent with their previous findings,
Tewm cells were the most abundant memory T cell population in the blood of naive
parabiont mice. In the TDL of the naive partner, however, Tpm outnumbered Tem
cells. The authors, therefore, concluded that Tem and not Tewm cells, entered the
peripheral tissues of the naive parabiotic mouse and left through the afferent
lymph resulting in the detected accumulation of Tpwm cells in the TDL (Gerlach et
al., 2016).

In humans and mice, another T memory subtype termed memory T stem
cells (Tscm) was reported (Zhang et al., 2005, Gattinoni et al., 2011). Similar to
naive T cells but unlike other memory T cells, Tscm cells express low levels of
CD44 but high levels of CD62L. Tscm can be further distinguished from other T
cell subsets by the expression of CD122 and Bcl2 and, at least in mice, of Sca-
1. Transcriptomic analyses of these cells indicated that Tscwm cells are the least
differentiated memory subset population and can differentiate into SLECs, Tewm,
and Tcm. Furthermore, Tscum cells show higher levels of self-renewal, survival, and
proliferation capacity than Tem and Tcm cells (Zhang et al., 2005, Gattinoni et al.,
2009, Gattinoni et al., 2011).

Finally, another memory T cell population that resides in peripheral tissues
was described relatively recently. These cells, termed tissue-resident memory T
cells (Trm), were first described in the skin, where they remained upon resolution
of infection without recirculating, and efficiently controlled reinfection in a herpes
simplex virus model (Gebhardt et al., 2009). Skin Trm showed elevated
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expression of CD69 and CD103 on the cell surface and lacked the expression of
CD62L (Gebhardt et al., 2009). Trm cells have now been identified in most
lymphoid and non-lymphoid tissues and have been recognised to represent the
first line of defence towards pathogen reencounter in many infection models
(Gebhardt et al., 2009, Teijaro et al., 2011, Schenkel and Masopust, 20143,
Fernandez-Ruiz et al., 2016).

1.3.3.1 Tissue resident memory T cells

Given that Trwm cells represent the first line of defence against pathogen
re-encounter and have a dominant role in peripheral immunity, these cells have
received much attention in recent years (Gebhardt et al., 2009, Teijaro et al.,
2011, Schenkel and Masopust, 2014a, Fernandez-Ruiz et al., 2016). The
identification of Trm cells in mice and human has been challenging, however, as
no surface marker that is exclusively expressed by Trm cells are known. One
marker widely used as a starting point to dissect resident and circulatory memory
T cell populations is CD69. Historically described as an early T cell activation
marker, CDG9 is upregulated on the surface of most but not all Trm cells (Steinert
et al., 2015). CD69 expression leads to complex formation with sphingosine-1-
phosphate receptor (S1PR1) on the cell plasma membrane. As S1PR1 mediates
T cell egress from lymphoid tissues into the lymph and blood upon recognition of
high sphingosine-1 phosphate (S1P) levels, S1PR1 complexation by CDG69
blocks this function after entry into peripheral tissues, which, in the end, promotes
tissue retention of CD69" T cells (Spiegel and Milstien, 2011, Mackay et al.,
2015a). However, CD69 upregulation can also be induced by recent TCR
stimulation and type | IFN (Shiow et al., 2006). Thus, CD69 alone cannot be used

as a universal Tru cell marker.

A second widely used marker for Tru cells is the a chain of the integrin
oEB7 (CD103). CD103 binds to E-cadherin expressed on epithelia cells, which

can result in the retention of T cells in tissue (Cepek et al., 1994). While this
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marker is broadly expressed on CD8 Trm cells in several non-lymphoid-tissues
such as the brain, the skin, salivary glands, lung and tonsils in humans and mice,
in other non-lymphoid organs, such as kidney and liver, as well as in lymphoid
organs, such as spleen, bone marrow or lymph nodes, CD8 Trm cells do not
express CD103 (Wakim et al., 2010, Mackay et al., 2013, Takamura et al., 2016,
Kumar et al., 2017, Buggert et al., 2018, Schenkel and Masopust, 2014b,
Fernandez-Ruiz et al., 2016). Adding to the complexity, expression of CD103 is
generally less abundant on CD4 compared to CD8 Trwm cells (Kumar et al., 2017,
Smolders et al., 2018, Strutt et al., 2018, Romagnoli et al., 2017).

Thus, expression of either CD69, CD103 or both is not sufficient for the
definite identification of Trm cells and additional markers are required to further
distinguish circulatory and resident memory T cells in humans and mice
(Gebhardt et al., 2009, Mackay et al., 2013, Cheuk et al., 2017, Kumar et al.,
2018). Such Trm cells associated markers include CXCR6, PD-1, CD101 and
CD49a, the latter of which interacts with CD29 to form the very late antigen 1
(VLA-1) capable of binding extracellular collagen and laminin and aiding tissue
retention (Ray et al., 2004). Combinations of these markers are commonly used
to identify Trm cell populations in different organs. In addition, Killer cell lectin like
receptor subfamily G member (KLRG1) and CD62L, markers associated with Tem
and Tcwm cells, respectively, are expressed at low levels on Trm cells and enable
further separation of circulating and resident memory T cell populations (Casey
et al., 2012, Kumar et al., 2017).

The diversity of expression patterns of surface markers associated with
Trm cells complicates identification and comparison of Trm cells in different
tissues. An alternative way to gain more comprehensive insights into Tru cell
populations is the comparison of transcriptional profiles. By comparing mouse
CD8 Trwm cell microarray datasets from various tissues with circulatory T cell
populations from the spleen, Mackay and co-authors defined a CD8 Trum cell core
signature shared between Trwm cells in lung, gut and skin after LCMV, influenza
and HSV infection, respectively (Mackay et al., 2013). In a later study, the authors

found a similar core signature shared by resident CD8 T cells in gut, skin and
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liver after HSV or LCMV infection (Mackay et al., 2016). Interestingly, this core
signature was also evident in liver NKT and liver resident NK cells but not
circulatory NK cells isolated from the liver, which indicated that the identified
transcriptional profile was not only shared between different CD8 Trwm cells but
represented a general residency signature. Furthermore, a shared transcriptional
program was found in human lung derived CD4 and CD8 Trwm cells, with a high
correlation to already published mouse brain, lung and gut Trm microarray
datasets (Kumar et al., 2017). Interestingly, this specific core signature was also
expressed by human CD69* CD4 and CD8 memory T cell populations in the
spleen, validating the existence of tissue resident memory T cells in human
lymphoid and non-lymphoid organs, comparable to resident T cell populations in
mice. Moreover, these studies confirmed previous findings of surface marker
expression profiles of Tru cells, such as upregulation of CXCR6, CXCRS3, and the
reduced expression of Tem associated transcripts such as KLRG1, S1PR1 and
S1PR5 (Mackay et al., 2016, Kumar et al., 2017).

While mRNA and protein expression profiles can readily be used to
characterise different memory T cell populations, the ultimate proof of residency
requires more definite experimental procedures. In experimental animal models,
the residency of T cells can be determined by parabiosis, which requires the
surgical union of the skin flank of two animals. This procedure results in a shared
blood stream between both animals which allows determination of the distribution
and migratory capacities of different memory cell populations (Jiang et al., 2012).
As such, memory T cells that enter the circulation will reach an equilibrium
between the host and the partner mouse, whereas memory T cells, that
permanently remain in the tissues where they have formed (and are thus per
definition Trm cells), will not be found in the joined partner mouse. With this
method, tissue resident memory T cells were identified in several tissues,
including in the lung, skin and liver (Teijaro et al., 2011, Steinert et al., 2015,
Fernandez-Ruiz et al., 2016, Jiang et al., 2012). It was shown that liver CD8 Trwm
cells can be induced by systemic LCMV infection or RAS vaccination.
Interestingly, unlike CD8 Trwm cells from the skin that are shielded from the blood,
liver CD8 Trm cells are exposed to the blood and patrol along sinusoids
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(Fernandez-Ruiz et al., 2016). While most studies have focused on CD8 Trm cells
and properties of CD4 Trwm cells are less well understood, there is evidence that
CDA4 T cells form resident memory populations as well. For example, it was shown
that liver homing T helper 1 CD4 T cells could mediate partial protection against
Salmonella infection and their residency was suggested by parabiosis

experiments (Benoun et al., 2018).

1.4 The role of T cells in immunity against Plasmodium infection

1.4.1 The Role of CD8 T cells in immunity against Plasmodium liver-stage

infection.

Evidence that sterile immunity induced by RAS vaccination was mediated
by CD8 T cells was first demonstrated in the 1980s by showing that protection
was lost when CD8 T cells were depleted (Schofield et al., 1987). However,
especially high numbers of these cells were suggested to be required to protect
against Plasmodium infection (Schmidt et al., 2008, Schmidt et al., 2011). It was
thought that this was due to the short time parasites remained in hepatocytes
combined with the need to recognize and eliminate every infected hepatocyte to
prevent the development of a blood-stage infection. Recently activated CD8 T
cells can offer efficient protection against infection (Sano et al., 2001). Indeed,
transfer of activated/memory CSP-specific CD8 T cells 24 h before sporozoite
challenge, resulted in reduced parasite liver rRNA levels, while transfer of equal
numbers of naive CSP-specific CD8 T cells did not alter the parasite burden in
the liver. Effector T cells are short lived and so is their protection capacity.
However, memory T cells can provide long-term protection against pathogens
expressing their cognate antigen and will rapidly gain effector functions upon
antigen re-encounter (Lalvani et al., 1997). This makes memory T cells ideal
candidates to prevent malaria infection through vaccination.
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Of the three major types of memory T cells, Tcm, Tem and Try, there is little
evidence supporting a major role of Tcwm cells in protective immunity against
malaria infection (Berenzon et al., 2003). PbA RAS vaccination of mice mainly
induces Tem cells (96 %) in the liver. Tem cells induced by RAS vaccination
circulate through the body, loaded with effector molecules to exert functions
including cytokine production and lytic activity. The ratio of Tcm and Tewm cells
seems to influence the ability of these cells to protect against Plasmodium
infection (Schmidt et al., 2010). While BALB/c mice, which are described to
generate a robust immune response against Plasmodium sporozoites infection,
generate large numbers of CSP-specific Tem cells after two doses of RAS
vaccination, C57BL/6 (B6) mice are highly susceptible to sporozoite infection and
are characterised by the induction of higher proportions of Tcwm cells. Furthermore,
immunisation of BALB/c mice with CSP peptide coated mature DCs, followed by
a boosting with CSP expressing Listeria monocytogenes resulted in long-term
protection in some mice (Schmidt et al., 2008). The authors suggested that
protection in this system was mainly mediated Tem cells, though at the time they
were unaware of resident memory (Schmidt et al., 2010, Butler et al., 2010).

Recently, liver-resident memory CD8 T cells were identified, and shown to
have a strong potential to protect against Plasmodium liver-stage infection in RAS
vaccinated mice (Tse et al., 2013, Tse et al., 2014, Fernandez-Ruiz et al., 2016).
It was shown that a specific population of CD8 T cells expressing high levels of
CXCRG6 formed after RAS vaccination and were crucial for protection against
sporozoite infection (Tse et al., 2014). A later study, using TCR transgenic,
Plasmodium specific CD8 T cells, confirmed, through parabiosis surgery, the
resident character of CD69*, CXCR6*, CXCR3" CD8 Trwm cells in the liver after
RAS vaccination (Fernandez-Ruiz et al., 2016). Those cells expressed low levels
of KLRG1 and CD62L, which are markers related to circulatory memory cells,
and shared a transcriptional signature with CD8 Trwm cells from the lung, skin and
the gut. Parabiosis experiments were performed to demonstrate the liver-
residency of these memory CD8 T cells (Fernandez-Ruiz et al., 2016). This work
also demonstrated that large numbers of Plasmodium-specific CD8 liver Tru cells

can be induced through administration of a three-component subunit vaccine,
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termed “prime-and-trap”. In a first step, type 1 DCs (cDC1) are targeted with an
aClec9A mADb, carrying a specific epitope (Caminschi et al., 2008, Lahoud et al.,
2011, Fernandez-Ruiz et al., 2016). In addition, an oligodeoxynucleotide (ODN)
adjuvant, CpG was injected. cDC1 are described as the major APCs responsible
for T cell priming in Plasmodium infection and therefore an ideal target to induce
CD8 T cell responses (Lau et al., 2014). CpG induces optimal CD8 T cell priming
and liver-associated inflammation (Lahoud et al., 2011, Huang et al., 2013). The
combination of both reagents, therefore, led to an optimal T cell activation and
inflammatory environment in the liver, ideal for CD8 Trm formation (Holz et al.,
2018, Mackay et al., 2012). A day after the priming step, a recombinant adeno-
associated virus (rAAV) was injected. The rAAV was modified to induce the
expression of the same specific CD8 T cell epitope in hepatocytes as used in the
priming step. This step, “trapped” the freshly activated antigen-specific CD8 T
cells in the liver, improving CD8 Trwm cell formation (Fernandez-Ruiz et al., 2016).
Vaccinated mice were efficiently protected against Plasmodium sporozoites, and
depletion of CD8 Trm cells by injection of an anti-CXCR3 mAb abolished
protection. In an additional study, Valencia-Hernandez and co-authors could
induce sterile protection in some “prime-and-trap” vaccinated mice without the
transfer of transgenic CD8 T cells, activating antigen-specific T cells within the
endogenous T cell pool (Valencia-Hernandez et al., 2020). Unlike Fernandez-
Ruiz et al., this study used a newly identified natural PbA derived peptide to
activate endogenous Plasmodium specific CD8 T cell responses that had strong
protective capacity (Valencia-Hernandez et al., 2020, Fernandez-Ruiz et al.,
2016).

In addition, a self-adjuvating glycolipid-peptide vaccination strategy
induced large numbers of malaria-specific CD8 Trm cells that provided sterile
protection against Plasmodium liver-stage infection in mice (Holz et al., 2020).
This experimental vaccine approach used aGalCer linked to a specific peptide.
Upon uptake of the conjugate by APCs, aGalCer and the peptide are separated
by cleavage. This results in the presentation of aGalCer via CD1d to NKT cells

and peptide via MHC-I molecules to CD8 T cells. Upon recognition of aGalCer,
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NKT cells activate APCs through CD40L and release soluble factors, which then
enhances CD8 T cell activation, generation of large numbers of liver Trm cells,
and protection against sporozoite infection (Hermans et al., 2003, Fuijii et al.,
2003, Holz et al., 2020).

These reports demonstrate that sterile protection against Plasmodium
sporozoite infection can be achieved by CD8 liver Trm cell-based vaccination.
However, limited knowledge of MHC-| epitopes protective against human malaria
infection is a major challenge in the design of an efficient anti-malaria liver-stage
vaccine. In addition, different HLA molecules can be expressed by humans,

requiring several immunogenic epitopes to induce comprehensive protection.

1.4.2 The role of CD4 T cells in immunity against Plasmodium liver-stage

infection.

The role of CD4 T cells in immunity against Plasmodium liver-stage
infection is less clear than for CD8 T cells. In this context, a prominent role for
CD4 T cells is to help B cells to generate protective, high affinity anti-sporozoite
antibodies (Tam et al., 1990, Weiss et al., 1993). They may also provide help for
CD8 T cell responses (Carvalho et al., 2002). In addition, several studies suggest
CD4 T cells may contribute more directly to protection, but it is somewhat unclear
whether this is via direct recognition of hepatocytes induced to express MHC-II

molecules or via associated APC (Oliveira et al., 2008, Tsuji et al., 1990).

In an extensive study, Dolan and Hoffman examined protective capacity
of immune cells induced by RAS vaccination in a variety of mice strains (Doolan
and Hoffman, 2000). Antibody mediated CD8 T cell depletion after RAS
vaccination abrogated protection in all tested mouse strains. However, protection
was also abrogated after CD4 T cell depletion in C57BL6, B6x129, B10.D2, and
a reduction of protection after CD4 T cell depletion was also detected in B10.BR,
A/J% and B10.Q mice. In contrast, RAS vaccinated BALB/c mice depleted of CD4
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T cells were still protected against Plasmodium liver-stage infection (Doolan and
Hoffman, 2000). Therefore, the immunological background of mice used needs
to be considered when defining the protective capacity of CD4 T cells.

In a different model, RAS vaccination of beta 2-microglobulin deficient
(B2M"-) mice, on a BALB/c and B6 background, which fail to express stable MHC-
| proteins and therefore lack CD8" T lymphocytes, conferred protection against
PbA or P. yoelii sporozoite infection compared to WT (BALB/c, B6) mice (Oliveira
et al., 2008). This protection was reduced when CD4 T cells were depleted in
B2M- vaccinated mice prior to re-challenge. However, several doses and high
numbers of RAS were required to induce sterile protection in these mice. In
contrast to a study by Doolan and Hoffman, CD4 T cell depletion in RAS
vaccinated WT B6 mice did not alter the protective capacity against P. yoelii liver-
stage infection (Doolan and Hoffman, 2000, Oliveira et al., 2008). Therefore, CD8
T cell were still considered as the main protective cell type but CD4 T cell may
induce sporozoite protective mechanisms in the absence of CD8 T cells.

Earlier studies identified a CD4 T cell population specific for the
circumsporozoite protein (CSP) isolated from RAS vaccinated BALB/c mice (after
two weekly immunisations for a month) (Tsuji et al., 1990). Adoptive transfer of
these CSP-specific CD4 T cells into naive BALB/c mice provided sterile-
protection against PbA sporozoite challenge, but not against blood-stage
infection. Furthermore, these CD4 T cells secrete IFN-y upon sporozoite and
iRBCs stimulation, suggesting that their epitope is expressed during both stages
of the parasite lifecycle. In addition, CSP-specific CD4 T cells were also
detectable in volunteers immunised by multiple bites of irradiated P. falciparum
infected mosquitos (Moreno et al., 1991). In this case, CD4 T cells did not only
secrete IFN-y upon peptide restimulation, but also lysed CSP-peptide pulsed
target cells in a cytotoxic assay. In humans, CS-specific CD4 T cell responses
after RTS,S/AS02 vaccination correlated with higher protection to natural
infection in individuals in The Gambia, West Africa (Reece et al., 2004). While

these studies observed expression of IFN-y by CD4 T cells, suggesting a
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dominate T helper 1 (Th1) CD4 subset was generated, no other memory

subpopulations were analysed.

Besides the potential role for CD4 T cells in direct mediation of protection
against sporozoite infection, other studies implied a role for CD4 T cells in
promoting CD8 T cell-mediated sterile immunity after RAS vaccination (Weiss et
al., 1993, Carvalho et al., 2002). Antibody-mediated depletion of CD4 T cells prior
to RAS vaccination rendered mice susceptible to sporozoite challenge. However,
mice depleted for CD4 T cells after immunization were still protected (Weiss et
al., 1993). A later study by Carvalho et al. showed that CD4 T cell depletion two
days before RAS immunization did not affect malaria-specific CD8 T cells
proliferation capacity within the first 72 hours post vaccination (Carvalho et al.,
2002). However, CD4 T cell depleted mice had reduced numbers of IFN-y
producing malaria-specific endogenous and transgenic CD8 T cells as early as 4
days post immunization. This defect depended on STAT6 and IL-4, suggesting a
role for T helper 2 (Th2) CD4 T cells after RAS vaccination in prompting a
functional CD8 T cell response (Carvalho et al., 2002). In addition, the adoptive
transfer of wildtype, but not IL-4 deficient, CD4 T cells into CD4 T cell depleted
mice, rescued CD8 T cell responses after RAS vaccination. However, the authors
did not show if IL-4 sustained proliferation of activated CD8 T cells or prevented
cell death. Furthermore, it is not clear whether IL-4 acts directly on CD8 T cells
or through other cells, such as antigen-presenting cells, which then influence CD8
T cell proliferation.

Collectively, these studies suggest a role of CD4 T cells in protective
immunity against the pre-erythrocytic stage of Plasmodium infection. However,
the mechanisms whereby CD4 T cells provide protection against Plasmodium
sporozoite infection remain unclear. In particular, knowledge of the memory
subpopulations and CD4 lineages that can lead to protective immunity, and the
discovery of protective CD4 T cell epitopes, will provide new opportunities to

harness these cells for protection through vaccination.
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1.4.3 CD4 T cell mediated immune response to Plasmodium erythrocytic

stage

Once Plasmodium parasites complete their development in the liver, they
rapidly infect RBCs. Mature RBCs do not express MHC-I or MHC-II molecules
and therefore cannot be recognized by CD4 or CD8 T cells. However, naive T
cells can be primed against Plasmodium blood-stage infection via APCs (Ing et
al., 2006, Sponaas et al., 2006, Lundie et al., 2008). For example, splenic CD11c”*
DC activation, which resulted in IL-12 secretion, was observed in mice infected
with Pch iRBCs, a non-lethal rodent Plasmodium species (Ing et al., 2006). IL-12
is known to induce T helper cell 1 (Th1) polarisation and IFN-y expression by CD4
T cells. Furthermore, it was shown that CD11c* CD8" and CD8  DCs were able
to stimulate CD4 T cells to express IFN-y (Sponaas et al., 2006). However, only
CD8 DCs were able to induce CD4 T cell populations that secreted IL-4 and IL-
10 in response to antigen exposure, which suggested a T helper 2 (Th2) and
regulatory T cell differentiation bias.

Further studies reported upregulation of MHC-lII molecules and
costimulatory signals such as CD40 and CD80 on DCs upon P. yoelli 17NL blood-
stage infection in mice (Perry et al., 2004). This resulted in the activation of CD4
T cells, which in addition to IFN-y, produced IL-2 and TNF.

In mice, administration of IFN-y neutralizing monoclonal antibody (mAb)
impaired control of blood-stage infection of several rodent Plasmodium species
(Yoneto et al., 1999, Stevenson et al., 1990). Therefore, Th1 cells, as a major
source of IFN-y upon parasite antigen re-stimulation, are thought to contribute to
Plasmodium blood-stage control. In support of this view, Oakley et al. showed
that mice deficient for the master regulator of Th1 cells, the transcription factor T-
bet (Thx217), generated diminished numbers of IFN-y* CD4 T cells upon PbA
blood-stage infection, compared to WT mice and this coincided with elevated
parasitemia in Thx21”- mice (Oakley et al., 2013). Similar results were obtained
infecting IL-12-deficient (11127-) mice, which have impaired Th1 differentiation (Su
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and Stevenson, 2000). Such mice had reduced numbers of IFN-y expressing CD4
T cells after infection with Pch. Together, these studies suggest that IFN-y
secreting Th1 CD4 T cells have an important role in the control of Plasmodium

blood-stage infection.

IFNy secretion by CD4 T cells is also reported to be involved in the
induction of immunopathology. For example, Tbx21 mice were partially
protected against the development of experimental cerebral malaria (ECM), a
severe form of disease outcome (Oakley et al.,, 2013). Furthermore, IFN-y
producing CD4 T cells accumulate in the spleen, lung and the brain after PbA
blood-stage infection (Villegas-Mendez et al., 2012). These cells lead to ECM
development through IFN-y secretion and increased accumulation of CD8 T cells
in the brain. In contrast, PbA blood-stage infection of type | interferon deficient
mice (IFNaR™), resulted in enhanced IFN-y, Tbet* (Th1) CD4 T cell responses,
but an absence of ECM (Haque et al., 2011a). In this case, infection of IFNaR"
mice was associated with enhanced control of PbA parasitemia. This suggests
that Th1 cells have a critical function in Plasmodium blood-stage control, but the
role of IFN-y produced by CD4 T cells in the induction of ECM is not fully

elucidated.

CD4 T cell effector function against blood stage malaria can involve
interactions with macrophages (Fontana et al., 2016, Su and Stevenson, 2000).
CD4 T cell-derived IFN-y facilitates macrophage activation (Su and Stevenson,
2000). This stimulation leads to increased phagocytosis of iRBCs and enhanced
production of reactive oxygen and nitrogen intermediates which can result in the
killing of merozoites and parasites in RBCs (Shear et al., 1989, Su and
Stevenson, 2000). In addition to IFN-y, Th1 cells are described to also express
macrophage colony-stimulating factor (M-CSF), which is also known as CSF1
(Fontana et al., 2016). Experiments using M-CSF deficient CD4 T cells showed
an enhanced loss of tissue-resident CD169* macrophages in the spleen after Pch
infection (Fontana et al. 2016). Furthermore, these mice displayed reduced

control of Pch blood-stage infection. Thus, the interaction between Plasmodium-
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specific CD4 T cells and macrophages contribute to limiting Plasmodium blood-
stage parasite growth.

Pch blood-stage infection can be divided into two distinct phases. The
acute phase, where parasitemia peaks around day 10 post-infection, and a
chronic phase, where low levels of parasites are detected up to 30 days post-
infection (van der Heyde et al.,, 1997, Achtman et al., 2007). Following the
induction of IFN-y* CD4 T cells in the acute phase of infection, IL-4 secreting CD4
T cells and large antibody responses could be detected in the chronic phase of
Pch infection (Sponaas et al., 2006). The later response was historically
attributed to Th2 cells helping B cell activation and antibody maturation to finally
clear the Pch infection (Langhorne, 1989). The idea of Th2 cell induction during
Plasmodium infection was strengthened by the observation that IL-4 secreting
CD4 T cells and antibody responses were simultaneously detectable in P.
falciparum-infected individuals (Troye-Blomberg et al., 1990). However, efficient
IgG responses, and the control of Pch parasitemia was obtained in IL-4 deficient
mice to a similar level compared to WT mice, arguing against this linkage (von
der Weid et al., 1994). More recent studies linked follicular helper T (Tfh) cells to
a protective B cell and antibody immune response that eventually clears Pch
infection (Perez-Mazliah et al., 2017). In addition, single cell RNA sequencing
(scRNA-seq) of CD4 T cells after Pch infection revealed a bifurcation between
Th1 and Tfh cells as early as day 4 post infection, while no Th2 cells were
detected (Lonnberg et al., 2017). Tfh cells are characterised as a specialized CD4
T helper lineage expressing high levels of CXCR5 and providing help to B cells
(Schaerli et al., 2000). Furthermore, the transcription factor Bcl6 is described at
the master regulator of Tth differentiation (Johnston et al., 2009). Pérez-Mazliah
and co-authors showed that mice lacking Tfh cells, through a model allowing
conditional deletion of Bcl6 in CD4 T cells (Bcl6"" CD4-Cre*- mice), displayed
disrupted germinal centres (GC) and IgG formation (Perez-Mazliah et al., 2017).
Furthermore, those mice were unable to eliminate the otherwise self-resolving
infection. Contradicting the separation of Th1 and Tfh lineages, current research
reveals IFNg*IL-21*CXCRS* Th1/Tfh hybrid cells form in human malaria patients
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and during chronic Pch blood-stage infection in mice (Obeng-Adjei et al., 2015,
Carpio et al., 2015). Carpio and co-authors could further show that Th1/Tfh cells
strongly depended on Bcl6, Blimp-1, and STAT3 (Carpio et al., 2020). For
example, STAT3 KO mice, which show stronger Th1-like (IFNg*IL21-CXCR5°%)
effector and memory T cell responses, were protected from re-infection, albeit
having reduced antibody titres.

Conventional DCs are critical to induce Tfh cell activation and proliferation
in Plasmodium berghei infection (Fernandez-Ruiz et al., 2017). In contrast, a
study by Arroyo and Pepper, postulated B cells as the primary antigen presenting
cells responsible for Tfh cell priming after Plasmodium blood-stage infection
(Arroyo and Pepper, 2019). In this study, B cell deficient or depleted mice had
reduced Tfh cell numbers as early as four days post P. yoelii infection, compared
to WT mice. Furthermore, mice depleted of conventional DCs (cDCs) had similar
Tfh numbers compared to WT mice post infection (Arroyo and Pepper, 2019).
Both contradicting studies, used different approaches to deplete CD11c
expressing DC (cDCs). Fernandez-Ruiz and co-authors used a system where all
CD11c* cells are depleted by injection of diphtheria toxin (Fernandez-Ruiz et al.,
2017). While CD11c is mainly expressed on cDCs, other cells such as activated
B cells, T cells, NK and NKT cell are described to express CD11c (Hume, 2011,
Rubtsov et al., 2011, Bennett and Clausen, 2007, van Rijt et al., 2005). Therefore,
the reduced numbers of Tfh cells after CD11c* cell depletion could potentially be
influenced by other cells. Arroyo and Pepper, used a more specific cDC deletion
strategy (Arroyo and Pepper, 2019). In this system, administration of diphtheria
toxin specifically depletes cDCs, but, of note, only 77 % of the cDC compartment
was depleted. Therefore, it is possible that the remaining cDCs were sufficient to

induce Tfh cells.

Other CD4 T cell subsets also form after Plasmodium infection. For
example, IL-17* RORyT* Th17 cells were shown to form after PbA, P. yoelii and
Pch infection in mice and P.vivax infection in humans (Keswani and
Bhattacharyya, 2014, Bueno et al., 2012). Antibody based neutralization of IL-17,
a Th17 signature cytokine, post P. yoelii17 XL infection, increased DCs numbers
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as early as day 3, but these numbers declined rapidly with the progression of
infection. Mice treated with anti-IL17 mAb expressed enhanced levels of MHC-II,
CD80 and CD86, suggesting that DC maturation in the presence of Th17 cells is
impaired during Plasmodium blood-stage infection (Chen et al., 2020). However,
deficiency of IL17 did not alter the course of Plasmodium infection in mice
(Mastelic et al., 2012, Chen et al., 2020).

The induction of immune regulatory CD4 T cells is well described in
Plasmodium infection, and their regulatory functions can have a variety of effects
(Jagannathan et al., 2014, Nie et al., 2007). They can limit immune-mediated
pathology but also facilitate higher parasite burdens (Freitas do Rosario et al.,
2012, Kurup et al., 2017). The best described regulatory T cells population are
CD25"9" Foxp3* Treg cells. In Plasmodium infection, depletion of Tregs by
administering of an anti-CD25 mAb prior to infection increased Plasmodium
specific non-regulatory CD4 T cell responses and protected mice from the
infection (Amante et al., 2007, Nie et al., 2007). However, anti-CD25 mAb
treatment did not deplete all Tregs and was not exclusive for this cell type.
Therefore, Foxp3-DTR mice were used to specifically deplete Tregs through
administration of diphtheria toxin (Kurup et al., 2017). Specific depletion of
Foxp3*lead to reduced P. yoelii blood-parasite burden compared to WT mice. In
another study, depletion of Tregs, using the Foxp3-DTR approach, did not alter
the blood-parasite levels after PbA infection (Haque et al., 2010). However,
expansion of Foxp3™ Tregs, through injection of IL-2, provided protection against

the severe outcome of PbA infection.

Another described regulatory CD4 T cell subset in Plasmodium infection
are T regulatory type 1 (Tr1) cells (Jagannathan et al., 2014). Tr1 cells are
characterized by the co-expression of IFN-y and IL-10 and form early after blood
stage Plasmodium infection. Unlike Tregs, Tr1 cells express Foxp3 only
transiently upon activation (Levings et al., 2005). Type | Interferon responses in
P. yoelii infection as well as IL-10 and IL-27 are described to favour Tr1 cell
differentiation (Sukhbaatar et al., 2020, Zander et al., 2016, Loevenich et al.,
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2017). Furthermore, studies using Pch infection in mice demonstrated that Tr1
cells are highly related and can directly derive from Th1 cells (Lénnberg et al.,
2017). Mice with elevated Tr1 cell numbers displayed suppression of
inflammatory cytokines such as IFN-y, TNF, IL1B3, IL-17 and IL-6, humoral
immunity and elevated parasite burden (Couper et al., 2008, Montes de Oca et
al., 2016, Zander et al., 2016). On the other side, Tr1 cell development was
associated with protection against immune mediate tissue pathology in Pch
infected mice (Freitas do Rosario et al., 2012). Furthermore, the frequency of Tr1
cells in children from Uganda was correlated with reduce risk of development of

clinical malaria, although higher parasitemia was observed (Boyle et al., 2017).

Another regulatory CD4 T cell subtype, specialised in secretion of IL-27,
was recently found to develop after PbA blood-stage infection (Kimura et al.,
2016, Sukhbaatar et al., 2020). IL-27 secretion by CD4 T cells led to the
suppression of IL-2 production by other CD4 T cells, a cytokine important for T
cell differentiation. Reconstitution of T cell receptor beta chain (Tcrp”") deficient
mice with IL-27 deficient CD4 T cells resulted in reduced parasitemia and
improved survival compared to mice reconstituted with wild type CD4 T cells
(Kimura et al., 2016). It was further shown that IL-27 drives Tr1 differentiation and
IL-10 production in a STAT3 dependent manner (Awasthi et al., 2007, Stumhofer
et al., 2007). This suggests CD4 T cell-derived IL-27 has a deleterious, immune
suppressive effect, rather than a protective role against blood-stage Plasmodium

infection.

As shown above, CD4 T cells have multiple roles in the immune response
towards Plasmodium blood-stage infection and modulate the overall outcome of
disease. Induction of large numbers of CD4 T cells expressing Th1-like effector
molecules can lower the overall parasite burden but may facilitate the
development of immune-mediated pathology. On the other side, induction of a
strong regulatory CD4 T cell response can dampen the development of an
efficientimmune response, resulting in elevated Plasmodium parasite burden but
potentially reduced immune pathology. Therefore, inducing the appropriate CD4
T cell subpopulation, which protects from infection but also from the onset of
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immune pathology, is critical for success of future CD4 T cell-based blood stage

malaria vaccines.
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Figure 1.2. Differentiation and roles of CD4 T cells during
Plasmodium infection.
Adapted from Kumar, 2019 (Kumar et al., 2019). DCs capture parasite derived
molecules, which results in the release of different cytokines, including IL-12 or
IL-6, IL-21 and IL-4. These cytokines, in combination with TCR stimulation,
promote the expression of CD4 T cell lineage specific transcription factors that
result in the differentiation into T helper (Th)1, T follicular helper (Tth) and T
helper (Th) 2 cell populations. Th1 cells can release pro-inflammatory cytokines,
such as IFNy and TNF that stimulate macrophages to phagocytose infected red
blood cells (iRBCs) and produce reactive oxygen and nitrogen intermediates
(ROS and NO). Under the influence of IL-27 Th1 cells can also differentiate into
type 1 regulatory (Tr1) cells that release IL-10 which supresses ROS and NO
production by macrophages as well as antigen presentation by DCs. Before Tr1
cell responses develop, FoxP3" CD4 T regulatory (Treg) cells can dampen
immune responses in an early stage of Plasmodium infection. Treg cells either
emerge from the thymus or can develop in the periphery upon IL-2 and TGFf
signalling. Tfh cells are essential for the selection and maturation process of B
cells, immunoglobulin class switching and the development of high-affinity
antibody responses. During the pre-erythrocytic stages of Plasmodium infection,
CD8 T cells can migrate to the liver and recognize and Kill infected hepatocytes
potentially with the help of Plasmodium-specific CD4 T cell. Some reports
suggested a Th1 cells can mediate protection against sporozoite infection
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independent of CD8 T cell responses. Compared to Th1 and Tfh cells, Th2 and
Th17 cell numbers are limited. Nevertheless, their existence has been reported
in human and mice malaria studies. Created with Biorender.com.

1.5 Malaria Pathogenesis and naturally acquired immunity

Each P. falciparum iRBC releases around 16 new merozoites every 48h,
leading to a rapid increase in blood parasitemia. During this process, ruptured
RBCs can induce secretion of inflammatory cytokines by immune cells, leading
to recurring high fever episodes and other malaria-related symptoms. After
several replication rounds, Plasmodium blood-stage infection in malaria naive
individuals is accompanied by muscle pain, periodical fever, headache, and
nausea. In contrast, the pre-erythrocytic stage of Plasmodium infections does not
induce disease symptoms. If the infection is adequately treated, symptoms
associated with blood stage infection decline within a few days, and re-occurring
symptoms signify incomplete treatment, drug resistance of the parasite, or
reinfection. In the case of P.vivax and potentially P. ovale infection, rising
parasite levels after treatment can also result from reactivation of the dormant
liver-resident parasite state (White, 2011, Richter et al., 2010). In sub-Saharan
Africa, most deaths from P. falciparum infection occur in children under 5 years
of age and are associated with symptoms such as severe anaemia, respiratory
stress, acidosis, and cerebral malaria (CM) (Mackintosh et al., 2004, Wassmer et
al., 2015).

P. falciparum induces cerebral malaria, a form of severe malaria with a
poor prognosis. Infection with this parasite can lead to sequestration of mature-
infected erythrocytes and platelets in the micro-vasculature of different organs
(Taylor and Molyneux, 2015, Dorovini-Zis et al., 2011, Grau et al., 2003). This
sequestration is mediated through the interaction of parasite-derived proteins
such as Plasmodium erythrocytic membrane protein-1 (PfEMP-1), exposed on

the cell surface of iIRBCs, with host receptors such as intercellular adhesion
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molecules-1 (ICAM-1), expressed by the endothelial lining (Chakravorty and
Craig, 2005). These interactions can lead to blood vessel blockage, which is
thought to impair perfusion and lead to damage in several organs such as the
retina, and most dramatically, in the brain. The sequestration of iRBCs and
platelets in the cerebral microvasculature is associated with coma and in some
cases, death (Dorovini-Zis et al., 2011, Grau et al., 2003). In this pathological
process, the blood-brain barrier loses its integrity, leading to brain swelling and
inflammation (Dorovini-Zis et al., 2011, Greiner et al., 2015, Seydel et al., 2015,
Brown et al., 1999). The importance of inflammatory changes in the brain tissue
in the development of CM in humans is still under debate. While some studies
find immune cell accumulation in the cerebral microvasculature, particularly in
younger patients, others show the absence of inflammatory signs in brain tissue
of patients who died in the acute phase of CM (Hochman et al., 2015, Grau et al.,
2003). Those patients, however, show increased biomass of sequestered
infected erythrocytes in the brain microvasculature (MacPherson et al., 1985,
Pongponratn et al., 2003).

Animal models have been used to study this process in the controlled
conditions of the laboratory. Similar to human CM, several studies confirmed the
disruption of the blood-brain barrier, brain swelling, and vascular leakage at a
time when ECM symptoms start to occur in PbA infected mice (Thumwood et al.,
1988, Nacer et al., 2012, Ghazanfari et al., 2018). In these models, iRBCs and
platelet sequestration in the cerebral vasculature is followed by the accumulation
of monocytes, neutrophils, T cells, and natural killer cells resulting in an
inflammatory environment leading to experimental cerebral malaria (ECM)
(Ghazanfari et al., 2018, Belnoue et al., 2008, Hansen et al., 2007). Monocytes
and NK cells contribute to the recruitment of T cells into the cerebral vascularity
upon PbA blood-stage infection, as shown by depletion studies (Hansen et al.,
2007, Pai et al., 2014, Swanson et al., 2016). In this model, CD8 T cells are
described to be the central effector cell causing ECM. CD8 T cell depleted or
deficient mice were not susceptible to experimental cerebral malaria after PbA
infection (Henn et al., 1998, Yanez et al., 1996). Furthermore, the transfer of
CD8" but not CD8" T cells, isolated from PbA infected mice, induced ECM in
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otherwise ECM-resistant RAG2-KO mice (Nitcheu et al., 2003). It was shown that
perforin and granzyme B, two well-characterized CD8 T cell effector molecules,
are required by CD8 T cells to induce ECM (Nitcheu et al., 2003, Haque et al.,
2011b). In addition, brain endothelial cells were described to phagocytose free
merozoites and cross-present PbA derived epitopes upon IFN-y stimulation,
making them susceptible to be killed by Plasmodium-specific CD8 T cells
(Howland et al., 2015).

CD4 T cells, on the other hand, were mainly reported to facilitate ECM
development by initiating CD8 T cell responses. For example, CD4 T cell deficient
mice did not develop ECM after PbA infection. However, the depletion of CD4 T
cells four days after infection did not alter the outcome of ECM (Belnoue et al.,
2002, Boubou et al., 1999, Yanez et al., 1996, Swanson et al., 2016). Another
study demonstrated that CD40 ligand deficient mice, where CD4 T cells are
incapable of DC licensing, had impaired CD8 T cell proliferation (Fernandez-Ruiz
et al.,, 2017). Five days after PbA blood-stage infection, reduced CD8 T cell
responses were detectable in CD40L deficient mice, while the reconstitution of
CD40L™" mice with Plasmodium-specific CD4 T cells rescued CD8 T cell
proliferation. In this study, CD40L” mice developed ECM 1-2 days later
compared to WT or CD40L" mice injected Plasmodium-specific CD4 T cells.
Therefore, CD8 T cells seem to be directly involved in ECM induction, while the
role of CD4 T cells can be described as a helper function.

To this point, the validity of ECM as a model for human CM is still a matter
of debate. Strong similarities exist between CM and ECM; however, human CM
data mostly attribute CM to the sequestration of infected red blood-cells. In
contrast, mouse models clearly show a critical role for immune responses in ECM
development, although iRBC sequestration is also observed. The limited number
of available post-mortem studies and the missing accessibility of human brain
tissue in patients who survived CM hinders the evaluation of the role of human
immune cells in the development of CM. However, recent studies confirmed an
accumulation of CD8 T cells within the brain, potentially targeting the
cerebrovasculature of CM patients (Barrera et al., 2019, Riggle et al., 2020).
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However, differences in T cell frequency, reduced in CM, and
compartmentalization, luminal and perivascular in ECM and CM, respectively
could be detected. Therefore, further work is required to fully understand the
mechanism of CM development in infected individuals. The dissection of this
mechanism might potentially lead to new therapeutic approaches to reduce

mortality.

Severe anaemia, another severe malaria pathology, is caused by the
rupture of infected erythrocytes induced by the parasite and phagocytosis of
infected and uninfected red blood cells in the spleen by macrophages (Buffet et
al., 2011, Perkins et al., 2011). Uninfected red blood cells were demonstrated to
have a reduced life span in a malaria-infected individuals compared to healthy
individuals (Berkowitz, 1991). Potentially, reactive oxygen species produced
during Plasmodium infection alter surface proteins on RBCs, making them
susceptible to auto-antibodies and final clearance by macrophages (Jakobsen et
al., 1995, Lutz et al., 1996). Furthermore, ROS causes cell membrane injury on
infected and uninfected RBCs, triggering exposure of phosphatidyl serine and
galactose residues. This leads to antibody independent phagocytosis and
therefore increased red blood cell destruction in infected individuals (McGregor
et al., 1968, Waitumbi et al., 2000).

Particularly in young children, severe anaemia can correlate with lethality.
In addition, hypotension and the occlusion of the microcirculation can lead to a
reduced supply of oxygen in some organs, inducing anaerobic glycolysis (English
etal., 1997, Warrell et al., 1988). This metabolic shift, termed metabolic acidosis,
results in the accumulation of organic acids in the blood, which can lower the pH
of the blood, reducing the ability to exchange oxygen and carbon dioxide
(Maitland and Newton, 2005). To compensate for the acidosis, patients develop
accelerated breathing, a sign of respiratory distress. This distress can then result
in organ failure and correlates with poor prognosis in infected individuals (Hanson
et al., 2010, Marsh et al., 1995).

In pregnant women, infected red blood cells bind to chrondroitin sulfate A,
largely expressed in the placental endothelium. This occurs via PfEMP-1; a
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parasite protein present on the cell-surface of P. falciparum-infected RBCs
(Ndam and Deloron, 2007). This interaction leads to sequestration of iRBCs in
the placenta, similar to CM, and accumulation of inflammatory immune cells and
inflammation (Rogerson et al., 2003b, Rogerson et al., 2003a). This has a
deleterious effect on the placenta, causing placental malaria (PM). High numbers
of sequestrated iRBCs lead to a thickened placenta, altering its function and
providing insufficient nutrients to the foetus (Davison et al., 2000). In addition,
elevated pro-inflammatory cytokines such as IFN-y, TNF, IL-1 and IL-2 are found
locally in the placenta of infected women. These cytokines are described to
enhance the phagocytic activity of macrophages and induce T cell proliferation
(Suguitan et al., 2003, Fried et al., 1998). While these local responses are aimed
at controlling infection in the placenta, the excess inflammation poses a risk for
the pregnancy. In Plasmodium naive women or women with their first pregnancy
in endemic areas, the structural changes in the placenta associated with infection
cause a higher risk of stillbirth (Reeder et al., 1999, Saba et al., 2008). However,
multigravida women in endemic areas are less susceptible to severe pathology,
due to the development of PfEMP1-specific antibodies (Duffy and Fried, 2003,
Staalsoe et al., 2004). These antibodies can inhibit the adhesion of parasites and
iRBcs to the placenta, which provides some protection against placental malaria’s
most severe outcome. Malaria infection in subsequent pregnancies still leads to
low birth weight, maternal anaemia, and preterm delivery (McLean et al., 2015,

Rogerson et al., 2018).

Interestingly, the passive transfer of maternal immunoglobulin (Ig) before
birth and inhibitory factors in the breast milk protect children under 6 months of
age against severe malaria (Snow et al., 1998, McGregor et al., 1970, Chizzolini
et al.,, 1991) (Kassim et al., 2000). However, this early protection by maternal
antibodies wanes within the first two years, as IgG Ab levels decline in the infant.
As a consequence, children between 2 and 4 years old show increased morbidity
and mortality compared to infants. Through several subsequent exposures to
malaria, young children gradually develop anti-malaria antibodies, which

enhance the protection against Plasmodium infection over time. For example, an
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antibody study in Kenya revealed that children between the ages of 1 and 4 had
the narrowest breadth of antibody responses and the lowest antibody titres
compared to older children or adults (Dent et al., 2015). Beyond this age,
individuals living in endemic areas developed an anti-malaria immune response
that lowers the risk of severe malaria development. However, high parasitemia
levels in the blood can still be found (Carneiro et al., 2010).

Adults living in high transmission endemic areas naturally acquire
immunity that protects against clinical symptoms by controlling parasitemia
(Owusu-Agyei et al., 2001, Baird et al., 2003). However, this clinical immunity is
not long-lasting, and sterilizing immunity is never achieved (Doolan et al., 2009,
Keegan and Dushoff, 2013). For example, in highly endemic areas that
experienced a decline in transmission, an increase in the mean age of clinical
malaria could be observed, indicating that natural immunity developed more
slowly (Marsh and Kinyanjui, 2006). Furthermore, the onset of naturally acquired
immunity from people living in low transmission areas is delayed compared to
high endemic areas (Fowkes et al., 2016, Carneiro et al., 2010, Marsh and
Kinyanjui, 2006). Therefore, the development and maintenance of naturally
acquired immunity relies on repeated Plasmodium parasite exposure to prevent

clinical symptoms.

The exact mechanisms by which naturally acquired immunity develop are
not fully understood. Several reports described a correlation of IgG antibodies
with reduced risk to develop severe malaria symptoms (Dodoo et al., 2001,
Magistrado et al., 2007, Ofori et al., 2002, Yone et al., 2005). This correlation was
supported in studies where immune adults were shown to control parasite growth
when injected with blood-stage parasites (Bruce-Chwatt, 1962, Langhorne et al.,
2008).
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1.6 Human anti-malaria vaccine approaches

The severe outcomes of Plasmodium infection are terrible. While the
Plasmodium blood-stage can be treated by drug administration, the development
of drug resistance parasites is always a concern. An efficient, long-lasting anti-
malaria vaccine, stopping symptoms onset and further transmission, would
overcome periodical infection and drug treatment cycles and ultimately reduce
malaria incidence globally. Currently, several vaccine strategies have been
implemented in clinical trials targeting either Plasmodium gametocytes, the pre-
erythrocytic or erythrocytic stage of infection. This section will introduce some
vaccination approaches developed to protect against Plasmodium infection in

humans.

1.6.1 Vaccines targeting the pre-erythrocytic stage of Plasmodium

infection

Vaccines targeting the pre-erythrocytic stage of infection aim to eliminate
infection before the blood-stage can be established. This strategy would prevent
malaria-associated pathology and symptoms as well as further transmission.
Different vaccine approaches have been used to induce pre-erythrocytic
Plasmodium protection. Some vaccine strategies target specific Plasmodium-
derived epitopes and are termed sub-unit vaccines. In contrast, whole sporozoite
vaccines, are thought to induce an antigenically broader breadth of

immunological responses in vaccinated individuals.
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1.6.1.1 Sub-unit vaccines.

Currently, one of the most advanced human sub-unit malaria vaccine is
RTS,S/AS01 (RTSS Clinical Trials Partnership, 2015). This vaccine consists of a
virus-like particle containing several copies of a fragment of the P. falciparum
CSP (PfCSP). This particle is fused to hepatitis B virus surface antigen and is
administrated with the liposomal adjuvant ASO1(RTSS Clinical Trials Partnership,
2015). RTS,S/AS01 induced partial clinical immunity during phase Il clinical
studies. Three doses of RTS,S/AS01, or control vaccine were administered to
children (5-17 months of age) and infants (6-12 weeks of age) over a period of
two years. Efficacy against clinical malaria in vaccinated children was 36 % and
dropped to 26 % in young infants (RTSS Clinical Trials Partnership, 2015). In a
follow-up study, at 7 years post-vaccination only 4.4 % of the children in this
cohort were still protected (Olotu et al., 2016). Current studies attribute the
protection of RTS,S/AS01 vaccination mainly to antibody. However, the induction
of CD4 and CD8 T cells responses after RTS,S/AS01 vaccination is documented
(White et al., 2013, Kester et al., 2009, Kazmin et al., 2017).

Another sub-unit human malaria vaccine uses a replication-deficient,
recombinant chimpanzee adenovirus serotype 63 (ChAd63) as a priming
reagent. ChAd63 was combined with a modified vaccinia Ankara (MVA) virus as
a booster dose (Ewer et al., 2013, Ewer et al., 2015). The ChAd63-MVA viral
particles express a multi-epitope string termed ME-TRAP, which includes the P.
falciparum TRAP protein and a string of T and B cell epitopes derived from
proteins expressed during the pre-erythrocytic stage of Plasmodium infection
(Ewer et al., 2015, Gilbert et al., 1997).

In controlled human malaria infection, ChAd63-MVA vaccination induced
sterile protection in about 20-25% of malaria naive participants (Ewer et al.,
2013). Furthermore, this vaccination approach reduced infection risk by about
67% for an 8-week follow-up period in Kenyan adults (Ogwang et al., 2015).
However, no efficacy was observed in participants in Senegal (Mensah et al.,
2016). Interestingly, unlike RTS,S/AS01, ChAd63-MVA is designed to generate



50

a robust CD8 T cell response against sporozoites and, indeed, protection
correlated with peripheral CD8 T cell responses in vaccinated volunteers (Ewer
et al., 2015, Gilbert et al., 1997).

1.6.1.2 Whole Sporozoite vaccines (WSV)

Another approach to induce protection against Plasmodium infection is the
administration of whole sporozoite vaccines. This strategy overcomes the need-
to-know immunogenic Plasmodium epitopes required to design sub-unit
vaccines. Furthermore, WSV generates a more comprehensive immune
response by using attenuated sporozoites or live sporozoites under drug
treatment to prevent blood-stage infection. However, WSV faces many other
challenges, such as large scale sporozoite production, cold temperature storage,

and safety concerns about live sporozoites.

Initial studies, demonstrated that administration of radiation attenuated
sporozoites (RAS) through mosquito bite infection has the potential to induce
protection in humans (Clyde, 1990). However, protocols had to be developed to
ensure the safe production of large numbers of RAS. One such RAS vaccine
approach, termed "PfSPZ Vaccine” (P. falciparum sporozoite), requires injection
of up to five doses of 1.35 x 10° purified, aseptic, and cryopreserved radiation
attenuated sporozoites (Seder et al., 2013). While four doses induced protection
in only 33% of malaria naive participants, 100 % of the enrolled individuals that
received five doses of this vaccine were protected against sporozoites when
challenged 3 weeks after the last immunization. Furthermore, 55 % of individuals
remained protected 21 weeks after receiving four doses of 2.7 x 107 RAS (Seder
et al., 2013). However, the PfSPZ vaccine only showed about 51 % efficacy in
clinical studies in endemic areas (Sissoko et al., 2017). A dose dependent
increase in PfSPZ-specific antibodies and circulating T cells levels could be
detected in vaccinated individuals (Seder et al., 2013). However, a vaccination
study with non-human primates showed a 100-fold higher frequency of
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P. falciparum-specific CD8 T cells in the liver than in the blood after PfSPZ
vaccination (Ishizuka et al., 2016). This raised the possibility that the high
numbers of Plasmodium specific CD8 T cells in the liver are responsible for the
observed protection.

Another way to attenuate sporozoites is to induce specific deletions in the
parasite genome. These genetically attenuated parasites (GAP) arrest during
liver-stage development and do not proceed into a blood-stage infection.
Sporozoite arrest in the liver could be observed in parasite strains in which distinct
pre-erythrocytic genes were deleted: p52, p36, and sap1 (Mikolajczak et al.,
2014). The so-termed PfGAP3KO parasite strain is shown to be safe and to
induce inhibitory sporozoite-specific antibodies following mosquito bite infection
in U.S. adults (Kublin et al., 2017). However, PFGAP3KO arrest early in the liver-
stage development, which can result in reduced antigenic diversity and breadth
of immunity. Therefore, current research focuses on developing late-arresting

GAPs to overcome this limitation (Vaughan et al., 2018).

In the previous examples, attenuated sporozoites were used to induce
protective immune responses against Plasmodium infection. An alternative
vaccination strategy is injecting live sporozoites under drug treatment
(chemoprophylaxis) to prevent progression to the blood-stage. This
chemoprophylaxis and sporozoite immunization (CSP) allows for complete
Plasmodium liver-stage development, potentially increasing the spectrum of
exposed immunogenic antigens. In CHMI studies, CSP vaccination-induced 100
% protection in individuals 8 weeks after the final immunization, and 4 out of 6
participants were still protected 2 years after vaccination (Roestenberg et al.,
2011). In a similar study, low numbers of live sporozoites (three doses of 5.12 x
10* sporozoites), compared to vaccination with attenuated sporozoites (five
doses of 1.35 x 10° RAS), induced 100 % protection in volunteers (Mordmuller et
al., 2017, Seder et al.,, 2013). In this study, several antibodies against
Plasmodium liver-stage antigens were found in the serum of participants.
Furthermore, the authors found a positive correlation between protection and

induction of P. falciparum-specific CD4 memory T cells in volunteers (Mordmuller
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et al., 2017). While these studies were performed with homologous sporozoite
vaccination and infection, only 2 out of 10 and 1 out of 9 participants were
protected against heterologous sporozoite challenge in vaccinated individuals
(Walk et al., 2017).

1.6.2 Vaccines targeting the erythrocytic stage of Plasmodium infection

While most of the vaccination approaches described so far target the pre-
erythrocytic stage of Plasmodium infection, other vaccines approaches are
designed to target the blood-stage of Plasmodium infection. Based on promising
results in non-human primates, chemically attenuated P. falciparum blood-stage
parasites were injected in a small cohort of malaria-naive individuals (De et al.,
2016, Stanisic et al.,, 2018). In the sera of participants, homologous and
heterologous parasite reactive antibodies were detected, but further studies are
required to examine the protective capacity (Stanisic et al., 2018).

A small experimental study in which volunteers were injected 4 times with
ultra-low doses of around 30 viable P. falciparum infected RBCs, followed by drug
treatment, resulted in sterile protection against blood-stage infection in 3 out of 4
malaria naive volunteers (Pombo et al., 2002). Interestingly, no parasite-specific
antibodies were detectable, and protection correlated with Plasmodium specific
IFNy* CD4 and CD8 T cells.

Additional efforts have been made to develop blood-stage subunit
vaccines to eliminate safety concerns related to the injection of live merozoites.
The P. falciparum antigen RH5 was encoded into a ChAd and MVA complex,
similar to the ChAd63-MVA malaria liver-stage vaccine approach described
earlier (Payne et al., 2017, Ewer et al., 2015). RH5 is a novel P. falciparum
parasite antigen shown to induce merozoite neutralizing Ab in vitro and in vivo in
non-human primates studies (Douglas et al., 2011, Douglas et al., 2015,
lllingworth et al., 2019). Initial studies in humans confirmed that RH5 specific Ab
and T cell responses were generated in vaccinated participants. Furthermore,
those Ab showed parasite growth inhibition in in vitro studies. Further studies are
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necessary to determine this vaccine's protective capacity (Payne et al., 2017). In
addition many other subunit vaccines targeting a varity of proteins expressed by
iRBCs or merozoites are currently in clinical trials. Targeting proteins such as
MSP3 (MSP3-LPS), subunit of trophozoite export protein (P27A), serine repeat
antigen 5 (BK-SE26), AMA-1 (AMA-1 DiCo) and erythrocyte binding protein
family member EBA-175 (EBA-175 RIl NK) was proven to be safe to use in
humans but with variable antibody titer responses leading to low protection
efficancy (Sirima et al., 2007, Nebie et al., 2009, Steiner-Monard et al., 2019,
Horii et al., 2010, Sirima et al., 2017, El Sahly et al., 2010).

1.6.3 Vaccines targeting the transmission of Plasmodium parasites.

An alternative approach to stop Plasmodium transmission aims at targeting
gametocytes, which mediate transmission through mosquitos. Specific epitopes
expressed by gametocytes are targeted to attempt elimination of this parasite
population. One such surface protein is Pfs25. In mouse studies, high Ab titers
against PfS25 could be generated, blocking further transmission (Kubler-Kielb et
al., 2007). In preliminary humans trials, however, injection of soluble PfS25
induced insufficient transmission-blocking activity (Miura et al., 2007, Wu et al.,
2008, Radtke et al., 2017, Talaat et al., 2016). Furthermore, while such vaccines
would progressively reduce malaria, they would not protect individuals from

getting infected or developing malaria symptoms.

1.7 Research Aims

Despite successful worldwide efforts to lower the incidence of malaria, this
reduction has stalled in recent years. The emergence of drug and insecticide
resistance makes it unlikely that malaria eradication will be achieved with current
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strategies (WHO, 2019, WHO, 2015). Vaccination will be a significant step to a
decisive decrease in infection numbers. A promising target for an anti-malaria
vaccine is the liver-stage of Plasmodium infection. The elimination of parasites in
the liver prevents blood-stage infection and, therefore, associated pathology as
well as impeding disease transmission. While vaccines targeting the pre-
erythrocytic stage have high efficacy in animal models and controlled human
malaria trials with malaria naive individuals, they show limited effectiveness in
malaria-endemic areas (Butler et al., 2010, Clyde, 1990, Fernandez-Ruiz et al.,
2016, Ishizuka et al., 2016, Mensah et al., 2016, Nussenzweig et al., 1967,
Mordmuller et al., 2017, Seder et al., 2013, Tse et al., 2013, RTS, 2015, Ogwang
et al., 2015, Sissoko et al., 2017). This suggests improvements to vaccination

strategies are needed for effective deployment in Africa.

Most vaccine strategies targeting the pre-erythrocytic stage rely on the
injection of either whole sporozoites or sub-unit vaccines. WSVs face major
challenges, as large-scale sporozoite production is slow and cost intensive,
WSVs require storage at cold temperatures and there are safety concerns with
respect to complete inactivation. Sub-unit vaccines, which target specific
Plasmodium-derived epitopes, can potentially overcome these challenges, in
particular safety issues of delivering infectious sporozoites, if properly designed.
However, only limited Plasmodium-derived immunogenic antigens have been
described. For example, only three MHC-I restricted epitopes from PbA infection
have so far been demonstrated to provide sterile protection against Plasmodium
liver-stage infection in B6 mice (Hafalla et al., 2013, Pichugin et al., 2018,
Valencia-Hernandez et al., 2020).

One study identified 14 MHC-II restricted epitopes obtained from PbA
blood-stage infection of B6 mice (Draheim et al., 2017). Eight of these were
associated with significant cytokine production in mice previously exposed to
Plasmodium parasites, suggesting they are authentic antigens. Of these, the
three most potent MHC-II restricted epitopes (ETRAM10.2, GAPDH, and EF1a)
were responsible for one-third of total CD4 T cell response after PbA blood-stage
infection, protection against sporozoite or blood-stage infection was not
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investigated (Draheim et al., 2017). Our laboratory previously generated an MHC-
ll-restricted TCR transgenic mouse line, termed PbT-II, specific for a so far
unknown Plasmodium epitope derived from PDbA blood-stage infection
(Fernandez-Ruiz et al., 2017). Interestingly, PbT-II cells were shown to respond
by proliferation to various rodent blood-stage Plasmodium species as well as to
human P. falciparum-infected red blood cells. Furthermore, PbT-Il cells
proliferated after vaccination of B6 mice with radiation attenuated sporozoites
(RAS). Thus, this novel MHC-II restricted epitope is not only highly conserved
throughout Plasmodium species but also proven to activate Plasmodium-specific
CD4 T cells after inoculation of radiation attenuated sporozoites or blood-stage
parasites. Given its conserved nature and presence throughout the life cycle this
antigen appeared to be potentially valuable for vaccination studies. Thus, it
became important to identify the Plasmodium epitope recognised by PbT-Il T
cells. Its identification would not only add to the limited number of immunogenic
Plasmodium-specific CD4 T cell epitopes, but it would also allow the study of CD4
T cell responses to both Plasmodium liver and blood-stage infections.
Identification of the epitope would also allow for assessment of its ability to
generate long-lasting memory CD4 T cell responses, essential for any
vaccination approach.

In many studies, the importance of Trwm cells as the first line of defence
against pathogens in several tissues has been demonstrated. It was explicitly
shown that liver-resident CD8 T cells induced by RAS vaccination were essential
to facilitate sterile-immunity against Plasmodium sporozoite infection in mice
(Fernandez-Ruiz et al., 2016). Although it is not clear whether liver resident CD4
T cells form during Plasmodium infections, the formation of liver homing CD4 T
cells in a salmonella vaccination study was shown (Benoun et al., 2018).
Furthermore, CD4 Trwm cells were documented to improve CD8 Trwm cell formation
in the lung and protection in an influenza infection model (Son et al., 2021). Thus,
the identification of a Plasmodium-specific liver resident CD4 T cell population
and determining their potential role in enhancing CD4 or CD8-mediated
protection against sporozoite inoculation could fundamentally change the way
liver-stage sub-unit vaccines are designed.
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In addition, several studies have postulated a protective role for CD4 T
cells towards liver- and blood-stage Plasmodium infection (Doolan and Hoffman,
2000, Oliveira et al., 2008, Fontana et al., 2016). However, it was not determined
what MHC-II restricted epitopes induced protective CD4 T cell responses and
how those responses could be harnessed to mediate protection. Thus, this
project aimed to examine the protective capacity of T cells specific for the epitope
recognised by PbT-II cells in their response to both liver and blood-stages of

infection.

The aims of this project can be summarised as follows:

1. To identify the cognate antigen of PbT-Il cells and characterize the
development of CD4 T cell memory populations towards this MHC-II
restricted epitope (Chapter 3).

2. To examine the existence of Plasmodium-specific liver-resident CD4 T
cells after various activation methods and compare such cells to the
well characterized CD8 Trm population in the liver (Chapter 4).

3. To determine the protective capacity of Hsp90-specific CD4 T cells
towards Plasmodium liver- and blood-stage infection (Chapter 5).
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Chapter 2

Materials and Methods



Chapter 2 Material and Methods

2.1 Materials

Table 2.1 List of antibodies and dyes.
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The table shows antibody name, fluorochrome, clone, company and dilution.

Name

Bcl6

Bcl6
CD101

CD27
CD38

CDh4

CDh4

CDh4

CD44
CD44

CD45.1

CD45.2

CD45R
(B220)
CD49a

CDo62L

CDo62L

Conjugate

PerCPcy5.5

PerCP-
eFluor 710
PE-Cy7

BV605
eFLuor450

APC

PE

BV604

BV510
AF700

AF700

PE-Cy7
PerCP-
Cy5.5
BV711
PerCP-
Cy5.5
BV605

Clone

K112-91

BCL-DWN

Moushi101

LG.3A10
HIT2

RM4-5

RM4-5

RM4-5

IM7

IM7

A20

104

RA3-6B2

Ha31/8
MEL-14

MEL-15

Source

BD
Pharmingen”
M

eBioscience
™

eBioscience
™

BioLegend®

eBioscience
™

BD
Pharmingen”
M

BD
Pharmingen”
M

BD
Pharmingen”
M

BD Horizon™

eBioscience
™

BD

Pharmingen
™

BioLegend®

eBioscience
™

BD Horizon™

eBioscience
™

BD Horizon™

Cat.
Number

562198

46-
5453-82
25-
1011-82
124233
48-
0389-42
553051

553049

563747

563114
56-
0441-82
561235

109830
45-
0452-82
564863
45-
0621-82
563252

Dilutio
n
1:100
1:100
1:200

1:200
1:400

1:400

1:400

1:400

1:200
1:200

1:100

1:100
1:200

1:200
1:200

1:200



CD69

CD69
CD8
CD8

Cell
violet™
CX3CR1

CX3CR1

trace

CXCR3
(CD183)
CXCR3
(CD183)
CXCR5

F4/80

FC-block
(CD16/CD31

)
FoxP3
GATA-3

Ghost
Dye 780

Red

Hoechst
33258
IFN-y

IFN-y
IFN-y
IL-2

IL-2
IL-4

IL-10

PE-Cy5

BV605
BV711
APC

APC
PE/Dazzle

™ 594
APC
BV605

Biotin

AF647

eFluor®
450
PE-Cy7

PE-Cy7

BV605
BV421
PE

APC
APC

PE-Cy7

H1.2F3

H1.2F3
53-6.7
53-6.7

SA011F11
SA011F11

CXCR3-
173
CXCR3-
173
2G8

BM8

FJK-16s

L50-8233

XMG1.2

XMG1.2
XMG1.2

JESG6-
1A12
JES6-5H4

11B11

JES5-
16E3
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eBioscience
™

BioLegend®
BioLegend®

BD

Pharmingen
™

Invitrogen ™

BioLegend®
BioLegend®

eBioscience
™

BioLegend®

BD

Pharmingen
™

BioLegend®

BD

Pharmingen
™

eBioscience
™

BD

Pharmingen
™

Tonbo
Biosciences

ThermoFishe
r Scientific
BD

Pharmingen
™

BioLegend®
BioLegend®
BioLegend®

BioLegend®

eBioscience
™

BioLegend®

15-
0691-82
104530

100748
553035

C34557

149008
149014

17-
1831-82
126523

551960

123122
553142

48-
5773-82
560405

13-
0865-
1500
H3569

557649

505839
505829
503702

503810
17-

7041-81
505025

1:200

1:200
1:400
1:400

0.5ul/ml

1:200
1:200

1:200
1:200

1:200

1:100
1:200

1:200

1:100

1:500

S5pg/ml

1:100

1:100
1:100
1:100

1:100
1:100

1:100



IL-13
IL-17
KLRG1
KLRG1

LIVE/DEADT
M Fixable
Near-IR
Dead Cell
Stain Kit for
633 or 635
nm
excitation
Ly6C
NK-1.1

P2X7/P2RX7

PD1
RoryT

Streptavidin

Thbet
Thbet
Thbet

TNF
TNF

TNF
Va2

Va2

Vo2
Va3.2

Va8.3

PE
APC
APC

BV605

BV785

Percp-
Cy5.5
PE

PE-Cy7
APC

PE

BV711
BV421
PE

BV711
PE-Cy7
BV421
BV785
PE-Cy7
BV421
APC

PE

eBio13A
TC11-
18H10.1
2F1

2F1/KLRG
1

HK1.4
PK136

HANOA43

29F.1A12
B2D

04-46
4B10
4B10

MP6-XT22
MP6-XT22

MP6-XT22
B20.1

B20.1

B20.1
RR3-12

KT50

60

eBioscience
™

BioLegend®
Bioscience™
BioLegend®

Invitrogen

BioLegend®
BioLegend®

Novus
Biologicals

BioLegend®

eBioscience
™

BD
Pharmingen
™

BD Horizon™
BioLegend®

eBioscience
™

BioLegend®

BD
Pharmingen
™

BioLegend®
BD
OptiBuild™
BD
Pharmingen
™

BD Horizon™

eBioscience
™

BioLegend®

12-
7133-82
506916

17-
5863-82
138419

L10119

128041
108728

NBP1-
40894P
E
135216
17-
698182
554061

563320
644832
12-
5825-82
506349

557644

506328
743833

560624

562944
17-
5799-82
125707

1:50

1:50

1:200

1:200

1:400

1:200
1:200

1:200

1:100
1:100

1:200

1:100
1:100
1:100

1:100
1:100

1:100
1:400

1:400

1:400
1:400

1:400



VB12 PE

61

MR11-1 BioLegend® 139704  1:400

Table 2.2 List of antibodies for CD4 T cell enrichment

Purified Rabbit anti-mouse Clone
o-erythrocyte Ter119
a-I-A/E M5/114
o-CD8 53-6.7
a-GR-1 RB6-8C5
a-CD11b M1/70
o-F4/80 BM8

Table 2.3 List of antibodies for CD8 T cell enrichment

Purified Rabbit anti-mouse Clone
o-erythrocyte Ter119
a-I-A/E M5/114
a-CD4 GK1.5
a-GR-1 RB6-8C5
a-CD11b M1/70
o-F4/80 BM8

All antibodies for CD4* and CD8" T cell enrichment were made by

Recombinant antibody facility WEHI, Australia.

Table 2.4 List of mice strains used in this study

Strain
C57BL/6 (B6)

B6.SJL-
Ptprc?Pepc®/BoyCrl

PbT-l/uGFP

Description

Mice expressing MHC class | H-2° and MHC class Il I-
AP and the congenic marker Ly5.2/CD45.2.

Mice expressing MHC class | H-2° and MHC class Il I-
AP and the congenic marker Ly5.1/CD45.1.

Mice generated on a B6 background expressing K®-
restricted T cell receptor (Va8.3 7 Ja11/VB10 DB2.1
Jp2.2) specific for PbA blood-stage peptide and express



PbT-1I-157
(PbT-II)
PbT-II/uGFP

PbT-Il/ubiTomato

OT-ll

oT-1l/
ubiTomato/Ly5.1

B6.gDT-Il
(gDT-I)

gDT-Il x Ly5.1
(gDT-Il.Ly5.1)
gDT-Il x B6.UuGFP
(gDT-IL.UGFP)
B6.Cd40L"
(Cd40L"-)
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green fluorescent protein (GFP) under the control of the
ubiquitin C promotor.

Mice generated on a B6 background expressing |-A°-
restricted T cell receptor (Va2.7 Ja12/VB2 Dp2.1 JB2.4)
specific for PbA blood-stage infection derived epitope
PbHsp90(4s4-496) (DIYYITGESINAV)

PbT-Il mice that express a green fluorescent protein
(GFP) under the control of the ubiquitin C promotor.
PbT-lIl mice that express a red fluorescent protein
(Tomato) under the control of the ubiquitin C promotor.
Mice generated on a B6 background expressing CD4*
transgenic TCR (Va2/ VB5) specific for an OVA derived
epitope (OVA323-339)

OT-Il mice expressing a green fluorescent protein
(GFP) under the control of the ubiquitin C promotor and
the congenic marker Ly5.1/CD45.1.

Mice generated on a B6 background expressing |-A°-
restricted T cell receptor (Va3.2 Ja16/VB2 DB2.1 JB2.1)
specific for HSV-1-derived glycoprotein D peptide
gD315-327),

gDT-ll mice expressing the congenic marker CD45.1.

gDT-lIl mice expressing a green fluorescent protein
(GFP) under the control of the ubiquitin C promotor.
B6 mice that lack the expression of CD40L (CD154)

Table 2.5 List of cell lines used in this study

Cell line
B16.FIt3L cells

Origin Description Source/References
Mouse Polyclonal B16.F10 Mach et al., 2000
melanoma cell line retrovirally

transduced to

express FMS-like

tyrosine kinase

3ligand (FIt3L)
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Table 2.6 Primers used for gPCR

Oligo Use in this study

Pb18SF AAGCATTAAATA
AAGCGAATACAT
CCTTAC

Pb18SR GGAGATTGGTTT
TGACGTTTATGT
G

mBDNF CTGGATGCCGC
AAACATGTC

mBDNR CTGCCGCTGTGA
CCCACTC

Table 2.7 List of used Plasmodium species

Species Origin / Source
Plasmodium berghei ANKA BEI Resources, MRA871
(PbA)

Plasmodium chabaudi AS  Jean Langhorne (Spence et al., 2013)
(Pch)

Table 2.8 Different medias used in this study

Media/solution Source

DMEM Thermo Fisher Scientific

Hanks Buffered Salt Media Preparation Unit, Dept. Microbiology &
Solution (HBSS) Immunology, University of Melbourne, Australia.
KDS-RPMI Media Preparation Unit, Dept. Microbiology &

Immunology, University of Melbourne, Australia.
Phosphate Buffered Media Preparation Unit, Dept. Microbiology &
Saline (PBS) Immunology, University of Melbourne, Australia.

FACS buffer PBS 5 % w/v BSA, EDTA 5mM
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Table 2.9 Peptides and recombinant proteins used for in vitro

differentiation

Peptides and recombinant proteins Source
Recombinant human IL-2 Peprotech Inc., USA
Recombinant murine IFNy Peprotech Inc., USA
Recombinant murine IL-12 (p70) BioLegend®
Recombinant murine IL-4 BioLegend®
Recombinant murine IL-6 BioLegend®
Recombinant murine TNF Peprotech Inc., USA
gD@15-327), Auspep, Australia.
Seq: IPPNWHIPSIQDA

PbHsp90(484-496) Auspep, Australia
Seq: DIYYITGESINAV

OVA(323-339) Auspep, Australia

Seq: ISQAVHAAHAEINEAGR

Table 2.10 Antibodies used for in vitro differentiation

Antibodies clone Source
anti-1L-4 11B11 BIO X Cell
anti-IFNy XMG1.2 BIO X Cell

Table 2.11 Antibodies and detection reagents for Elispot assay

Antibodies clone  Source

anti-IFN-y (capture) AN-18  WEHI Antibody Services
biotin-conjugated anti-IFN-y (detection) R4-6A2 WEHI Antibody Services
Streptavidin -HRP MabTech

TMB Substrate MabTech

Table 2.12 List of enzymes used in this study

Enzyme Source
10X Trypsin/EDTA Sigma Aldrich, USA
Heparin Clifford Hallam
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Collagenase 3 Worthington Biochemicals
DNAse | Roche Diagnostics

Table 2.13 Animal Serum

Serum Source

Normal Donkey Serum Jackson Immuno Research
Normal Mouse Serum Jackson Immuno Research
Normal Rat Serum Jackson Immuno Research

Table 2.14 Commercially available kits

Kit Source
Cytofix/Cytoperm™ Fixation/Permeabilization BD Biosciences
Solution Kit

eBioscience™ Foxp3/ Transription Factor Buffer Set Invitrogen™

Fast SYBR™ Green Master Mix Applied Biosystems™
High-capacity cDNA Reverse Transcription Kit = Thermo Fisher Scientific
SensiMix™ SYBR®Hi-ROX Kit Meridian Bioscience™

Table 2.15 List of general chemicals and reagents

Chemicals Source
2-B-mercaptoethanol Sigma-Aldrich

Aceton Chem-Supply, Australia
Acid Phenol:Chloroform pH4.5 Invitrogen ™

Agarose Sigma-Aldrich

Bovine Serum Albumin (BSA) Sigma-Aldrich

Brefeldin A (BFA) Sigma-Aldrich

Chloroquine diphosphate salt Sigma-Aldrich



DETACHaBEAD Mouse CD4
Dimethyl sulphoxide (DMSO)
Dynabeads mouse CD4 (L3T4)
EDTA, tetrasodium salt dihydrate
Fetal calf serum (FCS)

Glycine

Guanidine thiocyanate

Hoechst 33258

lonomycin

Isoflurane

Ketamine

L-glutamine

Lipopolysaccharide (LPS)
N-Methylacetamide

Nycodenz

Paraformaldehyde, EM grade, 16 %
Percoll®

Penicillin

ProLong™ Gold Antifade Mountant
Propidium lodide

QlIAzol™ Lysis Reagent

Red blood cell lysis buffer (Hybri-
Max)

Serum-free Protein Block (DAKO)
SPHERO blank calibration beads
(6.0-6.4 ym)

Streptomycin

Sucrose

Tissue-Tek® Optical Cutting
Temperature (O.C.T) compound

Tris

Tween-20

Ultrapure Dnase/Rnase free distilled
water
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Invitrogen

Sigma-Aldrich

Invitrogen

Sigma-Aldrich

CSL, Australia

Carl Roth

Sigam-Aldrich

ThermoFisher Scientific
Sigma-Aldrich

Cenvet, Australia

Parnell Laboratories, Australia
Thermo Fisher Scientific

InvivoGen

Sigma-Aldrich

Nycomed Pharma AS

Electron Microscopy Science, Australia
GE Health Care. Chicago, ILm USA
CSL

Life Technologies™

Sigma-Aldrich
QIAGEN®
Sigma-Aldrich

DAKO, Australia
BD Pharmingen, USA

Sigma-Aldrich,
Sigma-Aldrich
Dakura Finetek, USA

Carl Roth
Carl Roth
Life Technologie, USA
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Table 2.16 Consumables

Consumable Source

10mL syringe Terumo, Australia
18G needle Terumo, Australia
1mL syringe Terumo, Australia
21G needle Terumo, Australia

24 well flat bottom plate Corning, USA

26G needle Terumo, Australia
30G syringe BD Biosciences, USA
3mL syringe Terumo, Australia

96 well f bottom plate (Clear plate, clear bottom) Corning, USA

96 well round bottom plate (Clear plate, clear Corning, USA
bottom)

96-well plate LightCycler 480 (white) Roche Life Sciences

Cell strainer, 70um Miltenyi Biotec, Germany
Electric shaver Wahl, USA

Glass coverslips No 1.5 (24 x 50mm) ProSciTech, Australia

Goat anti-rat IgG magnetic beads Qiagen, Germany
Lacri-lube™ lubricating eye gel Allergen Australia, Australia
Magnetic column Life Technologies, USA
Metal sieve Sefar Metal Mesh, Australia
MicroAmp optical 385-well reaction Life Technologies, USA
Micropore™ surgical tape 3M, USA
MultiScreen-IP,clear Filter Plates Merk

Pap pen Daido Sangyo, Japan

Polypropylene round-bottom FACS tubes (5mL) BD Biosciences, USA

Surgical blades Livingstone, Australia
Sterile suture, Coated VICRYL 5-0 ©Ethicon

Sterile suture, Prolene 3-0 ©Ethicon



68

Vacuum grease Dow Corning, USA
Veet™ Reckitt Benckiser, UK
2.2 Methods
2.2.1 Mice

Mice were maintained under Specific-pathogen-free (SPF) conditions at
the Bioresource Facility (BRF) of the Department of Microbiology and
Immunology, University of Melbourne. All transgenic strains were generated on
a C57BL/6 (B6) background. Mice were housed with littermates of the same sex
(up to 5 mice per box) and used for experiments between 6 to 12 weeks of age.
Euthanasia was performed by carbon dioxide (CO2) administration at a fill rate of
1.6 g/l. Mice used for 2-photon intravital imaging were euthanised by cervical
dislocation under isoflurane anaesthesia. All animal experiments were approved
by the University of Melbourne Animal Ethics Committee. Animal ethics
application numbers: 1814522, 20088, 1814660.

2.2.2 Plasmodium infections

2.2.2.1 Plasmodium parasite infection

PbA sporozoites for liver-stage infection or RAS vaccination were obtained
from the McFadden laboratory (The school of Biosciences, University of
Melbourne). Sporozoites were either irradiated using 20,000 Rad or left untreated
before being diluted in cold PBS. Between 500 and 50, 000 sporozoites in a

volume of 0.2 ml PBS were injected intravenously (i.v.) per mouse.
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For blood-stage Plasmodium infection, donor mice were injected with
frozen stabilates of blood stage parasites. After 3-7 (PbA) or 6-8 (Pch) days,
donor mice were euthanised, cardiac bleeding was performed, parasitaemia was
measured and recipient mice were injected i.v. with the indicated amount of PbA
or Pch infected red blood cells (iRBC) diluted in 0.2 ml cold PBS. Parasitaemia
was assessed by microscopic analysis of blood smears or by flow cytometry (see
below).

2.2.2.2 Plasmodium infection monitoring and treatment

Plasmodium parasite infected mice were monitored daily. Mice were cured
from PbA infection by intraperitoneal (i.p.) injections of 0.8 mg chloroquine for 5
consecutive days, starting on the 5th day post infection, followed by provision of

drinking water containing 600 mg/I chloroquine for 3 additional days.

Untreated mice were assessed for parasitaemia from day 5 (PbA) or day
6 (Pch) by incubating ~2 ul tail blood with a 5 pg/mL Hoechst 33258 solution in
FACS buffer for 1 hour at 37°C. Parasite infected RBC were discriminated from
uninfected RBC using a 405 violet laser and a 450/50 filter, using a Fortessa (BD
Immunocytometry Systems, San Jose, CA, USA), and analysed through
FACSDiva (BD Immunocytometry Systems) or Flowjo software (Tree Star,
Ashland, OR, USA).

Untreated PbA infected mice were monitored daily for signs of
experimental cerebral malaria (ECM). Mice were considered ECM positive, when
symptoms, such as ataxia and paralyses, evaluated by inability to self-right,
occurred. ECM positive mice were euthanatized.
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2.2.3 Enrichment of CD4 or CD8 T cells

Spleens and/or lymph nodes (LN) of B6, PbT-I, PbT-Il or gDT-II mice were
harvested into cold RPMI-10 (RPMI containing 10 % FCS, 2 mM L-glutamine, 5
mM HEPES and 50 mM 2-mercaptoethanol) and a single cell suspension was
generated by passing organs through a sterile 70 ym cell strainer. Cells were
washed in RPMI-10, resuspended in RBC lysis buffer for 3 min and then washed
again in RPMI-10. T cells were enriched by negative selection using magnetic
beads. Briefly, cells were incubated for 30 min on ice with purified rat mAbs a-
Mac-1 (M1/70), a-F4/80 (BM8), a-erythrocyte (TER-119), a-GR-1 (RB6-8C5), a-
I-A/E (M51/14) and a-CD4(GK.15) or a-CD8 (53-6.7), respectively. Cells were
washed and then incubated for 20 min on a roller at 4 °C with goat a-rat IgG-
coupled magnetic beads, that were previously washed 3 times with RPMI-10.
Following incubation, cells bound to beads were removed using a magnetic

column and the supernatant was collected.

In addition, gDT-II cells were positively enriched using the Dynabeads®
Mouse CD4 kit (L3T4) (Invitrogen). Dynabeads were added at a ratio of 1 bead:
1 cell and incubated for 20 min on a roller at 4 °C. The bead-cell solution was
placed on a magnetic column and unbound cells were discarded.
DETACHaBEAD (Invitrogen) was used, per manufacturer's instructions, to
release CD4"* T cells from beads. In Brief, 25 ul, washed, anti-CD4 beads per 107
cells were incubated with cells (concentration 107 cells/ml) for 20 min at 4 °C
under constant rolling. Next, 1-3 ml RPMI-2.5 was added to cells, and the tube
was placed on a magnetic tube rack. Beads, cell mixture, was washed 3 times in
RPMI-2.5. Once the supernatant was removed, the tube was removed from the
magnet. Next, cells were resuspended in 300 yl RPMI-2.5, and 30 pl Detach-A-
beads were added and incubated for 45 min at RT under constant rolling. After
incubation, 2 ml RPMI-2.5 was added to cells, and the tube was placed on a
magnet for 3-4 min. The supernatant was collected into a 50 ml tube, and beads
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were washed 3 times, and the supernatant was collected in the same tube. Two

samples were taken for enumeration and purity determination.

2.2.4 Dendritic cell isolation

Dendritic cells were purified from the spleens of naive mice or mice
subcutaneously (s.c.) injected with 5 x 108 B16.FIt3L cells 8-10 days prior to
harvest. Spleens were finely minced and digested in 1 mg/ml collagenase 3
(Worthington Biochemical Corporation, Lakewood, NJ, USA) and 20 ug/ml
DNAse | (Roche Diagnostics Germany, Mannheim, Germany) under intermittent
agitation for 20 min at RT. DC-T cell complexes were disrupted by adding EDTA
(pH 7.2) to the digest to a final concentration of 7.9 mM and incubated for an
additional 5 min. The suspension was filtered through a 70 ym mesh and
resuspended in 5 ml of 1.077 g/cm?® isosmotic nycodenz medium (Nycomed
Pharma AS, Oslo, Norway), and layered above 5 ml nycodenz medium,
overlayed with 1-2 ml of FCS. Next, the gradient was centrifuged at 1,700 x g at
4 °C for 12 min. The DCs containing layer was resuspended in complete RPMI-

10 medium before use in functional assays.

2.2.5 In vitro differentiation of PbT-Il and gDT-II cells

108 PbT-Il or gDT-II cells were cultured with 107 naive DCs enriched as
described above. Prior to co-culture, DCs were coated with 0.5 mg/ml Hsp904sa-
496) Or gD(315.327) peptide in RPMI-10 in the presence of 1ug/ml LPS for 30 min at
37°C. Polarization was performed for 4-5 days in a humidified incubator (37°C,
6.5 % COy2). Th1 polarization was induced by adding 1 pg/ml LPS, 10 U/ml IL-2,
5 pg/ml alL-4 and 5 ng/ml IL-12 to the culture. Th2 polarization was induced by
adding 10 U/ml IL-2, 60 ng/ml IL-4 and 5 pyg/ml alFN-y to the culture. On day 3 of
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culture 15 ml fresh RPMI-10, including specific polarization reagents, were added

to the culture.

Prior to transfer, cells were washed 3 times with PBS, counted and their
purity was analysed by staining with antibodies against, CD4, Va2, VB-12, Va3.2,
Tbet, Gata3, RoryT or FoxP3.

2.2.6 Adoptive cell transfer

A cell count was performed with a hemocytometer using trypan blue to
exclude non-viable cells. Cell concentration was adjusted to required
concentration and injected in a volume of 0.2 ml PBS vial tail vein.

2.2.7 Assessment of PbT-Il activation and proliferation

PbT-Il cells enriched from the spleens and lymph nodes of PbT-Il mice as
described above were adjusted to 107 cells/mL in PBS containing 0.1 % BSA
(Sigma). CellTrace™ violet was then used to label PbT-Il cells: 40 yL DMSO/vial
were used to reconstitute the lyophilised CTV stock. Then, 0.5 ul CTV per ml of
cells were added, and cells were incubated for 10 min at 37°C, followed by two
washes in RPMI containing 2.5 % FCS. For in vivo proliferation assays 5 x 10% or
5 x 10° CTV labelled cells were injected in a volume of 0.2 ml PBS via the tail
vein. Mice were vaccinated one day later with aClec9A-DIY or 5 x 10* RAS. In
other experiments 5 x 10° CTV labelled PbT-Il cells were injected one day prior
or 7 or 28 days post-vaccination with 5 x 10* RAS. Spleens were harvested 4
days after aClec9A-DIY vaccination or 6 days after transfer into RAS vaccinated

mice and cell numbers and CTV dilution were determined by flow cytometry.
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For PbT-Il activation assays, DC (6.5 x 10°) were incubated with the
indicated amounts of peptide, or with 6 ul of each of the fractions generated by
liquid chromatography, for 1 hour prior to adding 5 x 10* CTV-coated PbT-I.GFP
cells per well. CTV dilution and upregulation of CD69 were measured in PbT-lI

cells cocultured overnight with DC, using flow cytometry.

2.2.8 Parabiotic mice

Surgery for generation of parabiotic mice was performed under sterile
condition as described by Jiang et al. (Jiang et al. 2010). Briefly, vaccinated, age
and weight matched mice were anaesthetised and shaved along the opposite
lateral skin flanks. Skin was cleaned and disinfected with alcohol prep pads, and
chlorhexidine followed by treatment with Betadine. Mirrored incisions were made
on the skin flank of both mice, A non-absorbable 5-0 VICRYL thread was placed
through olecranon and knee joints to secure legs. Surgical staples and
absorbable 3-0 PROLENE sutures were used to conjoin the skin of the mice.
Mice were monitored every hour for the first 8 h post surgery. On the following
days, mice were monitored 3 times per day and from day 4 twice daily. Once mice
reached day 14 post-surgery, monitoring was performed once daily. After 30
days, the blood, spleen and liver were harvested, processed and analysed by
flow cytometry as described above. Animal ethic application number: 1814660.

2.2.9 Intravital two-photon microscopy

Mice were anaesthetized with isoflurane (2.5 % for induction, 1-1.5 % for
maintenance), vaporized in an 80:20 mixture of oxygen and air using a Tech 3
vaporizer (Surgivet). The abdomen was shaved and treated with hair removal

cream. An incision was made to open the abdominal cavity using scissors and
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forceps. Mice were placed on a custom-made imaging stage, and the left lateral
lobe was rolled onto a stage using wet cotton swabs. The liver was surrounded
with PBS-soaked gauze before a second stage with coverslip was laid on top of
the liver. The stages were adjusted so that the liver tissue experienced only low
pressure, before 38°C warm low melt agarose was injected between the two
stages. Images were acquired with an upright FVMPE-RS multiphoton
microscope (Olympus) with a 20x/1.0NA Water Immersion objective enclosed in
a heated chamber maintained at 35°C. Fluorescence excitation was provided by
Mai-Tai (690-1040nm) and InSight (680-1300) lasers and Galvano laser scanner
(4fps). tdTomato was excited at 1100nm (InSight laser) and uGFP and collagen
from the liver capsule visualized by via second harmonic generation (SHG)
excited at 900/ 950nm (Mai-Tai laser). For four-dimensional data sets, three-
dimensional stacks were captured. Raw imaging data were processed, and
movies generated in Imaris 9 (Bitplane). Cell migration analyses were performed
through automatic cell tracking aided by manual corrections.

2.2.10 Histology

Organs were harvested in 2 % PFA and incubated at 4°C overnight before
being extensively washed with PBS and dehydrated in 20 % sucrose in PBS for
8-12 h. Organs were embedded in O.C.T. and snap-frozen using liquid nitrogen.
10-12 pm-thick sections were cut on a Leica CM3050 cryostat (Leica) and air
dried overnight. The dried sections were fixed in ice-cold acetone for 5 min and
air-dried. With a PAP-pen, a hydrophobic barrier was drawn around each section
and the sections rehydrated and blocked with Serum-Free Protein Block (DAKO)
for 5 minutes. After washing the sections with PBS, staining was performed with
PBS containing 2.5 % donkey serum and antibodies for 90-120 min at RT in a
semi-humid chamber. Sections were washed 3 times with PBS for 3 min and
mounted with ProLong® Gold Antifade Mountant (Thermo Fisher Scientific) and

immediately analysed using a Zeiss LSM710 inverted confocal microscope.
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2.2.11 Generation of Plasmodium-derived epitopes for LC-MS/MS analysis

Plasmodium-derived peptides were generated as described before by
Valencia-Hernandez et al. (Valencia-Hernandez et al., 2020). B6 mice were s.c.
injected with 108 B16.FIt3L and spleens were harvested 11 days later. 2.22 x 10°
splenic cells were co-cultured with 19.88 x 10° blood-stage PbA parasites in
complete RPMI-10 media for 8 h at 37 °C and 6.5 % COZ2. The uninfected sample
was generated by culturing 1.66 x 10° splenic cells with 57 x 10° RBC from
uninfected B6 mice. Cells were then snap frozen prior to further analysis.

2.2.12 Analysis of MHC bound epitopes by LC-MS/MS

MHC class Il bound peptides were isolated from DC by immunoaffinity
chromatography and RP-HPLC (Enders et al., 2021). In brief, cells were lysed for
45 min in 0.5 % IGEPAL, 50 mM Tris-HCI pH 8.0, 150 mM NaCl and protease
inhibitors at 4 °C. Next, lysates were cleared by ultracentrifugation at 40,000 g.
By using the Y-3P mouse monoclonal antibody bound to protein A Sepharose
MHC I-AP molecules were purified. Bound peptides were eluted under mild acetic
conditions followed by a separation step on a 50 mm monolithic C18 reverse-
phase high-performance liquid chromatography (HPLC) column (Chromolith
SpeedROD) using an EttanLC HPLC system. 90 individual fractions could be
collected and equidistantly pooled into 10 samples. Those samples were then
vacuum concentrated and reconstituted to 15 pl with 0.1 % formic acid (FA).

Using a Dionex UltiMate 3000 RSLCnano system equipped with a Dionex
UltiMate 3000 RS autosampler, the fractions were loaded via an Acclaim PepMap
100 trap column (100 ym x 2 cm, nanoViper, C18, 5 ym, 100 A) onto an Acclaim
PepMap RSLC analytical column (75 um x 50 cm, nanoViper, C18, 2 um, 100A).
Peptide separation was performed by an increasing concentrations of 80 % ACN
/0.1 % FA at a flow of 250 nl/min for 95 min and analyzed with a QExactive Plus
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mass spectrometer. In each cycle, a full ms1 scan (resolution: 70.000; AGC
target: 3e6; maximum IT: 50 ms; scan range: 375-1600 m/z) preceded up to 12
subsequent ms2 scans (resolution: 17.500; AGC target: 2e5; maximum IT: 150
ms; isolation window: 1.8 m/z; scan range: 200-2000 m/z; NCE: 27). To minimize
repeated sequencing of the same peptides, the dynamic exclusion was set to 15
sec and the ‘exclude isotopes’ option was activated.

Acquired mass spectrometric .raw files were searched against a combined
UniProtKB/SwissProt database containing both mouse and PDbA protein
sequences. To obtain peptide sequence information search engine Byonic
(Protein Metrics) was used. Only peptides, below a threshold of a false discovery
rate (FDR) of 5 % based on a decoy database were considered for further

analysis.

2.2.13 oClec9A vaccination

B6 mice were injected i.v. with the indicated doses of rat aClecOA mAb
(clone 24/04-10B4) genetically fused to KDNQKDIYYITGESINAVSNSPFLEA,
containing the PbHsp904s4-496 epitope (highlighted in bold) via a 4 Alanine linker
to make the aClec9A-DIY mAb construct. aClec9A was injected with 5 nmol of a
CpG oligonucleotide (CpG) generated by linking (5" to 3’) CpG-2006 to CpG-
21798 (Integrated DNA Technologies, Coralville, 1A, USA).
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2.2.14 Cell culture

B16.FIt3L melanoma cell line was cultured in DMEM-10 media (DMEM
media supplemented with 10 % fetal calf serum (FCS), 5 mM HEPES, 2 mM L-
glutamine, 50 U/ml penicillin, 100 mg/ml streptomycin and 0.05 mM 2-
mercaptoethanol) and maintained in a humidified incubator at 37 °C in 6.5 % CO:..

When cells reached 80-90% confluence, cells were passaged. Therefore,
cells were washed with PBS and incubated with 2 ml 1 X Trypsin/EDTA for 3 min
at 37 °C. Detached cells were transferred into 50 ml Falcon tube and centrifuged
(1500 rpm, 5 min, 4°C). Cells were resuspended at 25 x 108 cells/ml and 100 pl
(2.5 x 106 cells) were transferred into a new flask and incubated.

2.2.15 Preparation of mouse tissue for flow cytometric analysis

Blood was sampled from the heart in 50-100 pl Heparin (200 U/ml) to
prevent clotting. Blood was treated with red blood cell (RBC) lysis buffer twice for
5 min and washed once with FACS buffer.

Spleens and lymph nodes were harvested into cold RPMI-2.5 (RPMI
containing 2.5 % FCS) and single cell suspensions were generated by pressing
organs through a 70 um sterile cell strainer. Next, cell suspensions were
centrifuged at 1,600 rpm, 5 min, 4 °C and resuspended in 2 ml RBC lysis buffer
for 2 min. FACS buffer was added to the cells and centrifuged at 1,600 rpm, 5
min, 4 °C. Half of the lymph node or 1/40th of the spleen were stained for flow

cytometric analysis.

Livers were harvested into 10 ml cold RPMI-2.5 containing 50 pl heparin
(200 U/ml) and single cell suspensions were generated by pressing organs
through a 70 ym sterile cell strainer. Next, cell suspensions were centrifuged at
1,600 rpm, 10 min, 4 °C and resuspended in 10 ml isotonic Percoll® gradient
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solution (35 %, room temperature (RT). Cells were then centrifuged at 500g for
20 min at RT. The resulting pellet was resuspended in 20 ml RBC lysis buffer for
2 min. FACS buffer was added to cells and centrifuged at 1,600 rpm, 5 min, 4 °C.
Cells were washed once with FACS buffer. 1/4 or the whole liver were stained for

flow cytometric analysis.

For flow cytometric analyses samples were stained with specific surface
marker antibodies (and in some experiments a fixable viability dye) in 50-100 ul
of FACS buffer in polypropylene round bottom FACS tubes for ~30 min on ice in
the dark.

For intracellular cytokine staining, cells were permeabilized and stained
using a Fixation/Permeabilization kit (BD Biosciences) according to the
manufacturer’s instructions. In Brief, spleens were harvested in RPMI-10 and
single cell suspensions were generated. CD4 T cell re-stimulation was performed
in the presence of their specific peptide for a total of 5 hours at 37 °C in a
humidified incubator. After 1 h of incubation 10 ug/ml Brefeldin A was added to
the cultures. Next, cells were washed twice with 200 yl HBSS containing 10 pug/ml
Brefeldin A and centrifuged at 1,600 rpm, 5 min, 4 °C. Surface staining was
performed for 30 min on ice in HBSS containing 10 pg/ml Brefeldin A. After
surface marker staining, cells were washed twice with 200 pl HBSS containing
10 pg/ml Brefeldin A and centrifuged at 1,600 rpm, 5 min, 4 °C. 100 pl of
Cytofix/Cytoperm buffer were added per well and incubated for 20 min one ice
before being washed twice with 200 yl Perm/Wash buffer per well. After a
centrifugation step at 1,600 rpm, 5 min, 4 °C intracellular staining was performed
in Perm/Wash buffer in the presence of CD16/CD32 (Fc Block, BD
Pharmingen™) and rat serum (1:200) at 4 °C, overnight. The next day, samples
were washed with 200 ul/well Perm/Wash buffer and centrifuged at 1,600 rpm, 5
min, 4 °C. Finally, cells were resuspended in 50 yl FACS buffer and analysed by
flow cytometry.

For intracellular transcription factor staining, surface marker staining was
performed in HBSS on single cell suspensions for 40 min on ice. Next, cells were
washed twice in 150 yl FACS buffer per well and centrifuged at 1,600 rpm, 5 min,



79

4 °C, before cells were permeabilized using the FIX/Perm buffer of the
eBioscience™ Foxp3/ Transcription Factor Buffer Set (Invitrogen™) for 40 min
on ice. In the next step, samples were washed twice in Perm wash buffer,
followed by centrifugation at 1,600 rpm, 5 min, 4 °C. Intra cellular staining was
performed in 40 ul Ab cocktail per 108 cells at 4 °C, overnight. The next day,
samples were washed with 200 pl/well Perm/Wash buffer and centrifuged at
1,600 rpm, 5 min, 4 °C. Finally, cells were resuspended in 50 pyl FACS buffer and
analysed by flow cytometry

A known number of SPHERO Blank Calibration Particles were added to
each sample prior to analysis for enumeration. Samples were filtered through a
70 ym mesh and run on an LSRFortessa (BD Biosciences) or Aurora (Cytek™)
and analysed using FlowJo software.

2.2.16 MHC-l and MHC-Il Tetramer preparation and staining.

MHC-I Tetramers were freshly made one day prior to usage. Therefore,
vials containing biotinylated monomers were thawed. At RT, 2 pl Streptavidin
conjugated to PE or APC were added in 7 consecutive steps to the monomers.
Between each step 5-6 min incubation time was granted. Tetramerised MHC-I
molecules were used in a final concentration of 1:300 and incubated for 1 h at RT
in the dark with corresponding samples.

MHC-II tetramers were provided by the Rossjohn laboratory (Monash
University). 2-18 pg/ml MHC-II tetramer was incubated with cell suspension for
30, 90 or 180 min at 4 or 37°C in FACS buffer.

Following MHC-I or Il tetramer staining, samples were stained for surface

markers and analysed by flow cytometry as described above.

For some experiments, MHC-II tetramer-stained samples were enriched
using anti-PE MicroBeads (Miltenyi Biotec) and MS columns (Miltenyi Biotec) per
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manufacturer’s instructions. In brief, MHC-II-PE stained samples were incubated
with anti-PE microbeads on ice for 30 min. Samples were washed with FACS
buffer and centrifuged at 1,600 rpm, 5 min, 4 °C. Samples were resuspended in
FACS buffer and loaded on a buffer-equilibrated MS colums in a MACS-magnet.
Colums were washed twice with FACS buffer, before being removed from the
magnet. Magnetic bead-enriched cells were subsequently eluted from the column
by adding FACS buffer. Cells were centrifuged at 1,600 rpm, 5 min, 4 °C, surface

stained and analysed by flow cytometry.

2.2.17 Elispot

Mice were injected with 10* PbA iRBC and cured by chloroquine treatment
from day 5 post-infection, or injected with 2 ug aClec9A-Hsp90 plus 5Snmol CpG,
7 or 35 days before splenocytes were collected for ELISpot analysis (Enders et
al.,, 2021). In brief, 0.45 um MultiScreen-IP sterile Filter Plates (Merck) were
coated overnight with 3 pug/mL IFN-y capture Ab (clone AN-18; WEHI Antibody
Services) diluted in PBS and blocked with RPMI containing 10% FCS for 30 min
at RT. Next, 2 x 10° enriched CD4 T cells (day 7; as described above) or
unenriched splenocytes containing 2.5 x 10° CD4 T cells (day 35) from the
spleens of immunized mice were plated and cultured 18 h at 37 °C and 5 % CO2
in a humidified incubator in the presence of DIY peptide (PbHsp904s4-496). As a
negative control, cells were incubated either without any added peptide (day 7
samples) or HSV-1 peptide (gDs15-327) (day 35 samples). Then, plates were
incubated for 2 h with 1 pg/mL biotin-conjugated detection mAb (clone R4-6A2;
WEHI Antibody Services) in PBS containing 0.5 % FCS, followed by incubation
with Streptavidin-HRP (MabTech, Stockholm, Sweden) for 1 h at RT and with
TMB substrate (MabTech) for 15 min. Plates were washed 5 times after each
incubation step with PBS. An AID ELISpot reader (Advanced Imaging Devices
GmbH, Strassberg, Germany) was used to enumerate spots.
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2.2.18 Quantification of PbA liver parasite burden via real-time polymerase
chain reaction (qPCR)

Livers of mice were harvested into guanidinium Thiocyanate working
solution (4 M Guandinium Thiocyanate containing 0.5 % Sarkosyl, 25 mM
Sodium Citratem 0,72 mM 2-B-Mercaptoethanol) and homogenised for ~8 sec.
on ice. Aliquots of 0.6 ml homogenized liver solution were mixed with 60 pyl 2 M
Sodium acetate solution (pH 4). In a fume hood, 750 pl acid phenol/chloroform
solution was added and mixed. Then, samples were centrifuged (10 min, 4°C,
15,000 x g) and the upper aqueous phase transferred into fresh 1.5 ml Eppendorf
tubes. 0.8-1 volume Isopropanol was added, mixed and placed at -20°C for RNA
precipitation for a minimum of 1 h. Samples were centrifuged (20 min, 4°C,
15,000 x g) and the pellet washed with ~1 ml ice-cold Ethanol. Then pellet was
air-dried for ~10 min and resuspended in 200 pl Ultrapure Dnase/Rnase free
distiled water. RNA integrity and concentration was measured using a
TapeStation (Agilent).

cDNA was generated from 1 ug total RNA using the High-capacity cDNA
Reverse Transcription Kit. 20 pul reactions were prepared following the

manufactures’s instructions.

Reverse transcription was performed with the following program:

1. 25°C, 10min
2. 37°C, 120 min
3. 85°C, 5min
4. 4°C hold

cDNA was diluted 1:4 in Ultrapure Dnase/Rnase free distilled water. SYBR
Green Hi-rox Mastermix was used for gPCR analyses following the manufactures
instructions, and results were analysed using a QuantStudio 7 Flex Real-Time
PCR System (ThermoFisher Scientific) using a 384 well plate. Comparative Cr



82

with 40 cycles were chosen. AACt values were determined and normalised

against the mean of uninfected B6 mice.

211 RNA sequencing analyses

35 days post RAS vaccination, aClec9A-DIY vaccination or transfer of in
vitro generated PbT-Il Th1 or Th2 cells, >15 000 specific CD4 or CD8 T cells were
sorted directly into 500 ul Quiazol and frozen at -80°C or stored on dry ice. For
each group, 5 technical replicates were performed. For each technical replicate
5 biological replicates were pooled. Tem cells were defined as CD69CD62I" T
cells and Trm cells were defined as CD69*CD62I'CXCR6™ T cells.

All analyses were performed in R version 3.5.3 using R-studio 1.2.1335.
Transcript-level abundance was estimated by pseudoalignment tool kalisto to
generate a normalized dataset under the use of the DESeq2 package using
default parameters. All transcripts with a mean lower than 10 were excluded
before performing DESeq2 analyses. Deseq2 computes a size factor by taking
the median ratio of each sample over a pseudo sample. Unknow batch effects
were adjusted from the normalized rlog transformed expression data by three
surrogate variables identified by sva using the function removeBatchEffect from
the limma package and modelled into the DESeq2 generated dataset
(Sundararajan et al., 2019). Principal component analysis on all genes and
hierarchical clustering on the 500 most variable DE genes was performed with
default settings in PGS based on the p-values of the expression values of all
samples across all conditions. The DESeq2 packages allow differential gene
expression analyses (DGEA) via a negative binomial distribution model which
uses variance-mean estimation for RNA-Seq data and the Wald test
(Sundararajan et al., 2019). DE genes were defined by p-Value < 0.05 and a |1.5-
fold change| for the given comparisons if not specified otherwise in the figure
legend.
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Gene set enrichment analyses (GSEA) was performed by GSEA software
(Broad Institute). Normalized Data of the DESeqg2 analyses were used against
published differently expressed Genes of Plasmodium-specific liver CD8 Trm and
Tem cells (GSE71518) and known Genset of DEGs with a p-value of < 0.05 and
|1.5-fold change|. Germutation for GSEA was set to 4000.

Table 2.17. List of R packages used in this study.

Package version
tidyr 0.8.3
ggplot2 3.2.1
ggrepel 0.8.1
gplots 3.0.11
ggbeeswarm 0.6.0
hexbin 1.27.3
reshape2 1.4.3
factoextra 1.0.5
Hmisc 4.2-0
VennDiagram 1.6.20
openxIsx 4.1.0.1
BiocManager 1.30.4
rhdf5 2.26.2
clusterProfiler 3.10.1
DOSE 3.8.2
GSEABase 1.44.0
RColorBrewer 1.1-2
ComplexHeatmap 1.20.0
tximport 1.10.1
DESeq2 1.22.2
vsn 3.50.0
pheatmap 1.0.12
genefilter 1.64.0
biomaRt 2.38.0
limma 3.38.3
sva 3.30.1
IHW 1.10.1
org.Mm.eg.db 3.7.0
org.Hs.eg.db 3.7.0
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Readxl 1.3.1
dplyr 0.83

21.2 Statistical analysis

Statical analysis was performed using the Graphpad Prism 8 software.
Data are shown as mean values + standard deviation (SD). The statistical tests
used are indicated in the respective figure legends. P values of <0.05 were
considered as statistical significant. *,P<0.05; **,P<0.01; ***, P<0.001; ****
P<0.0001. Statistical analyses of groups > 2 were analysed by using a Kruskal-
Wallis test with Dunn’s multiple comparison post-test. Statistical comparisons of
2 groups were performed using two-tailed Mann-Whitney test. Differences in
survival were analysed by performing pairwise comparisons between the different
groups using log-rank tests and adjusting for multiple comparisons by a

Bonferroni correction.
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Chapter 3 CD4 T cell response to a newly discovered

Plasmodium-derived MHC-Il epitope

3.1 Introduction

CDA4 T cells play a central role in the function of the adaptive immune system by
providing help to both B cells for antibody production and DCs for induction of
CD8 T cell expansion, differentiation, and effector functions. These functions are
crucial for immunity against multiple pathogens, including Plasmodium species
(Carvalho et al., 2002, Perez-Mazliah et al., 2017, Aloulou and Fazilleau, 2019).
In mice, CD4 T cells were shown to contribute to liver- and blood-stage infection
control after inoculation with different Plasmodium species and stages of the
parasite life cycle (Doolan and Hoffman, 2000, Oliveira et al., 2008, Fernandez-
Ruiz et al., 2017, Perez-Mazliah et al., 2017). For example, the transfer of MSP-
1 specific CD4 T cells (B5 TCR Tg cells) was shown to protect RAG”- mice from
a lethal Pch infection (Stephens et al., 2005). However, limited knowledge of
immunogenic MHC-II restricted Plasmodium antigens has precluded accurate
dissection of the role of antigen-specific CD4 T cell responses against this
parasite.

To address this issue, IAP restricted, Plasmodium-specific transgenic CD4 T cells,
termed PbT-Il cells, were developed in our laboratory (Fernandez-Ruiz et al.,
2017). At the time of their generation, the Plasmodium epitope recognized by
PbT-Il cells was unknown. However, PbT-II cells were shown to proliferate in
response to PbA, Pch, and human P. falciparum iRBCs, and after injection of
radiation-attenuated PDbA sporozoites (Fernandez-Ruiz et al., 2017).
Furthermore, transfer of naive PbT-Il cells into CD40L"- and RAG1”- mice could
rescue mice from an otherwise lethal Pch infection and thus showed the

functionality of PbT-Il cells in Plasmodium infection.
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The apparent conservation of the PbT-Il antigen throughout Plasmodium species
and the demonstrated protective nature of PbT-II cells implied that the antigen
recognised by these cells may have protective potential, prompting its
identification. Knowledge of the PbT-II specific epitope would enable the study of
endogenous CD4 T cell responses, a more physiological scenario than
transgenic CD4 T cells.

This chapter examines the formation of Plasmodium specific CD4 memory
T cell populations after Plasmodium liver- and blood-stage infection by studying
transgenic PbT-II cells. Furthermore, the PbT-II cell-specific epitope, heat shock
protein 90 (Hsp90), was identified and fused to a Clec9A specific antibody with
the aim of targeting cDC1. This subunit vaccine was used to induce PbT-Il and
Hsp90-specific endogenous T cell populations in the liver and spleen. While
circulating cells (Tem, Tcm) were found in both liver and spleen, this chapter
provides the first evidence of the induction of CD4 Trwm cells in the liver after
vaccination or Plasmodium parasite infection. Finally, induction of Th1 and Tfh
helper PbT-Il cells after aClec9A-targeted vaccination or PbA iRBCs infection is
shown, matching findings from other studies using alternative antigens (Lahoud
et al., 2011, Fernandez-Ruiz et al., 2017). To study the function of PbT-Il cell
responses with different helper lineages associated with Plasmodium infection,
this chapter also describes the establishment of a PbT-Il in vitro differentiation
protocol.
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3.2 Results

3.2.1 CDA4 T cell response to PbA infection

3.2.1.1 PbT-ll response to blood-stage PbA infection

To investigate the response of malaria-specific CD4 T cells to Plasmodium
infection, we took advantage of transgenic PbT-Il T cells. These cells are
responsive to a specific Plasmodium epitope that will be described later in this
chapter. This study is mainly interested in two distinct organs: the liver, which is
infected by sporozoites after the bite of an infected mosquito, and the spleen, as
a lymphoid organ where T cell priming is documented (Borges da Silva et al.,
2015). The initial expansion of effector T cells after an infection is followed by a
rapid decline in cell numbers, leaving a small proportion of long-lived memory T
cells. To investigate the quantitative response of PbT-Il cells against PbA blood-
stage infection, 5 x 10* PbT-II cells were transferred into naive B6 mice and one
day later these mice were infected with 10* PbA iRBCs. To prevent a lethal
outcome from PbA blood-stage infection, mice were treated with chloroquine from
day 5 post-infection. Spleens and livers were harvested from groups of mice and
PbT-Il cells assessed by flow cytometry (Figure 3.1). 7 days post-infection around
7 x 10%° and 2 x 108 PbT-Il cells could be detected in the liver and spleen,
respectively. After an additional week, 43.5 times fewer PDbT-II cells were
recovered from the liver and 16 times less from the spleen. By day 49, these
numbers reduced to 5,500 and 45,500 PbT-II cells in the liver and spleen,
respectively (Figure 3.1A).
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Figure 3.1. PbT-ll cells form memory after PbA blood-stage infection.

5 x 10* PbT-ILLUGFP cells were transferred into naive B6 mice and one day later
these mice were infected with 10* PbA iRBCs (i.v.). Chloroquine treatment was
performed from day 5 post-infection to prevent lethal infection. On day 7, 14, 21
and 49 after infection, liver (left) and spleen (right) were harvested and PbT-II cell
numbers were determined by flow cytometry by gating on live, CD4+, Va2+,
GFP+, CD44" cells (closed triangles). Naive PbT-Il cell numbers of (live, CD4+,
Va2+, GFP+) uninfected control groups were also included (open triangles). A.
Total PbT-Il cell numbers per organ. Each symbol represents an individual
mouse. B, C. Analysis of the number (B) and proportion (C) of PbT-Il T cell
subsets in the liver (left) and spleen (right) at different time points post-challenge
based on expression of CD69 and CD62L. The experiment was performed twice
for a total of 10 mice per group.
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The memory pool is of special interest in the context of vaccine
development due to its faster and stronger recall response. In general, the T cell
memory pool can be divided into three different subsets, which can be
distinguished by the surface expression of CD69 and CD62L: Tcm cells lack the
expression of CD69 but express CD62L and circulate between lymphoid organs.
CD69CD62L" Tem cells can circulate between lymphoid organs and peripheral
tissues via the blood. The recently described Trm cells express CD69 but lack
CD62L expression and remain in peripheral tissues without re-circulating through
the blood. While these markers act as a guide to phenotype, more extensive
marker analysis is required to definitively identify subsets. In addition, early in the
response antigen-stimulated T cells may express CD69 as a consequence of
antigen recognition, making distinction of Trm from Tem somewhat problematic for
the first 2 weeks. While CD4* Tcm and Tem have been well described, little is
known about tissue-resident CD4 T cells in the liver, especially in the context of
Plasmodium infection. To understand CD4 memory T cell differentiation in
Plasmodium infection, expression of CD69 and CD62L were analysed in the liver
and spleen over the course of the experiment. In the liver, 80 % of PbT-Il cells
were CD69CD62L- for the first two weeks after infection, matching with an
effector or Tem phenotype. Nevertheless, a decline from 7 x 10° at day 7 to 1,500
CD69CD62L" cells at 49 days post-infection was evident. While CD69-CD62L"
negative cells dominated the effector response, CD69*CD62L" T cells
represented about 50 % of PbT-Il cells 7 weeks post-infection, suggesting a
gradual increase in the frequency of CD4 T cells with a Trm cell phenotype. After
an early drop of CD69 expressing cells from almost 19,000 to 1,200 PbT-Il cells
in the liver over the first two weeks, the decline was less pronounced up to day
49 when average of 900 cells could still be detected (Figure 3.1B, C). This
suggests superior survival of CD69*CD62L" Trm-like PbT-II cells compared to Tem
or Tcwm cells in the liver after PbA blood-stage infection. However, it should be
noted that the expression of CD69 early in infection can be explained by recent
activation and does not necessarily correlate with a tissue-resident phenotype. A
thorough investigation of the properties of the CD62L-CD69* T cells in the liver
will be discussed in chapter 4.
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In the spleen, CD69"CD62L" PbT-Il cells represented the main PbT-II cell
population, with over 50 % of this phenotype present throughout the experiment.
Nevertheless, there was a rapid contraction from over 10° to 5 x 10* PbT-Il cells
within 7 weeks post-infection. CD69*CD62L" PbT-II cells dropped from 70,000 to
1,300 cells per spleen between day 7 to day 49 post-infection, while PbT-II cells
expressing CD69'CD62L"* showed a reduction from 14,000 to 700 cells (Figure
3.1B, C). Thus, compared to the liver, Tem and Tcm PbT-II cells in the spleen
showed a less pronounced contraction, whereas Tru-like cells did not seem to
be retained to the same level as in the liver. Together, these data show, that
memory T cells form in the liver and spleen after Plasmodium infection and
indicate preferential retention/survival of CD69"* potentially Tru-like PbT-Il in the

liver.

3.2.1.2 PbT-ll response to liver-stage PbA infection

After identifying a memory PbT-II response to blood-stage PbA infection,
we investigated the potential of memory development to liver-stage infection.
Sporozoite infection of hepatocytes in the liver leads to local inflammation and a
type | IFN responses (Liehl et al., 2015, Liehl et al., 2014). This property and
altered antigen availability in the liver compared to blood-stage infection will
potentially change the CD4 T cell response. To isolate the liver-stage from the
blood-stage, irradiation attenuated sporozoites (RAS) were used to prevent the
parasites from fully developing in the liver and then proceeding to blood-stage
infection. 5 x 10* RAS were injected into naive B6 mice one day after the transfer
of PbT-Il cells. These mice were then left for various times before assessing the
spleen and liver for PbT-II cell numbers and phenotype by flow cytometry (Figure
3.2). Eight days post-RAS priming, 4 x 10° PbT-II cells were detected in the liver,
which was followed by a 2.5-fold reduction in cell numbers by day 22. Further
reduction in PbT-II cell numbers was seen at day 50 post priming, where 4 x 103
cells could be detected in the liver (Figure 3.2A). A similar decline in PbT-II cell
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numbers was found in the spleen between day 8 and 50 post-priming (Figure
3.2A).

Liver Spleen
A 108 108
5 10° ! ? § 108
L o
% 104 + 2 1o /% naive
2 e % * A~ RAS
§ 102 % Ap | 3 102 o
o 10 = 10
E 101 % é 101
o
100 T rAvA, rAvA! 100 T T .
8 22 50 8 22 50
Time post priming (days) Time post priming (days)
C
B 5 10 P 100
2 g —/~ CD69-CD62L*
) 5
% 105 20 —k— CD69-CD62L-
= S —/~ CD69*CD62L-
o 104 I_—' 10
Ne] Ko}
o o 3
-a’ 103 -(E» 10
© ©
o @) 2
O 102 : T Ay O 10 T T 1
8 22 50 8 22 50
Time post priming (days) Time post priming (days)
~ s W= CDB9-CD62L*
o~ - .
< 10 g ' me CD69-CD62L-
Q80 %_ 80
= 7 s CD69+CD62L-
© 60 © 60
E 40+ E 40
% 20+ '_é 20
o o
0- 0-
8 22 50 8 22 50
Time post priming (days) Time post priming (days)

Figure 3.2 PbT-ll cells form memory after PbA radiation-attenuated
sporozoite vaccination.

5 x 10* PbT-Il.uGFP cells were transferred into naive B6 mice and one day later
these mice were vaccinated with 5 x 10* PbA RAS (i.v.). On day 8, 22, and 50
after vaccination, liver (left) and spleen (right) were harvested and PbT-II cell
numbers were determined by flow cytometry, gating on live, CD4+, Va2+, GFP+,
CD44" cells (closed triangles). Naive PbT-II cell numbers of (live, CD4+, Va.2+,
GFP+) uninfected control groups were also included (open triangles). A. Total
PbT-Il cell numbers per organ. Each symbol represents an individual mouse. B,
C. Analysis of the number (B) and proportion (C) of PbT-Il T cell subsets in the
liver (left) and spleen (right) at different time points post-priming based on
expression of CD69 and CD62L. The experiment was performed twice for a total
of 7-8 mice per group.
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Next, T cell subpopulations, distinguished by their expression of CD69 and
CD62L were examined. CD69CD62L" Tcm PbT-II cells in the liver represented
the smallest subset over the duration of the experiment. At day 8 post-RAS
inoculation, CD69"CD62L" PbT-II cells represented the dominant subset of PbT-
Il cells, but these cells rapidly declined in numbers over the experimental period
until around 400 PbT-Il Tem were recovered at day 50 post RAS priming.
Interestingly, while CD69*CD62L" Tru-like PbT-Il cells made up only 17 % of PbT-
Il cells in the liver at day 8 post-priming, they represented around 90 % of all PbT-
Il cells at days 22 and 50, with around 3 x 102 cells still present at the latter time
point (Figure 3.2B, C). Therefore, CD69"CD62L" Trm-like PbT-Il cells are the
dominant memory T cell type in the liver after RAS vaccination.

In the spleen, CD69'CD62L" PbT-Il cells represented the major T cell
population, with over 50 % at all times tested. CD69*CD62L" and CD69 CD62L*
PbT-Il cells displayed similar expansion and contraction profiles with T cell
numbers from an average of 5 x 10* at day 8 to around 400 cells at day 50 post
priming in the spleen and each represented around 15 — 20 % of the PbT-II cell
population in this organ. Thus, Tem-like PbT-II cells dominate the memory pool in
the spleen, whereas cells with a Trw-like phenotype dominate the memory pool
in the liver after RAS-priming (Figure 3.2B, C).

CD69 is also known to be an early activation marker and presentation of
retained RAS antigens could potentially lead to elevated CD69 on PbT-II cells in
the liver, especially at early time points. If this were the case, cells that appear to
be Tru-like may in fact be activated effectors responding to antigen. To
investigate the antigen availability at different times after RAS injection, an in vivo
proliferation assay was performed. To this end, CellTrace Violet™ (CTV) labelled
PbT-II cells were injected into mice either before or 7 to 28 days after RAS
vaccination. CTV binds to the cell surface membrane and is diluted with each
proliferation step. Therefore, reduction or loss of CTV signal on labelled cells
shows proliferation and thus antigen encounter after cell transfer. As seen in
Figure 3.3, injection of CTV labelled PbT-Il cells one day before RAS priming (day
0 group) led to a complete loss of CTV signal of PbT-II cells in the liver 5 days
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post-RAS injection, indicating that these cells proliferated heavily in response to
antigen. Similarly, in the spleen, over 90 % of PbT-II cells had a reduced CTV
signal after 5 days when injected before priming. Transfer of cells one week after
RAS inoculation (day 7 group) resulted in 50 % divided PbT-II cells in both the
liver and the spleen, indicating that antigen was still present, albeit at lower levels.
In contrast, less than 5 % of CTV labelled PbT-Il cells injected 28 days post
priming showed signs of proliferation (CTV dilution) in either organ, reflecting the
same proliferation capacity as PbT-Il cells injected into naive mice (Figure 3.3)
and suggesting an absence of antigen at this stage. This implied that the CD69*
PbT-Il cells in the liver 50 days post-RAS injection did not express CDG9 as a
consequence of recent antigen encounter but were more likely of a Trm

phenotype.

Together, these data showed that Plasmodium-specific CD4 T cell
memory formed after RAS vaccination. Similar to Plasmodium blood-stage
infection, CD69°CD62L" Tem cell were the dominant T cell population in the
spleen, but PbA liver stage infection induced a far greater proportion of
CD69"CD62L" Trm-like PbT-II cells in the liver.
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Figure 3.3. Antigen is only available for about 7 days after administration
of radiation-attenuated sporozoite (RAS).

B6 mice were vaccinated with 5 x 10*RAS (i.v.). Either one day prior or 7 or 28
days post vaccination, 5 x 10°CTV labelled PbT-1l.UuGFP cells were adoptively
transferred. Spleen (upper) and liver (lower) were harvest 6 days post PbT-II cell
transfer and CTV staining was assessed for dividing cells by flow cytometry after
gating on CD4+, Va2+, GFP+, cells. The experiment was performed twice for a
total of 6 mice per group.

3.2.2 Minimal PbT-ll epitope.

As shown so far, PbT-II cells can respond to either blood-stage or liver-stage
Plasmodium infection. We wanted to take advantage of this responsiveness to
design a non-infective reagent that could potentially be used as a vaccine
candidate against any of these stages. In order to do this, the specific
Plasmodium epitope recognized by PbT-II cells needed to be identified. To do
this, Dr. Daniel Fernandez-Ruiz adopted an in vitro culture system whereby DCs
were incubated with blood-stage Plasmodium parasites to enable their uptake,
processing, and presentation of immunopeptides via MHC-II molecules. DCs
were cultured with PbA infected red blood cells for 8 hours and snap frozen.
Peptides were then dissociated from MHC-peptide complexes and separated by
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reverse-phase high-performance liquid chromatography (HPLC). Subsequently,
mass spectrometric analyses of the eluants were performed, identifying 75
different peptides that were mapped to Plasmodium proteins. To determine
whether PbT-II cells responded to any of these peptides, splenocytes were
extracted from PbT-Il mice infected for 8 days with blood-stage PbA parasites
and were incubated in vitro with the peptides. The expression of IFN-y and TNF
by PbT-Il CD4 T cells was determined by flow cytometric analyses. A single
peptide, number 58 (NQKDIYYITGESINAVS), was found to induce IFN-y
expression in CD4 T cells above background levels (Figure 3.4A). This was also
true for TNF, although background levels were somewhat raised for some of the
peptides (Figure 3.4B). Peptide mapping revealed that Peptide 58 originated from
the heat shock protein 90 (Hsp90) of PbA. Hsp90, one of the most abundant
chaperones, is expressed throughout the Plasmodium lifecycle in the mammalian
host (Howick et al., 2019). Therefore, it represented an interesting candidate for
further investigation.
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Figure 3.4. Discovery of the cognate peptide of PbT-ll cells.

A. PbT-IL.GFP mice were infected with 10* PbA iRBC (i.v.) and treated with
chloroquine from day 4. 8 days post-infection, intracellular staining was
performed on splenocytes 5 h post-incubation in presence of brefeldin A and
candidate peptides at a concentration of 2.5 uM. PbT-II cells were identified by
the expression of CD4, Va2, and GFP and the expression of IFN-y or TNF was
examined. A. Percentages of IFN-y* PbT-II cells. B. Percentages of TNF* PbT-ll
cells. Data were pooled from two independent experiments. Peptide discovery
experiments performed by Dr. Daniel Fernandez-Ruiz.

Based on these results, the minimal epitope of PbT-Il cells was determined.
The minimal epitope is the shortest peptide sequence recognized by T cells that
leads to activation and cytokine production and is of crucial importance for the
development of immune-intervention strategies. Peptide presentation to CD4 T
cell is mediated via MHC-II molecules expressed on the cell surface of APCs.
Unlike MHC-I molecules, which present peptides with a length of 8-10 residues,
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MHC-II molecules have an open binding grove and accommodate peptides of 13-
17 residues, that protrude from the molecule (Bouvier and Wiley, 1994, Rudensky
et al.,, 1991). To identify the PbT-Il minimal epitope, N-terminal or C-terminal-
shortened variants of peptide 58 were incubated with naive PbT-II cells overnight,
and CD69 upregulation was measured by flow cytometry (Figure 3.5). PbT-Il cells
incubated with the full-length peptide, NQKDIYYITGESINAVS, showed CD69
upregulation in 93 % of PbT-Il cells at 20 uM peptide concentration. High CD69
expression was achieved in around 90 % of PbT-Il cells with peptide
concentrations above 0.16 uM (Figure 3.5A, B).

Sequential removal of the three first N-terminal amino acids
(NQKDIYYITGESINAVS) did not affect the CD69 expression of PbT-Il cells
compared to the full-length sequence (Figure 3.5A). Removing two additional
amino acids (NQKDIYYITGESINAVS) led to similar CD69 expression, compared
to the full-length peptide, at high peptide concentrations (20-4 uM) but was
reduced by 10 % at peptide concentration below 0.8 yM. Removal of the following
amino acid, tyrosine (Y), (NQKDIYYITGESINAVS) reduced PbT-Il cell activation
by about 15 % versus the full-length sequence, at 20 and 4 uM. Furthermore,
CD69 expression of PbT-Il cells was markedly lower after incubation with a
peptide missing the first seven amino acids (NQKDIYYITGESINAVS) (Figure
3.5A).

Next, C-terminal shortened variants of Hsp90 peptide
(NQKDIYYITGESINAVS) were tested. The C-terminal flanking amino acid, serine
(S), from the YYITGESINAVS sequence was not required to induce full CD69
upregulation in PbT-Il cells. However, the loss of valine (V), from the
YYITGESINAVS sequence, reduced CD69 expression by about 15 % at 20 yM
and responses were no longer detectable after incubation with less than
0.032 uM peptide (Figure 3.5B). Interestingly, the removal of the C-terminal
valine (YYITGESINAV) could be rescued by re-introducing N-terminal Aspartic
acid (D) and Isoleucine (l) (DIYYITGESINA), and incubation with the peptide
variant DIYYITGESINAV could fully activate PbT-II cells compared to the full-
length peptide (Figure 3.5B).
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Finally, Hsp90 peptide variants longer than the full peptide
(NQKDIYYITGESINAVS) were tested for their PbT-Il stimulatory capacity.
Addition of four amino acids residues on the C-terminus of peptide 58 also
resulted in maximal CD69 upregulation by PbT-Il cells (Figure 3.5C). As it was
already shown that PbT-Il cells proliferate in response to in vitro incubation with
P. falciparum iRBCs, we wanted to investigate if the equivalent P. falciparum
Hsp90 epitope could stimulate PbT-II cells. The first N-terminus residue between
the P. falciparum ortholog of the PbA Hsp90 differ by the change from aspartic
acid (D) in PbA to glutamic acid (E). Incubation of PbT-II cells with both peptide
versions showed an equal upregulation of CD69 (Figure 3.5C).

Thus, we reasoned that the minimal epitope for maximal stimulation of PbT-II
cells was DIYYIGESINAV, and the minimal epitope to get any response was
YYITGESINA (Figure 3.5). Based on these results, the DIYYIGESINAV epitope,
termed hereafter DIY, derived from Hsp90 was further investigated as a potential

novel CD4 T cell vaccine target.
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Figure 3.5. Identification of the minimal epitope recognised by PbT-Il cells.
Naive splenocytes from PbT-Il.GFP mice were cultured overnight with the
specified amounts of the indicated peptides, after which the expression of CD69
was measured by flow cytometry. A. DNQKDIYYITGESINAVS variants
shortened from N-terminus. B. DNQKDIYYITGESINAVS variants shortened from
C-terminus. C. peptide variants with additional amino acids on N and C-terminus.
Data were pooled from two independent experiments. Minimal peptide discovery
experiments performed by Dr. Daniel Fernandez-Ruiz.

3.2.3 PbT-Il cell response to an antibody-based vaccine (a-Clec9A-DIY)

As shown above, PbT-Il cells can be activated and form a memory
population after exposure to Plasmodium parasites. Furthermore, incubation with
Hsp90 derived epitopes leads to activation and cytokine release. Previous work
on PbT-Il cells had shown that CD8a*, XCR1* DCs were the major APC
responsible for priming of an immune response against PbA blood-stage infection
(Fernandez-Ruiz et al., 2017). Those CD8a" DCs express various surface
receptors such as Clec9A, DEC-205, and Clec12A, which have previously been
successfully used to deliver Ag to these DCs for efficient T cell priming (Lahoud
et al., 2009, Lahoud et al., 2011). Targeting the same DC subset via distinct
receptors can generate divergent immune responses due to different properties
of these receptors. For example, targeting DEC205 to induce an antigen-specific
CD4 T cell response can cause the formation of regulatory T cells while targeting
Clec9A induces an Ag-specific CD4 T cell response biased towards a Tfh
phenotype (Lahoud et al., 2011). Furthermore, targeting Ag to Clec9A was also
shown to be more efficient in inducing Ag-specific CD4 T cell proliferation and
total numbers compared to targeting the same Ag to Clec12A or DEC205.

Therefore, we decided to test whether linking the PbT-Il epitope to a Clec9A-
specific monoclonal antibody (mAb) would result in the priming of PbT-Il cells. To
achieve this goal, the PbT-Il epitope and some surrounding sequence
(KDNQKDIYYITGESINAVSNSPFLEA) was genetically fused to the heavy chain
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of a mAb specific for Clec9A. This antibody-based priming reagent, named
hereafter a-Clec9A-DIY, was then examined for its capacity to induce PbT-Il cell
activation and memory formation. First, the optimal dose of a-Clec9A-DIY to
induce PbT-Il activation was determined. Titrated amounts of a-Clec9A-DIY were
injected into naive B6 mice one day after the transfer of 5 x 10° naive PbT-Il cells.
Earlier studies had shown that CpG improves priming, therefore CpG was
included as an adjuvant (Sparwasser et al., 1998). Around 10° PbT-II cells could
be detected in the spleen 4 days after injection of 0.5 ug a-Clec9A-DIY and
5 nmol CpG (Figure 3.6A). Increased antibody concentration led to a dose
dependent increase in cell-numbers, which resulted in the generation of three
times higher average PbT-Il cell numbers with 4 ug a-ClecOA-DIY and CpG
(Figure 3.6A). While an adjuvant, such as CpG, is necessary to induce activation
and proliferation of CD8 T cells after a-Clec9A priming, CD4 T cells can
proliferate after a-Clec9A injection in the absence of adjuvants (Lahoud et al.,
2011). To test whether this was the case in the present system, different amounts
of a-Clec9A-DIY were injected with or without CpG into B6 mice one day after
transfer of PbT-II cells (Figure 3.6B). At low Ab doses, the administration of CpG
adjuvant appeared to improve PbT-Il cell expansion (x5), but no significant
difference was reached. At high Ab doses, an effect of CpG adjuvant was less

evident.

In summary, the injection of aClec9A-DIY with or without CpG induced PbT-
Il cell proliferation. PbT-II cell numbers reached a plateau at 0.5ug a.Clec9A mAb
(with CpG) or 8upg (without CpG) in this experiment. To ensure maximal
expansion of PbT-Il T cells, we decided to use 2 to 8 ug aClec9A-DIY and 5 nmol
CpG in further experiments.
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Figure 3.6. Immunisation with an aClec9A construct targeting the DIY
epitope induces expansion of PbT-II cells.

A, B. Mice received (A) 5 x 10° or (B) 5 x 10* CTV-labelled PbT-II.GFP cells and
the next day were injected with indicated amounts of aClec9A-DIY, with or
without 5 nmol CpG adjuvant. PbT-II cells were quantified in the spleen 4 days
after immunisation (live, CD4+, Va2+, GFP+). The experiment was performed
(A) two times for a total of 6 mice per group or (B) once with a total of 3 mice per
group. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, n.s. > 0.05, two-tailed
Mann-Whitney test)

After the optimal dose of a-Clec9A-DIY was determined, we investigated
the potential of this reagent to induce the generation of PbT-Il cell memory
populations. 5 x 10* PbT-Il cells were injected into naive B6 mice and one day
later these mice were primed with 8 pg a-Clec9A-DIY in the presence of CpG.
Numbers of PbT-Il cells were examined in the liver and the spleen on days 7, 14,
21, and 49 after immunization (Figure 3.7). PbT-Il cell numbers in the liver peaked
at around day 7 with an average of 3 x 10° cells. 6 weeks later, around 1.4 x 10°
PbT-Il cells were still present in the livers of vaccinated mice. In the spleen, the
highest PbT-Il cell numbers were detected on days 7 and 14. Compared to the
liver, the contraction phase of PbT-Il cells in the spleen was delayed by around a
week. At the day 49 time point, 6 x 10° PbT-II cells could be recovered from the
spleens of aClec9A-DIY primed mice. Compared to blood- and liver-stage
Plasmodium infection, a-Clec9A priming could induce substantially higher

numbers of effector and memory PbT-II cells in the liver and spleen.
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As the nature of memory T cell formation depends on the priming method,
PbT-Il cell memory subpopulations, defined by expression of CD69 and CD62L,

were investigated.
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Figure 3.7. PbT-ll cell response to a.Clec9A-DIY construct.

5 x 10* PbT-I.LUGFP cells were transferred into naive B6 mice and one day later
mice were injected (i.v.) with 8 ug aClec9A-DIY and 5 nmol CpG. On day 7, 14,
21 and 49 after priming, liver (left) and spleen (right) were harvested and PbT-II
cell numbers were determined by flow cytometry by gating on live, CD4+, Va2+,
GFP+, CD44" cells (closed triangles). Naive PbT-Il cell numbers of (live, CD4+,
Va2+, GFP+) uninfected control groups were also included (open triangles). A.
Total PbT-Il cell numbers per organ. Each symbol represents an individual
mouse. B, C. Analysis of the number (B) and proportion (C) of PbT-Il T cell
subsets in the liver (left) and spleen (right) at different time points post-challenge
based on expression of CD69 and CD62L. The experiment was performed twice
for a total of 10 mice per group.
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CD69CD62L" PbT-II cells represented the major PbT-Il cell population
throughout the time course in both liver and spleen (Figure 3.7B, C). At day 49
post-vaccination, 4 x 10°and 10° CD69-CD62L- PbT-Il cells could be detected in
the spleen and the liver, respectively. Interestingly, CD69*CD62L" PbT-II cells
(Trm) made up 20 % of the total PbT-II cells in the liver at day 49 and represented
only 2.5 % of PbT-II cells in the spleen. However, similar CD69*CD62L" PbT-II
cell total numbers of around 1.7 x 10* cells were found in both organs 49 days
post-immunisation. CD69*CD62L" PbT-II cells were the PbT-Il subpopulation with
the lowest rate of decline (1.9-fold) compared to CD69CD62L" Tewm (6.7-fold) and
CD69CD62L" Tcm (4.8-fold) cells between day 21 and 49 post aClec9A-DIY
priming (Figure 3.7B, C).

In general, a-Clec9A-DIY priming induced extensive PbT-Il cell expansion,
predominantly generating large numbers of CD69"CD62L" Tewm like cells in the liver
and spleen. Proportionally, PbT-Il cells generated by o-Clec9A-DIY priming
formed larger memory cell populations (1.4 x 10° cells; liver and 6 x 10° cells;
spleen) 49 days post priming compared to those generated after PbA RAS (4 x
102 cells; liver and 2 x 102 cells; spleen) or blood-stage infection (5.5 x 103 cells;
liver and 4.55 x 10* cells; spleen). Therefore, the mode of CD4 T cell activation
influenced the magnitude of the resulting T cell response but also changed the
survival and composition of T cell memory subpopulations. Of note, experiments
were started on the same day but flow cytometry analyses were performed on
different days. This and the fact that, especially in the unprimed mice, only low
numbers of PbT-Il cells were detectable, can result in variations in total PbT-II

cell numbers per organ.

Cell numbers and phenotypes are essential to understand the features of the
immune responses to infections. However, the localization of those cells in
relation to the pathogen or activation site can also give valuable insights. To
explore spatial aspects of the immune response, tdTomato expressing mice were
injected with 5 x 10* PbT-ILUGFP cells one day before a-Clec9A-DIY priming,
and 2 -photon intravital imaging was performed 14 days later. This analysis
revealed three distinct types of PbT-Il cell behaviour in the liver. Some PbT-II
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cells patrolled the sinusoids. Others showed no sign of movement throughout the
imaging period of 30-60 minutes. A third group of PbT-II rapidly moved through
the sinusoids, essentially moving with blood flow, and were only detectable for 1-
3 frames before leaving the imaging field (Figure 3.8A, Appendix Video 8.1).
Computational analyses revealed an average velocity of 8 ym/min for patrolling
PbT-Il cells (Figure 3.8B), which represents a similar velocity to that reported for
CD8 T cells patrolling the liver sinusoids, i.e. 10 ym/min (Fernandez-Ruiz et al.,
2016). Due to the higher speed of the rapidly moving PbT-Il cells briefly visible in
the liver, these cells could not be included in the analysis. So far, no correlations
between the behaviour of the various groups of PbT-IlI cell and Tem, Trm, Tcm
subpopulations can be drawn, but the patrolling cells are reminiscent of liver CD8
Trm cells (Fernandez-Ruiz et al., 2016). Further 2-photon intravital imaging of
sporozoite infected mice might shed additional light on the PbT-Il cell response
to liver-stage infection and will be discussed in chapter 5.
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Figure 3.8. Visualisation of PbT-Il cells in the liver after a-Clec9A-DIY
priming.

5 x 10* PbT-Il.LUGFP cells were transferred into tdTomato mice one day prior to
administration of 2ug aClec9A-DYI and 5 nmol CpG-combo. 14 days later mice
underwent a surgical procedure to gain access to the liver and 2 photon-intravital
imaging was performed. A. Representative image of the liver structure (red) and
PbT-Il cells (green) 14 days post-priming. B. Speed data of PbT-II cells were
analysed from 30-40 min time-lapse series using IMARIS software. Data were
pooled from 3 independent images of n = 6 mice.
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3.2.4 Endogenous CD4 T cell response to Hsp90 epitope

To make use of the newly detected MHC-II restricted PbA epitope as a
potential vaccine-candidate, it was important to know whether there was an
endogenous response to this epitope, as so far, we had only examined responses
by transgenic PbT-Il cells. Therefore, in collaboration with Dr Hugh Reid from
Prof Rossjohn’s laboratory, an MHC-II tetramer was generated, carrying the
Hsp90 epitope, to detect endogenous CD4 T cells.

To determine the ideal MHC-II tetramer staining condition, splenocytes from
naive PbT-Il mice were incubated for up to 180 min, at 4 or 37°C with different
concentration of the specific MHC-II tetramer (IA°-Hsp90) and assayed by flow
cytometry. As seen in Figure 3.9, a high concentration (18 pg/ml) of IA>-Hsp90
resulted in the highest proportion of MHC-II tetramer positive CD4 T cells. In
addition, 37°C improved the staining efficiency at lower MHC-II tetramer
concentrations and shorter incubation times (Figure3.9A, B). Based on this
analysis, IAP-Hsp90 staining was routinely performed at 37°C for 30 min with 18
pg/ml MHC-II tetramer per sample.

Utilising the MHC-II tetramer staining conditions, the formation of endogenous
Hsp90 specific CD4 T cell populations was investigated after PbA blood-stage
infection (Figure 3.9C, D). Seven days post-infection, around 2 x 103 and 2 x 104
IAP-Hsp90* CD4 T cells could be detected in the liver and spleen, respectively.
However, by day 14 and 21 no differences between infected and naive mice could
be detected by IAP-Hsp90 staining. This suggested T cell numbers reduced
rapidly to low levels, below detection by this approach.

As shown in the previous chapter, a-Clec9A-DIY priming induced more
extensive PbT-Il memory cell formation compared to blood-stage infection. To
determine if a-Clec9A-DIY priming also induced higher numbers of endogenous
DIY-specific T cells, naive mice were primed with 8 ug aClec9A-DIY and 5 nmol

CpG. Around 6 x 10° cells were detected in the liver and 5 x 10* cells in the
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spleen 7 days post-priming (Figure 3.9E, F). While IA>-Hsp90* CD4 T cells could
be detected at later time points, high background staining and low separation of
MHC-II tetramer positive and negative cells complicated interpretation
(Figure3.G). To try to better separate specific cells from background staining,
enrichment (MACS) of tetramer™ cells from the spleens of mice 7 days post-PbA
blood-stage infection was performed. This approach uses magnetic beads to
enrich for MHC-tetramer-stained cells. After splenocytes were labelled with 1AP-
Hsp90 tetramer conjugated to phycoerythin (PE), the samples were incubated
with anti-PE beads and placed and on a magnet. After washing out unlabelled
cells, enriched and unenriched samples were examined by flow cytometry (Figure
3.9H). The enriched sample showed better separation between IAP-Hsp90
positive and negative populations compared to an unenriched sample
(Figure3.9D, E). Based on this analysis, MACS enrichment appeared to be a
promising technique to quantitate Hsp90 reactive CD4 T cells. However, the
limited availability of IA>-PbHsp90 tetramer reagent and the high enrichment cost
meant that an alternative approach was sort, i.e. Enzyme-Linked Immunospot
(ELISpot) assays, to examine memory responses by endogenous Hsp90-specific
CDA4 T cells.

The ELISpot assay is a highly sensitive technique for the detection of
cytokine secreting cells. To identify endogenous Hsp90 specific memory CD4 T
cells, mice were either vaccinated with aClec9a-DIY or infected with PbA iRBCs.
35 days later, spleen and liver lymphocytes were used for the IFN-y ELISpot
assay. An anti-IFN-y mAb was used to detected IFN-y producing cells in response
to the Hsp90 epitope. In the spleen, 480 and 157 cells per million plated cells
secreted IFN-y in response to the DIY epitope after priming with aClec9A-DIY or
Plasmodium infection, respectively (Figure 3.10A). In the liver, IFN-y producing
cells, above background level, were only detectable after aClec9A-DIY
vaccination (Figure 3.10B). These data show that an endogenous Hsp90 specific
memory CD4 T cell population formed after aClec9A priming and Plasmodium
blood-stage infection. Furthermore, as previous experiments indicated (Figure

3.1 and Figure 3.6), where transgenic PbT-II cells were used, aClec9A-DIY
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vaccination induced a larger endogenous Hsp90-specific CD4 T cell population
compared to iRBC infection. It should be mentioned that not all cells secrete IFN-
v. Therefore, unlike MHC-II tetramers, where all Hsp90 specific CD4 T cells can
be identified, only a subpopulation of Hsp90 specific cells were detected by the
ELISpot assay. Nevertheless, the observed induction of endogenous CD4 T cells
reactive to the DIY epitope, strengthened the view that Hsp90 can be used as a
potential CD4 T cell antigen for vaccination.
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Figure 3.9. Detection of an endogenous CD4 T cell population reactive to
the DIY epitope.

A, B. Titration of IA>-HSP90 Tetramer using naive PbT-Il spleen cells. Staining
was performed with an MHC-II tetramer concentration between 2-18 ug/ml for 30,
90 or 180 min at 4 (A) or 37°C (B). Data represent two independent experiments
with a total of 3 PbT-1I mice C-H. B6 mice were infected with (C, D) 10*PbA iRBCs
and cured from day 5 of infection or (E,F) vaccinated with 2 ug aClec9A-DIY and
5 nmol CpG. Liver (C, E) and spleen (D, F) were harvest 7 to 21 days post priming
and 1AP-Hsp90 staining was performed at 37 degree and 18 pg/ml for 30 min. G.
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Representative dot plots from B and C, 7 days post infection or immunisation.
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; n.s.> 0.05; two-tailed Mann-
Whitney test). Data represent single experiments with a total of 4-5 mice E.
Representative dot plots after Magnetic-activated cell sorting enrichment (MACS)
(right) or unenriched (middle) of IA>-HSP90 stained spleen cells of B6 mouse 7
days post infection with 10* PbA iRBCs. IA>-HSP90+ CD4 T cells were defined
as CD4*, CD62L-, B220-, NK1.1-, IA°* cells.
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Figure 3.10. Induction of an endogenous CD4 T cell memory response to
the DIY epitope

Mice were infected with 10* PbA iRBCs and cured from day 5, or vaccinated with
2 ug aClec9A-DIY and 5 nmol CpG. A, B. 35 days after infection or vaccination,
spleen (A) or liver (B) derived lymphocytes (including 2.5 x 10° CD4 T cells/well)
were restimulated in vitro with the DIY peptide and an ELISpot assay was
performed to detect IFN-y producing cells. (*p<0.05; **p<0.01; ***p<0.001;
****p<0.0001; n.s.> 0.05; Kruskal-Wallis followed by Dunn’s Multiple
Comparisons test). Data were pooled from 2 independent experiments with a
total of 10 mice per group.

3.2.5 PbT-Il cells can be differentiated into specific T helper subsets.

Different CD4 T cell lineages can mediate different effector functions, e.g.
Th1 cells activate macrophages, whereas Tfh cells primarily induce B cell
maturation and antibody class switching (Fontana et al., 2016, Perez-Mazliah et
al., 2017). The composition of the CD4 T cell pool in terms of T cell lineages
depends on the nature of the infection. PbA blood-stage infection induces Th1
and Tfh cells, whereas Th2 responses are undetectable (Fernandez-Ruiz et al.,
2017). However, Th2 cells have been reported to play a role in Plasmodium
infection (Taylor-Robinson et al., 1993). Furthermore, IL-4, secreted by Th2 cells,
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was described to be crucial for CD8 T cell responses to sporozoite infection,
which is why we aimed to investigate the protective capacity of this particular CD4
lineage (Carvalho et al., 2002). To overcome limitations arising from in vivo
differentiation and mixed CD4 T cell pools, an in vitro polarization assay was
established that aimed to generated large numbers of pure PbT-lIl Th1 or Th2
cells (Figure 3.11). This technique allowed for examination of lineage-specific
differences in memory CD4 T cell formation and responses to Plasmodium

infection.

To achieve CD4 T cell differentiation, PbT-II cells were co-cultured with DIY-
peptide pulsed DCs for 4-5 days under Th1 or Th2 polarising conditions (Figure
3.11A , Chapter 2.2.7).Th1 polarizing conditions led to stable expression of the
Th1 differentiation transcription factor Tbet in over 90 % of PbT-Il cells (Figure
3.11B). In contrast, under Th2 polarizing conditions most PbT-Il cells expressed
Gata3, the transcription factor responsible for Th2 differentiation (Figure 3.11B).
A low proportion of Th1 or Th2 differentiated PbT-ll cells expressed the
transcription factors RoryT while none expressed FoxP3, which relate to Th17
and Treg differentiation, respectively (Figure 3.11B). This data showed that PbT-
Il cells can be efficiently differentiated into the Th1 and Th2 lineages with very

low levels of cross contamination of Th17 differentiated cells.
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Figure 3.11. Th1 and Th2 in vitro differentiation of PbT-Il cells.
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Th2

Th2

Th1 Th2

108 purified, naive PbT-Il cells were co-cultured with 107 DIY-peptide pulsed
dendritic cells for 5 days under Th1 or Th2 polarization condition (Chapter 2.2.7).
Expression of the transcription factors Tbet, Gata3, RoryT and FoxP3 were
examined by flow cytometry 5 days after the initiation of cultures. A. Experimental
scheme. B. Representative dot plots for data in C, by gating on live, CD4+, Va2+,
GFP+ cells. C. Percentage of transcriptions factor positive cells. (**p < 0.001; ns,
not significant; two-tailed Mann-Whitney test. Data were pooled from 2
independent experiments with total of 5 different flask per group.
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3.2.6 Expression of lineage-specific cytokines and surface markers after
differentiation of PbT-Il cells.

Priming induced by the injection of the mAb aClec9A was previously shown
to induce IFN-y producing CD4 T cells (Th1 cells) as well as Tfh cells (Kato et al.,
2015). Similarly, a previous study using PbA blood-stage infection showed that
PbT-Il cells differentiated into Th1 as well as Tfh cells (Fernandez-Ruiz et al.,
2017). To validate previous reports, PbT-Il cells were phenotyped for their
specific CD4 T cell lineage by investigating cytokine expression. To do this, mice
were injected iv with either PbA iRBCs or aClecO9A-DIY one day after transfer of
PbT-Il cells. Seven days post-priming, splenic PbT-Il cells were re-stimulated in
vitro with DIY peptide and examined for cytokine production (Figure 3.12). After
blood-stage Plasmodium infection, 51.6 % of PbT-Il cells produced IFN-y and
around 13 % also expressed TNF and can therefore be considered as Th1 cells
(Figure 3.12A-C). After, aClec9A-DIY priming and re-stimulation, 40 % of the
PbT-II cells expressed IFN-y. These cells also expressed TNF (17 %) and low
levels of IL-2 (22 %), the latter of which was not detectable in iRBCs primed PbT-
Il cells. While a low level of IL-10 expression was also detectable after blood-
stage infection or aClec9A-DIY priming, none of the other cytokines that were
tested were detectable (Figure 3.12A-C). Therefore, PbA blood-stage infection,
as well as aClec9A-DIY priming, led to Th1 differentiation of PbT-II cells early
after infection or priming (Figure 3.12A, B). The induction of Tfh cells after
Plasmodium blood-stage infection or a-Clec9A-DIY immunisation was
investigated by examining the expression of PD1 and CXCRS, markers of Tth
cells. However, PD1 staining was faint, therefore we first examined CXCR5
expression alone. PbA blood-stage and aClec9A-DIY priming induced the
upregulation of CXCR5 in 36.6 % and 69.8 % of PbT-Il cells, respectively (Figure
3.12D-F). Although PD1 staining was low, its expression could be observed after
both priming methods relative to the lack of expression seen for Th1 or Th2 cells-

differentiated PbT-Il cells. However, a-Clec9a-DIY activated PbT-Il cells showed
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greater expression of PD1 than PbT-II cells from mice infected with PbA iRBCs
(Figure 3.12D, F). In line with previous reports, this data demonstrates that
Plasmodium blood-stage infection and a-Clec9A priming induced differentiation
towards Th1 and Tfh cells.

As shown in Figure 3.11 PbT-Il cells could be differentiated into Th1 and Th2
cells, but it was unclear if these cells remained in their specific differentiation
state. Therefore, PbT-II cells previously differentiated into Th1 and Th2 cells were
examined for cytokine production, 7 days after transfer into mice. Most splenic
PbT-Il Th1 cells expressed IFN-y (71.2 %) and TNF (90 %) (Figure 12A-C).
Furthermore, the majority of Th2 differentiated PbT-II cells expressed IL-4 (54.6
%) and/or IL-13 (64.2 %), hallmark cytokines for Th2 CD4 T cells. In addition, Th1
and Th2 differentiated PbT-Il cells showed a higher proportion of IL-2-expressing
cells compared to a-Clec9-DIY primed PbT-II cells. Other than the hallmark
cytokines for Th1 and Th2 lineage and IL-2, no other cytokine expression was
detectable (Figure 3.12A-C). In addition, no staining for Tfth surface markers
CXCRS5 and PD-1 was observed in PbT-ll Th1 or Th2 cells (Figure 3.12D-F). This
indicated that both Th1 and Th2 differentiated PbT-Il cells did not differentiate

into other CD4 lineages, for at least 7 days after transfer into naive mice.

In Summary, PbT-II cells differentiate into Tfh and Th1 CD4 T cell lineages
after PbA blood-stage infection and a-Clec9A-DIY priming, with aClec9A priming
favouring the Tfh phenotype. Furthermore, in vitro differentiated Th1 and Th2
PbT-II cells remained stable in their specific T helper lineages for at least 7 days
after adoptive cell transfer.
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Figure 3.12. Phenotypes of PbT-Il cells generated after PbA iRBC infection,
aClec9A-DIYpriming or in vitro differentiation.

Naive mice received 5 x 10* PbT-II.GFP cells and, one day later, were infected
with 10* PbA iRBC or primed with 2 pug a.Clec9A-DIY and 5 nmol CpG. Additional
mice received 2 x 108 in vitro polarised PbT-Il Th1 or Th2 cells. A-C. 7 days post
infection, immunisation or adoptive cell transfer, spleen cells were recovered and
IFN-y, TNF, IL-4, IL-13, IL-10, IL-17 and IL-2 production by PbT-Il cells was
determined by intracellular staining 5 h post-incubation with brefeldin A and DIY
peptide. A. Representative dot plots. B. Representative histograms. C.
Percentages of PbT-II cells expressing the indicated cytokines. D-F. Additional
unstimulated samples were stained for PD1 and CXCRS5 expression D.
Representative contour plots. E. Representative histograms for PD1 expression.
F. Proportions of CXCR5" cells. A, B are representative for the data shown in C.
D, E are representative for the data shown in F. C, F were pooled from 2
independent experiments. IL-17 and IL-13 expression was examined in a single
experiment. Each experiment included 3-5 mice per group. (*p<0.05; **p<0.01;
***p<0.001; ****p<0.0001; n.s.> 0.05; Kruskal-Wallis followed by Dunn’s Multiple
Comparisons test)
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3.3 Discussion

Induction of memory T cell populations is crucial to protect against
experimental Plasmodium infection by vaccination (Doolan and Hoffman, 2000,
Schmidt et al., 2010, Butler et al., 2010, Fernandez-Ruiz et al., 2016). However,
only limited numbers of immunogenic MHC-I or MHC-I| restricted epitopes are
described that can potentially be harnessed for use as vaccine targets (Hafalla et
al., 2013, Pichugin et al., 2018, Valencia-Hernandez et al., 2020, Draheim et al.,
2017). This chapter aimed to characterise the formation of memory CD4 T cells
specific to a so far unknown PbA derived MHC-II restricted epitope, after

Plasmodium infection or vaccination.

To investigate the formation of Plasmodium-specific memory CD4 T cells,
a T cell receptor (TCR) transgenic CD4 T cell line, termed PbT-Il, was used.
Previous work showed that PbT-Il cells responded by proliferation after iRBCs
infection with various rodent Plasmodium species and after PbA RAS
immunisation (Fernandez-Ruiz et al., 2017). In line with the latter study, PbT-ll|
cells were found to proliferate and form a memory PbT-Il cell population, which
was still detectable 50 days after RAS immunisation. In addition, PbT-Il memory
cells were generated in response to PbA iRBCs infection and their numbers
exceeded those generated by RAS vaccination. Both immunization methods
induced memory PbT-II cell populations consisting of Tem, Tcm, and Tru-like cells
based on the expression of CD69 and CD62L, similar to CD8 memory T cells
found after RAS vaccination in liver and spleen (Schmidt et al., 2010, Fernandez-
Ruiz et al., 2016). As RAS-induced CD8 memory T cells can protect against
Plasmodium liver stage infection in different mouse strains, we hypothesised that,
similarly, the generation of large numbers of memory CD4 T cells might also
protect against infection (Doolan and Hoffman, 2000). However, it was essential
to identify the cognate antigen of PbT-Il cells to allow us to utilise these cells and
their cognate antigen for vaccination studies against Plasmodium blood and liver-
stage infection.
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The immunogenic epitope of Hsp90-peptide responsible for PbT-II cell
activation was identified as an 18-mer peptide (DNQKDIYYITGESINAVS) eluted
from MHC-II molecules (IAP) of DCs after PbA iRBCs exposure. Unlike MHC-I
molecules, which have a stabilised binding groove, allowing peptide fragments of
8-10 amino acids to bind, MHC-II molecules have an open binding groove
allowing larger peptides to bind to the cleft with protruding amino acids at both
sides (Bouvier and Wiley, 1994, Van Bleek and Nathenson, 1990, Jardetzky et
al., 1991, Fremont et al., 1998, Park et al., 2003, Hunt et al., 1992, Brown et al.,
1993). While peptides are stabilised by hydrogen bonds between peptide and
amino acids within the binding cleft, the primary binding site is a 9-mer core
(McFarland et al., 1999, Landais et al., 2009, Holland et al., 2013). This 9-mer
core is flexible and can allow the same peptide to bind in different MHC-II
molecule registers, hence using alternative 9-mer cores (McFarland et al., 1999).
However, protruding residues, flanking the 9-mer core, can also influence the
MHC-II-peptide binding stability, TCR interaction and MHC-II affinity (McFarland
et al.,, 1999, Landais et al., 2009, Nelson et al., 1994, Holland et al., 2013).
Therefore, it was necessary to determine the minimal epitope within PbHsp90.
YITGESINA was the minimal epitope to activate PbT-II cells, as further reduction
of either C or N terminal amino acids led to a drastic loss in T cell activation.
However, maximal PbT-Il cell stimulation was achieved by a 14-mer
(DIYYITGESINAVS), that included additional amino acids on both sides of the 9-
mer core. Interestingly, additional amino acids on either the N or C terminus of
this 14-mer that generated the original 18-mer peptide did not increase PbT-II cell
stimulation, suggesting that these extra residues that protrude from the MHC-II
binding cleft might not be involved in interactions with either MHC-I| or the TCR.
As longer peptides associated with MHC-II can be digested in acidified endocytic
vesicles to form shorter versions, it is possible that the eluted long peptide version
and other long versions were shortened by DCs before being presented on the
MHC-II molecule to PbT-II cells (Watts, 1997).

Previous work revealed that PbT-II cells proliferate in response to in vitro
incubation with P. falciparum iRBCs (Fernandez-Ruiz et al., 2017). In line with
this finding, a similar sequence to DIY is found in P. falciparum, with only one
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residue differing in this species, i.e. the initial D being E. It was, therefore, no
surprise that this residue variation, well outside the 9-mer core peptide, did not
affect immunogenicity. As PbT-Il cells were also shown to proliferate after P.
yoelii 17XNL, P. chabaudi AS, P .berghei NK65 iRBCs infection, the use of the
Hsp90 epitope enables study of CD4 T cell responses to multiple Plasmodium
species (Fernandez-Ruiz et al., 2017).

Hsp90 is commonly found in the cytoplasm of P. falciparum parasites
(Pallavi et al., 2010, Echeverria et al., 2005, Banumathy et al., 2003). However,
unlike other commonly expressed heat shock proteins, Hsp90 is not found in the
exportome of infected red blood cells (Sargeant et al., 2006). Nevertheless,
Hsp90 can be presented to CD4 T cells via MHC-II molecules as APCs can
phagocytose parasites and present internal proteins(Fernandez-Ruiz et al., 2017,
Arroyo and Pepper, 2019). While the cytosolic character of Hsp90 prevents it
from being targeted by humoral responses, Hsp90-specific CD4 T cells can
activate B cells of other specificities to mediate isotype class switching and high-
affinity antibodies that eventually clear the infection (Fernandez-Ruiz et al., 2017,
Kawabe et al., 1994). This was shown by the use of CD40L’" mice, where
endogenous CD4 T cells were unable to provide help for B cells (Fernandez-Ruiz
et al., 2017). PbT-Il transfer prior to Pch infection rescued the otherwise lethal
infection and partially restored Pch specific humoral responses.

Additional MHC-II restricted Plasmodium epitopes have been described.
For example, Draheim and colleges identified 14 different MHC-II restricted PbA
specific epitopes obtained from PbA blood stage infection (Draheim et al., 2017).
While Hsp90 was not identified in this study, 8 of the 14 epitopes induced
significant IFN-y and TNF expression in CD4 T cells from PbA iRBC infected
mice. Unlike Hsp90, two of the three most dominant peptides (ETRAMP, MSP1)
identified in this study are only expressed by PbA but not expressed by Pch
blood-stage parasites. Furthermore, it is not clear whether those epitopes are
also expressed in sporozoites and thus can induce CD4 T cell responses that
target the liver stage of infection (Draheim et al., 2017).
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The highly conserved nature of Hsp90 and the fact that memory T cell
formation can be induced in responses against liver and blood-stage parasites
makes this epitope a suitable candidate for vaccine studies to generate memory
CD4 T cell responses against both infectious Plasmodium stages. However, to
induce CD4 T cell activation and proliferation, a cognate antigen has to be
presented via MHC-II molecules expressed by APCs. In PbA iRBCs infection,
CD8* DCs were shown to be the dominant DC population responsible for PbT-lI
cell priming (Fernandez-Ruiz et al., 2017). These CD8* DCs can be specifically
targeted with antigen by a monoclonal antibody (mAb) against the surface C-type
lectin-like molecule Clec9A, which is expressed on mouse CD8* DCs and human
BDCA-3* DCs (Caminschi et al., 2008, Huysamen et al., 2008). mAbs targeting
the Clec9A receptor (aClec9A), fused to specific epitopes, induced strong
humoral, CD4, and CD8 T cell responses in mice and strong humoral responses
in non-human primates (ldoyaga et al., 2011, Li et al.,, 2015). CD4 T cell
responses induced by aClec9A treatment are characterised by strong Tth and
moderate Th1 formation, reflecting CD4 T cell lineages found to be generated
after Plasmodium iRBCs infection (Lahoud et al., 2011, Lonnberg et al., 2017,
Fernandez-Ruiz et al., 2017). As aClec9A subunit vaccination was shown to
induce potent CD4 T cell activation, an aClec9A subunit vaccine carrying the
Hsp90 epitope (aClecO9A-DIY) was designed to induce PbT-Il cell activation
(Lahoud et al., 2011, Kato et al., 2015). In line with previous studies, injection of
this construct resulted in the differentiation of Tfh and Th1 PbT-Il cells (Lahoud
et al., 2011, Kato et al., 2015). Interestingly, aClec9A-DIY vaccination induced
memory PbT-Il cell responses exceeding those seen after RAS vaccination or
PbA iRBCs infection. While the amount of cognate antigen injected can be
precisely defined for aClec9A targeting, it is not known how much cognate PbT-
Il antigen is available after RAS vaccination or PbA iRBCs infection. This
discrepancy in antigen availability might be one factor leading to different sizes
of PbT-Il memory cell pools. RAS parasites that infiltrate the hepatocytes might
be “shielded” from CD4 T cell recognition, as hepatocytes do no express MHC-II
molecules under steady state-conditions, which would result in low antigen

availability for CD4 T cells (Franco et al., 1988). The reduced PbT-Il memory cell
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formation after RAS compared to aClec9A-DIY vaccination could therefore be
due to antigen availability. However, iIRBCs can be phagocytosed by
macrophages and DCs, which can present cognate antigen via MHC-II
molecules. Rising parasitaemia after iRBCs infection before drug treatment most
likely led to high antigen availability, suggesting that other mechanisms might
contribute to the different magnitudes of CD4 T cell memory responses. One
likely explanation for reduced PbT-II cell memory formation after PbA iRBCs
infection is the induction of regulatory mechanisms. It was previously shown that
IL-27 secreting CD4 T cells were induced after PbA iRBCs infection (Kimura et
al., 2016). The secretion of IL-27 led to a reduced IL-2 production by CD4 T cells
that did not secrete IL-27 (Kimura et al., 2016, Sukhbaatar et al., 2020). While
our study did not investigate the production of IL-27, we found that IL-2 secretion
by PbT-II effector cells generated after PbA iRBCs infection was reduced
compared to aClecO9A-DIY vaccination. As IL-2 is a crucial cytokine for T cell
differentiation and survival, IL-27 producing CD4 T cells induced by PbA iRBCs
infection could have led to reduced expression of IL-2 by PbT-II effector cells and
therefore reduced formation of effector and memory T cells (Kelly et al., 2002).
Furthermore, IL-2 production by PbT-II cells after aClec9A-DIY vaccination was
reduced compared to in vitro differentiated PbT-Il Th1 and Th2 cells.
Interestingly, a study published by Attridge et. al linked one of the Tfth key
cytokines, IL-21, with active reduction of CD4 T cell derived IL-2 in cell cultures
(Attridge et al., 2012). It is therefore possible, that Tfh cells expressed large
amounts of |IL-21 after aClec9A-DIY priming which therefore limited the ability of
PbT-II cells to express IL-2. However, IL-21 levels of PbT-Il cells after aClec9A-

DIY priming were not analysed in this study and will need to be evaluated.

As vaccines must ultimately induce endogenous memory T cell responses,
the finding that we were able to induce endogenous Hsp90-reactive CD4 memory
cells after aClec9A-DIY vaccination supports the potential of this vaccination
strategy. However, the induced endogenous IFN-y* memory CD4 T cell response

was relatively small compared to that seen for PbT-II cells. This difference was



123

most likely because 5 x 10* PbT-Il cells were injected before vaccination or
infection, which is a relatively large number compared to endogenous precursor
populations. For example, it has been shown that naive CD4 T cell precursors
vary from 20-200 cells per naive mouse (Moon et al., 2007). It was further
suggested that the size of the CD4 precursor T cell population could directly
influence the number of induced memory T cells in humans (Kwok et al., 2012).
Determining the number of Hsp90 restricted precursor cells may be useful to
provide an estimate of the maximal amount of endogenous Hsp90-restricted
memory that can be induced through vaccination. It is worth noting that aClec9A
vaccination and PbA iRBCs infection induce both IFN-y secreting Th1 cells as
well as a significant number of Tth cells that do not express IFN-y. Therefore, the
endogenous memory CD4 T cell pool reactive to the Hsp90 epitope will be larger
than that measured simply by detecting IFN-y producing CD4 T cells. It would
therefore be useful to investigate the formation of endogenous Hsp90-reactive
memory T cells based on additional cytokines also expressed by other CD4 T cell
lineages such as TNF, IL-4 and IL-21, in future experiments. Furthermore, 1A®-
HSP90 tetramer staining showed high background staining, which made
evaluation of endogenous Hsp90-restricted CD4 T cells challenging. However,
based on IAP-HSP90 staining and ELISpot assays, the overall expansion of
endogenous Hsp90-restricted CD4 T cells seems limited compared to
endogenous CD4 T cell responses for PEPCK, an MHC-II restricted epitope

presented during L.major infection (Mou et al., 2015).

In Summary, the identification of Hsp90 as the cognate antigen of PbT-II
cells added this immunogenic peptide to a small list of known MHC-II restricted
Plasmodium-derived epitopes. This knowledge allowed us to generate an
oClec9A-targeted vaccine that induced PbT-Il and endogenous CD4 memory T
cell responses that were larger than those induced by PbA iRBCs infection or
RAS vaccination. This epitope, combined with the aClec9A vaccination
approach, represent ideal tools to investigate the role of HSP90-specific CD4 T

cells in protection against Plasmodium blood and liver stage infection.
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Chapter 4

Liver resident CD4 T cells in

malaria.
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Chapter 4 Liver resident CD4 T cells in malaria.

4.1 Introduction

Tissue-resident memory T cells (Trm) represent the first line of defence
against pathogen re-encounter and have gained a lot of interest in the past
decade. Trm cells are found in virtually every organ and form after pathogen

encounters, including viral, bacterial, and parasite infections.

A well-established method to determine residency of immune cells is
parabiosis (Jiang et al., 2012). For parabiosis, two animals are surgically joined
which, over time, leads to a shared blood supply between the two parabionts.
This linkage allows circulatory cells to reach an equilibrium in both parabionts,
while resident cells remain in the host tissue and do not recirculate. They are
therefore only found in the parabiont partner in which they originated. Using this
method, it was demonstrated that Trwm cells exist in most organs, including lung,
kidney and small intestine (Steinert et al., 2015). Furthermore, it was shown that
CD69* CD8 T cells found in the liver after RAS vaccination represented Trum cells
(Fernandez-Ruiz et al., 2016). Interestingly, different experimental vaccination
approaches induced Trwm cells in the lung, genital tract and the liver (Wakim et al.,
2015, Shin and Iwasaki, 2012, Fernandez-Ruiz et al., 2016, Gola et al., 2018,
Benoun et al., 2018). In line with this, a subunit aClec9A approach, as shown
above, induced long-lasting protection against sporozoite infection and this
protection was shown to be mediated by Plasmodium specific CD8 Trm cells
(Fernandez-Ruiz et al., 2016, Valencia-Hernandez et al., 2020).

In many tissues, Trm cells express CD69 and this is therefore a useful
marker to distinguish resident and circulatory T cell memory populations.
However, CD69" tissue-resident CD8 T cells have been described in some
organs, such as in salivary glands and in the female reproductive tract (Steinert
et al., 2015). CD69 is thus an insufficient marker to unequivocally define Trm T
cells, and additional markers are required to accurately identify this T cell memory
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population. Recent work has identified C-X-C chemokine receptor type 6
(CXCRG6) expression on Trwm cells as part of a core cluster of upregulated markers
on CD69" CD8 Trwm cells in mice and humans (Mackay et al., 2013, Kumar et al.,
2017, Fernandez-Ruiz et al., 2016, Tse et al., 2014, Hombrink et al., 2016). Other
markers associated with effector memory T cells such as CX3 chemokine
receptor 1 (CX3CR1) and Killer cell lectin-like receptor subfamily G member 1
(KLRG1) are downregulated in Tru cells and also contribute to this Trm core
signature (Kumar et al., 2017, Mackay et al., 2013, Fernandez-Ruiz et al., 2016).
Therefore, multi-panel staining protocols are required to specifically distinguish
Trwm cells.

In contrast to CD8 Trwm cells, CD4 Trm cells have not been studied in the
same detail. Nevertheless, CD4 Trwm cells are found in several tissues such as
lung, gut and the genital tract after viral or bacterial infections (Strutt et al., 2018,
lijima, 2014, Smith et al., 2018, Romagnoli et al., 2017). Moreover, a previous
study confirmed a resident CD4 T cell phenotype homing to the liver after
salmonella infection (Benoun et al., 2018). However, Plasmodium-specific CD4
Trwm cells in the liver and their potential role during sporozoite infection have not
been described. In this work, by utilising PbT-Il cells, the formation of resident
CD4 T cells in the liver after RAS vaccination was examined using parabiosis. In
addition, alternative CD4 T cell activation methods, such as aClec9A vaccination
and in vitro polarization of PbT-II cells, which induced Th1, Th2 and Tth PbT-Il
cells, were used to examine differences in CD4 liver Trm formation and gene

expression.

CD4 Trw cells were shown to attract CD8 Trw cells into the lung tissue by
secreting IFN-y or IL-21, in an influenza infection model (Laidlaw et al., 2014, Son
et al., 2021). Hypothetically, a Plasmodium-specific CD4 Trm cell population,
secreting IFN-y or IL-21 could therefore increase CD8 T cell accumulation in the
liver for conversion into Trum cells after vaccination. Thus, the potential capacity of
Tfh, Th1, or Th2 Trm PbT-Il cells to enhance CD8 Trwm cell formation in the liver

and improve protection against sporozoite challenge was also examined.
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4.2 Results

4.2.1 Expression of Trm cell associated markers on PbT-ll cells in the liver
after RAS and aClec9A-DIY vaccination.

As shown in Chapter 3, aClec9A-DIY and RAS vaccination induced the
formation of memory PbT-II cells in the liver and spleen and all three memory
subsets, CD69"CD62L* Tcm, CD69-CD62L" Tem, and CD69*CD62L" Tru-like cells,

could be detected.

To compare the relative capacity of these two vaccination strategies to
generate CD4" liver Trm cells, 5 x 10* PbT-II cells were injected into naive B6
mice. One day later, these mice received either 2 ug aClec9A-DIY + 5 nmol CpG
or 5 x 10* RAS intravenously. 28 days after vaccination, the livers and spleens
were harvested, and the total PbT-Il cell numbers were examined by flow
cytometry (Figure 4.1 A, B). Confirming our previous results, aClec9A priming
induced significantly larger numbers of memory PbT-II cells in both tissues
compared to RAS vaccination. Given the protective capacity of liver resident CD8
T cells against liver-stage Plasmodium infection, we then further investigated the
existence and function of liver-resident CD4 T cells in Plasmodium infections
(Fernandez-Ruiz et al., 2016). CD69 expression was used as a starting point to
discriminate potential CD4 Trwm cells from other PbT-Il memory cells in the liver.
28 days post-RAS injection, a larger proportion of PbT-II cells expressing CD69
were generated than induced by aClec9A-DIY priming (Figure 4.1A, C), but
numerically, aClec9A-DIY priming induced a greater number of these cells
(Figure 4.1D). As mentioned earlier, CD69 is also upregulated on recently
activated T cells. However, it is unlikely that the observed CDG69 expression in
this experiment was due to recent antigen exposure. As shown in the previous

chapter, naive PbT-Il cells did not proliferate when injected into mice 28 days
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post-RAS vaccination, demonstrating that there was unlikely to be any antigen
left in the liver or spleen at this time point (Figure 3.3).

To further characterise the CD69" PbT-II cells detected in the liver, CXCR6
expression, a marker associated with tissue resident cells, was examined
(Mackay et al., 2013, Fernandez-Ruiz et al., 2016) (Figure 4.1E). Indeed, CXCR6
expression was abundant in almost all CD69*CD62L" PbT-II cells 28 days after
RAS vaccination (91.4 %), or aClec9A-DIY (87.8 %) priming and these cells
lacked the expression of either KLRG1 or CX3CR1, which are associated with
the Tem phenotype (Figure 4.1E). An additional marker associated with Tru cells,
Immunoglobulin superfamily member 2 (CD101), was expressed at higher levels
on CD69'CD62L" PbT-Il cells after RAS vaccination compared to aClec9A
treatment (Figure 4.1F) (Park et al., 2018). These results suggested that a
population of CD4 Tru-like cells formed in the liver after both RAS and aClec9A-
DIY vaccination.

While liver CD69*CD62L" PbT-Il memory T cells showed similar CXCR6?,
KLRG1-and CX3CR1" expression profiles independently of the activation method
(RAS or aClec9A-DIY), different expression profiles of these markers were
observed in the CD69°CD62L" Tem cells. Based on the expression of CX3CR1
and CXCRG6, three populations could be identified in the liver after RAS
vaccination: CXCR6*CX3CR1" (36.1 %), CXCR6'CX3CR1* (36 %) and CXCR6"
CX3CR1" (24.9 %) (Figure 4.1E). aClec9A priming induced CXCR6*CX3CR1"
(12 %), CXCR6'CX3CR1* (16 %), and CXCR6'CX3CR1" (63.1 %) PbT-II cells,
as well as a fourth population expressing both CX3CR1 and CXCRG6 (8.9 %)
(Figure 4.1E). Additionally, none of the Tem PbT-Il cells showed expression of
CD101, and 35.7 % and 10 % of these cells expressed KLRG1 after RAS or
aClec9A-DIY vaccination, respectively. This suggested that Tem PbT-II cells have
a higher heterogeneity compared to Tru-like PbT-II cells in the liver based on the

markers used here.

In summary, CD69*CD62L" memory PbT-II cells in the liver expressed the
Trm marker CXCR6 and lacked expression of the Tem markers CX3CR1 and
KLRG1. This resembled the expression profile of CD8 Trm cells in different
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tissues such as the lung and liver and supported our hypothesis of the existence
of resident memory CD4 T cells in the liver (Mackay et al., 2013, Fernandez-Ruiz
et al., 2016, Hombrink et al., 2016, Tse et al.,, 2014). However, phenotypic
characterisation by itself was not sufficient to prove the existence of CD4 Trm
cells. While CD69*CD62L" PbT-II cells were always generated, independently of
the vaccination method, their proportion was highly dependent on the type of
priming. RAS vaccination, as described in the previous chapter, was overall less
potent than aClec9A-DIY in inducing memory PbT-Il cells, but almost exclusively
induced CD69'CXCR6'CD62L-CX3CR1"KLRG1" Trm-like cells. In contrast,
CD69CD62L-CXCR6"CX3CR1- PbT-Il cells (Tem) were the dominant memory
population generated after aClec9A-DIY priming.
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Figure 4.1. Comparison of memory PbT-Il cells population after aClec9A-
DIY or RAS vaccination.
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B6 mice received 5 x 10* PbT-IL.LUGFP cells one day prior to priming with either 2
ug aClec9A-DIY and 5 nM CpG-combo or 5 x 10* radiated attenuated PbA
sporozoites. A, B. Total PbT-Il numbers (left) and CD69, CD62L expression
distribution (right) was determined by flow cytometry of (A) liver and (B) spleen
28 days post priming. C. Expression profile and D. total number of CD69* PbT-II
cells. (***p < 0.0001, two-tailed Mann-Whitney test). E. Surface marker
expression and F. mean fluorescence intensity of CD101 from CD69*CD62L" and
CD69CD62L" liver PbT-II cells. (****p < 0.0001, **p < 0.001 Kruskal-Wallis test
following Dunn’s multiple comparison test). PbT-Il cells are defined as live, CD4*,
Va2*, GFP*, CD44". Data were pooled from 2 independent experiments with total
of 10 mice per group.

4.2.2 CD69" memory PbT-ll cells are resident in the liver after RAS

vaccination

So far, it was shown that RAS and aClec9A-DIY vaccination induced a
subpopulation of PbT-II cells in the liver that expressed Trm cell associated
surface markers (Figure 4.1). However, the resident nature of these cells cannot
be clearly determined based on surface marker expression. Parabiosis
experiments were therefore performed to investigate the circulatory capacity of
the different PbT-Il memory cell subpopulations generated by RAS vaccination.
B6 mice, either expressing the congenic marker Ly5.1 or Ly5.2, were vaccinated
with 5 x 10* RAS. One day prior to this vaccination, B6.Ly5.2 mice were also
injected with 5 x 10* naive PbT-II cells. 35 days post-vaccination, after formation
of T cell memory, pairs of B6.Ly5.1 and B6.Ly5.2 mice were surgical joined via
their flank skin (Jiang et al., 2012).This process leads to a spontaneous joining of
the blood-vessels of both mice within about two weeks of surgery, which leads to
a shared bloodstream. Any circulating cell populations are thereafter found in
both parabionts, while tissue-resident cells remain in the mouse where they were
originally formed. In this analysis, we waited 30 days after surgery, before
harvesting the blood, liver and spleens of these parabionts to investigate memory
T cell distribution by flow cytometry (Figure 4.2A).
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A successful parabiosis experiment requires efficient blood circulation
between both parabionts. To prove an established shared bloodstream, the
distribution of Ly5.1* and Ly5.2* CD4 T cells in the blood of both parabionts was
investigated. As seen in Figure 4.2B and C a similar distribution of CD4 T cells
expressing either Ly5.1 or Ly5.2 were found in the B6.Ly5.1 and B6.Ly5.2 mice.
Thus, the blood of both mice in every pair was sufficiently mixed 30 days post-

surgery and the parabiosis surgery could be regarded as successful.

Next, as a control for our methodology, the distribution of CD8 memory T
cells in the liver was examined. CD8 Trwm cells have been demonstrated to form
after RAS vaccination and identification of resident and circulatory Plasmodium-
specific CD8 T cells in our model would further validate the success of the present
parabiosis surgery (Fernandez-Ruiz et al., 2016). Previous work from our group
used Plasmodium-specific transgenic CD8 T cells (PbT-I cells) to describe CD8
Trm formation after RAS vaccination(Fernandez-Ruiz et al., 2016). Here, an
MHC-| tetramer that was able to detect Plasmodium-specific endogenous CD8 T
cells specific for the parasite protein RPL6 was used. Via this strategy, two
populations of Plasmodium-specific CD8 memory T cells were found in the liver
of vaccinated mice, CD69*CD62L" Truand CD69-CD62L" Tem cells (Figure 4.2D).
Plasmodium-specific CD8 Tewm cells, expressing either Ly5.1 or Ly5.2 were found
in similar numbers in the liver of both parabiotic mice (Figure 4.2D, E), as
expected for circulating cells. In contrast, around 90 % of CD69* RPL6-specific
MHC-I tetramer® liver CD8 T cells expressed the same congenic marker as the
mouse they were recovered from. This indicated that CD69* Plasmodium-specific
CD8 Trw cells were largely retained in the liver where they had originally formed
and did not recirculate. These results confirmed that this experiment could
distinguish between circulating and resident memory T cells in the liver.
Furthermore, an endogenous Plasmodium-specific CD8 Trw cell population was
found, which extended previous results that used RAS vaccination and
transgenic PbT-1 T cells (Fernandez-Ruiz et al., 2016).

Next, the circulating properties of CD4 memory subpopulations in the liver

were examined. In mice that received PbT-II cells prior to vaccination, almost all
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liver-associated PbT-Il cells had a CD69*CD62L" Trm phenotype (Figure 4.2F).
Over 95 % of total liver CD69*CD62L" PbT-Il cells were recovered from the mice
in which they were originally formed (i.e. B6.Ly5.2 mice) (Figure 4.2G, H). In
contrast CD69'CD62L" Tem PbT-Il cells were found in equal distribution and
numbers in the livers of both mice. This demonstrated that CD69*CD62L" PbT-II
cells formed after RAS vaccination remained in the liver where they formed for at
least 30 days. These cells will therefore now be considered resident and termed
CD4 Trwm cells. As expected, CD69°CD62L" Tem PbT-II cells were found to
circulate. Like the liver, a population of CD69*CD62L" PbT-1l memory cells could
be identified in the spleen, which seemed to be not in equilibrium within the
circulation and could therefore be considered as Trwm cells. However, the relatively
small number of CD69*CD62L" PbT-Il memory cells recovered from the spleen

suggests further investigation is required to draw definitive conclusions.



133

total CD4 blood
A B
%DayJ Day 0 Day 35 B6.Ly5.2 B6.Ly5.1
) I I - .
50,000 50,000 2 19,9 1] O e
B6.LY5:2 pyr || cells RAS Day 65 1% : 1A 22
— ]
organ harvest
RS r
B6.Ly5.1 50,000 surgery -
RAS
C 1204
= 1004 1 Missmatched D
c congenic marker 3
S 80-
3 Hm Matched ]
S 60 congenic marker 1
B B6.Ly5.2
D 40+ 1
3 :
O 20 o]
]
0 - (O -
total CD4 T cells 1 Missmatched
E blood congenic marker
150+ Matched
S congenic marker
& 100 4
= E
Ee]
B J
£ 501 B6.Ly5.1
o) E
o :
0- o]
CD62L-/ CD69+ CD62L-/ CD69+ aGalCer+ <
CD69- CD69- o1
Liver Spleen Liver
NVF+CD8
E G O B6.Ly5.1
1 B6.Ly5.1
y ® B6.Ly5.2
~ Em B6.Ly5.2 *x
B6.Ly5.2 B6.Ly5.1 S 4 = i
06| [143 o]l § o 129
1. = 100 ke
5 = 10+
Ne] [
2 754 QO 8
@ = ®
S 504 2 61%
i 3 2 8 4 ¢)
37 : 3 ' O 254 = 21
giees,. | o ie1 | ssm 3 S
o) 0- o
CDeal o CD62L-/ CD69+ CD62L-/ CD69+ CD62L-/ CD62L-/
CD69- CD69- CD69-  CD69+
Liver Spleen

Figure 4.2. Homing and circulating pattern of Plasmodium-specific T cells
after RAS vaccination.

B6.Ly5.1 and Ly5.2 mice were vaccinated with 5 x 10* PbA RAS. One day prior
to vaccination, B6.Ly5.2 mice received 5 x 10* PbT-Il.UuGFP cells. 35 days post-
vaccination, mice were surgically joined on the skin flank to allow sharing of their
blood circulation. After an additional 30 days, T cell distribution in the liver, spleen
and blood of both parabionts was analysed by flow cytometry. A. Experimental
scheme. B. Total blood CD4 T cells distribution between parabionts C. Ly5.1 and
Ly5.2 expression profile of total blood CD4 T cells. D. CD69, CD62L, Ly5.1 and
Ly5.2 expression profile of NVF-specific CD8 memory T cells in the liver. E. NVF-
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specific CD8 memory T cells and NKT cell distribution between parabionts. F.
Distribution of liver PbT-II cells revealed by expression of CD62L and CD69 on
PbT-Il cells. G. PbT-II cells distribution between parabionts. H. Total numbers of
liver Tem and Trm PbT-Il cells. (**p < 0.01, two-tailed Mann-Whitney test). Data
were pooled from two independent experiments with a total of 6 pairs.

4.2.3 PbT-ll Trm formation does not require cognate antigen expression in
the liver.

Compared to aCLec9A-DIY vaccination, RAS vaccination favoured PbT-II
cell differentiation towards a liver-resident phenotype (Figure 4.1). As RAS
infiltrate hepatocytes, Plasmodium derived antigen is potentially presented within
the liver to PbT-II cells. It is therefore possible that local antigen presentation
enhanced CD4 Trwm cell formation in the liver. In vitro activation and adoptive
transfer of antigen-specific CD8 T cells was previously shown to lead to the
spontaneous formation of CD8 Trw cells in the liver (Holz et al., 2018). Therefore,
we wondered whether similar transfer of activated CD4 T cells would lead to liver
Trm cell formation. To address this question, PbT-II cells were activated with
antigen in vitro under conditions to induce differentiation into Th1 or Th2 cells and
then these cells were injected into naive mice and assessed for the formation of
liver Trm cells after 35 days in vivo. In this case, cognate antigen was not available
for recognition by T cells after their transfer in vivo. Both Th1 and Th2 PbT-II cells
were able to form Trwm cells in the liver as determined by expression of CD69 and
lack of CD62L (Figure 4.3A-C). Interestingly, while the same number of each
helper type of PbT-II cells were transferred, more Th2 cells were recovered from
the liver compared to Th1 cells (Figure 4.3A). Furthermore, around 80 % of PbT-
Il Th2 cells differentiated into a CD4 Trm phenotype, whereas only 20 % of the
Th1 cells formed this phenotype (Figure 4.3B). Both Th1 and Th2 populations of
CD69*'CD62L- PbT-Il cells expressed other markers consistent with a Trm
phenotype, e.g. CXCR6 and P2RX7 (Figure 4.3G). While most PbT-Il Th2 (83.72
%) lacked expression of Ly6C, around 60 % of Th1 cells expressed this marker
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(Figure 4.3G). Ly6C is usually expressed on Tcm but not Trm cells and mediates
homing to the lymph nodes (Hanninen et al., 2011).

In contrast to observations in the liver, more PbT-Il Th1 cells were
recovered from the spleen compared to Th2 cells (Figure 4.3D). In both groups,
Tewm cells were the dominant PbT-II cell phenotype followed by Tcm and then Tru-
like cells, suggesting that CD4 T cell residence in secondary-lymphoid organs is

less pronounced.

CD4 T cell lineages are described to have plasticity that allows
differentiation from one lineage to another upon exposure to specific stimuli
(Hegazy et al., 2010, Bending et al., 2009). To determine whether in vitro
differentiated PbT-Il Th1 and Th2 cells remained stable in their specific CD4 T
cell lineage for some time after transfer, the production of key cytokines, IFN-y
and IL-4, was examined by peptide restimulation of recovered PbT-Il cells 35
days after transfer. This revealed that a proportion of Th1 cells expressed IFN-y
and that none expressed IL-4, while over 60% of Th2-differentiated PbT-Il cells
still expressed IL-4 but not IFN-y (Figure 4.31, J). Therefore, PbT-1l Th1 and Th2
cells stayed relatively stable in their CD4 specific lineage under steady-state

conditions.

In summary, these results indicate that, like liver CD8 Trwm cells, formation
of liver CD4 Trm cell does not require cognate antigen presentation in the liver.
However, differences in the quantity of Trm cell formation could be observed
between distinct CD4 helper phenotypes, with Th2 cells favouring Trm cell

differentiation.
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Figure 4.3. In vitro polarized PbT-ll Th1 and Th2 cells form Trm cells in the
liver.

107 in vitro differentiated PbT-Il Th1 and Th2 cells were injected into naive B6
mice. 35 days later liver (A-C) and spleen (D-F) were harvested and PbT-Il cell
memory numbers were determined by flow cytometry by gating on live, CD4",
Va2*, GFP*, CD44" cells. Memory PbT-Il cell subsets were identified by the
expression of CD62L and CDG69. PbT-ll Trm cells were considered as
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CD69*CD62L", Tem cells as CD69'CD62L" and Tcwm cells as CD69-CD62L*. Total
number (A, D) and proportion (B, E) of liver (A, B) and spleen (D, E) memory
PbT-II cell subsets as identified by the expression of CD69 and CD62L C, F. Total
numbers of CD69*CD62L" PbT-II cells from the liver (C) and spleen (F). (**p <
0.01; n.s.> 0.05; two-tailed Mann-Whitney test) G, H. Expression profile of Trm
associated surface marker (CXR6, P2XR7, Ly6C) by PbT-Il Trm, Tcm and Tem.
Data were pooled from 2 independent experiments with a total of 10 mice per
group. (I, J) Some splenocytes recovered on day 35 post-cell transfer were re-
stimulated with DIY-peptide in the presence of Brefeldin A for 5 hours and
analysed for IFN-y and IL-4 expression by flow cytometry. |. Representative
Flowcytometry profile, J. proportion of cytokine producing PbT-Il cells. (**p <
0.01; n.s.> 0.05; two-tailed Mann-Whitney test). Single experiment with 5 mice
per group.

4.2.4 CD4 Trm cells have a similar transcriptional signature to CD8 Trm

cells in the liver.

To this point, it had been shown that liver resident PbT-Il cells could be
generated after RAS or aClec9A-DIY vaccination and could form spontaneously
after transfer of in vitro polarized PbT-Il Th1 and Th2 cells. However, little had
been done to characterise these Trm cell populations generated by different
methods. Therefore, to examine population differences, RNA sequencing
(RNAseq) was performed. First, CD69*CXCR6" Trm and CD69"CD62L" Tem PbT-
Il cells were analysed 35 days after RAS vaccination. This analysis revealed 295
differently expressed genes (DEGs) with 215 DEGs upregulated and 80
downregulated in Trm cells (Figure 4.4A, B, Appendix Table 8.1). Within the 295
DEGs we observed upregulation of various Trm associated genes including
Cxcr3, Cxcr6 and P2rx7, and downregulation of various Tem associated genes
including S1pr5, Kirg1 and S1pr1 (Figure 4.4B, Appendix Table 8.1). Further
analysis of the 295 DEGs using the Gene Ontology-term (GO) analyses
suggested that CD4 Trwm cells generated more effector proteins and cytokines,
such as IFN-y, and developed more prominent cell activation and differentiation
responses compared to Tem cells (Figure 4.4C). This suggests that CD4 Trwm cells
are poised to elicit more potent effector mechanisms than CD4 Tewm cells.
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Interestingly, while IFN-y production indicates Th1 differentiation, the IL-4
production pathway was also elevated in PbT-Il Trm cells compared to Tewm cells.
As IL-4 production is considered a key cytokine for Th2 differentiated CD4 T cells,
these results suggest that RAS vaccination induces Trum cells of both the Th1 and
Th2 lineages (Figure 4.4C). However, this result should be validated by
investigating GATAS and Tbet expression or cytokine release by PbT-II cells after
RAS vaccination.
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Figure 4.4. Differential gene expression by liver PbT-ll Trm and Tewm cells.
B6 mice received 5 x 10* naive PbT-Il.UGFP cells and were vaccinated with 5 x
10* RAS one day later. 35 days after vaccination, memory GFP*CD44" PbT-I|
cells were sorted from the liver (either CD69*CXCRG" Trm or CD69'CD62L" Tem)
and analysed for gene expression by RNAseq. A. Number of differentially
expressed genes (DEGs) by PbT-II liver Trm and Tem cells (> 1.5 fold change,
independent hypothesis weighting adjusted p value of <0.05). B. Volcano plot of
DEGs C. Gene ontology analysis of terms up or down regulated in CD4 Trwm cells
compared to Tewm cells from the liver (adjusted p value of <0.05, Cluster size > 5
DEGs).
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CD8 liver Trm cells have been shown to form after RAS vaccination, and
it was of interest to compare these cells to CD4 liver Tru cells (Fernandez-Ruiz
et al., 2016). Therefore, Plasmodium-specific liver CD8 (PbT-I) Trmand Tewm cells
were obtained 35 days after RAS immunisation and included in the RNAseq
analyses together with PbT-Il Trwm cells. Using a liver resident cell core signature
published by Mackay and colleagues, we compared the gene signatures of CD8
Trm and Tem cells after RAS vaccination to those for CD4 Trm and Tewm cells
generated by either RAS or aClec9A vaccination (Mackay et al., 2016). PbT-ll|
Th1 and Th2 liver Trm cells were also included in the RNAseq analysis to allow
the investigation of Th lineage specific differences. As displayed in the heatmap
in Figure 4.5A, the gene cluster typically upregulated in CD8 Trw cells, including
Xcl1 and Cxcr6 was also upregulated in each CD4 Trwm cell population relative to
CD4 or CD8 Tewm cells. Furthermore, genes displaying low expression in liver-
resident CD8 T cells, were also downregulated in CD4 Trw cells. This showed
that liver CD4 Trwm cells, independently of the priming method used, expressed
the same core gene signature as liver CD8 Trwm cells (Figure 4.5A). However, as
this core signature only included 29 DEGs, geneset enrichment analysis (GSEA)
was used to investigate similarities between CD4 and CD8 Trwm cells in relation to
the complete data set. To do this, liver PbT-Il CD4 Trm generated after RAS or
aClec9A-DIY vaccination or via transfer of Th1 and Th2 cells were compared for
gene expression to a previously published dataset for CD8 liver Trm cells
generated after RAS vaccination (Fernandez-Ruiz et al., 2016). As seen in Figure
4.5B, C, all CD4 PbT-II liver Trm cell populations showed strong similarities to
CDS8 Trw cells (Figure 4.5B, C).
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Figure 4.5. Shared liver resident core signature of CD4 and CD8 Trm cells.
B6 mice received 5 x 10* naive PbT-Il.LUGFP or PbT-LUGFP cells and were
vaccinated with 5 x 10* RAS or 2 ug aClec9a-DIYand 5nmol CpG one day later.
Additional mice received 107 in vitro polarized PbT-Il Th1 or Th2 cells. 35 days
after vaccination or cell transfer, memory GFP*CD44" PbT-Il and PbT-I cells
were sorted from the liver (either CD69*CXCR6"* Trm or CD69'CD62L" Tem cells)
and analysed for gene expression by RNAseq. A. Expression profile of liver
resident core signature genes published by (Mackay et al., 2016) B ,C. Gene set
enrichment analyses of genes upregulated (B) or downregulated (C) in CD8 Trm
cells form published CD8 Trm microarray dataset (Fernandez-Ruiz et al., 2016).
False discovery rate q value (FDR) of the enrichment scores (ESs) of upregulated
(B) or downregulated (C) expression gene sets from CD8 Trwm cells were all
0.0000. ESs were considered significant when FDR < 0.05. All data were derived
from a single experiment with 3-5 samples per group with 5 mice per sample.
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After it was shown that liver CD4 and CD8 Trwm cells expressed a similar
transcriptional core signature, we investigated differently expressed genes
between CD4 Trwm (PbT-Il cells) and CD8 Trm (PbT-I cells) cells after RAS
vaccination. 375 genes were upregulated and 166 were found to be expressed
at lower levels in CD4 Trm cells (Figure 4.6A). However, many of these DEG
appeared to be related to the different origins of these cells as, for example, CD4
and CD8a were within these genes as were several genes related to T cell
receptor transcripts of PbT-Il and PbT-I cells (Figure 4.6B). The plethora of
differentially expressed genes between CD4 and CD8 T cells made the analysis
of transcriptional differences between CD4 and CD8 Trwm at a single gene level
difficult. Therefore, we took a broader approach and performed GO-term
analyses, which classifies genes into clusters rather than comparing single
genes. As seen in Figure 4.6C CD4 Trm cell expressed genes associated with
enhanced chemotaxis, migration and proliferation. On the opposite side, GO-
terms associated with cytotoxicity and cell killing were upregulated in CD8 Trm
cells (Figure 4.6C). These findings suggest CD4 Trum cells might have a higher
potential to recruit cells and to proliferate while CD8 Trm cells have higher

cytotoxic capacities.
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Figure 4.6. Differential Gene Expression by liver PbT-ll and PbT-l Trm cells.
Differential gene expression was examined for PbT-Il and PbT-I TRM cell
population generated as in Figure 4.5. A. Number of differentially expressed
genes (DEGs) by CD4 and CD8 liver Trm cells (> 1.5 fold change, independent
hypothesis weighting adjusted p value of <0.05) B Volcano plot of DEGs. C. Gen
ontology analyses of terms up or down regulated in CD4 Trwm cells compared to
CD8 Tru cells from the liver (adjusted p value of <0.05, Cluster size > 4 DEGs).
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Despite the similarity in the core gene signature of CD4 and CD8 Trm T
cells, and overall similar gene expression between Trwm cells, it was important to
determine whether CD4 Trwm cells generated via different activation methods
differed in gene expression. To assess this question, gene expression by CD4
Trm cells generated after RAS or aClec9A-DIY vaccination or those derived from
PbT-Il Th1 and Th2 cells were compared (Figure 4.7). As expected, principal
component analyses of CD4 Trm and Tewm cells from the liver showed that all CD4
Trm cells, regardless of their activation method, clustered together and apart from
Tem cells (Figure 4.7A). To examine differences between the CD4 Trm cell
populations, CD4 PbT-Il Trm cells generated after RAS were compared with
aClec9A-DIY, Th1 and Th2 PbT-Il CD4 liver Trm cells in more detail. As seen in
Figure 4.7B, 61, 118 and 135 genes were differently expressed between
oClec9A, Th1 and Th2 Trm cells compared to RAS-induced PbT-Il Tru cells,
respectively (Figure 4.7B, Appendix Table 8.2, Appendix Table 8.3, Appendix
Table 8.4). Interestingly, the 61 DEGs between aClec9A-DIY and RAS CD4 Trm
cells were enriched in pathways related to T cell/lymphocyte activation and
differentiation, which were upregulated in aClec9A CD4 Trwm cells (Figure 4.7C).
In contrast, RAS CD4 Trw cells showed cell proliferation pathways were enriched.
In addition, RAS CD4 Trm seemed to have a higher responsiveness to
chemokines or to facilitate chemotaxis compared to previously in vitro polarized
Th1 or Th2 Trm. However, no upregulated GO-terms were found in those
analyses with the set parameters (Figure 4.7D, E). These analyses suggested
that differences exist between CD4 Trm populations, which may vary in their
responsiveness to, or the secretion of, cytokines and proteins which may lead to
different protective capacities against infection.

After comparison of PbT-Il Trm cells generated by the “gold standard”
vaccination approach RAS, with the novel aClec9A-DIY approach, and with
lineage specific Th1 and Th2 PbT-Il Trm cells, we investigated transcriptional
differences between aClecO9A-DIY vaccinated and lineage specific Th1 and Th2
PbT-Il Trm cells, focusing on potential effector mechanisms. Transcripts that are
described to be associated with regulatory CD4 T cell differentiation, such as
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FoxP3 and Lag3, were upregulated in aClec9A-DIY generated CD4 Trm cells
compared to Th1 and Th2 Trm cells (Figure 4.8A, C, Appendix Table 8.5,
Appendix Table 8.6). In line with this finding, GO-term analysis revealed that
negative regulation of immune system processes were upregulated in aClec9A-
DIY generated PbT-Il Trm cells compared to Th1 Trwm cells (Figure 4.8B). In
contrast, Granzyme K (Gzmk) and Perforin (Prf1) were upregulated in aClec9A
generated PbT-Il Trmcells compared to Th2 PbT-Il Trm cells, indicating a superior

cytotoxic function of these cells (Figure 4.8C).

Finally, differences between Th1 and Th2 PbT-II Trm cells were examined.
As expected, GO-term analyses showed strong upregulation of type 2 immune
responses in PbT-Il Th2 Trm cells, while PbT-Il Th1 cells were associated with
positive regulation of defence responses. Furthermore, PbT-Il Th2 Trm cells had
a greater ability to regulate cell secretion and myeloid differentiation (Figure
4.8E).
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Figure 4.7. Differential gene expression by lineage specific liver PbT-Il Trm
cells.

Differential gene expression was examined for PbT-II Trm and Tem cell
populations generated as in Figure 4.5. A. Principal component analysis (PCA).
B. Venn diagram of DEGs of Th1, Th2 or aClec9A-DIY generated Trm cells
compared to RAS vaccination generated Trm cells (> 1.5 fold change,
independent hypothesis weighting adjusted p value of <0.05), C. Gene ontology
analyses between aCLec9A and RAS immunisation generated liver Trm cells
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(adjusted p value of <0.05, Cluster size > 4 DEGs). D, E. Gene ontology analyses
between PbT-Il Th1 (D) and Th2 (E) and RAS immunisation generated liver Trm
cells (adjusted p value of <0.05, Cluster size > 8 DEGs).
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Figure 4.8. Differential Gene Expression by lineage specific liver PbT-Il Trm
cells.

Differential gene expression was examined for PbT-Il Trm cell populations
generated as in Figure 4.5. A, B. Comparison of Th1 vs. aClec9A-DIY generated
PbT-Il Trwm cells. C. Comparison of Th2 vs. aClecO9A-DIY generated PbT-Il Trm
cells. D, E. Comparison of Th2 vs. Th1 generated PbT-Il Trm cells. A, C, D.
Volcano plot of DEGs (> 1.5 fold change, independent hypothesis weighting
adjusted p value of <0.05). B, E. GO-term analyses (adjusted p value of <0.05,
Cluster size > 4 DEGs).

4.2.5 Simultaneously priming of CD4 and CD8 T cell did not enhance liver

Trm formation

CD4 T cells are crucial for DC activation which in turn mediates efficient
CD8 T cell priming (Smith et al., 2004). In the absence of proper CD4 T cell
responses, the development of CD8 T cell response against liver stage
Plasmodium infection was impaired (Weiss et al., 1993, Carvalho et al., 2002).
Furthermore, in an influenza infection model, the presence of CD4 T cells in the
lungs improved the formation of CD103*CD69* CD8 Trm cells in this organ
(Laidlaw et al., 2014). Therefore, it was of interest to investigate if the presence
of Hsp90-restricted CD4 T cells enhanced the formation of Plasmodium-specific
CD8 Trw cells in the liver. Our first approach to test the influence of CD4 T cells
was to simultaneously prime Plasmodium-specific CD4 and CD8 T cells. For
stimulation of CD4 T cells we used a.ClecO9A-DIY, whereas for stimulation of CD8
T cells we used aClecOA-TRAP. The latter contains an MHC-I restricted epitope
derived from thrombospondin-related anonymous protein (TRAP), a protein that
accumulates at the parasite’s apical end upon hepatocyte invasion (Mota et al.,
2002, Matuschewski et al., 2002). This epitope was shown to induce TRAP-
specific T cells responses and can act as a liver-stage target mediating partial
protection (Bhardwaj et al., 2003, Valencia-Hernandez et al., 2020). By using an
MHC-| tetramer carrying the TRAP epitope, endogenous TRAP-specific CD8 T
cells can be enumerated by flow cytometry. To prime CD8 and CD4 T cells

simultaneously, we generated an aClec9A mAb carrying both the DIY epitope,
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on the aClec9A heavy chain and the TRAP epitope on the light chain (aClec9A-
DIY/TRAP). Three groups of mice were examined in this experiment. Each group
was adoptively transferred with 5 x 10* PbT-I1l.uGFP cells to ensure the presence
of a robust helper response. Mice were primed with either aClec9A-DIY,
aClec9A-DIY/TRAP or aClec9A-TRAP. The latter two groups were also injected
with a liver-tropic recombinant adeno-associated virus that expressed the TRAP
epitope (rAAV-SAL), which was previously shown to enhance CD8 Trm formation
by trapping recently activated CD8 T cells in the liver (Valencia-Hernandez et al.,
2020). 35 days post-vaccination, the number of PbT-II cells and TRAP-specific
CD8 T cells were determined in the spleen and the liver of the relevant groups
(Figure 4.9A-D). No difference was observed in the number of memory PbT-II
cells that formed in mice vaccinated with aClecOA mAb carrying the DIY and the
TRAP epitope compared to the DIY epitope alone (Figure 4.9A, B). This control
showed that simultaneous priming of Plasmodium restricted CD4 and CD8 T cells
did not alter CD4 Trwm cell formation. Importantly, while a drop in total TRAP-
specific CD8 memory T cells was apparent, the reduction in liver Tru cells was
not significant (Figure 4.9C, D). These results suggest that simultaneous priming
of CD4 and CD8 T cells does not enhance formation of Plasmodium-specific CD8

liver Trum cells.

In the absence of CD4 T cell help during CD8 T cell priming, CD8 T cells
can display reduced cytotoxic function, shown by lower granzyme B levels
(Laidlaw et al., 2014). It is therefore possible that higher availability of CD4 T cells
during CD8 T cell priming may lead to higher cytotoxicity of CD8 memory T cells
and better protection against sporozoite infection after RAS vaccination. To
investigate differences in protective capacity, mice were vaccinated with
oClec9A-DIY, oClec9A-TRAP, or oClec9A-DIY/TRAP and infected with 200
sporozoites 35 days later. Parasitemia was determined from day 6 post-infection
by flow cytometric analyses. As expected, mice that were vaccinated with
aClec9A-TRAP had a reduced blood-parasite burden compared to naive infected
mice (Figure 4.9E). Mice that received the aClec9A-DIY/TRAP vaccine did not

show a greater reduction in parasitemia (Figure 4.9E). Therefore, simultaneous
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priming of Plasmodium-specific CD4 and CD8 T cells did not appear to improve
elimination of sporozoite infected hepatocytes compared to aClec9A-TRAP
vaccination. Interestingly, two mice of the aClecOA-DIY/TRAP vaccination group
did not develop any detectable parasitaemia, implying that all sporozoites were
killed in the liver (Figure 4.9F). Such protection was not seen using aClec9A-
TRAP alone, raising the possibility that the combination may be more protective,
but given the small number of mice achieving sterile immunity with the dual
vaccine, we would need to test very large numbers of mice to assess whether
this difference can reach significance. aClecOA-DIY vaccination did not influence
parasitemia levels, which suggested that the previously described drop in
parasitemia was due to response of TRAP-specific CD8 T cells and not PbT-Il
cells (Figure 4.9E).

In Summary, simultaneous priming of Plasmodium-specific CD4 and CD8
T cells did not enhance the formation of CD8 memory T cells in the liver, nor
significantly increase the protective capacity of CD8 Trm cells against

Plasmodium sporozoite infection.
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Figure 4.9. Simultaneous priming of Plasmodium specific CD4 and CD8 T
cells.

B6 mice received 5 x 10* PbT-II.uGFP cells and were vaccinated with either 8 ug
aClec9A-DIY, aClec9A-DIY/TRAP or aClec9A-TRAP and 5nmol CpG. One day
later, mice were vaccinated with aClec9A-DIY/TRAP or aClec9A-TRAP received
10° vgc of rAAV-SAL. 35 days post-vaccination, mice were assessed for total
PbT-Il (A) (live, CD4*, Va2*, GFP*, CD44") or Trap-tetramer+ (C) (live, CD8",
CD44") T cell numbers and CD69*CD62L- PbT-II (B) and Trap-tetramer+ (D)Trum
cell numbers in the liver. 35 days post-vaccination mice were challenged with 200
live PbA sporozoites and parasitaemia (E) and protection (F) of infected mice was
determined. A-E. Data pooled from 2 independent experiments with a total of 6
mice per group. B, D. **p < 0.01, two-tailed Mann-Whitney test. E. (****p < 0.0001,
**p < 0.001 Kruskal-Wallis test following Dunn’s multiple comparison test) F. Data
pooled from 2 independent experiments with a total of 8-11 mice per group. *p <
0.05; **p < 0.01; ***p < 0.001; ns, not significant; Fisher’s exact test.
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4.2.6 The presence of Hsp90-restricted CD4 T cells does not enhance CD8
Trm formation after RAS vaccination.

For RAS vaccination, the presence of CD4 T cells in the priming phase is
essential for generation of protective Plasmodium-specific CD8 T cells, as
depletion of CD4 T cells before vaccination abrogated protection by these cells
(Weiss et al., 1993). Furthermore, two studies suggested the importance of CD4
T cells in CD8 Trwm cell development by showing that blocking IL-21 expressed
by Tfh and depletion of CD4 T cells that mainly expressed IFN-y reduced CD8
Trm cell numbers and viral clearance in the lung (Laidlaw et al., 2014, Son et al.,
2021). Thus, IFNy and IL21 expression by PbT-II cells might enhance CD8 Trm
formation in the liver after RAS vaccination. IFN-y secretion by PbT-Il Th1 and
oClcec9A-DIY primed PbT-II cells was shown in Figure 3.12, indicating this
function was available to help CD8 T cells. To assess the availability of IL-21, we
investigated the potential of PbT-Il Trm cells to produce this cytokine. IL-21
expression levels were investigated in the RNA.seq dataset described earlier
(Chapter 4.2.4). As expected, PbT-Il Trm cells induced by aClec9A-DIY priming,
which produce Tfh cells, generated IL-21 transcripts (Figure 4.10A) (Nurieva et
al., 2008). In contrast, those produced by RAS vaccination or through Th1 or Th2
differentiation showed little evidence of //271 transcript expression (Figure 4.10A).
Of relevance, however, CD8 Trwm cells showed elevated levels of //21r, which
should enable CD8 liver Trm cells to directly respond to IL-21 secreted by PbT-lI
Trm cells generated by aClec9A-DIY priming (Figure 4.10B). This result showed
that PbT-Il Trm cells generated by aClec9A-DIY immunisation have the potential
to support CD8 Trm formation after RAS vaccination in the liver via IL-21 and IL-
21R signalling.

In addition to IL-21, IL-4 secreted by Plasmodium-specific CD4 T cells is
essential for efficient CD8 T cells priming during RAS vaccination (Carvalho et
al., 2002). Moreover, IL-4 receptor (IL-4R) expression by CD8 T cells is required
for the generation of a protective CD8 memory T cell population against
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Plasmodium infection (Morrot et al., 2005). However, these studies did not
specifically investigate CD8 Trwm populations, as the importance of CD8 Trwm in
the protection of liver-stage Plasmodium infection was not known at the time. It
is therefore possible that observed effects of IL-4 secretion by CD4 T cells and
the requirement for IL4R expression by CD8 memory T cells was CD8 Trm cell
related. However, IL-4 might only be required in the priming phase but not for the
formation of CD8 Trm cells. Thus, the expression of IL4 and IL4-receptor by CD4
and CD8 Trwm cells was investigated. As already shown in chapter 3, PbT-Il Th2
cells released IL-4 upon restimulation. Moreover, RNAseq data revealed that Th2
differentiation and RAS vaccination induced elevated //4 expression levels by
PbT-Il Trm compared to Th1 and aClec9A-DIY induced Trw cells (Figure 4.10C).
To directly sense IL-4, CD8 Trw cells require the expression of IL4R. As seen in
Figure 4.10D, no differences in /ll4r expression levels was found between CD8
Trm cells generated after RAS vaccination compared to CD4 Trwm cells generated
under the same conditions (Figure 4.10D). However, a study by Fernandez-Ruiz
and co-authors showed a that liver CD8 Trm cells had higher expression of IL-
4R on the cell surface compared to CD8 Tewm cells (Fernandez-Ruiz et al., 2016).

This suggests, that CD8 Trwmin the liver sense IL-4.

Based on these results, we investigated whether an established population of
Tfh, Th1 or Th2 PbT-II cells could enhance CD8 Trm formation in the liver after
RAS vaccination. To achieve this goal, mice were vaccinated with a.Clec9A-DIY,
which induced a strong Tfh cell responses, or were injected with PbT-Il Th1 or
Th2 polarized cells. Two weeks later, mice were immunized with 5 x 10* RAS,
and PbT-Il and CD8 Trwm cell numbers determined by flow cytometry 35 days
later. After RAS vaccination, similar PbT-Il cell numbers were found in mice given
aClec9A vaccination or transferred with PbT-II Th1 cells, but the transfer of PbT-
Il Th2 polarised cells yielded an enhanced number of PbT-II cells (Figure 4.11B,
C). To examine CD8 T cells responses, an MHC-| tetramer was used to detect
TRAP-specific CD8 T cells (Figure 4.11D, E). No differences in TRAP-specific
total T cells or Tru CD8 T cell numbers were detectable in the liver. This
suggested that none of the PbT-Il cell lineages investigated in this experiment
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enhanced the formation of Plasmodium-specific CD8 Trwm cells in the liver after
RAS vaccination. However, previous research examining lung resident CD8 T
cells after influenza infection revealed that IL-21 produced by CD4 T cells helps
establish CD8 Trw cells restricted to the nucleoprotein but not to the polymerase
peptide from the influenza virus (Son et al., 2021). It was, therefore, possible that
a different specificity of CD8 Trwm cells in the liver are directed into a Trm
phenotype in the presence of PbT-Il cells. To investigate this possibility, a second
tetramer was used to stain for NVF specific CD8 T cells. NVF is an abbreviation
for a recently described CD8 T cell epitope derived from P. berghei ribosomal
protein L6 (RPL6), which is expressed in all stages of the parasite life cycle
(Valencia-Hernandez et al., 2020). Examination of the NVF-specific response
revealed that, similar to TRAP-specific CD8 T cells, addition of the various PbT-
Il helper populations did not affect either total NVF-specific CD8 T cell numbers
or Trm cell numbers in the liver after RAS vaccination (Figure 4.11F, G).
Therefore, a pre-formed Hsp90 restricted Tfh, Th1, or Th2 CD4 T cell population
did not enhance CD8 T cell or CD8 Trwm cell formation in the liver after RAS

vaccination.

In summary, it was shown here that Hsp90-specific CD4 Trum cells form in the
liver after RAS and a.Clec9a-DIY vaccination. In addition, Hsp90-specific liver Trm
cells do not require cognate antigen expression in the liver and can form
spontaneously from in vitro differentiated PbT-Il cells. Hsp90-restricted CD4 liver
Trm cells resemble Plasmodium-specific CD8 liver Trm cells in their gene
expression, sharing a liver-resident core gene signature independently of the
priming method used for their generation. However, CD4 Trwm cells generated via
different activation methods or differentiation protocols displayed different gene
expression profiles in terms of effector molecules, indicating that they might
mediate distinct immune responses during Plasmodium infections. In contrast to
recent studies with influenza-specific CD4 Trwm cells in the lung, which suggested
a role for CD4 T cells in promoting CD8 Trm recruitment, Hsp90-specific CD4 T
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cells did not improve CD8 Trm generation after vaccination with RAS (Son et al.,
2021).
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Figure 4.10. Single transcript expression in CD4 and CD8 liver Trm cells.
B6 mice received 5 x 10* naive PbT-ILUuGFP or PbT-l.LUGFP cells and were
vaccinated with 5 x 10* RAS or 2 ug aClec9a-DIY and 5nmol CpG one day later.
Additional mice received 107 in vitro polarized PbT-Il Th1 or Th2 cells. 35 days
after vaccination or cell transfer, memory GFP*CD44"CD69*CXCR6* Trm PbT-II
and PbT-I cells were sorted from the liver and analysed for gene expression by
RNAseq. A-D. Transcriptional expression of genes potentially correlated to
enhanced CD8 Trwm cell formation. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001,
n.s. > 0.05, Ordinary one-way ANOVA followed by Turkey’s multiple comparison
test.
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Figure 4.11. Sequential priming of Plasmodium specific CD4 and CD8 T
cells.

B6 mice received 5 x 10* PbT-IL.LUGFP cells and were vaccinated with either 2 ug
aClec9A-DIY and 5nmol CpG or were injected with 107 in vitro polarized PbT-II
Th1 or Th2 cells. 14 days post priming or cell transfer, mice were vaccinated with
5 x 10* PbA RAS. After an additional 35 days, mice were assessed for total PbT-
Il T cells, PbT-1Il memory T cell subsets, or CD8+ TRAP-specific or NVF-specific
T cells by flow cytometry analyses. Data pooled from 2 independent experiments
with a total of 10 mice per group.(****p < 0.0001, **p < 0.001 Kruskal-Wallis test
following Dunn’s multiple comparison test).
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4.3 Discussion

In this chapter, parabiosis was used to show that RAS vaccination led to
the generation of two distinct CD4+ memory T cell populations: a population of
effector memory T cells (Tewm) that recirculated in the blood and a population of
resident memory T cells (Trm) that remained permanently within the liver. The
PbT-Il Trm cells in the liver expressed typical Trm cell-associated markers such
as CD69, CXCR6, and CXCR3 and lacked expression of the Tem associated
marker KLRG1 (Fernandez-Ruiz et al., 2016, Benoun et al., 2018, Kumar et al.,
2017). Furthermore, gene expression profiles of liver CD4 Trwm cells were highly
correlated with those of RAS-generated CD8 liver Trw cells (Fernandez-Ruiz et
al., 2016). In addition, liver PbT-1l (CD4) Trm expressed genes associated with a
recently published core signature of skin and gut CD8 Trwm cells and liver-resident
CD8 T cells, NKT an NK cells (Mackay et al., 2016).

Although we recovered most CD69* PbT-Il Trm cells from the parental
liver 30 days after parabiotic surgery, strongly implicating a liver-resident
population, we could recover a small number of CD69* PbT-II cells in the liver of
the naive parabiotic partner. This suggested that some CD4 Tru-like cells had
entered the circulation and subsequently infiltrated the liver of the parabiotic
partner. This is consistent with evidence that Trwm cells, when isolated from an
organ and transferred into a naive host, preferentially re-home to the same organ.
For example, a previous report showed that lung derived influenza-specific
memory CD4 T cells accumulated in the lung when transferred into naive mice,
while spleen derived memory CD4 T cells were distributed in several organs
including in the spleen, lung and liver (Teijaro et al., 2011). In addition, RAS
generated liver CD8 Trwm cells preferentially homed back to the liver but not lungs,
brain or spleen after transfer into naive mice, suggesting that tissue-specific
homing can be imprinted in memory T cells (Fernandez-Ruiz et al., 2016).



159

One potential mechanism that might have led to egress of Trm cells
from the parental liver after parabiotic surgery is local re-activation (Fonseca et
al., 2020). It was recently shown that local reactivation of CD8 Trwm cells led to an
egress of these cells into the circulation. Upon tissue entry those reactivated CD8
Tru-like cells preferentially re-acquired Trm cell characteristics(Fonseca et al.,
2020). Therefore, small populations of PbT-Il Trm cells could have been
reactivated by persistent Ag in the liver, left the parental liver and homed to the
parabiotic partner’s liver. However, we found little evidence for persisting Ag at
day 30 post RAS vaccination (Chapter 3). It is therefore unlikely that reactivation
caused the appearance of CD69" PbT-Il cells in the parabiotic partner liver.

In addition to showing that CD4 PbT-II cells could form liver resident
memory after RAS vaccination, we validated conclusions drawn from earlier work
showing that transgenic CD8 PbT-I T cells specific for RPL6 could also form
residence under these circumstances (Valencia-Hernandez et al., 2020,
Fernandez-Ruiz et al., 2016). Here we extended these finding to endogenous
CD8 T cells using an MHC-| tetramer to detect RLP6-specific CD8 T cells.

After providing evidence for the existence of Plasmodium-specific liver
CD4 Trw cells, we aimed to identify factors that might enforce their formation. The
formation of PbT-Il Trm cells in the liver did not require cognate antigen
expression in the liver, with Trm cells forming spontaneously after adoptive
transfer of in vitro activated and polarized PbT-Il cells. This finding is consistent
with a previous study showing that CD8 Trm cells can form independently of
antigen expression in the liver (Holz et al., 2018). However, the ability of activated
PbT-Il T cells to spontaneously form Trm cells did not exclude the possibility that
cognate antigen stimulation within the liver might enhance CD4 Trm cell
formation. RAS vaccination, which potentially leads to antigen presentation by
hepatocytes, favoured Trm cell differentiation compared to «aClec9A-DIY
vaccination. As shown for Plasmodium-specific CD8 T cells, CD8 Trm cell
formation was improved by combining the aClec9A subunit vaccine with injection
of a recombinant adeno-associated virus (rAAV) that enabled expression of the
cognate antigen in the liver. This strategy generated higher CD8 Trwm cell numbers
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than aClec9A vaccination alone, suggesting local antigen recognition favours
CD8 Trm formation (Fernandez-Ruiz et al., 2016, Valencia-Hernandez et al.,
2020). Future studies are required to determine whether similar mechanisms
contribute to CD4 Trm cell development. The generation of a DIY epitope-
expressing rAAV, and then combining this stimulus with aClec9A-DIY/CpG
vaccination, would test whether antigen expression in the liver supports CD4 Trm

formation.

In addition to local antigen availability, other factors might influence CD4
Trw differentiation. It was observed that Th2 cells are more prone to differentiate
into Trm cells when compared to Th1 cells. Th1 and Th2 T cell differentiation is
characterised by expression of T-box transcription factor 21 (Tbet) and GATA
binding protein 3 (GATAS3), respectively, which orchestrate differentiation by
binding to specific regulatory elements enhancing or diminishing expression of
lineage-specific key cytokines (Jenner et al., 2009). Tbet binds to a regulatory
element of the /fng locus, resulting in histone modification and /fng transcription
(Wilson et al., 2009, Lee et al., 2004, Shnyreva et al., 2004). In contrast, by
binding to the /4 promoter, Tbet silences //4 transcription (Ansel et al., 2004,
Jenner et al., 2009, Djuretic et al., 2007). GATA3 acts in opposition to Tbet.
GATABS binds to multiple-locus sites of /14, 115, and /113 and enhances transcription
of these genes, while binding of GATAS to the /fng locus results in the recruitment
of repressive complexes, thereby reducing IFN-y expression (Jenner et al., 2009,
Chang and Aune, 2007, Kishikawa et al., 2001).

Early high Tbet expression is also observed in CD8 T cells in the skin after
HSV infection (Mackay et al., 2015b). However, Tbet expression decreased over
time in the process of CD8 Trw differentiation in lung or skin (Laidlaw et al., 2014,
Mackay et al., 2015b). Furthermore, forced Tbet expression led to reduced
CD103" CD8 Trm cell accumulation in the skin at an early memory time point,
indicating that the timing or magnitude of Tbet expression is crucial for optimal
Trm cell differentiation (Mackay et al., 2015b). It is therefore possible that high
expression of Tbet by PbT-ll Th1 cells reduced the ability of these cells to
differentiate into Trwm cells. Interestingly, Eomes, which also belongs to the T-box
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transcription factor family, was downregulated in PbT-Il Th2 liver Tru cells
compared to PbT-Il Th1 Trm cells or PbT-Il Trm cells generated after aClec9A-
DIY vaccination. In a similar fashion to Tbet expression, Eomes is usually
downregulated in the process of CD8 Trm formation, with forced expression of
Eomes causing reduced numbers of CD8 Trwm cells in the skin (Mackay et al.,
2015b). Therefore, both Tbet and Eomes, which are expressed at higher levels
in Th1 compared to Th2 PbT-II cells, might reduce the ability of PbT-1l Th1 cells
or PbT-Il cells generated after aClec9A-DIY vaccination to transition into a Trm
cell phenotype in the liver. One mediator to induce early Tbet upregulation, in
CD8 T cells in vitro cultures, is IL-12 (Takemoto et al., 2006). In our experimental
model, IL-12, amongst other reagents, was utilized to polarise PbT-Il cells
towards a Th1 phenotype in vitro. Furthermore, CpG treatment, as used during
aClec9A-DIY immunisation, was reported to induce IL-12 secretion by APCs
(Krieg et al., 1998, Halpern et al., 1996). Therefore, prolonged Tbet expression
in PbT-Il cells induced by IL-12 stimulation, during in vitro polarisation or
aClec9A-DIY vaccination, may limit their capacity to differentiate into Trm cells. It
has previously been shown that Eomes is suppressed in CD8 T cells cultured
with IL-12 and upregulated in the presence of IL-4 (Takemoto et al., 2006). It is
thus likely that IL-12 and IL-4 also influence Eomes expression in CD4 T cells.
Eomes expression is associated with induction of long-lived T cell memory, while
high Tbet expression is common in short-lived effector T cells (Joshi et al., 2007).
Perhaps, early Eomes expression could further provide PbT-Il Th2 cells with
long-term survival while Tbet expression by PbT-Il Th1 may favour short-lived
effector T cell differentiation (Joshi et al., 2007, Mackay et al., 2015b).
Interestingly, PbT-Il Th2 Trwm cells, induced in the presence of IL-4, had lower
Eomes expression levels than PbT-Il Th1 cells at a memory time point. It is
possible that transient Eomes expression was induced early by IL-4 in Th2
polarization conditions but downregulated over time in the process of
differentiation towards memory T cells, as observed for CD8 T cells (Mackay et
al., 2015b). It would be interesting to determine the expression levels of Tbet and
Eomes by PbT-Il Th1 and Th2 cells over time after transfer to determine the role
of those two transcription factors during CD4 Trwm cell development. Manipulation
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of Tbet or Eomes expression with different adjuvants during vaccination could
bias CD4 memory differentiation towards a specific memory subpopulation, which
might influence control of Plasmodium liver-stage infection. It is worth noting,
however, that the negative roles of prolonged Tbet and Eomes expression in the
formation of CD8 Trwm cells was only described for CD103* Trm cells, which rely
on IL-15 and transforming growth factor (TGF)-B signalling (Mackay et al.,
2015b). It is currently unclear whether liver CD4 Trm cells require the same
molecular pathways as CD8 Trm cells. Liver CD4 Trwm cells commonly do not
express CD103, and it is also unknown whether CD4 Trwm cell formation in the
liver depends on IL15 or TGF-f signalling (Benoun et al., 2018). Nevertheless,
the generation of lung resident CD4 T cells and liver resident CD8 T cells was
shown to be directly linked to IL-15 signalling. Whether IL-15 signalling is also
important for the formation of liver-resident CD4 T cells requires further studies.

An additional cytokine worth investigating for its potential role in liver Trm
cell formation is IL-4. We found that in vitro polarisation of PbT-Il into Th2 cells,
in the presences of IL-4, IL-2 and IFNy blocking antibody (alFN-y), favoured liver
Trm cell formation when compared to Th1 polarising conditions (IL-12, IL-2, LPS
and a-1L4). Furthermore, our analyses revealed that IL-4 was upregulated in CD4
Trm cells generated after RAS compared to those generated by aClec9A-DIY
immunisation. As RAS vaccination favoured induction of PbT-Il Trm cells whereas
oClec9a-DIY vaccination favoured Tewm cells, we hypothesise that an autocrine
IL-4 stimulation could potentially favour Trm cell formation in the liver.
Furthermore, upregulation of IL-4 and IL-4 production pathways were found in
RAS-generated PbT-Il Trm cells compared to Tewm cells, further strengthening the
hypothesis that IL-4 might be necessary for CD4 Trm formation or maintenance
but not for Tem cells. Additional preliminary data showed that PbT-II cells in vitro
activated in the presence of recombinant IL-4, IL-2 and Hsp90 peptide, led to
enhanced liver and lung PbT-Il Trm cell formation after adoptive transfer
compared to PbT-Il cells activated without IL-4 (Personal communication Dr.
Daniel Fernandez-Ruiz). This showed that the presence of IL-4 indeed favours

PbT-Il Trm cell formation and might be a useful supplement for vaccines aiming
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to induce large liver CD4 Trm cell populations. Administration of recombinant IL-
4 or the use of an adjuvant inducing IL-4 secreting CD4 T cells, such as
aluminium hydroxide, might thus improve PbT-II Trm cell formation after aClec9A-

DIY immunisation (Sokolovska et al., 2007).

While little is known about the role of IL-4 in CD4 Trwm cell biology, several
studies on CD8 T cells support a crucial function for this cytokine in CD8 T cell
responses in the liver. It was previously reported that CD8 T cell responses
induced by RAS immunisation are dependent on IL-4 (Carvalho et al., 2002). In
addition, IL-4 receptor expression by memory CD8 T cells was shown to be
essential for protective immunity to sporozoite infection (Morrot et al., 2005).
While itis now known that CD8 Trwm cells are the main memory subset responsible
for protection against sporozoite infection, the existence of Trm cells was not
known at the time of these studies. This raises the question whether the findings
in these earlier studies were a consequence of IL-4 dependence in liver CD8 Tru
cells. The observation that addition of PbT-1l Th2 cells, prone to release IL-4, did
not enhance induction of Plasmodium-specific CD8 Trw cell responses upon RAS
vaccination, questions this conclusion. However, there are two potential
explanations for the lack of effect of PbT-Il Th2 cells here. Firstly, IL-4 secretion
may already have been optimal as we observed that IL-4 was upregulated in PbT-
Il Trm cells after RAS vaccination. Thus, RAS vaccination clearly induces CD4 T
cells that make IL-4. Secondly, is not clear whether PbT-Il cells recognised their
cognate antigen in the liver, which would be essential to stimulate release of IL-
4. Nevertheless, preliminary data showed that in vitro activation of CD8 T cells in
the presence of recombinant IL-4 was able to improve liver CD8 Trm cell
formation (Personal communication Dr. Daniel Fernandez-Ruiz). It is therefore
likely, that an anti-malaria vaccine, designed to induce IL-4 or administration of
IL-4 during the priming phase will enhance the formation of CD4 and CD8 Trwm
cells in the liver, potentially leading to improved protection against sporozoite

infection.

In addition to IL-4, IL-13 was highly expressed by Th2 PbT-II cells and
might therefore be capable of improving tissue-resident memory T cell formation.
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Interestingly, IL-13 receptor complex and IL-4 receptor complex share the IL-4Ra
subunit and binding of either IL-13 or IL-4 can induce similar downstream
signalling pathways. However, the IL-13Ra subunit is not commonly expressed
on T cells, resulting in only IL-4 being potent enough to induce Th2 cell
differentiation. Therefore, IL-13 might indirectly influence T cell differentiation and
therefore Trm cells formation, but this requires further investigation.

In addition to IL-4-producing CD4 T cells, those secreting IFN-y and IL-21
have been shown to promote CD103* CD8 Trwm cell recruitment into the lung
(Laidlaw et al., 2014, Son et al., 2021). In our study, liver CD8 Trm formation was
not elevated in the presence of in vitro differentiated PbT-Il Th1 cells or aClec9A-
DIY generated Th1 and Tfh cells, despite their potential for IFN-y or IL-21
secretion. PbT-1l Th1 and Tfh might not be locally activated to secrete cytokines
due to insufficient MHC-Il expression by hepatocytes, or because Hsp90 may not
be expressed at sufficient levels in the liver after RAS vaccination (Franco et al.,
1988). Furthermore, IFN-y or IL-21 secretion by endogenous CD4 T cells upon
RAS vaccination may have already been optimal for the generation of potent CD8
Trm cells responses, potentially explaining the lack of elevated CD8 Trm
formation in the liver. Furthermore, while previous studies investigated CD8 Trwm
cell recruitment in the absence of IFN-y and IL-21, they did not determine the
effect of elevating cytokine levels above natural endogenous levels (Laidlaw et
al., 2014, Son et al., 2021). Potentially, endogenous levels of IFN-y or IL-21 after
oClec9A or RAS vaccination are sufficient for CD8 Trm recruitment and formation
in our experimental design, without a benefit of additional cytokine producing
PbT-Il cells. Alternatively, liver CD103- CD8 Trwm cells, unlike CD103" Trm cells in

the lung, might not require IL-21 or IFN-y for recruitment into the tissue.

The identification of Plasmodium-specific liver resident CD4 T cells opens
new possibilities to design efficient vaccine strategies. As memory T cell numbers
declined over time and higher Plasmodium-specific CD8 Trm cell numbers
correlated with better protection against sporozoite infection, mechanisms and
factors for improving CD4 and CD8 Trwm cell numbers, such as IL-4, may lead to

prolonged protection against Plasmodium infection (Fernandez-Ruiz et al.,



165

2016). If such mechanisms can be incorporated or targeted in an anti-malaria
vaccine and potentially other vaccines that target T cell responses in the liver,

this could potentially improve liver-specific vaccines in humans.
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Chapter 5 The role of Hsp90-specific CD4 T cells in protection

against Plasmodium infection

5.1 Introduction

CD4 T cells have been found to be involved in the defence response
against Plasmodium mediated liver and blood-stage infection, and also in the
development of malaria-associated pathology (Doolan and Hoffman, 2000,
Oliveira et al., 2008, Tsuji et al., 1990, Su and Stevenson, 2000, Perez-Mazliah
et al., 2017, Oakley et al., 2013). CD4 T cells show a high degree of plasticity
and, as such, different CD4 T cell lineages can influence the outcome of a
Plasmodium infection (Tsuji et al., 1990, Kurup et al., 2017, Couper et al., 2008).
For example, regulatory T cells, such as Tregs and Tr1 cells, can reduce the risk
of developing pathology but also decrease the control of parasite growth (Kurup
et al., 2017, Zander et al., 2016, Haque et al., 2010, Freitas do Rosario et al.,
2012). On the other hand, Th1 CD4 T cells are associated with immune
pathology, such as ECM in mice, but contribute to the control of liver and blood-
stage parasites (Fontana et al., 2016, Oakley et al., 2013). The ideal CD4 T cell-
based vaccine would induce cells that provide sterile protection but are not
involved in immune pathology. One way to achieve this is to eliminate sporozoite-
infected hepatocytes before parasites can progress to the blood-stage, as the
pre-erythrocytic stages are not associated with pathology. While tissue resident
memory CD8 T cells are known to be highly protective against Plasmodium
sporozoite infection, only limited data is available for CD4 T cells directly killing
infected hepatocytes (Fernandez-Ruiz et al., 2016, Doolan and Hoffman, 2000,
Tsuji et al., 1990, Oliveira et al., 2008). In such studies, repeated RAS vaccination
with large doses of RAS still only induced limited protection against sporozoite
challenge in mice that lacked CD8 T cells (Oliveira et al., 2008). CD4 T cells are
required for the generation of protective CD8 T cell responses after RAS
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vaccination and a combination of CD4 and CD8 T cell responses have been
suggested to strengthen the immune response against Plasmodium sporozoite
infection (Carvalho et al., 2002).

Due to its disappointing results in the field, RAS vaccination might not be
feasible for broad application in malaria endemic areas (Sissoko et al., 2017).
The use of a subunit vaccine, such as the aCle9A-based vaccine described here,
might be an alternative for future vaccination strategies. Thus, we investigated its
potential to induce CD4 T cell-mediated protection against the liver-stage of

infection.

Previous studies have shown that Hsp90-specific CD4 T cells can rescue
CD40L" mice from Pch blood-stage infection, which is lethal in these KO mice
(Fernandez-Ruiz et al., 2017). Furthermore, transfer of naive PbT-II cells could
delay the severe outcome of Pch blood-stage infection in RAGT1KO mice. In
CD40L" mice, CD4 T cells are not able to activate DC or B cells via CD40, while
RAG1KO mice lack mature B or T cells. Therefore, both models added PbT-II
cells to an impaired CD4 T cell response, to rescued CD4 T cell activity. However,
it was not yet investigated whether adding PbT-Il cells to a normal B6 repertoire

could improve protection against Plasmodium infection.

The identification of the PbT-Il restricted antigen, as described in Chapter
3, allowed us to in vitro activate and polarize PbT-II cells into different CD4 T cell
lineages. This provided the opportunity to study CD4 T cell lineage specific
differences in protection against liver and blood-stage Plasmodium infection.
Furthermore, an aClec9A vaccine was designed and evaluated for its specific

protective capacity against Plasmodium infection.
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5.2 Results

5.2.1 Assessment of the protective capacity of Hsp90-specific CD4 T cells

against Plasmodium liver-stage infection.

The previous chapters have shown that Hsp90-specific memory CD4 T
cell populations form after vaccination or Plasmodium infection. However, it was
unclear whether these cells could protect against infection. Here, the protective
capacity of Hsp90-specific CD4 T cells against liver stage Plasmodium infection
was investigated. To test the protective capacity of memory cells of Hsp90-
specificity, B6 mice were either adoptively transferred with 5 x 10* naive PbT-II
cells and then vaccinated with aClecOA-DIY or were injected with 107 in vitro
differentiated PbT-Il Th1 or Th2 cells and challenged with 10* PbA spz 35 days
later. In addition, as a non-specific control, a group of mice received in vitro
differentiated gDT-Il Th1 cells, which are specific for an epitope derived from
HSV-1 glycoprotein D and cannot respond to Plasmodium (Bedoui et al., 2009).
At 42 h post challenge, the livers were harvested and parasite RNA was
quantified by gPCR analysis. Vaccination, or transfer of large numbers of in vitro
activated cells, did not reduce the liver parasite burden (Figure 5.1A). These
findings strongly suggest that Hsp90-specific memory cells are unable to
eliminate infection in hepatocytes. One possible explanation was that memory T
cell numbers were not sufficient to provide protection against sporozoite infection.
Therefore, it was tested whether similar groups of mice were protected against
sporozoite infection when challenged early after vaccination or adoptive transfer,
prior to significant contraction of the effector T cell pool. To this end, naive mice
were adoptively transferred with 5 x 10* naive PbT-I cells and vaccinated with
aClec9A-DIY and then left 14 days before challenge with 10 sporozoites. At the
same time, naive mice were injected with PbT-Il Th1 or Th2 cells and challenged
one day post transfer. As seen in Figure 5.1B no differences in liver parasite
burden could be detected between untreated naive mice and mice vaccinated
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with aClec9A-DIY or injected with PbT-Il Th1 or Th2 cells. This finding further

supported the view that PbT-Il cells were not able to eliminate sporozoite infected

hepatocytes.
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Figure 5.1. Hsp90-specific CD4 T response to sporozoite infection as
determined by liver-parasite burden.

Protective capacity of aClec9-DIY vaccination or in vitro differentiated Th1 or Th2
Hsp90-specific PbT-1l CD4 T cells against PbA sporozoite infection. A-C. Mice
received 5 x 10* PbT-II cells and were vaccinated with 2 ug aClec9A-DIY and 5
nmol CpG one day later or received 2 x 10° (B) or 107 (A, C) in vitro activated
Th1 or Th2 polarised PbT-II cells or gDT-Il (C) cells. aClec9A-DIY vaccinated
mice were challenged with 103 (B, C) or 10%(D) sporozoites, 14 (B, C) or 35 (A)
days post-vaccination. Mice that received in vitro activated cells were challenged
with 102 (B, C) or 10* (A) sporozoites, one (B, C) or 35 (A) days post cell transfer.
Livers were harvested 42-43 h post infection. A, C. Data were pooled from two
independent experiments with a total of 8-10 mice per group. B. One experiment
with a total of 5 mice per group. Data was normalized to naive mice infected with
103 (B, C) or 10* (A) sporozoites. Relative concentration based on the mean of
spz infected livers of untreated mice Statistical comparison performed Kruskal-
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Wallis test followed by Dunn’s multiple comparison test. *,P<0.05; **,P<0.01; ***,
P<0.001; ****, P<0.0001; n.s., not significant.

Again, we reasoned that PbT-II cell numbers in this experiment may still
be too low to significantly eliminate liver stage parasites. Therefore, 107 instead
of 2 x 108 in vitro differentiated PbT-Il Th1 or Th2 cells were injected one day
prior to sporozoite challenge. However, as seen in Figure 5.1C the transfer of 10’
Th1 or Th2 PbT-II cells still did not significantly reduce liver-parasite burden
(Figure 5.1C). This suggested two main possibilities: either effector CD4 T cells
cannot mediate protection regardless of their specificity or the Hsp90-epitope,
recognised by PbT-II cells, is not a good target for control of liver-stage parasites.
It has to be noted, though, that not all possible differentiation phenotypes e.g.
Th17, could be tested.

While PbT-II cells were not able to eliminate parasites in the liver, they
responded to RAS vaccination by proliferation and therefore might be able to
sense sporozoite infection and, or the damage that was mediated by infiltrating
parasites (Figure 3.3)(Fernandez-Ruiz et al., 2017). To assess this possibility, we
undertook live imaging analyses of PbT-Il cells in the liver. tdTomato mice, which
expressed a red fluorescence protein in the membrane of all cells, were
vaccinated with aClec9A-DIY one day after the transfer of naive PbT-II cells
expressing green fluorescence protein (GFP). 14 days later, mice were
challenged with 1.5 x 10* spz and 2-photon intravital imaging was performed on
the liver 24 to 48 h later (Figure 5.2, Appendix Video 8.2). As described in a
previous chapter (Chapter 3.2), three distinct PbT-Il cell phenotypes could be
observed, i.e. patrolling cells, cells that flowed through the liver sinusoids, and
cells that did not move over the period of imaging. Imaging of infected mice at 24
h post-challenge showed that PbT-II cells formed clusters inside the liver tissue,
which were not observed in unchallenged mice or at 48 h post infection (Figure
5.2A-C, Appendix Video 8.3). Sporozoite challenge resulted in a decrease in the
velocity of PbT-Il cells after 24 h (Figure 5.2D). Similar proportions of patrolling
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PbT-II cells were found in challenged mice, compared to unchallenged controls,
or to mice imaged 48 h post challenge (Figure 5.2E). Thus, cluster formation
occurs around 24 h post-infection but is short-lived, as no clusters were observed
48 h post-infection. Formation of clusters, potentially as a consequence of
antigen recognition in the liver, was consistent with a previous report

demonstrating the capacity of PbT-II cells to proliferate in response to RAS

vaccination (Fernandez-Ruiz et al., 2017).
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Figure 5.2 PbT-ll cells form clusters 24 h after sporozoite challenge.
2-Photon intravital liver imaging after aClec9A-DIY vaccination. TdTomato mice
received 5 x 10* PbT-I.LUGFP cells and were vaccinated with 2 ug aClec9A-DIY
+ 5 nmol CpG. 14 days later mice were either left uninfected (A) or challenged
with 1.5 x 10* sporozoites (B, C). At approximately 24 h (B) and 48 h (C) post
sporozoite infection, surgery was performed to gain access to the liver and 2-
photon intravital imaging was performed. A-C. Representative single frames from
intravital imaging of PbT-II cells (green) within the liver structure (red). D. Mean
velocity of individual PbT-II cells. E. Proportion of patrolling and non-patrolling
PbT-II cells in the liver per field of view. Data was pooled from 3 independent
experiments with a total of 6 mice per group and 2 - 3 movies per mouse.
Statistical comparison performed Kruskal-Wallis test followed by Dunn’s multiple
comparison test. *,P<0.05; **,P<0.01; ***, P<0.001; ****, P<0.0001; n.s., not
significant.
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Like PbT-II cells, CD8 T cells have been reported to form clusters in the
liver after sporozoite infection (Akbari et al., 2018). However, antigen specific and
non-specific CD8 T cells were found in these clusters. Therefore, the formation
of PbT-II cell clusters in the liver after sporozoite challenge could potentially be
driven independently of antigen. The inability of PbT-Il cells to reduce liver-
parasite burden supports this concept. To determine whether the observed
cluster formation was antigen-specific, mice received non-malaria specific gDT-
II.GFP cells (specific for HSV-1 glycoprotein D) and were vaccinated with
aClec9A-D3 (carrying the gDT-II restricted epitope), one day later. After 14 days,
mice were challenged with sporozoites, and gDT-Il cluster formation was
investigated by 2-photon intravital imaging at 24 h post challenge (Figure 5.3).
While no clusters were found in unchallenged mice, infected mice showed gDT-
Il cell clusters 24 h after sporozoite inoculation, indicating that cluster formation
could occur independently of antigen recognition (Figure 5.3A, B, Appendix Video
8.4, Appendix 8.5). KC are liver resident macrophages described as a potential
first entry point for sporozoites (Frevert et al., 2006). As it is well described that
CD4 T cells interact with macrophages during a Plasmodium blood-stage
infection, it was important to determine whether this also occurred during liver-
stage infection (Fontana et al., 2016, Su and Stevenson, 2000, Shear et al.,
1989). In addition, CD11c* cells in the liver, which represent subpopulations of
KCs and dendritic cells, have been described to be crucial for the formation of
CD8 T cell clusters in the liver after sporozoite infection (Akbari et al., 2018). As
a first approach in order to image macrophage interactions with CD4 T cells,
LysM.GFP mice were injected with PbT-ll.ubTomato cells and vaccinated with
aClec9A-DIY. LysM.GFP mice express GFP under the Lysozyme M promoter,
which is mainly active in macrophages and neutrophils within the liver. 24 h after
sporozoite challenge 2-photon intravital imaging revealed cluster formation of
LysM* cells, similar to that observed for PbT-II cells in the liver (Figure 5.3C,D,
Appendix Video 8.6, Appendix 8.7). However, no PbT-ll.ubTomato cells could be
found, which suggested that these cells were rejected by the LysM.GFP
recipients. Thus, no conclusion could be drawn about co-clustering of CD4 T cells

and macrophages in this setting. To resolve this question, a different approach
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was undertaken and histological analyses of PbT-Il cells and F4/80" cells were
performed on livers of B6 mice that had been aClec9A-DIY vaccinated and
sporozoite challenged 24 h or 36 h before organs were harvested. F4/80 is a well-
defined marker for KC. As seen in Figure 5.3E, PbT-Il cells in the liver co-
clustered with F4/80 expressing cells after sporozoite challenge, indicating that
PbT-Il cells co-clustered with macrophages after sporozoite challenge.
Furthermore, DAPI staining in liver tissue 36 h post-infection revealed an
accumulation of cell nuclei within close distance to the PbT-II cell cluster. This
suggests that in addition to PbT-Il cells and KCs, other cell types were also
included in these clusters. It should be noted, that no images of naive mice were

taken, as no clustering in those mice could be observed.
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Figure 5.3. Clustering can occur non-specifically and can involve
macrophages.

A, B. Mice received 5 x 10* gDT-Il.LUGFP cells and were vaccinated with 2 ug
aClec9A-D3 + 5 nmol CpG. 14 days later, mice were either left uninfected (A) or
challenged with 10* sporozoites (B). 24 h (B) after sporozoite infection, mice
underwent surgery to gain access to the liver and 2-photon intravital imaging was
performed. C, D. LysM.GFP mice received 5 x 10* PbT-Il.ubTomato cells and
were vaccinated with 2 ug aCle9A-DIY + 5 nmol CpG one day later. 14 days later,
mice were challenged with 10* sporozoites (D) or left unchallenged (C). 24 h later
LysM.GFP mice underwent surgery to gain access to the liver and 2-photon
intravital imaging was performed. Data represent one single experiment with 2
mice per group. D. B6 mice received 5 x 10* PbT-Il.LUuGFP cells and were
vaccinated with 2 pg aClec9A-DIY + 5 nmol CpG. 14 days later, mice were
challenged with 10* sporozoites. 24 h (upper panel) or 36 h (lower panel) post
sporozoite infection, livers were harvested and prepared for histology analysis.
Data represent a single experiment with 2 mice per group.
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So far, it has been shown that PbT-Il cells form clusters in the liver within
24 h of sporozoite challenge, however, they cannot protect against Plasmodium
liver-stage infection. It is possible that the protein recognised by PbT-II cells, i.e.
Hsp90, is sequestered in the vacuole formed by the parasite inside the
hepatocyte or is insufficiently expressed for efficient presentation on the cell
surface of infected hepatocytes or by local APC, which could explain the lack of
protection mediated by PbT-Il cells. This does not mean that all CD4 T cells would
fail to mediate protection. Potentially, CD4 T cells of different specificities that
recognise Plasmodium-derived epitopes that are highly expressed or more
efficiently presented during the liver-stage, may mediate protection against
sporozoite infection. It was therefore important to address this possibility. While
no other Plasmodium derived MHC-II restricted epitopes for liver-stage infection
were available to investigate, this question could be addressed using
Plasmodium parasites expressing the model antigen OVA. In a first set of
experiments, OT-Il cells, specific for OVA, were in vitro differentiated into Th1
cells and 5 x 10° cells were injected into mice one day prior to challenge. Mice
were then either challenged with sporozoites expressing OVA (spz.OVA) or with
WT sporozoites (spz.WT), not recognised by OT-Il cells and thus serving as a
negative control. Analysis of the liver parasite burden 42 h post-infection showed
no differences between mice infected with spz.WT or spz.OVA in the presence
of OVA-specific CD4 T cells (Figure 5.4A, B). While this suggested that specific
CD4 T cells might not be protective, it was possible that larger numbers of OT-II
cells were required to reduce parasite burden in the liver. Therefore, 107 naive
OT-II cells or in vitro activated OT-Il Th1 or Th2 cells were injected into mice 3
days before challenge. In addition, as a positive control for protection, one group
of mice was vaccinated with 5 x 10* RAS, 7 days before sporozoite challenge. As
one dose of RAS is known to induce only partial protection against liver-stage
infection, this vaccination approach was used to determine if partial liver-stage
protection could be detected with this system (Figure 5.4C, D). As seen in Figure
5.4D, RAS vaccinated or mice injected with OT-Il Th1 or Th2 cells, but not naive
OT-II cells, showed reduced liver parasite burdens (Figure 5.4D). However, only
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OT-Il Th1 differentiated cells achieved a significant reduction in liver-parasite
burden compared to naive mice infected with spz.OVA. These results indicate
that CD4 T cells are capable of decreasing the liver parasite burden. However,
large numbers of these cells may be required to induce sterile-protection against
sporozoite infection. These findings also suggest that the Hsp90 epitope
recognised by PDbT-II cells might not be an ideal target for elimination of
Plasmodium infection of the liver and, therefore, might be unsuitable for liver-

stage CD4 T cell-based vaccines.
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Figure 5.4. OVA-specific CD4 T response to sporozoite infection
determined by liver-parasite burden.

Protective capacity of in vitro differentiated Th1, Th2 OT-Il cells against PbA
sporozoite infection. A, C. Experimental scheme. 5 x 10¢ (B) or 107 (D) naive or
in vitro differentiated Th1 or Th2 OT-Il cells were injected into mice. B. One day
later, mice were challenged with 5 x 10% or 103 wildtype (spz.WT) or OVA
expressing (spz.OVA) sporozoites. D. Three-day post-transfer or 7 days post-
vaccination with 5 x 10* RAS, mice were challenged with 10* spz.OVA. Livers
were harvest 42-43 h post sporozoite infection. Data represent a single
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experiment with 3-5 mice per group. Data was normalized to the average of naive
mice challenged with 102 (B) or 10* (D) sporozoites. Relative concentration based
on the mean of spz infected livers of untreated mice. Statistical comparison
performed Kruskal-Wallis test followed by Dunn’s multiple comparison test.
*,P<0.05; **,P<0.01; ***, P<0.001; ****, P<0.0001; n.s., not significant.

5.2.2 Assessment of the protective capacity of Hsp90-specific CD4 T cells
against Plasmodium blood-stage infection.

As an alternative to a liver-stage vaccine, a CD4 T cell-based vaccine
could also target the blood-stage of Plasmodium infection. Th1 cells are
responsible for macrophage activation, which in turn can clear iRBCs (Su and
Stevenson, 2000, Fontana et al., 2016). Furthermore, Tfh cells help B cells for
their activation and antibody class switching, which are required for control of
parasitaemia in the blood (Perez-Mazliah et al., 2017). While the protective
function of CD4 T cells is better documented in the blood-stage than the liver-
stage of infection, generating a blood-stage vaccine has other challenges as this
stage is associated with pathology.

As seen in the previous section, PbT-Il cells did not eliminate Plasmodium
infected hepatocytes. However, the protective capacity of PbT-Il cells in
Plasmodium blood-stage infection was not dissected. To achieve this goal, naive
PbT-II cells or in vitro differentiated PbT-Il Th1 or Th2 cells were injected into
mice one day prior to challenge with PbA iRBCs. Injection of iRBCs bypasses the
liver-stage and therefore differences in blood parasitaemia are directly related to
the control of Plasmodium blood-stage infection. In all naive mice, and mice that
received naive PbT-Il, PbT-Il Th1 or Th2 cells, iRBCs were detectable from day
five post-infection (Figure 5.5A). However, mice injected either with PbT-1l Th1 or
Th2 cells had reduced parasitaemia compared to naive mice or mice injected with
naive PbT-Il cells. In addition, one mouse of the PbT-Il Th2 cell injected group
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did not develop ECM albeit high parasitaemia, while all other mice had to be
euthanized between day 7 and 8 post-infection due to ECM (Figure 5.5B). This
indicated that PbT-Il cells can partially control PbA blood-stage infection and alter

the development of malaria-associated pathology.

One possibility was that the protection seen above was due to
release of cytokines from cells immediately upon transfer and that no real
interaction with parasites was required. This was particularly concerning because
mice were challenged with iRBCs only one day after transfer of Th cells. To
determine if a longer interval could be left between transfer and challenge, 107 in
vitro differentiated PbT-Il Th1 or Th2 cells were injected into mice, which were
then left 7 days before infection with 10* PbA iRBCs. Similar to the previous
experiment, mice injected with either PbT-Il Th1 or Th2 cells had reduced blood
parasitaemia compared to naive mice (Figure 5.5C). Interestingly, Th1 and Th2
cells significantly reduced ECM development (Figure 5.5D). This shows that
Hsp90-specific PbT-Il CD4 T cells can reduce blood parasitaemia and the risk of
ECM after blood-stage PbA infection.

As adoptive transfer of in vitro activated PbT-Il cells could partially control
parasitemia and reduce ECM rates, the next step was to investigate if a similar
effect could be induced through vaccination. To address this question, mice were
vaccinated with aClec9A-DIY one day after injection of naive PbT-Il cells. 14 days
later, mice were challenged with 10* PbA iRBCs, and parasitaemia was evaluated
from day five post-infection by flow cytometry analyses (Figure 5.5E, F). No
differences in parasitemia or ECM were seen between vaccinated and naive
mice. Therefore, aClec9A-DIY vaccination was not effective at altering the course

of a PbA blood-stage infection.
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Figure 5.5. Hsp90-specific CD4 T cells induce partial immunity to blood-
stage PbA infection, and ECM protection at an effector stage.

A-D. Protective capacity of in vitro differentiated Th1 or Th2 effector Hsp90-
specific CD4 T cells against PbA blood-stage infection. Mice received 2 x 108 (A,
B) or 107 (C, D) in vitro activated Th1- or Th2-polarised PbT-II cells. One (A, B)
or 7 (C, D) days later mice were infected with 10* PbA iRBC. A, C. Course of PbA
parasitaemia. B, D. Survival. Data were pooled from 2 independent experiments
with a total of 8-10 mice per group. E, F. Protective capacity of PbT-II cells after
aClec9A-DIY vaccination. Mice received 5 x 10* PbT-II.UGFP cells and were left
untreated or vaccinated with 2 pg aClec9A-DIY + 5 nmol CpG one day later. 14
days later, mice were infected with 10* PbA iRBC. E. Course of PbA
parasitaemia. F. Survival. Data were pooled from 2 independent experiments with
a total of 20 mice per group. Statistical comparison performed Kruskal-Wallis test
followed by Dunn’s multiple comparison test. *,P<0.05; **,P<0.01; ***, P<0.001;
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**** P<0.0001; n.s., not significant. (B, D, F) Survival was analysed by performing
pairwise comparisons between the different groups using log-rank.

The data generated so far were obtained using CD4 T cell effector phase
T cells and therefore, the protective potential of memory T cells remained to be
investigated. To assess this issue, mice were either adoptively transferred with
naive PbT-II cells and then vaccinated with aClec9A-DIY or injected with 107 in
vitro differentiated PbT-Il Th1 or Th2 cells. 35 days later, these mice were infected
with 100 PbA iRBCs. As a control for antigen specificity, Plasmodium non-specific
gDT-Il Th1 cells were injected into an additional group of mice (Figure 5.6A). As
seen in Figure 5.6B, aClec9A-DIY vaccination or transfer of PbT-Il Th1 or Th2
cells reduced the blood parasite burden as early as day seven post-infection
compared to naive mice. In contrast, mice that received gDT-Il Th1 cells had the
same parasitaemia profile as naive mice, which shows that the described
reduction in parasitaemia in mice that received PbT-II cells was indeed antigen-
specific. In contrast to the previous results using effector cells (Figure 5.5D), mice
injected with in vitro differentiated PbT-Il Th1 cells and left to form memory
showed high ECM development (Figure 5.6C). However, Th2 PbT-II cells largely
prevented ECM, suggesting these cells provide superior protection against ECM
development than Th1 cells. Regarding aClec9A-DIY vaccination, most mice
developed ECM (Figure 5.6C).

Mice primed with aClec9A-DIY or given in vitro polarized PbT-Il cells
showed reduced parasitaemia when challenged 35 days later. This prompted the
question of how long memory cells may be protective. To address this question,
mice were challenged with 10* PbA iRBCs 88 days post a.Clec9A-DIY vaccination
or transfer of PbT-Il Th1 or Th2 cells. In this case, neither aClec9A vaccinated
mice nor those given PbT-Il Th1 cells were able to significantly reduce
parasitaemia compared to naive mice or mice injected with gDT-lIl Th1 cells
(Figure 5.6E, G). In contrast, mice that received PbT-ll Th2 cells had significantly
reduced parasite levels compared to naive mice at various time points including

day 7 post-infection (Figure 5.6E, G). In addition, none of the mice injected with
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PbT-Il Th2 cells developed any signs of ECM for at least 20 days, whereas
oClec9A vaccination did not alter the onset of ECM symptoms and mice that
received PbT-Il Th1 cells showed a two day delay for ECM development (Figure
5.6F). In general, PbT-1l Th2 memory cells were better at protecting mice against
ECM development after PbA blood-stage infection than seen for aCLec9A-DIY

vaccination or PbT-Il Th1 memory cells.

In summary, PbT-Il cells are capable of modulating parasitaemia after PbA
blood-stage infection but cannot fully control infection. While Hsp90-specific CD4
T cells prevented ECM in some mice, the reduced risk of developing pathology
depended on the specific CD4 T cell activation method used. While PbT-Il Th1
cells prevented ECM only in the effector phase after transfer of large numbers of
cells, PbT-Il Th2 polarized cells protected mice from ECM in both the effector and

memory phases.
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Figure 5.6 Hsp90-specific PbT-ll CD4 T cells induce partial immunity to
blood stage PbA infection, and ECM protection at a memory stage.



184

Protective capacity of aClecO9A-DIY vaccinated or in vitro differentiated Th1 or
Th2 Hsp90-specific PbT-Il CD4 T cells on the course of PbA blood-stage
infection. A, D. Experimental scheme. Mice received 5 x 10* naive PbT-II cells
and one day later vaccinated with 2 pg aClec9A-DIY + 5 nmol CpG. Additional
mice received 107 in vitro activated Th1- or Th2-polarised PbT-II cells or gDT-II
Th1 cells. On day 35 (B, C) or 88 (E-G) post vaccination or cell transfer, mice
were infected with 100 (B, C) or 10* (C-G) PbA iRBCs. B, E. Course of PbA
parasitaemia. C, F. Survival. G. Parasitaemia at day 7 post infection. (B, C) Data
were pooled from 2 independent experiments with total of 8-10 mice per group.
(E-G) Data represents one experiment with 5 mice per group. Statistical
comparison performed Kruskal-Wallis test followed by Dunn’s multiple
comparison test. *,P<0.05; **,P<0.01; ***, P<0.001; ****, P<0.0001; n.s., not
significant. (B, F) Differences in survival between groups were analysed by
performing pairwise comparisons using log-rank tests and adjusting for multiple
comparisons by performing a Bonferroni correction for the total number of groups
P<0.01; n.s., P>0.01; ****, P<0.0001.

So far, PbA parasites were used to investigate Hsp90-specific CD4 T cell
responses. This Plasmodium species is lethal in B6 mice. As shown, in this acute
infection model, PbT-II cells could partially reduce parasitemia and prevent ECM
development in some mice. However, the role of CD4 T cells in chronic infection
had not been examined. As chronic Plasmodium infections are described in
humans repeatedly exposed to Plasmodium parasites, knowledge of whether
Hsp90-specific PbT-Il cells might control chronic infection was of interest.
However, PbA infection is not an adequate model to study chronic Plasmodium
infection, as B6 mice develop ECM within one week post infection (Hansen et al.,
2003). To examine the protective value of PbT-Il cells in a chronic model, Pch
parasites were used, as this infection is characterised by a high peak of
parasitaemia at around day 10 and a lower second peak between day 20 and 25
(van der Heyde et al.,, 1997). Low levels of iRBCs can be found up to
approximately day 30 when infection is eventually cleared. In a previous study,
the transfer of naive PbT-II cells into CD40L"- mice, which are susceptible to Pch
infection, could prevent lethality (Fernandez-Ruiz et al., 2017). Here, we wanted
to investigate if activated PbT-Il Th1 cells can, firstly, rescue CD40L" mice from
lethality and, secondly, reduce parasitaemia, similar to that observed in the PbA
infection model. To investigate these questions, naive PbT-Il or in vitro
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differentiated PbT-Il Th1 cells were injected into CD40L" mice. 7 days later,
these mice were challenged with 10% Pch iRBCs and monitored for parasitaemia
from day six onwards. In agreement with published results, CD40L" mice that
received naive PbT-II cells could control Pch blood-stage infection while naive
CD40L" mice had to be euthanized due to severe body condition e.g.
unresponsiveness to external stimuli around day 18 (Figure 5.7B) (Fernandez-
Ruiz et al., 2017). As expected, PbT-Il Th1 cells also protected CD40L" mice
from death (Figure 5.7B). No significant differences in parasitaemia were
observed between mice injected with naive or Th1 PbT-II cells up to day 18, even
though parasite levels seemed to decline slightly faster in mice injected with PbT-
I Th1 cells in the following days (Figure 5.7A). Thus, pre-activated PbT-II cells
did not have an advantage compared to naive PbT-Il cells in protecting CD40L"
mice against Pch infection at the peak of infection.

The next step was to investigate the potential of PbT-Il cells to reduce
parasitemia in WT B6 mice, which can naturally control Pch blood-stage infection
within about 30 days of infection. To address this question, mice were vaccinated
with aClec9A-DIY or injected with either naive PbT-II cells or in vitro differentiated
PbT-11 Th1 or Th2 cells. Also, one group of mice received PbT-II ThO cells, which
are in vitro activated cells that have not been exposed to further differentiation
reagents. 7 days later, mice were infected with 10% Pch iRBCs, and parasitaemia
was determined by flow-cytometry from 6 days post-infection. As seen in Figure
5.7C, all mice developed a peak of parasitaemia at around day 10-11. A smaller
second peak was observed between days 20 and 24 (Figure 5.7C). A closer look
at the difference in the first peak of parasitaemia (Figure 5.7D) revealed that mice
that were vaccinated with aClec9A-DIY or received in vitro activated PbT-I| cells
had slightly reduced parasitaemia between days 10 and 14. However, only mice
that received in vitro activated PbT-Il Th2 cells or were vaccinated with aClec9A-
DIY achieved significant reductions of the parasite burden between days 10 and
13, compared to naive mice (Figure 5.7D). Nevertheless, the reduction was
relatively small and did not change the overall course of Pch infection. These data
suggest that Hsp90 may be a relatively poor target antigen for vaccines designed
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to prevent blood-stage infection with Pch. It should be noted that only one
experiment for the PbT-Il Th2 experiment was performed and this therefore
requires repeating. Furthermore, some mice infected with Pch iRBCs displayed
such severe symptoms at the peak of parasitaemia or shortly after, that those
mice had to be euthanised (Figure 5.7E). In contrast, none of the mice vaccinated
with aClec9A-DIY or injected with Th2 cells prior to infection had to be
euthanised. This supports the idea that reduced parasitaemia at the peak of the

infection observed in those mice reduced disease severity in general.

In summary, the results presented in this chapter revealed that CD4 T cells
specific for Hsp90 could reduce blood-parasite burden after PbA and Pch
infection. aClec9A-DIY vaccination only had a limited ability to reduce PbA
parasitaemia. In vitro differentiated PbT-Il Th1 and Th2 cells could reduce PbA
parasitaemia in both the effector and memory phases but could not fully control
the establishment of Plasmodium blood-stage infection. Surprisingly, Th1 and
even more so Th2 PbT-Il cells significantly reduced ECM rates in B6 mice after
PbA infection. Targeting exclusively CD4 T cells might not be an ideal strategy
that induces a response capable of controlling Plasmodium blood-stage infection.
However, the protection observed here against ECM development after transfer
of PbT-1l Th1 and Th2 cells should be further investigated and Hsp90 specific
CD4 T cells are an ideal tool to identify the underlying mechanisms.
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Figure 5.7 Protective capacity of PbT-Il cells on blood-stage Pch infection.
(A-B) CD40L"- mice received 2 x 10° in vitro activated, Th1- polarised or naive
PbT-II cells. 7 days later mice were challenged with 10° Pch iRBCs. (C-E) Mice
received 2 x 108 in vitro activated, Th1- or Th2-differentiated PbT-II cells, or 5 x
10* PbT-II.LUGFP cells and were left untreated or vaccinated with 2 ug aClec9A-
DIY and 5 nmol CpG one day later. 7 days later, mice were infected with 103 Pch
iRBC. A,C. Complete course of parasitaemia. B. Survival of CD40L" mice. D.
Detailed representation of the first peak of Pch parasitaemia. E. Survival of B6
mice (A, B) Data represents one experiment with 5 mice per group. Statistical
comparison performed Kruskal-Wallis test followed by Dunn’s multiple
comparison test. *,P<0.05; **,P<0.01; ***, P<0.001; ****, P<0.0001; n.s., not
significant. (C-E) Data represents two independent experiments with 10 mice per
group. Th2 group represent one experiment with 5 mice per group. (A, D)
Statistical comparison performed Kruskal-Wallis test followed by Dunn’s multiple
comparison test. *,P<0.05; **,P<0.01; ***, P<0.001; **** P<0.0001; n.s., not
significant. (B, E) Differences in survival between groups were analysed by
performing pairwise comparisons using log-rank tests and adjusting for multiple
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comparisons by performing a Bonferroni correction for the total number of groups
P<0.01; n.s., P>0.01; ****, P<0.0001.



189

5.3 Discussion

CD4 T cells are essential mediators of immunity against Plasmodium liver
and blood-stage infection (Oliveira et al., 2008, Tsuji et al., 1990, Su and
Stevenson, 2000, Perez-Mazliah et al., 2017, Oakley et al., 2013). However, their
protective function has traditionally been considered indirect, mainly by providing
help to DCs to induce efficient CD8 T cell activation, and to B cells to induce
antibody class-switching (Carvalho et al., 2002, Perez-Mazliah et al., 2017,
Langhorne, 1989). Current literature suggested that CD4 T cells can also directly
mediate protection against Plasmodium liver-stage infection (Oliveira et al., 2008,
Tsuji et al., 1990). Furthermore, a direct role for CD4 T cells in mediating
protection against blood-stage infection after vaccination was shown (Xu et al.,
2000, Pinzon-Charry et al., 2010, Pombo et al., 2002). However, less is known
about their potential to mediate protection upon vaccination against the liver
stage of infection. Here, we investigated the role of Hsp90-specific CD4 T cells
in protection against Plasmodium liver and blood-stage infection after aClec9A-
DIY vaccination. In addition, the protective capacities of Th1 and Th2 lineages
were investigated by transfer of in vitro polarized PbT-Il cells.

The use of transgenic PbT-Il cells expressing GFP enabled us to
investigate the behaviour of Plasmodium-specific CD4 T cells in the liver upon
sporozoite challenge. Previous reports have revealed clustering of antigen-
specific CD8 T cells in the liver around sporozoite infected hepatocytes
(Cockburn et al., 2013, Kimura et al., 2013). Similar clustering was observed
using PbT-Il cells after aClec9A-DIY vaccination and sporozoite challenge
(Figure 5.2). To determine whether these clusters were driven by specific antigen
recognition, we tested cluster formation by gDT-Il cells, unable to respond to
malaria antigens, in the same system. gDT-II cells were found to co-cluster with
PbT-II cells 24h post sporozoite infection. This is in line with a study by Akbari et
al., where CD8 T cells of two specificities, i.e. a sporozoite epitope and an
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irrelevant epitope, formed cell clusters around sporozoite infected hepatocytes
(Akbari et al., 2018).

CD8 T cells not specific for Plasmodium were only recruited into the cell
clusters in the presence of CD8 T cells specific to a Plasmodium epitope. In
contrast, in the experiments presented here studying CD4 T cell responses, gDT-
Il cells clustered even in the absence of antigen-specific PbT-IlI cells. This
indicated that CD4 T cell clustering in the liver upon sporozoite infection was
driven in an antigen-independent manner. This result is likely due to the
inflammatory environment elicited by sporozoite infection in the liver. Upon
sporozoite encounter, infected hepatocytes can activate the MDAS pathway
resulting in the phosphorylation of transcription factor IRF3 and dimerization with
IRF7, which finally results in the release of different chemokines, including
CXCL10 (Liehl et al., 2014). As a result, cells expressing the corresponding
chemokine receptors, e.g. CXCR3, can be recruited along a chemokine gradient
in an antigen-independent manner. CXCR3 is known to be expressed by a variety
of immune cells, including activated T cells (Groom and Luster, 2011). Thus,
CXCR3" PbT-ll and gDT-Il cells might have been recruited around infected
hepatocytes along a CXCL10 gradient and potentially through additional
chemokines released by infected hepatocytes, all independent of antigen

recognition.

Although CD4 T cell clustering seems to, at least in part, be driven
independently of antigen, there is still the potential that PbT-II cell clustering in
the liver after sporozoite challenge might also be promoted by antigen, as
previously shown for CD8 T cells (Akbari et al., 2018). This antigen-dependent
recruitment might have been promoted by CD11c* dendritic cells or
macrophages. CD11c* cells were shown to contribute to the formation of
Plasmodium-specific and non-specific CD8 T cell clusters after sporozoite
infection. In the liver, CD11c* cells are mostly CD11c* F4/80- dendritic cells and
CD11c* F4/80* KCs (David et al., 2016). PbT-Il cells clustered around F4/80*
cells, most likely KCs. KCs have been described as a potential portal for

sporozoites to enter the liver parenchyma and infect hepatocytes (Baer et al.,
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2007, Pradel and Frevert, 2001). KCs can express MHC-II molecules, and co-
stimulatory molecules to support T cell proliferation and activation (Burgio et al.,
1998). It is therefore possible that KC obtained parasite antigen (e.g. Hsp90) from
traversing sporozoites or dying sporozoites and presented it to PbT-II cells to
contribute to their recruitment, in an antigen-dependent manner. Also, a recent
study showed the infiltration of CD11c*, CD11bi"th MHC-II*, F4/80* DCs into the
liver tissue upon sporozoite infection (Kurup et al., 2019). These cells were found
to capture sporozoites from dying hepatocytes and induce priming of
Plasmodium-specific CD8 T cells (Kurup et al., 2019). These infiltrating CD11c”*
DCs expressed macrophage-associated markers such as F4/80 and CSF1R. It
is, therefore, possible that the observed F4/80* cells inside a PbT-II cells cluster
were not KCs but were these infiltrating cells, recruited to the liver after sporozoite
infection. Perhaps, F4/80*, CSF1R*, CD11c* DCs captured sporozoites from
apoptotic hepatocyte and presented the Hsp90-epitope via MHC-II molecules,
which facilitated PbT-II cell clustering in the liver.

An important role for CD4 T cell-mediated immunity against the liver stage
of Plasmodium infection in mice was demonstrated by repeated injection of large
amounts of RAS (Doolan and Hoffman, 2000, Oliveira et al., 2008). While this
induced a variety of CD4 T cell specificities potentially targeting infected
hepatocytes, it was also shown that the transfer of CSP-specific CD4 T cells,
obtained from RAS vaccinated BALB/c mice, conferred sterile protection to naive
BALB/c mice against challenge with 3 — 5 x 102 sporozoites (Tsuiji et al., 1990).
As a single CD4 T cell epitope specificity (CSP) induced sterile protection against
Plasmodium sporozoite infection, we hypothesised that CD4 T cells specific for
the MHC-II restricted epitope in PbA Hsp90 might be protective in B6 mice, too.
However, targeting Hsp90-specific PbT-II cells with a aClec9A-DIY vaccination
strategy did not lead to detectable protection against Plasmodium liver-stage
infection. We hypothesised that this result could reflect insufficient generation of
Th1 cells by aClec9A vaccination: in both experimental mouse studies and
human RTS.S/AS02 vaccination studies, a correlation between IFN-y expressing

CD4 T cells (hence Th1 cells) and protection was found (Reece et al., 2004, Tsuji
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et al., 1990). While aClec9A vaccination induced Th1 cells, it also led to Tth cell
formation. It is thus possible that insufficient numbers of Plasmodium-specific Th1
T cells were induced by aClec9A-DIY immunisation (Lahoud et al., 2011). To
investigate Th1 cell responses against sporozoite infection, in vitro polarization
of PbT-II cells, which allowed for the generation of large numbers of pure Th1
cells, was performed to determine their protective capacity in a PbA sporozoite
challenge model. However, the transfer of PbT-Il Th1 cells did not alter the liver-
parasite burden, suggesting that PbT-Il Th1 cells are unable to eliminate
sporozoite infected hepatocytes.

In addition to PbT-Il Th1 cells, we also investigated the role of PbT-Il Th2
cells against PbA liver-stage infection. So far, no correlation of Th2 cells in
protection against sporozoite infection has been described in the literature.
However, a previous study showed that IL-4 producing CD4 T cells (i.e. Th2 cells)
were necessary to induce protective CD8 T cell responses after RAS vaccination,
although they were not directly accountable for protection (Carvalho et al., 2002).
In our experiments, PbT-Il Th2 cells were not able to induce a detectable
reduction of liver-parasite burden. The lack of PbT-Il cell mediated protection
against sporozoite infection, independent of the method of activation, suggested
that Hsp90 might not represent an accessible liver-stage epitope. Hsp90 mRNA
is expressed during the liver-stage of Plasmodium infection (Howick et al., 2019),
however, compared to expression by the PbA ring form, Hsp90 is only expressed
at an intermediate level at the liver stage. Furthermore, mRNA levels might not
directly translate to Hsp90 protein levels expressed by the sporozoite. Hsp90
mRNA might be rapidly degraded before translation into peptide. Western blot
analyses to determine the amount of the Hsp90 protein in the liver stage of
Plasmodium infection could answer this question. Furthermore, sporozoites are
encapsuled during the liver-stage in a parasitophorous vacuole, shielding the
parasite from the host cells (Mota et al., 2001, Silvie et al., 2003). It is therefore
possible, that the Hsp90 protein is also retained inside the parasite vacuole at the
liver stage of infection and cannot be presented to CD4 T cells via MHC-II
molecules by hepatocytes.
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Based on these findings, we hypothesized that the PbT-II cell epitope was
not presented efficiently enough during the liver stage of infection, leading to lack
of protection. To address whether other antigens might be protective if presented
to CD4 T cells during this stage, we examined protection with CD4 T cells of a
different specificity. Indeed, the transfer of large numbers of OT-ll Th1 or Th2
cells reduced the liver-parasite burden after infection with OVA expressing
sporozoites, and this protection was similar to that seen after immunizing with
one dose of RAS. This finding further supports the idea that the Hsp90 epitope is
not a protective target antigen for the liver-stage of infection and might not be
suitable as a liver-stage directed vaccine. However, the OT-Il cell data in
combination with a study that showed protection by transfer of CSP-specific CD4
T cells into BALB/c mice, demonstrates that at least partial protection against
sporozoite infection can be achieved through CD4 T cell-mediated immunity
(Tsuji et al., 1990). It should therefore be possible to generate protective CD4 T
cells populations through vaccination, if more accessible MHC-II restricted
epitopes can be identified. Thus, future research is required to identify additional
MHC-II restricted epitopes that are protective against liver-stage Plasmodium

infection.

CD4 T cells have been shown to be crucial for protective immunity against
Plasmodium blood-stage infection (Oakley et al., 2013, Fontana et al., 2016).
Thus, we wanted to investigate the protective potential of PbT-Il cells at this stage
of infection. Previous work has shown that injection of MSP-1 specific CD4 T cells
(B5) promoted long-term survival in RAG1”- mice after Pch infection (Stephens
et al., 2005). Similar results were detected after transfer of naive PbT-Il cells in
CD40L KO mice and RAG1 KO mice (Fernandez-Ruiz et al., 2016). Based on
those results, we asked the question whether the presence of effector or memory
PbT-Il cells at the time of Plasmodium blood-stage infection could be protective.

In experimental PbA and Pch blood-stage infection models parasite-
specific Th1 and Tfth CD4 T cell subpopulations are described to form early after
infection (Lonnberg et al., 2017, Fernandez-Ruiz et al., 2017). While Th1 cells

have been shown to reduce PbA parasitaemia and contribute to the control of the
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peak parasitaemia of an acute Pch infection, Tfh cells are crucial for the
generation of efficient humoral responses enabling final clearance of Pch blood-
stage parasites of persistent infection and non-lethal P. yoelii infections (Oakley
et al., 2013, James et al., 2018, Perez-Mazliah et al., 2015, Perez-Mazliah et al.,
2017, Wikenheiser et al., 2016). Therefore, Clec9A targeted vaccination,
reflecting CD4 T cell lineages generated after blood-stage PbA and Pch infection
(namely Th1 and Tfh), might be well suited to enhance protection against
Plasmodium blood-stage infection (Lahoud et al., 2011, Fernandez-Ruiz et al.,
2017, Lonnberg et al., 2017, Perez-Mazliah et al., 2015, Perez-Mazliah et al.,
2017). However, aClec9A-DIY did not induce detectable reduction of PbA
parasitaemia but did result in a moderate decrease of Pch parasitaemia (in the
acute phase of infection) compared to unvaccinated control mice. This is
seemingly in contrast to previous work showing that Th1 cells could mediate
reduction of parasitaemia after PbA infection. However, Th1 cell numbers
generated after aClec9A-DIY immunisation might simply be too low to mediate
protection (Oakley et al., 2013). On the other hand, Pch parasite clearance in
natural infection mainly correlates with efficient B cell activation and antibody
production. (Perez-Mazliah et al., 2015, Perez-Mazliah et al., 2017). Therefore
aClec9A-DIY generated Tfh cells might not have provided further help to B cell
activation over the endogenous Tfh cells induced during the course of Pch
infection. In addition, aClecO9A-DIY vaccination was shown to induce CD4 T cells
expressing higher levels of PD-1 compared to blood stage infection (Chapter 3).
Previous work showed that PD-1 blockade can restrict parasite growth early after
infection (Butler et al., 2011). Furthermore, a study found that PD-1 deficiency
resulted in elevated malaria specific antibodies and better protection against
blood-stage infection (Liu et al., 2015). This suggests that while Tth cells and
malaria-specific antibodies are crucial for protection against blood-stage
infection, high PD-1 expression on CD4 T cells after aClec9A-DIY vaccination

might hinder protective responses.

Next, in vitro polarization of PbT-Il cells was used to evaluate the
protective capacity of Th1 and Th2 PbT-II cell populations. Previous studies have
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shown that the control of PbA and Pch infection correlated with IFN-y and TNF
levels (Su and Stevenson, 2000, van der Heyde et al., 1997, Li and Langhorne,
2000). In line with these studies, the transfer of large numbers of Th1 cells, which
expressed both cytokines, at least upon in vitro restimulation (Chapter 3),
significantly reduced parasitaemia after PbA and moderately after Pch infection.
Furthermore, the transfer of in vitro polarized PbT-Il Th2 cells improved control
of Pch parasitaemia and decreased PbA parasitaemia. While a protective role for
Th2 cells in PbA infection is not documented, the relevance of Th2 cells in
mediating parasitaemia control in Pch infection has been shown (Taylor-
Robinson et al., 1993). Consistent with this observation, IL-4 KO mice developed
a higher peak of parasitaemia and a prolonged chronic phase of infection than
wild-type mice (von der Weid et al., 1994). At this stage it is not clear why and
how Th2 cell protected mice better against PbA blood-stage infection compared
to Th1 or aClec9A-DIY vaccination. Further research is required to investigate
potential de-differentiation, cytokine milieu and cell numbers post blood-stage
infection. However, during in vitro differentiation of PbT-Il cells it could be
observed that Th2 PbT-II cell proliferated more strongly compared to Th1 PbT-lI
cells upon activation. Thus, PbT-1l Th2 memory cells might also have responded
more strongly to PbA blood-stage infection, giving mice that received PbT-Il Th2
cells the advantage to reduce of blood-stage parasite numbers early after
infection. Additionally, it is possible that due to the strong Th1 bias upon PbA
blood-stage infection (Chapter 3), a proportion of Th2 PbT-Il cells de-
differentiated into Th1 cells. This might result in a mixed population of IFN-y
producing Th1 and IL-4, IL-13 producing Th2 cells. The existence of Th1 and Th2
cells in the early phase of Plasmodium blood-stage infection might then result in
IFN-y and TNF activated macrophages, eliminating blood-stage parasites, and
alternative activated macrophages, through IL-4 and IL-13, leading to the
reduction of PbA blood-stage infection related pathology (Su and Stevenson,
2000; Fontana et al., 2016; Raes et al., 2007).

How is the clearance of IRBCs and therefore a reduction of parasitaemia

mediated? T cells cannot directly recognise infected red blood cells, as mature
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RBCs do not express MHC-I or MHC-II molecules. However, it is well
documented that IFN-y, expressed by Th1 cells, activates macrophages to
release reactive oxygen and nitrogen intermediates that result in the clearance of
iRBCs (Jakobsen et al., 1995, Lutz et al.,, 1996, Su and Stevenson, 2000,
Hoffman et al., 2002, Shear et al., 1989). While PbT-Il Th1 cells are capable of
secreting IFN-y, PbT-Il Th2 cells do not express IFN-y (Chapter 3). However,
TNF, also expressed by PbT-Il Th2 cells (Chapter 3), has the potential to trigger
reactive oxygen species synthesis in macrophages (Roca and Ramakrishnan,
2013). In addition, B cells and antibodies play a major role in the clearance of
Plasmodium iRBCs. However, neither malaria specific B cells nor CD4 T cell are
sufficient to clear a Plasmodium blood-stage infection on their own. For example,
neither the transfer of B5 Tg cells or Plasmodium immune B cells into RAG”- mice
resulted in clearance of the infection (Stephens et al., 2005). Only the transfer of
both cell types led to a fast resolution of the infection.

In B6 mice, PbA infection is accompanied by the development of lethal
ECM and the role of CD4 T cells in the development of this severe symptom is
not fully elucidated (Villegas-Mendez et al., 2012, Oakley et al., 2013, Haque et
al., 2011b, Haque et al., 2014). Transfer of naive PbT-II cells accelerated the
onset of ECM after PbA infection in CD40L KO mice compared to CD40L KO
mice that did not receive PbT-II cells, which indicated a pathology driving role of
PbT-1l cells (Fernandez-Ruiz et al., 2017). Furthermore, previous studies
reported IFN-y producing CD4 T cells promote ECM by attracting CD8 T cells into
the brain after PbA infection in B6 mice and Tbet”’- mice had a lower accumulation
of CD4 and CD8 T cells in the brain and no ECM, despite reduced ability to control
parasitaemia (Villegas-Mendez et al., 2012, Oakley et al., 2013). On the other
hand, PbA infection of IFNaR" mice, which resulted in enhanced IFN-y*Tbet*
CD4 T cells formation, did not lead to ECM development (Haque et al., 20113,
Haque et al., 2014). In contrast, here we found that the adoptive transfer of in
vitro polarized PbT-1l Th1 or Th2 cells did not aggravate but actually reduced the
risk of ECM development. While the lack of IFN-y secretion by Th2 cells might

explain the lack of ECM onset after transfer of PbT-1l Th2 cells, it does not explain
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why mice that received PbT-Il Th1 cells did not develop ECM. Furthermore, in
response to PbA blood-stage infection, endogenous CD4 and CD8 T cells will be
activated and should in theory induce ECM, as observed in naive mice (without
Th1 and Th2 transfer). This suggests that PbT-Il Th1 and Th2 might mediate
regulatory functions after PbA blood-stage infection. One possible explanation is
that PbT-1l Th1 and Th2 cells could differentiated into T regulatory type 1 (Tr1)
cells during PbA infection. Previous studies have shown that P. yoellii infection
induced a type | interferon responses which led to secretion of IL-10 by DCs and
resulted in further IL-10 secretion by CD4 T cells (Zander et al., 2016, Loevenich
etal., 2017). Similar mechanisms might operate during PbA blood stage infection,
which, inducing a regulatory phenotype in Th1 and Th2 cells. Indeed, it was
demonstrated that Tr1 cells can directly derive from Th1 cells after Pch infection,
while no such mechanisms are described for Th2 cells (Lonnberg et al., 2017).
Tr1 cells are documented to supress inflammatory cytokines including IFN-y,
TNF, IL17 and IL-1p and Th1 and Th2 responses (Groux et al., 1997, Cottrez et
al., 2000, Couper et al., 2008, Montes de Oca et al., 2016, Zander et al., 2016).
Furthermore, IL-10 can directly inhibit CD8 T cells responses (Biswas et al.,
2007). An inhibited inflammatory response and lower formation of Plasmodium-
specific CD8 T cells could lead to a reduced accumulation of these cells in the
brain which potentially preventing ECM development in these experiments. While
this is still speculative, future work should investigate the cytokine profile of PbT-
I Th1 and Th2 cells after PbA bood-stage infections and examine the existence

of regulatory cytokine production by PbT-II cells.

Our results indicated that Plasmodium-specific Th2 cells might be the most
suitable T cell subtype to protect against blood-stage Plasmodium infection and
associated pathology. However, neither natural infection nor aClec9A-DIY
immunisation induced Th2 CD4 T cells. Natural infection and oClec9A
vaccination both favour Th1 and Tfh differentiation mostly via CD4 T cell priming
by cDC1 (Fernandez-Ruiz et al., 2017, Lahoud et al., 2011). The transfer of in
vitro activated and polarised PbT-Il Th2 cells is so far the best strategy to study

Hsp90-specific T helper cell responses to PbA infection. Targeting the Hsp90
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epitope to cDC2, which favours Th2 cell differentiation, may enable a protective
PbT-Il Th2 population to be induced by vaccination (Sponaas et al., 2006,
Kasahara and Clark, 2012).
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Chapter 6

General Discussion
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Chapter 6: General Discussion

6.1 Context

Despite decades of effort, Malaria, caused by Plasmodium parasites, is
still a global health burden with an estimated 409,000 (2019) deaths annually
(WHO, WHO, 2019). Emerging drug or insecticide resistance of Plasmodium
parasites and mosquitos, respectively, requires alternative methods to fight this
disease. Efficient vaccination strategies, which provide sterile protection against
Plasmodium infection will inevitably increase life expectancy and quality of

individuals living in malaria endemic areas.

Current vaccine approaches, however, fail to provide long-lasting sterile
immunity. A better understanding of the immune response induced by
Plasmodium infection can potentially be used to improve current anti-malaria

vaccine strategies or lead to the development of completely new approaches.

CD4 T cells are essential for a robust immune response against liver- or
blood-stage malaria (Weiss et al., 1993, Fontana et al., 2016). However, tools to
study Plasmodium-specific CD4 T cell immune responses are limited. Recently,
our laboratory developed an MHC-I| restricted TCR transgenic mouse line,
termed PbT-II, that generates PbA reactive CD4 T cells (PbT-Il cells) (Fernandez-
Ruiz et al., 2017). PbT-Il cells were also shown proliferate in response to P. yoelii
17XNL, P. chabaudi AS, P. berghei NK65 and P. falciparum iRBCs as well as to
PbA RAS, indicating that these cells recognise an epitope conserved amongst
different Plasmodium species and parasite stages. While the use of PbT-II T cells
allowed for the study of CD4 T cell responses to Plasmodium infection,
identification of the specific epitope recognised by these T cells would enable the
study of the endogenous CD4 T cell response and the harnessing of these
responses for the development of CD4 T cell-targeted vaccines.
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6.2 Key findings

In chapter 3, the cognate antigen recognised by PbT-II cells was identified
as Hsp904s4-496 (abbreviated as DIY). The identification of this epitope allowed us
to deliver this specific antigen to CD8" DCs by targeting the Clec9A-receptor
expressed primarily by cDC1 using a specific mAb fused to DIY. Administration
of this aClec9A-DIY subunit vaccine induced PbT-Il memory cell formation in the
liver and spleen, exceeding memory formation observed after iRBCs infection or
RAS vaccination. Furthermore, aClec9A-DIY vaccination induced endogenous
Hsp90 reactive memory CD4 T cells in the liver and spleen. In addition,
identification of the cognate antigen of PbT-Il cells enabled us to establish an in
vitro polarization protocol for the generation of large numbers of PbT-Il Th1 and
Th2 cells.

In chapter 4, we identified three different populations of memory CD4 T
cells in the liver and spleen, which could be discriminated by their differential
expression of CD69 and CD62L. CD69" cells in the liver resembled previously
described CD69* CD8 memory T cells, which were demonstrated to be liver-
resident (Fernandez-Ruiz et al., 2016). Therefore, we assessed the residency
characteristics of CD69* PbT-II cells in the liver. Parabiosis experiments on RAS
vaccinated mice confirmed that, unlike CD69" PbT-II Tem cells, which recirculated
between parabionts, CD69* PbT-II cells were retained in the liver in which they
originated and were thus resident (Trv). Furthermore, we identified PbT-II cells
expressing similar surface markers to the RAS-generated PbT-Il Trm cells after
aClec9A-DIY immunisation or adoptive transfer of in vitro polarized PbT-Il Th1 or
Th2 cells. Further analysis revealed that these cells, independently of their
activation method, were transcriptionally similar to RAS generated CD8 Tru cells
in the liver and shared a transcriptional core signature expressed by liver resident
immune cells (Mackay et al., 2016). We thus consider these cells to be Tru cells.

As it was previously shown that CD4 Trwm cells in the lung promote CD8
Trm cell formation, we sought to define if this was also the case for Plasmodium
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specific CD4 Trm cells in the liver (Son et al.,, 2021). This revealed that the
presence of responding PbT-Il cells during the priming phase of CD8 T cells did
not result in the enhanced formation of Plasmodium-specific CD8 memory T cells

after RAS or aClec9A immunisation.

In chapter 5, the protective capacity of PbT-1l memory and effector T cells
in response to PbA and Pch infection was investigated. While PbT-Il cells formed
clusters in the liver 24 h post sporozoite infection, neither effector nor memory
PbT-II cells could reduce liver-parasite burden after PbA sporozoite infection. The
factors driving cluster formation, and whether those clusters form in an antigen
dependent manner, remain to be determined. In contrast to their failure to control
the liver-stage of infection, in vitro polarized PbT-ll Th1 and Th2 cells significantly
reduced PbA parasitemia after blood-stage infection at an effector and memory
time point. Moreover, mice that received high doses of PbT-Il Th1 or Th2 cells
were partially protected from ECM, although they could not fully control the
infection. In contrast, aClec9A-DIY vaccination did not significantly change the

course of PbA blood-stage infection.

Taken together, this study defined a previously unknown MHC-II
restricted, highly conserved Plasmodium derived epitope and began
characterisation of the CD4 T cell responses arising from vaccination or
Plasmodium infection, with a specific focus on CD4 Trwm cells. While CD4 T cells
formed circulating and liver-resident memory populations after different
vaccination methods, these cells did not protect from Plasmodium liver-stage
infection and only partly protected against blood-stage infection. The following
section will discuss potential reasons for the lack or limited protective capacity of
CD4 T cells in this system and implications for vaccination strategies targeting

CD4 T cells and specifically CD4 Trw cells.
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6.3 Are anti-malaria vaccines aiming to induce protective CD4 T

cells an appropriate immunisation strategy?

6.3.1 Targeting CD4 T cells against blood-stage infection

CD4 T cells are important mediators of immunity against multiple
diseases. A lack of CD4 T cells results in an impaired immune response towards
a variety of bacterial, viral, and parasitic infections, such as Mycobacterium
tuberculosis, influenza, and Plasmodium respectively (Srivastava and Ernst,
2013, Valkenburg et al., 2018, Weiss et al., 1993). The role of CD4 T cells is often
associated with helper functions, such as licensing of DCs to activate CD8 T cells
or promoting B cell maturation and antibody production (Smith et al., 2004,
Parker, 1993). Tth cells, for example, are required for effective B cell activation
and antibody maturation, as the lack of these cells led to impaired antibody
formation and Pch blood-stage control (Perez-Mazliah et al., 2017). However,
evidence of antibody independent control of Plasmodium blood-stage infection
has also been described (Amante and Good, 1997, Kumar et al., 1989, Xu et al.,
2000, Pombo et al.,, 2002). For example, depletion of CD4 T cells post-
immunisation with Pch apical membrane antigen 1 reduces protection against
Pch blood-stage infection (Xu et al., 2000). Interestingly, antibody titres were
comparable in CD4-depleted and undepleted mice. An earlier study revealed that
B cell-deficient mice developed a similar immunity to P. vinckei blood-stage
infection compared to immunologically intact mice (Kumar et al., 1989).
Furthermore, CD4 T cell depletion in mice immunised by P. vinckei blood-stage
infection and drug cured, rendered BALB/c mice susceptible to re-infection. In
line with these findings, a small study including four individuals repeatedly
inoculated with approximately 30 P. falciparum iRBCs followed by drug treatment
showed acquisition of sterile protection, which correlated with IFN-y producing
CD4 and CD8 T cells (Pombo et al., 2002). Interestingly, parasite-specific
antibodies, often accredited with parasitaemia reduction, were under the limit of
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detection. The authors showed that repeated low dose inoculation induced Th1
and CD8 T cells that secreted IFN-y, which induced upregulation of nitric oxide
synthase released by peripheral blood mononuclear cells. They suggested that
this would then lead to enhanced nitric oxide production and death of the
Plasmodium parasites. However, only four participants finished this study, and
the final infection was 5 weeks after the last immunisation step or 3.5 weeks after
the last drug administration (Pombo et al., 2002). Nevertheless, these results are
in line with mouse studies, which revealed the importance of IFN-y and M-CSF
secretion by Th1 cells for facilitating macrophage activation (Fontana et al.,
2016). Furthermore, this macrophage activation led to the release of reactive
oxygen and nitrogen intermediates, inducing iRBCs surface protein alteration and
ultimately clearance of iRBCs by macrophages (Jakobsen et al., 1995, Lutz et
al., 1996, Su and Stevenson, 2000, Shear et al., 1989, Fontana et al., 2016).

As RBCs do not express MHC-I or MHC-Il molecules and can therefore
not be directly targeted by T cells, the reduced parasitemia observed after the
transfer of in vitro polarized PbT-Il Th1 and Th2 cells and PbA iRBCs infection
can most likely be attributed to activation of macrophages and B cells. However,
we did not measure malaria specific antibody titers or reactive oxygen and
nitrogen intermediates to formally prove that this was the mechanism reducing
parasitaemia and further experiments are required to address this issue.

The design of an efficient anti-malaria blood-stage vaccine faces some
challenges. Unlike the liver-stage, where only low numbers of locally restricted
parasites are present, large numbers of merozoites are released even by a single
infected hepatocyte (Sturm et al., 2006). Therefore, the immune response elicited
by a blood-stage vaccine must eliminate large numbers of merozoites or iRBCs
early after their release into the blood-circulation of the body. Furthermore, blood-
stage parasites are well described to use a variety of immune escape
mechanisms (Qari et al., 1998, Smith et al., 1995b). Antigen diversity or
polymorphism can result in antibody responses which are effective against one
expressed protein allele not being effective against another, as observed by
antibody responses against MSP-1 (Qari et al., 1998, Burns et al., 1989, Urban
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et al., 1999, Ocana-Morgner et al., 2003). Similar effects can be observed for
proteins that are transported to the surface of the iRBCs. One such protein,
PfEMP1, was shown to have around 50 loci on different chromosomes
responsible for its coding (Smith et al., 1995a). The switch between expression
of different PfEMP1 loci by the parasite in the blood-stage of infection leads to
antigen variation between parasite clones, which can result in escape from the
primary antibody response to PfEMP1. In addition to immune escape
mechanisms by the parasites, Plasmodium blood-stage infection was shown to
induce immune suppression in humans and mice (Urban et al., 1999, Ocana-
Morgner et al., 2003). Binding of iRBCs to APCs was shown to repress APC
maturation, resulting in impaired T cells responses and secretion of immune

suppressive cytokines such as IL-10.

While CD4 T cells are important to generate anti-Plasmodium immune
responses against the blood-stage of infection, high numbers of parasites in the
blood-stage elevate the potential for immune escape mechanisms and
development of pathology. In contrast, low numbers of parasites in a well-defined
location and the lack of potential malaria associated pathology in the liver-stage
of infection might render the liver a better target for anti-malaria vaccines to
induce sterile protection against Plasmodium infection mediated by CD4 and CD8
T cell responses.

6.3.2 Targeting CD4 T cells against Plasmodium liver stage infection

In the context of Plasmodium liver-stage infection, CD8 T cells have been
described to be potent mediators of immunity against sporozoite infection, and
thus these cells have become the focus of novel vaccine approaches (Mueller et
al., 2007, Fernandez-Ruiz et al., 2016, Holz et al., 2020, Valencia-Hernandez et
al., 2020). However, RAS vaccination induces not only CD8 memory T cell
formation but also CD4 T cell responses (Doolan and Hoffman, 2000, Oliveira et
al., 2008). Indeed, we detected memory PbT-II cells for at least 50 days after
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RAS vaccination, although the numbers of these cells were relatively small. In
contrast, aClecOA-DIY vaccination induced much stronger PbT-Il memory cell
formation in spleen and liver compared to RAS vaccination. Thus, it is possible
to induce large numbers of Plasmodium-specific CD4 T cells through the right

vaccination strategies.

While CD8 T cells are commonly described to have a high cytotoxic
function, CD4 T cells can mediate apoptosis of infected target cells, as well. Three
main mechanisms have been described to mediate elimination of target cells by
T cells: the Fas-Fas-ligand interaction, induction of inflammatory cytokines, and
perforin/granzyme have all been shown to mediate apoptosis. FasL (CD95L),
expressed on T cells, binds to its cognate receptor Fas (CD95) on target cells.
This binding results in the trimerization of Fas in the target cells and recruitment
of intracellular death-inducing signalling complexes, which finally results in
caspase 3-mediated cell death (Kischkel et al., 1995, Nagata and Golstein, 1995,
Krammer, 2000). In addition, cytokines, such as IFN-y and TNF, expressed by
CDA4 T cells and other cell types, have been shown to induce upregulation of pro-
apoptotic genes and proteins (Ossina et al., 1997, Wold et al., 1999, Perez and
White, 2000). Of note, PbT-II cells were shown to express IFN-y and TNF after
PbA Dblood-stage infection or a-Clec9A-DIY vaccination. While these
mechanisms are well explored in CD4 and CD8 T cells, perforin/granzyme
mediated cytotoxicity is mainly attributed to CD8 T cells. However, in recent years
cytotoxic CD4 T cells, releasing perforin and granzymes, were found after viral
infection or vaccination in humans and mice (Marshall and Swain, 2011, van de
Berg et al., 2008, Frevert et al., 2009). CD4 T cells, similar to CD8 T cells, can
therefore be equipped to induce apoptosis in infected target cells. Here, we
investigated the capacity of CD4 Trm generated by different vaccination and
activation methods to mediate target cell killing by comparing mRNA expression
of different effector molecules. Our RNAseq analysis of PbT-Il liver Trm cells
revealed that some CD4 Trm populations had the potential to mediate target cell
killing via expression of key cytotoxic molecules, while other populations were
less well equipped to do so. Clec9A-DIY generated PbT-Il Trm cells expressed
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higher levels of perforin (Prf1) than PbT-Il Th2 Trm. Furthermore, granzyme K
(Gzmk) also showed higher expression in PbT-Il Trm cells generated after RAS,
aClec9A or Th1 polarization compared to Th2 Trm cells. Thus, although we did
not investigate protein levels of the above-mentioned mediators, it is likely that
Plasmodium-specific CD4 Trwm cells, depending on their activation method, have
the potential to mediate cytotoxicity via perforin and granzyme K. Of note, while
perforin/granzyme mediated cytotoxicity is mainly attributed to granzyme B,
granzyme K induces DNA fragmentation that can lead to cell apoptosis in a
caspase independent manner (Shi et al., 1992, Zhao et al., 2007). However, our
data showed that PbT-Il cells did not facilitate protection against sporozoite

infection.

Interestingly, a study by Frevert et al. described cytotoxic CD4 T cells
specific for a universal P. falciparum CSP epitope in humans after RAS or
synthetic peptide immunisation (Frevert et al., 2009). These human CSP-specific
CD4 T cells were able to induce apoptosis of peptide-pulsed target cells,
potentially via perforin/granzyme cytotoxicity. However, the authors used peptide
pulsed Epstein-Barr Virus (EBV) transformed human B cells as targets in their
CD4 T cell killing assay and it was not investigated if CD4 T cells detected or
lysed infected hepatocytes in vitro or in vivo. While this showed that cytotoxic
Plasmodium-specific CD4 T cells form after RAS vaccination, one major question
was left unanswered: do hepatocytes express MHC-II molecules and therefore
recognised by CD4 T cells upon sporozoite infection? As mentioned previously,
under steady state conditions, MHC-II molecules are not present on the cell-
surface of hepatocytes, making them “invisible” for antigen directed recognition
by CD4 T cells (Franco et al., 1988). However, strong IFN-y stimulation can lead
to the induction of MHC-II molecules on hepatocytes (Franco et al., 1988). While
sporozoite infection indeed induces IFN-y expression in the liver tissue, it has not
been examined if these levels are sufficient to induce MHC-IlI expression on
hepatocytes and therefore this matter requires further investigation (Liehl et al.,
2015). Nevertheless, mouse studies showed partial protection against liver stage
infection in the absence of B and CD8 T cells after RAS immunisation, indirectly
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suggesting a role for CD4 T cells and thereby potentially implying that MHC-II
molecules are expressed by hepatocytes upon sporozoite infection (Doolan and
Hoffman, 2000, Oliveira et al., 2008). The idea that CD4 T cells can recognise
infected hepatocytes is further supported by a study that showed sterile
protection after adoptive transfer of Plasmodium-specific CD4 T cells in naive
BALB/c mice (Tsuji et al., 1990). Interestingly, this CD4 T cell clone was specific
for an epitope within CSP, the same protein that human cytotoxic CD4 T cells
were found to be reactive to (Tsuiji et al., 1990, Frevert et al., 2009). Together,
these studies suggest that CSP-reactive CD4 T cell can mediate protection
against Plasmodium liver-stage infection. The fact that no protection against
sporozoite infection using Hsp90-specific CD4 T cells (PbT-II cells) could be
induced, suggests that the cognate antigen might not be accessible for PbT-II
cells in the liver. One possible explanation is that Hsp90, highly expressed in the
ring and oocyst stage on a transcriptional level (PBANKA _080570), is only
expressed at an intermediate level in the liver-stage (Howick et al., 2019).
Supportive of this idea is the weak PbT-II cell proliferative response induced by
RAS vaccination, compared to blood-stage infection. Thus, the Hsp90 epitope
might not be expressed abundantly enough by sporozoites, or it may be
contained inside the parasitophorous vacuole and therefore not be accessible to
the peptide processing and presentation machinery of the hepatocyte. The
potential lack of cognate antigen presentation in the liver after sporozoite infection
might also explain why even high numbers of PbT-II cells were not able to reduce
liver-parasite burden in our experiments. In contrast, preliminary data indicated
that the transfer of high numbers of OT-Il Th1 or Th2 cells, three days before
infection with ovalbumin (OVA)-expressing sporozoites resulted in a decreased
liver-parasite burden, suggesting that activated CD4 T cells may be able to
recognize infected hepatocytes in this setting. These results strongly support the
hypothesis that Hsp90 is not a suitable epitope for CD4 T cell immunity against
Plasmodium liver stage infection. However, it is possible that the observed
reduction in liver-parasite burden is not due to CD4 T cell recognizing infected
hepatocytes. Previous work showed that IFN-y release, as observed for Th1 cells

in response to sporozoite infection, lead to an induction of nitric oxide pathway in
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infected hepatocytes (Nussler et al., 1993, Seguin et al., 1994, Wang et al., 1996).
This activation would then lead to the elimination of the sporozoites without a
direct interaction between CD4 T cells and infected hepatocytes. Further
experiments utilizing OT-II cells and OVA expressing sporozoites will reveal
whether CD4 Trwm cells can indeed mediate protection against liver-stage
parasites. However, the preliminary experiments strongly suggest that CD4 T cell
immunity can be utilised for protection against liver stage infection.

The negative results obtained with PbT-II cells indicate that in order to fully
investigate the protective potential of CD4 Trwm cells, novel MHC-II restricted liver-
stage epitopes must be identified. The method used here to identify Plasmodium-
specific immunogenic epitopes, relied on in vitro incubation of DCs with PbA
iRBCs, followed by elution of peptides bound to MHC-II molecules. While the
similarity between blood and liver stage parasite proteome is 70 %, some proteins
are only expressed in the liver-stage and were therefore excluded from our
analyses (Tarun et al., 2008). While a similar approach using sporozoites instead
of iRBCs might be possible and would give valuable insight into potential novel
liver-stage antigen targets, billions of sporozoites would be required, which
makes this approach non-viable at present (Fernandez-Ruiz et al., 2017).
Instead, including epitope prediction software as well as RNA expression profiles
of Plasmodium parasite stages may support the identification of immunogenic
liver-stage target peptides (Vita et al., 2019, Howick et al., 2019).

In summary, in addition to CD8 T cells, CD4 T cells may be targeted by
novel anti-malaria liver-stage vaccines for enhanced protection. Although Hsp90
is not the ideal epitope candidate, alternative MHC-II restricted epitopes are likely
to induce protection against sporozoite infection. Combining such protective CD4
T cell epitopes with CD8 T cell epitopes will further enhance the efficiency of liver-

stage malaria vaccines.
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6.4 The importance of CD4 Trm cells in infectious diseases

6.41 CD4 Trm cells are involved in the defence mechanism against
different pathogens

The discovery of Trm cells has fundamentally changed the view of tissue-
specific adaptive immune responses towards infections. First defined in the
context of skin CD8 T cells, Trm cells have now been described in most organs
in humans and mice (Gebhardt et al., 2009, Sathaliyawala et al., 2013, Steinert
et al., 2015, Casey et al., 2012). Their strategic location in tissues allows fast
responses to re-infections and renders these cells perfectly situated to
immediately perform effector functions. This is considered a major reason for the
high protective potential of CD8 Trwm cells against cancer or viral, bacterial and
parasite infections (Park et al., 2019, Wakim et al., 2015, Sheridan et al., 2014,
Fernandez-Ruiz et al., 2016).

Recent research has also focused on the development and function of
CD4 Trwm cells in various infection models (lijima, 2014, Benoun et al., 2018,
Thawer et al., 2014). In this work, it was shown that Plasmodium-specific CD4
Trm cells are induced in the liver by vaccination with RAS. Thus, Plasmodium
parasites rank in a growing list of pathogens that induce tissue resident memory
CDA4 T cells. Unlike Hsp90-specific PbT-Il T cells, which were not able to protect
against sporozoite infection, CD4 Trm cells were shown to be crucial for
protection against different pathogens including virus’, bacteria and parasites
(lijima, 2014, Benoun et al., 2018, Thawer et al., 2014). For example, adoptive
transfer of HA-specific CD4 T cells derived from the lung conferred protection
against influenza infection, while HA-specific CD4 T cells from the spleen did not
(Teijaro et al., 2011). Furthermore, herpes-simplex virus-2 (HSV-2), deficient for
thymidine-kinase (TK"), which prevents neurovirulence, induced long-term
protection against WT HSV-2 infection by promoting CD4 Trwm cell formation in
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the female reproductive tract (lijima, 2014). It was further shown that non-
circulatory CD69*CD103*- CD4 T cells in the lung formed after Bordetella
pertussis infection and adoptive transfer into naive mice conferred protection

against infection (Sakai et al., 2014).

These studies show that CD4 Trwm cells can be highly protective in many
different contexts and suggest that targeting these cells via vaccination could
potentially induce protection. In addition, CD4 Trm cells have been shown to
recruit other immune cells such as B cells or CD8 Trwm cells into tissues to
enhance immune responses (Son et al., 2021). Furthermore, local macrophages
need to interact with CD4 Trwm cells in genital mucosa in order to protect against
HSV-2 infection (lijima, 2014). The ability to either eliminate infected or altered
cells as well as to recruit and activate other cells of the immune system makes
CD4 Trwm cells ideal candidates to induce a broad immune responses against
infections. While the importance of CD4 Trwm cells to fight local infections is

suggested, the question is, if CD4 Trwm cells can be induced by vaccination.

6.4.2 Can CD4 Trm cells be induced by vaccination?

A recent study by Benoun and co-authors showed that IFN-y secreting liver
homing Th1 T cells, presumably CD4 Trwm cells, formed in response to a live
vaccine Salmonella strain (LVS) in B6 mice (Benoun et al., 2018). Subsequent
infection with a virulent Salmonella strain led to significantly reduced bacterial
burdens in vaccinated compared to unvaccinated mice. Parabiosis experiments
revealed that CD4 Trwm cells were partially accountable for this reduction. In line
with this study, it was further shown that liver-resident Plasmodium-specific CD4
T cells could be induced by two different vaccination approaches and by in vitro
activation and cell transfer. While this clearly shows the potential of CD4 Trmcells
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to form in the context of anti-malaria immunisation, one question remains

unanswered: What is the optimal vaccination protocol to induce CD4 Trum cells?

6.4.3 What is the optimal vaccination protocol to induce CD4 Trm cells?

6.4.3.1 The route of vaccination influences the formation of CD4 Trm cell.

Several factors are essential for efficient Trm cell induction. First, the route
of vaccination is crucial. Subcutaneous immunisation of SARS-CoV-1
nucleocapsid protein failed to induce antigen-specific CD4 Trwm cells in the lung,
while intranasal (i.n.) administration of the same protein induced protective airway
CD4 Trw cells (Zhao et al., 2016). Furthermore, i.n. vaccination with attenuated
influenza vaccine (FluMist) generated CD4 Trwm cells that mediated long-term
protection against re-infection, while other parenteral routes (s.c., i.m. or i.v.)
failed to do so (Zens et al., 2016). In the present study, RAS or aClec9A-DIY was
i.v. injected. While mosquito bites and release of sporozoites occurs in the skin,
which would suggest an intradermal (i.d.) or subcutaneous (s.c.) administration,
we reasoned that i.v. delivery might be the superior route as sporozoites infiltrate
hepatocytes from the bloodstream. Moreover, i.v. RAS injection induces potent T
cell proliferation in the spleen (Lau et al., 2014), Chapter 4). In addition, it was
shown that i.v. but not s.c. RAS inocculation in non-human primates led to
detection of Plasmodium-specific CD4 and CD8 T cell responses (Epstein et al.,
2011). In addition, our study in mice supports the notion that i.v. administration of
RAS mainly induced CD4 and CD8 Trw cells in the liver (Chapter 4, (Fernandez-
Ruiz et al., 2016)). Thus, the route of vaccine administration must be carefully

considered to induce strong tissue-specific CD4 Trwm cell responses.
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6.4.3.2 Live attenuated versus inactivated pathogens vaccines

In addition to the route of administration, the nature of the vaccine is pivotal
for the successful generation of Trm cells. Live attenuated vaccines are found to
be highly efficient in inducing large proportions of Trm cells in the targeted tissues,
compared to inactivated pathogens (Zens et al., 2016, Ghilas et al., 2021)
Chapter 4). For example, i.n. administration of live attenuated influenza vaccine
induced strong CD4 Trum cell responses, while a similar vaccine approach using
an inactivated influenza virus vaccine induced neutralising antibodies, but no
CD4 Trwm cell responses (Zens et al., 2016). Similar observations were made
using WSV strategies. Inoculation with radiation attenuated sporozoites induced
strong CD8 Trwm cell responses, while heat inactivated sporozoites only induced
moderate numbers of Plasmodium-specific CD8 Trwm cells in the liver (Ghilas et
al., 2021). Therefore, the question remains, why is injection of inactive pathogens
less robust at inducing Trm cell responses and how can we improve Trwu cell

formation in this circumstance.

6.4.3.3 Can non-live attenuated vaccination approaches be improved to

induce stronger Trm cells responses?

It was previously shown that the use of specific adjuvants can boost Tru
cell formation after heat inactivated sporozoite vaccination (Ghilas et al., 2021).
Administration of aGalCer adjuvants significantly improved the formation of CD8
Trm cells in response to heat killed sporozoites. The presence of aGalCer, which
binds CD1d on APC, has been shown to induce NKT cell activation that results
in DC maturation via IL-4 and CD40L-CDA40 interactions and finally in CD4 and
CD8T cells responses (Hermans et al., 2003, Fujii et al., 2003, Wang and Zhang,
2019). Therefore, it is important to identify adjuvants facilitating potent CD4 T cell
activation and Trum cell formation in the target tissue, as seen for aGalCer, which
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leads to improved Plasmodium-specific liver CD8 Trm cell formation after
inoculation of heat inactivated sporozoites.

Furthermore, different adjuvants do not only alter the quantity but can also
influence the quality of induced CD4 T cell responses. Vaccination with UV-
inactivated Chlamydia trachomatis favoured regulatory T cell differentiation, while
co-administration of charge-switching synthetic adjuvant particles induced long-
lasting protection mediated by Th1 CD4 Trwm cells (Stary et al., 2015). Therefore,
the choice of adjuvant in a CD4 Trwm cell inducing vaccine will be crucial for the

induction of protective CD4 T cell lineages.

An alternative to whole sporozoite vaccines are sub-unit vaccines such as
aClec9A-DIY. We found that while RAS vaccination mostly induced CD4 T cells
with a Trm cell phenotype, aClec9A vaccination favoured Tem cell formation.
Previous work showed that aClec9A carrying a Plasmodium antigen, in
combination with CpG (as an adjuvant) and recombinant adeno associated virus
(rAAV), which induces liver inflammation and cognate antigen expression in the
liver respectively, induced significantly higher numbers of Plasmodium-specific
CD8 Tru cells in the liver compared to mice that only received aClec9A (Huang
et al.,, 2013, Fernandez-Ruiz et al., 2016). It must be noted that, while local
antigen expression in the targeted tissue favours Trm cell formation, it is not
essential, at least for Plasmodium-specific CD4 and CD8 Trwm cells in the liver
(Chapter 4, (Holz et al., 2018). Taken together, adjuvants are a powerful tool that
has the potential to significantly enhance the quantity as well as the quality of

induced Trw cells in response to vaccination.

6.4.3.4 Induction of specific cytokine responses might induce stronger
CD4 Trm cell responses.

In addition to adjuvants, CD4 and CD8 Trwm cells are known to rely on
specific cytokines. While IL-15 is important for CD4 Trwm cells in the lung and CD8
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Trm cells in the liver, it is not yet known which cytokines can improve CD4 Trm
cell maintenance in the liver (Strutt et al., 2018, Holz et al., 2018). Interestingly,
PbT-Il Trm cell formation was improved in mice injected with in vitro polarised
PbT-1l Th2 cells. While a combination of reagents are used, IL-4 is a key cytokine
for Th2 polarization. Furthermore, RAS vaccinated mice favoured liver CD4 Trm
formation. Interestingly, RNAseq. data showed that IL-4 is highly expressed in
PbT-Il Trm cells generated by RAS immunization, compared to Th1 and a.Clec9A-
DIY-generated PbT-Il Trm cells. Therefore, we sought to investigate the role of
IL-4 in CD4 Trwm cell formation. Preliminary data from the laboratory, where naive
PbT-Il cell were in vitro polarized in the presences of IL-2, DIY and either with or
without IL-4, showed that PbT-Il cells activated in the presence of IL-4 formed
elevated numbers and proportions of CD4 Trm cells in the liver compared to
control cells after adoptive transfer (personal communication Dr. Daniel
Fernandez-Ruiz). This finding supports a role for IL-4 in promoting Trm cell
formation in the liver. These results imply that specific cytokines induced by a
vaccine might further support the formation or maintenance of CD4 Trwm cells in
specific tissues.

6.4.3.5 Are there intrinsic mechanisms that facilitate tissue-residency?

The induction of optimal Trwm cell responses requires migration of the
precursors of these cells to the targeted tissue, such as the liver in Plasmodium
sporozoite infection. While local antigen expression and inflammation might
favour Trwm cell formation in specific tissues, it has been suggested that Tru cells,
once generated, can have imprinted mechanisms that lead to homing to specific
tissues (Fernandez-Ruiz et al., 2016, Teijaro et al., 2011). HA-specific memory
CDA4 T cells isolated from lung tissue, for example, re-entered exclusively the lung
when adoptively transferred into naive mice, while splenic memory CD4 T cells
in the same experiment homed to multiple tissues in naive mice (Teijaro et al.,

2011). Induction of such tissue-specific homing characteristics early in T cell
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activation might induce stronger CD4 Trwm cell formation in targeted tissues, while
sparing other organs and potentially reducing adverse side effects. One group of
markers associated with tissue specific homing are chemokine receptors, which
aid recruitment of immune cells into specific organs (Mora et al., 2003, Uehara et
al., 2002, Panina-Bordignon et al., 2001, Campbell et al., 1999). CCR4
expression, for example, is mainly found on T cells in the lung and the skin but
not the gut (Campbell et al., 1999, Panina-Bordignon et al., 2001). It is therefore
crucial to explore potent mechanisms to induce signalling pathways and
expression of molecules (e.g. chemokine receptors) governing T cell homing to
specific tissues. Based on previous studies, which showed IL-4 dependency for
RAS generated CD8 T cells to protect against sporozoite infection, we
hypothesised that IL-4 can induced potent liver CD8 liver Trwm cell formation
(Carvalho et al., 2002, Morrot et al., 2005). Preliminary data indicate that in vitro
activated transgenic T cells specific for the HSV-derived glycoprotein gB (gBT-I
cells), show improved CD8 Trwm cell formation in the liver but not the lung, when
cultured in the presence of IL-4 before transfer into mice (personal
communication Dr. Daniel Fernandez-Ruiz). This result suggested that induction
of specific cytokines early in T cell priming can favour formation of Trm cells in
specific tissues. Future research should focus on additional cytokines or
adjuvants resulting in enhanced CD4 Trwm cells formation in different tissues.
Furthermore, it should be investigated which surface marker/chemokine receptor
combinations are responsible for guiding or retaining Trwm cells in specific tissues.
Such knowledge about tissue homing properties that favour Trm cell formation in
particular tissues could potentially change how other diseases are treated.

One example where this may be relevant is in the use of chimeric antigen
receptor-(CAR) T cell therapy. While CAR-T cell therapy has been successfully
used to treat non-solid tumours, problems with tissue penetration in solid tumours
limit their applications (Lee et al., 2015, Park et al., 2007, Whilding and Maher,
2015). Treatment of such CAR-T cells with cytokines or drugs inducing surface
marker expression leading to an easier and more specific tissue infiltration could

promote their effectiveness against solid tumours and furthermore reduce the
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number of required cells and potentially limit off-target reactions in healthy

organs, while efficiently removing cancerous cells.

Taken together, the identification of the mechanisms directing and
retaining Trw cells in specific tissues will not only improve the development and
specificity of vaccines inducing protective CD4 Trm cells. Such knowledge will
also be adaptable to other fields of medical research.

6.5 Concluding remarks

409,000 (2019) annual deaths caused by Plasmodium infection
emphasises the need for efficient malaria vaccines (WHO, 2019). Advances in
the understanding of T cell-mediated immunity against Plasmodium infection
have led to efficient experimental vaccine designs inducing strong memory T cell
responses. Stimulation of CD4 T cells mediating effector functions against the
blood-stage and potentially in the liver-stage of Plasmodium infection may be a
promising strategy to lower the overall Plasmodium infection burden. Tissue
resident CD4 T cells might represent an ideal target for anti-malaria liver-stage
vaccines due to their permanent localisation within the liver. While no protection
against sporozoite infection in vaccinated mice was achieved, preliminary data
suggested that an alternative CD4 T cell epitope might have the capacity to
reduce the liver parasite burden. Furthermore, Hsp90-specific CD4 T cells were
able to reduce parasitaemia after blood-stage infection. New Plasmodium-
specific MHC-II restricted epitopes, in combination with strategies that enhance
CD4 Trw cell formation (e.g. IL-4 or inducing cognate antigen expression in the

liver) may one day improve anti-malaria vaccines.
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Appendix Table 8.1. DEGs list of genes up or down-regulated in RAS
generated liver PbT-Il Trm cells versus RAS generated PbT-Il Tem cells

Regulatio | FoldChang Regulatio | FoldChang
Symbol n e Symbol n e
Naccl up 1.476 Taspl up 1.362
Slc25a1l up 2.094 Fam102a up 1.345
127ra up 1.221 Rbpj up 1.927
Susd2 up 2.660 Sec24d up 1.253
Zdhhc24 up 2.247 Tnfsf10 up 1.417
Gmnn up 1.307 Mrps6 up 1.601
Bmp7 up 2.072 Fgl2 up 1.090
Podnll up 3.198 Slc26al1l up 1.582
Pam16 up 2.242 Ptgerd up 1.521
Slamf1l up 1.272 Dtx4 up 1.599
Arnt2 up 2.665 Gm11639 up 1.745
Fcrls up 2.572 Sntb2 up 1.257
Ttll12 up 1.735 Meis3 up 1.415
Eya2 up 2.176 Serpina3g up 1.556
Dusp6 up 1.173 Tmtc4d up 2.015
Socs2 up 1.547 Bicdll up 1.897
Cryl up 1.151 Tnfrsf18 up 1.060
Itk up 1.290 Ccr8 up 3.259
Id2 up 1.229 Ubash3a up 1.767
Ccl1 up 5.356 Gzmk up 2.100
Mink1 up 1.313 Adprhl2 up 1.087
Snx11 up 1.668 Pla2g6 up 2.788
Susd3 up 1.272 Hicl up 1.790
Glrx up 1.456 Lrrn4 up 4.459
Atp8a2 up 2.084 Unc5cl up 1.565
Rcbtb2 up 1.936 Lybg5b up 2.168
Sqle up 1.455 Gimap?7 up 1.381
Hsf1l up 2.241 Bex3 up 1.851
Slc52a2 up 1.732 Rpsa-ps10 up 2.151
Cd200r1 up 2.186 Bclllb up 1.148
Nagpa up 1.537 Pskh1 up 1.697
Mut up 1.170 Cxcré up 1.530
Slc29a1l up 1.008 Vps37c up 1.933
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Slc39a6 up 1.380 Tmem121 up 3.343
Gnll up 1.192 Zfp683 up 2.671
Cd6 up 1.187 Zfpm1 up 1.134
Lpxn up 1.041 Zfp280b up 1.983
Scyll up 1.446 Cxcr3 up 1.922
Menl up 1.635 B3galt6 up 1.624
Nabp2 up 1.104 Insl6 up 1.031
Icos up 1.309 Erccél up 1.949
Tmem63a up 1.884 Gimap4 up 1.071
Usp20 up 1.068 Zscan22 up 2.218
Notchl up 1.677 Tmem154 up 1.104
Med19 up 1.462 Itpkl up 1.684
Fahd2a up 1.732 Dhcr7 up 1.279
Acoxl up 2.608 Gtf2i up 1.004
Sdcbp2 up 1.894 Pla2gl6 up 1.152
Nfatc2 up 1.041 Cd200r4 up 1.210
112 up 2.744 Tlr12 up 2.594
Dennd2d up 1.069 3300002108Rik | up 2.339
Coro2a up 1.258 Trerfl up 1.534
Nol6 up 1.530 Plcxd1 up 2.787
Sitl up 1.633 Serpina3f up 2.353
Sytll up 1.428 12rb up 1.610
Wrap73 up 1.573 Gm10240 up 3.051
Tnfrsfd up 2.852 Clecl6a up 1.674
Gfil up 1.191 Irgm2 up 1.397
Abcg3 up 1.255 Rabepk up 1.107
Tesc up 2.170 Tigit up 1.829
Pitpnm?2 up 1.449 Apol7e up 1.367
Abcb9 up 1.460 Lyrm9 up 1.330
P2rx7 up 2.054 Cepl170b up 2.776
Acads up 1.403 H2-T-ps up 1.409
Ccdcl36 up 2.445 Gm10505 up 2.097
Wbp1l up 1.503 Kihl21 up 1.240
PIxnal up 1.338 Btbd19 up 1.293
Fam234b up 2.300 Plekhfl up 2.207
D6Wsul63 | up 1.118 Ly6a up 1.063
e

Furin up 1.091 Trac up 1.852
Sytl2 up 1.320 AWO011738 up 2.146
Art2b up 1.628 Igtp up 1.059
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Tratl up 1.640 Zfp931 up 1.795
Dkkl1 up 2.885 Gm14326 up 1.932
Eri2 up 1.801 Tgtp2 up 1.603
Slc9a9 up 1.106 Ifitlbl1l up 1.041
Cd40lg up 1.980 Gbp4 up 1.420
Leprotll up 1.065 Fam71f2 up 1.015
Cog8 up 1.442 Gm12250 up 1.391
Acad8 up 1.507 Gm13370 up 3.051
Cd3e up 1.196 Gm14718 up 1.507
Cd3d up 1.105 Gm15423 up 1.075
Acsbgl up 1.795 Bcl2alb up 1.107
Ptpn9 up 1.166 Limel up 1.028
Tripd up 1.139 2010016118Rik | up 1.244
Parpl6 up 1.453 Gm21847 up 2.516
Cish up 2.046 Gm3468 up 1.304
Micalll up 1.335 Gm10359 up 3.333
Chst2 up 2.116 Gm20069 up 2.475
Mapkbp1 up 2.123 Gm12671 up 3.333
Faah up 1.638 Trav9-4 up 2.682
Gbp8 up 1.721 Gm28373 up 3.426
Dhrs11 up 1.489 Gm26614 up 3.074
Rundcl up 1.641 AU020206 up 1.066
Galm up 1.761 Lppos up 1.925
Cnot3 up 1.080 Bcl2ald up 1.454
Tdp2 up 1.920 Gm28347 up 2.253
Fam69b up 3.039 Gm38194 up 1.063
Tfblm up 2.468 Gm37488 up 1.814
Zfyve28 up 1.734 Gm38249 up 1.567
Mxd4 up 1.024 Gbpb up 1.330
Arid5a up 1.242 AY036118 up 1.640
AsxlI2 up 1.016 Gm43126 up 1.547
Kcnh3 up 4.364 Particl up 2.649
Camk4 up 1.257 Gm44631 up 2.362
Cd160 up 1.296 Pvrig up 1.736
Mesdc2 up 1.110 Gm18860 up 3.999
Samd10 up 1.683

As3mt down -1.933 1110059E24Rik | down -1.311
St3gall down -1.315 Gramd4 down -1.494
Ttpal down -1.049 Tmem177 down -1.668
Atp2bl down -1.151 Tmprss13 down -3.226
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Tns3 down -2.970 Btbd10 down -1.435
Polm down -1.096 Zc3hl2d down -1.149
Pecaml down -1.173 Pogk down -1.179
Spns3 down -2.037 Rfx3 down -1.705
Kihdc2 down -1.443 Inpp5f down -1.186
Cinp down -2.642 Spicel down -1.459
Ripk1 down -1.640 OIfr975 down -1.699
Lats2 down -1.128 Hexim2 down -1.388
Sidtl down -1.246 S1pr5 down -3.048
Slc17a9 down -1.044 Slprl down -1.709
Ms4a7 down -3.001 Insm2 down -1.381
Slc6a20b down -1.310 Klrel down -2.369
[118rap down -1.462 Ncald down -2.518
Ephad down -3.484 Sox12 down -1.392
Atp2b4 down -1.538 A630001G21Ri | down -1.329
k
Coq8a down -1.490 Nebl down -2.938
Zeb2 down -2.087 Txk down -1.854
Creb3l1 down -2.244 Smyd1 down -2.761
Cdc25b down -1.190 KIf2 down -2.005
Snx30 down -1.962 Atp8b4 down -1.444
Cd72 down -1.482 Tmem65 down -1.939
Osbpl9 down -1.025 Rnls down -1.847
Ptpn12 down -1.134 D330041HO3Ri | down -1.461
k
KIf3 down -1.745 Wdfy1l down -1.045
Kirgl down -2.098 Aoc2 down -2.157
Klrd1 down -2.584 Cdc20b down -3.681
Kiral3-ps down -2.531 Gm15807 down -1.711
Kcnj8 down -3.524 Mirld42hg down -1.095
Kirblc down -1.817 Gm11346 down -1.102
Avpr2 down -1.991 Kira8 down -2.552
Mpp1l down -1.022 Bend4 down -2.548
Rasa3 down -1.181 A430046D13Ri | down -1.788
k
Atplb3 down -1.054 Gm10522 down -2.191
Stt3b down -1.466 Gm44834 down -2.522
Trmtl13 down -1.362 Gm18959 down -2.301
Tagap down -1.475 RP24-340L11.5 | down -1.753
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Appendix Table 8.2. DEGs list of genes up or down-regulated in
aClec9A generated PbT-Il Trm cells versus RAS generated PbT-ll Trm cells

from the liver.

Regulatio | FoldChang Regulatio | FoldChang
Symbol n e Symbol n e
Angptl2 up 3.249 Empl up 2.318
Csfl up 3.318 Gpmé6b up 1.899
Cinp up 1.800 Tbcld4 up 2.056
Tjp2 up 3.125 Vax2 up 2.265
Nrpl up 2.478 Csgalnactl up 2.913
Ctlad up 2.534 Spryl up 3.487
1rl1 up 2.140 Plcl1 up 3.160
118r1 up 2.786 Tox up 3.185
Pdcd1 up 3.877 Trim46 up 1.886
Galnt3 up 2.536 Olfr432 up 1.341
ltgad up 1.660 5830411N0O6Ri | up 2.789

k

1121 up 3.881 Gm28942 up 3.329
Tnfsf8 up 1.854 Gm10997 up 2.756
Lag3 up 3.168
4 down -5.218 Stard9 down -2.669
Cpa3 down -1.470 TIr13 down -2.020
St8siab down -1.300 Arlad down -1.830
Ccl9 down -2.841 Filipal down -1.554
Ahr down -3.649 Ccrd down -4.883
Socs2 down -2.820 Clecdal down -2.608
Ccll down -3.212 Ifi205 down -2.084
Stégall down -2.765 Nfe2 down -2.976
Prosl down -2.549 H2-Ab1l down -2.383
Satb1 down -1.539 Ttc30al down -1.480
Gm4956 down -2.608 Klral down -2.228
ElI3 down -1.683 Gm12112 down -1.096
Csf3r down -3.246 Klra8 down -2.647
Lrigl down -2.131 3110045C21Rik | down -1.897
Tyrobp down -2.604 Gm36949 down -1.107
Tratl down -2.874 Gm44631 down -2.985
Agp9 down -2.889
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Appendix Table 8.3. DEGs list of genes up or down-regulated in PbT-

Il Th1 Trm cells versus RAS generated PbT-Il Trm cells from the liver.

Regulatio | FoldChang Regulatio | FoldChang
Symbol n e Symbol n e
Uhrfl up 2.033 Gpmé6b up 2.218
Angptl2 up 1.677 Mvb12a up 1.659
Slc30a4 up 2.268 Ccnb2 up 2.083
Stxla up 1.852 Carl2 up 2.501
Ptprs up 2.171 Plod2 up 2.640
Csfl up 3.197 Viprl up 2.207
Cinp up 1.907 Tbcld4 up 1.802
Ly6c2 up 2.730 AA467197 up 3.617
Qpct up 2.180 Zdhhc15 up 1.824
Lta up 2.395 Igsfob up 2.374
Psatl up 2.167 Zc3h12c up 2.199
Ms4a7 up 2.597 Rnf39 up 2.110
Ms4dadc up 2.532 Spryl up 1.847
Stambpll up 1.455 Ccdc138 up 1.759
Tjp2 up 2.261 Mrps6 up 1.905
Gstol up 2.065 Spsbl up 2.235
Nrpl up 1.796 Igsf3 up 2.165
Ctlad up 2.036 Trim46 up 1.628
1118r1 up 1.708 Chil5 up 2.628
Pdcd1 up 1.855 Tnfaip8l1 up 1.827
Ifi211 up 2.027 Onecut2 up 2.639
Galnt3 up 2.122 Gpril5 up 3.078
Bcl2l11 up 1.849 uUtfl up 2.572
Slc52a3 up 2.440 Tdrp up 2.184
Dclk1 up 2.263 Kirc2 up 1.578
Lmna up 1.923 Atp8b4 up 2.125
Hemgn up 2.542 Tcrg-V4 up 2.315
Tnfsf8 up 1.808 Tecrg-C2 up 2.964
Mfsd2a up 2.062 Trgv2 up 2.678
Rccl up 1.736 Trdv5 up 2.447
Tnfrsf9 up 2.560 Ly6bcl up 3.565
Rasllla up 1.893 Gm11725 up 1.675
Asns up 2.590 Gm12505 up 2.106
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Kirkl up 2.733 Gm26083 up 2.289
Kird1l up 2.357 Zfp966 up 1.944
Kircl up 2.134 Galnt4 up 1.840
Bcatl up 2.446 Gm26513 up 1.437
4 down -3.920 C5arl down -1.682
Fcer2a down -2.149 Armcx6 down -1.272
Ccl6 down -3.022 Mest down -2.419
Ccl9 down -3.598 Pbx1 down -2.984
Arg2 down -3.023 S$100a8 down -3.767
Pla2g7 down -3.543 S$100a9 down -4.492
Cd74 down -2.080 Fcerlg down -2.413
Cd7 down -2.119 Alox5ap down -3.202
Alox5 down -1.186 H2-Eb1 down -2.190
F5 down -3.915 Trerfl down -2.038
Ccr9 down -2.574 Lyz2 down -3.472
Tyrobp down -2.635 Skint3 down -1.097
Nuprl down -1.112 H2-Abl down -2.215
Tratl down -1.410 Igkv8-27 down -2.375
TIr13 down -2.331 Igkc down -2.493
Cpne7 down -2.483 Gm12112 down -1.242
Ttcl6 down -1.656 H2-Q2 down -2.249
Saa3 down -2.913 Igkv6e-15 down -2.183
C130050018Ri | down -2.028 Sirpblb down -3.193
k

1700001022Ri | down -1.911 Igkv6-23 down -3.550
k

Tifa down -3.057 Ighv9-3 down -2.346
Ccrd down -2.304 Igkv4-55 down -2.656

Appendix Table 8.4. DEGs list of genes up or down-regulated in PbT-
Il Th2 Trm cells versus RAS generated PbT-Il Trm cells from the liver.

Regulatio | FoldChang Regulatio | FoldChang
Symbol n e Symbol n e
Pparg up 2.710 Csgalnactl up 2.159
Vipr2 up 2.845 Hrh4 up 3.048
Csfl up 4.852 Plcl1 up 3.429
Serinc3 up 1.167 Tbcld19 up 2.559
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Itgh3 up 1.817 Tex2 up 1.507
Ccl1 up 2.725 D330045A20Ri | up 3.075
k
Deptor up 2.618 Trim46 up 1.610
Cpox up 1.931 Ptgir up 2.647
Cldnd1 up 2.503 Penk up 3.726
Lmin up 2.312 Anklel up 2.507
Qpct up 1.734 Ltb4rl up 2.928
1rl1 up 3.925 Gprl5 up 3.510
Lpcatd up 2.376 Cysltrl up 2.739
Kcng5 up 1.989 Map6 up 2.700
Lrrig3 up 2.117 Khdcla up 2.669
Tnfrsf9 up 2.161 B630019A10Ri | up 2.763
k
Tnfrsfd up 2.233 Gm5127 up 3.417
Ccdc184 up 2.462 Olfr1224-ps1 up 1.066
Bcatl up 1.344 Lyécl up 2.942
Gpmé6b up 1.398 Ctsf up 3.401
Rnf128 up 2.596 Gm14233 up 2.862
Vegfc up 2.807 Zfp966 up 2.684
Olfm2 up 1.071 Gm37309 up 2.873
Carl2 up 2.154 Gm36930 up 2.082
Tbcld4 up 1.973 Gm38228 up 1.747
AA467197 | up 1.883 Gm43949 up 1.616
Ankmy1 up 1.774 Gm17745 up 2.826
Ptpnl3 up 2.566 RP23-411J14.3 | up 1.282
115 up 4.005
Ccl3 down -2.898 Lat2 down -2.237
Hck down -2.758 Coro2b down -2.285
Nkg7 down -1.530 Rassf4 down -2.687
Adgrel down -1.925 Gzmk down -3.135
GO0s2 down -2.170 Fit3 down -2.521
Cybb down -2.917 Unc5cl down -2.072
Ncfl down -2.183 Clec4a3 down -1.727
Ikzf3 down -2.360 C130050018Ri | down -2.078
k
Ccl6 down -3.167 Slc16a5 down -1.707
Ccld down -3.287 Baiap3 down -2.757
Ccl9 down -4.004 Jaml down -3.474
Plek down -3.025 Cx3crl down -2.983
Cmal down -1.701 Rab7b down -2.595
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Ttc39c down -2.094 Txk down -1.667
Cd74 down -2.188 S100a8 down -4.326
Cd7 down -4.108 S$100a9 down -4.610
Alox5 down -1.191 Fcerlg down -2.544
Rassf3 down -1.722 Alox5ap down -2.874
F5 down -3.921 Adgrg5 down -1.919
Sell down -2.528 Lyz2 down -2.744
Pkp4 down -1.679 Rbm44 down -2.134
Cers6 down -2.477 H2-Ab1l down -2.242
l11b down -2.167 Ceacaml down -2.693
Csf3r down -2.972 Mafb down -3.456
Sppl down -2.581 Igkc down -2.431
Dtx1 down -1.716 Iglc2 down -2.320
Clec4a2 down -3.363 Klral down -2.574
Cleclb down -2.305 BC064078 down -1.568
Plbd1 down -4.305 Klra8 down -2.828
Ptpro down -2.986 Adh6-psl down -2.147
Slcolb2 down -2.689 Igkv6e-15 down -2.599
Tyrobp down -2.701 Igkv6-25 down -2.541
Pou2afl down -2.478 Sirpblb down -3.636
Eomes down -2.588 Igkv4-55 down -3.292
TIr1l3 down -2.305 6720427107Rik | down -2.684
Caskin2 down -2.805 BE692007 down -1.367
Lyéed down -2.291 1810041H14Ri | down -1.840
k
Ccl5 down -2.210 Gm44066 down -2.513
Ccdc180 down -2.883 Gm44631 down -2.153

Appendix Table 8.5. DEGs list of genes up or down-regulated in PbT-
Il Th1 Trm cells versus aClec9A-DIY generated PbT-Il Trm cells from the

liver.
Regulatio | FoldChang Regulatio | FoldChang
Symbol n e Symbol n e
Cpa3 up 2.081 Aqp9 up 3.528
St8siab up 2.040 Ccnb2 up 3.241
Ggtl up 2.632 Lif up 1.768
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Birc5 up 2.362 Bbs9 up 2.156
Ahr up 2.725 Hrh4 up 1.417
Lamad up 2.414 Pclaf up 2.170
Socs2 up 2.402 E2f8 up 2.984
Aifm2 up 1.959 Ltb4rl up 3.235
Hmmr up 2.148 Gprl5 up 2.238
Ccl1 up 4.568 Ccrd up 2.348
Aurkb up 2.339 Samd13 up 1.840
Nefl up 3.007 Enthdl up 2.323
Ly6c2 up 2.447 Clecl2a up 2.274
Prosl up 2.043 Ifitm2 up 2.755
Satb1 up 2.372 Zfp600 up 1.345
Anxal up 2.428 Spc24 up 1.950
Ms4dadc up 2.298 Ttc30al up 1.045
Gm4956 up 3.134 Lyécl up 5.206
Gatm up 1.474 Kiral up 1.825
Bcl2l11 up 1.550 Gm13461 up 1.710
Tpx2 up 2.847 Gm15518 up 2.613
Cks1b up 2.229 Gm20659 up 1.950
Lmna up 2.481 Histlh2ap up 2.457
Hemgn up 3.097 C230085N15Ri | up 2.365
k
Stmn1l up 2.321 5830444F18Rik | up 2.615
Kirkl up 3.460 E430014B02Rik | up 2.562
Kird1 up 2.349 Gm37248 up 2.455
Kircl up 2.050 Gm36931 up 1.045
Tratl up 1.500 Pde2a up 2.210
Plagl down -1.999 Ttcl6 down -1.610
Timp2 down -2.423 Foxp3 down -2.774
Ikzf3 down -2.067 Tox down -2.815
1rl1 down -2.235 Coro2b down -3.340
Itgad down -1.399 1700001022Ri | down -2.338
k
Lag3 down -2.121 Olfr527 down -1.412
Gpr83 down -1.422 Phactr2 down -2.011
Ubash3b down -1.563 Tigit down -2.132
Vax2 down -1.987 Tox2 down -2.674
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Appendix Table 8.6. DEGs list of genes up or down-regulated in PbT-
Il Th2 Trm cells versus aClec9A-DIY generated PbT-Il Trm cells from the

liver.

Regulatio | FoldChang Regulatio | FoldChang
Symbol n e Symbol n e
Scmh1l up 2.637 115 up 3.504
Pparg up 3.463 Krt80 up 2.100
Gm2a up 1.704 Hrh4 up 3.856
14 up 5.980 Nmel up 1.415
Cpa3 up 4.717 Cds1l up 2.633
St8siab up 1.837 Sesnl up 1.639
Renl up 1.606 Irs2 up 2.655
Ggtl up 1.379 Arhgapl8 up 1.591
Bmp7 up 3.027 Rbpj up 1.594
Gata3 up 1.488 Gpr34 up 2.314
Rxra up 2.791 Bach2 up 2.343
Fcrls up 3.165 D330045A20Ri | up 3.995

k

Mmp9 up 2.784 Ptgir up 4.693
Sept8 up 2.269 Tmem64 up 1.997
Csf2 up 3.404 Sptssa up 1.455
Scnlb up 1.884 Penk up 3.747
Ahr up 4.470 Ltb4rl up 4.448
Socs2 up 3.403 Gprl5 up 2.676
Rnf130 up 2.698 Ccrd up 5.255
Ccl1 up 5.939 Samd13 up 2.717
Gadd45g up 2.483 Ccr2 up 1.590
Fam213a up 3.144 Enthdl up 2.356
Deptor up 3.447 Ffar2 up 3.745
Cpox up 1.862 Cysltrl up 4.591
Cldnd1 up 3.114 Tuscl up 2.399
Samsnl up 1.647 Map6 up 2.756
Stégall up 3.229 Nfe2 up 2.141
Prosl up 3.069 Ifitm2 up 3.725
Satb1 up 2.603 Cd200r4 up 1.651
Epasl up 2.765 Gm22063 up 1.370
Nr3cl up 1.168 Gm23971 up 2.328
Anxal up 3.526 Zfp600 up 1.095
Itih5 up 1.987 Nck2 up 1.779
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Gm4956 up 4.325 B630019A10Ri | up 2.876
k
Atf3 up 1.926 Marcks up 2.892
Tmem141 up 1.578 Ccdc153 up 2.371
Lpcatd up 1.980 Treml2 up 2.311
Kcng5 up 2.385 Gm5127 up 2.721
Ecm1l up 4.195 Olfr1224-ps1 up 1.664
Stmnl up 1.722 Ttc30al up 1.311
Lrigl up 2.179 Lyécl up 4,554
Tratl up 1.555 Ctsf up 4.045
Ctrb1 up 1.530 Gm15356 up 1.023
Aqp9 up 4,761 A530032D15Ri | up 2.334
k
Nedd4 up 1.485 Cd200r2 up 3.125
Ccnb2 up 2.134 Gm20659 up 1.815
Sh3bgrl2 up 2.722 Gm19585 up 1.328
Fam46a up 1.858 C230085N15Ri | up 2.580
k
Cypllal up 2.556 5830444F18Ri | up 2.650
k
Alpk2 up 2.207 E430014BO2Ri | up 2.646
k
Stard9 up 2.003 Gm37248 up 2.623
Pkd2 up 3.243 Gm37357 up 2.049
Cpne7 up 2.041 Gm36949 up 2.135
Arldd up 2.134 4732496C06Ri | up 2.345
k
Ccr3 up 2.316 RP23-394M6.4 | up 2.390
Bbs9 up 3.183
Ccl3 down -2.942 Adrb1l down -1.831
S100a4 down -1.820 Mcoln3 down -1.987
Angptl2 down -3.309 Prfl down -3.499
Nkg7 down -2.095 Spryl down -3.472
Stxla down -2.165 Themis2 down -2.601
GO0s2 down -1.761 Smim3 down -2.620
Mcoln2 down -2.185 Snx10 down -2.116
Slamfé down -1.982 Trpsl down -2.347
Ikzf3 down -3.177 Runx2 down -1.864
6330403K07Ri | down -2.065 Etfbkmt down -1.556
k
Duspl4 down -2.348 Zc3hl2d down -2.200
Heatr9 down -2.248 Cdk6 down -2.167
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Ccl4 down -4.129 Efhd2 down -1.504
Plek down -3.027 Tox down -2.680
Nsg2 down -2.947 Coro2b down -3.804
Enpp2 down -2.658 Gzmk down -4.624
Ttc39c down -2.165 Lancl3 down -1.943
Cd7 down -3.378 Baiap3 down -3.894
118r1 down -1.882 Jaml down -3.512
Pdcdl down -2.741 Lax1 down -1.512
Pkp4 down -2.561 Txk down -2.222
Itgad down -2.689 Cyp3all down -2.981
Cers6 down -2.481 Gm8369 down -2.370
Creb3I1 down -2.727 Phactr2 down -1.693
1121 down -3.877 Cst7 down -1.867
Cdld1 down -1.775 Sytl1l down -1.927
Dtx1 down -2.145 Rbm44 down -1.684
Osbpl3 down -1.849 Tigit down -2.573
Lag3 down -3.614 Runx2os1 down -2.837
Plbd1 down -2.326 Tox2 down -2.498
Ldhb down -2.329 Cerkl down -1.660
Ubash3b down -1.626 Rab26 down -2.946
Eomes down -4.084 Adh6-psl down -2.745
Hsf4 down -2.211 6720427107Rik | down -3.159
Tagap down -1.518 Mirtl down -1.894
Caskin2 down -2.736 BE692007 down -1.707
Ttyh2 down -2.447 Gm28942 down -4.056
Vax2 down -1.679 Gm17764 down -3.342
Dpp4 down -2.041 Gm37004 down -2.514
Ccl5 down -2.623 Gm44066 down -2.302

Appendix Table 8.7. DEGs list of genes up or down-regulated in PbT-
Il Th2 Trm cells versus PbT-ll Th1 Trm cells from the liver

Regulatio | FoldChang Regulatio | FoldChang
Symbol n e Symbol n e
Pparg up 3.725 Ccr3 up 2.566
14 up 4.790 115 up 3.672
Bmp7 up 2.366 Ppfibp2 up 2.073
Gata3 up 1.610 Socs5 up 1.762
Serinc3 up 1.091 Cds1l up 2.333
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Fam213a up 2.890 Plcl1 up 2.358
Deptor up 3.595 D330045A20Ri | up 3.261
k
Cpox up 1.712 Ptgir up 4.882
Cldnd1 up 2.080 Tmem64 up 1.537
Samsnl up 1.256 Ccrd up 2.907
Epasl up 2.638 Ffar2 up 3.792
Pip5Sklb up 3.037 Acvra up 2.260
1[3) up 2.104 Cysltrl up 3.308
1rl1 up 4.097 Lgals7 up 3.112
Ecm1l up 3.315 Cd200r4 up 1.501
Cd38 up 1.254 Olfr527 up 2.872
Ccr9 up 2.201 Gm5127 up 3.959
Alpk2 up 1.647 Ctsf up 4.267
Myo6 up 1.408 0610040F04Ri | up 2.714
k
Ptpnl3 up 2.699 BC049352 up 2.321
Cpne7 up 2.755 Gm38228 up 1.598
Myo1ld up 1.957
Ccl3 down -1.989 Caskin2 down -3.010
Nkg7 down -1.077 Ccl5 down -1.689
Stxla down -2.520 Ccdc180 down -2.664
GO0s2 down -1.179 Mcoln3 down -1.411
Ptprs down -1.746 Slc9a7 down -2.174
Slamf6 down -2.011 Esml down -1.756
Ncfl down -2.399 Gzmk down -3.440
6330403K07Ri | down -1.783 Onecut2 down -2.633
k
Duspl4 down -1.507 E2f8 down -3.358
Heatr9 down -1.953 Lancl3 down -1.319
Ccld down -3.613 Baiap3 down -2.219
Nsg2 down -3.467 Jaml down -3.521
Nefl down -3.179 Tmem171 down -2.218
Ly6c2 down -2.839 Clecl2a down -2.144
Sidt1 down -1.793 Gm8369 down -1.720
Fetub down -1.775 Atp8b4 down -1.922
Ttc39c down -1.982 Adgrg5 down -1.713
Cde down -1.638 4933406P04Ri | down -2.447
k
Doc2g down -2.652 Ctcfl down -2.311
Cd7 down -1.986 Rbm44 down -1.819
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Ifi211 down -2.463 Runx2os1 down -2.836
Lypd6b down -2.119 Selenom down -2.379
Pkp4 down -1.970 Tcrg-V4 down -2.902
Itgad down -1.290 Tcrg-C2 down -2.237
Creb3l1 down -2.992 Trgv2 down -2.300
SmpdI3b down -1.835 Gm16602 down -2.496
Kirkl down -2.345 Tcrg-C4 down -2.674
Cleclb down -2.031 Rab26 down -2.546
Klrd1 down -3.298 Klral down -2.202
Klrcl down -3.517 Stamos down -1.153
Plbd1l down -1.872 Adh6-psl down -2.424
Kcnj8 down -2.424 Gm20712 down -2.221
Kirblc down -1.876 4831440E17Ri | down -1.683
k
PIxna3 down -1.842 Gm26614 down -2.771
Eomes down -2.536 Gm26732 down -2.098
Tagap down -1.767 Gm44066 down -2.494

2-photon intravital imaging Dataset (Video 8.1 to 8.7) 1is accessible via

https://doi.org/10.22000/471 (The University of Bonn) or

https://cloudstor.aarnet.edu.au/plus/s/jf7sdvY4nYxpTvn (The University of Melbourne).

Appendix Video 8.1 Visualisation of PbT-Il cells in the liver after a-Clec9A-
DIY priming.

5 x 10* PbT-Il.LUGFP cells were transferred into dtTomato mice one day prior to
administration of 2ug aClec9A-DIY and 5 nmol CpG-combo. 14 days later mice
underwent surgical procedure to gain access to the liver and 2 photon-intravital
imaging was performed. Video of liver structure (red) and PbT-II cells (green) 14
days post priming. (https://cloudstor.aarnet.edu.au/plus/s/RIf43CySI9vPKn9)

Appendix Video 8.2 Visualisation of PbT-ll cells in the liver after a-Clec9A-
DIY priming and 24 h post sporozoite infection.

5 x 10* PbT-ILUGFP cells were transferred into dtTomato mice one day prior to
administration of 2ug aClec9A-DIY and 5 nmol CpG-combo. 14 days later mice
were challenged with 1.5 x 10* spz. 24 post challenge mice underwent surgical
procedure to gain access to the liver and 2 photon-intravital imaging was
performed. Video of liver structure (red) and PbT-Il cells (green) 14 days post
priming. (https://cloudstor.aarnet.edu.au/plus/s/uXVIIG1geKl7ory)
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Appendix Video 8.3 Visualisation of PbT-ll cells in the liver after a-Clec9A-
DIY priming and 48 h post sporozoite infection.

5 x 10* PbT-ILUGFP cells were transferred into dtTomato mice one day prior to
administration of 2ug aClec9A-DIY and 5 nmol CpG-combo. 14 days later mice
were challenged with 1.5 x 10* spz. 48 post challenge mice underwent surgical
procedure to gain access to the liver and 2 photon-intravital imaging was
performed. Video of liver structure (red) and PbT-Il cells (green) 14 days post
priming. (https://cloudstor.aarnet.edu.au/plus/s/XZhmaK8rG1SoMsm)

Appendix Video 8.4 Visualisation of gDT-Ill cells in the liver after a-Clec9A-
D3 priming.

Mice received 5 x 10* gDT-Il.UGFP cells and were vaccinated with 2 ug aClec9A-
D3 + 5 nmol CpG. 14 days later mice underwent surgical procedure to gain
access to the liver and 2 photon-intravital imaging was performed. Video of liver
gDT-II cells (green) 14 days post priming.
(https://cloudstor.aarnet.edu.au/plus/s/tWYOgs1m3TXQLaa)

Appendix Video 8.5 Visualisation of gDT-Ill cells in the liver after a-Clec9A-
D3 priming and 24 h post sporozoite infection.

Mice received 5 x 10* gDT-Il.UGFP cells and were vaccinated with 2 ug aClec9A-
D3 + 5 nmol CpG. 14 days later mice were challenged with 10* spz. 24 post
challenge mice underwent surgical procedure to gain access to the liver and 2
photon-intravital imaging was performed. Video of gDT-Il cells (green) 14 days
post priming. (https://cloudstor.aarnet.edu.au/plus/s/vkKfoCqlmwfT6Uf)

Appendix Video 8.6 Visualisation of Lysm.GFP cells in the liver.

LysM.GFP mice received 5 x 10* PbT-Il.ubTomato cells and were vaccinated with
2 ug aCle9A-DIY + 5 nmol CpG one day later. 14 days later mice underwent
surgery to gain access to the liver and 2-photon intravital imaging was performed.
(https://cloudstor.aarnet.edu.au/plus/s/JQwsYZhBBDJiRGc)

Appendix Video 8.7 Visualisation of Lysm.GFP cells in the liver 24 h post
spz challenge.

LysM.GFP mice received 5 x 10* PbT-Il.ubTomato cells and were vaccinated with
2 ug aCle9A-DIY + 5 nmol CpG one day later. 14 days later mice mice were
challenged with 10* sporozoites. 24 h later mice underwent surgery to gain
access to the liver and 2-photon intravital imaging was performed.
(https://cloudstor.aarnet.edu.au/plus/s/xwMtls83aOJEgIZ)



