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Abstract

Abstract

In infectious diseases like malaria, maintaining a balance between pro-inflammatory and anti-
inflammatory immune reactions is crucial to ensure successful control of the pathogen without
causing immunopathology. Pro-inflammatory-acting cytotoxic CD8"GrzB* T cells have been
shown to be a main contributor to experimental cerebral malaria. However, their role in
patients with acute Plasmodium falciparum (Pf) malaria remains incompletely understood. The
induction of co-inhibitory molecules on T cells is one mechanism, which might counteract this
T cell-mediated immunopathology. Regulatory CD4*FoxP3°PD-1* T cells with characteristics of
type 1 regulatory T cells (Trl cells) have shown to be induced in patients suffering from Pf
malaria. However, whether they have an influence on the disease outcome of malaria remains
unclear. Thus, this study aimed to understand the role of cytotoxic CD8" T cells and potentially
counteracting regulatory T cell subsets induced during Pf malaria. To this end, T cells of adults
and Ghanaian children suffering from malaria, as well as corresponding healthy donors were
analyzed via flow cytometry. Furthermore, different subsets of malaria-induced regulatory
CD4*FoxP3PD-1* T cells were isolated from peripheral blood of malaria patients and healthy
donors and incubated with autologous responder cells to elucidate their suppressive function.
Here, we showed that the proportion of CD8*GrzB* T cells correlates significantly with disease
severity in Ghanaian children suffering from Pf malaria, underlining their contribution to the
development of severe malaria in humans. Furthermore, when analyzing different subsets of
regulatory CD4*FoxP3PD-1* T cells, we identified a malaria-induced subset that co-expresses
LAG-3 and CD49b, which are markers for type 1 regulatory T cells (Trl cells). While their
frequency did not differ between Ghanaian children suffering from severe or mild malaria,
phenotypic analyses revealed a significant upregulation of TIGIT and TIM-3 in children with
severe malaria compared to children with mild malaria. Besides PD-1, we identified CCR5 as an
additional surface marker of malaria-induced CD4*LAG-3*CD49b* T cells. Because of the low
amount of CD4*LAG-3*CD49b* T cells in the peripheral blood of malaria patients, we instead
analyzed the suppressive function of different subsets of CD4*FoxP3PD-1* T cells, which
contained the CD4*LAG-3*CD49b* T cell population. Interestingly, the CCR5* subset showed a
more activated phenotype and exerted a stronger suppressive function than the CCRS5
population. In contrast, expression of TIGIT led to diminished suppressive capacities and a less

activated phenotype. Strikingly, the frequency of CD4*PD-1*TIGIT* T cells correlated with

Xl



Abstract

disease severity in Ghanaian children suffering from malaria, indicating that higher numbers of
those dysfunctional regulatory T cells favor immunopathology in malaria patients.

In conclusion, this study further emphasizes the critical role of GrzB-producing CD8* T cells in
the development of severe clinical malaria and indicates that also a failure of regulatory T cell
functions might contribute to immunopathology. Further analysis of the interplay between
cytotoxic CD8* T cells and malaria-induced regulatory T cells and the mechanisms regulating
their functionality could be of great importance to treat malaria and improve the clinical

outcome of severe cases in the future.
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Zusammenfassung

Zusammenfassung

Bei Infektionskrankheiten wie der Malaria ist die Aufrechterhaltung eines Gleichgewichts
zwischen entzindungsfordernden und entziindungshemmenden Immunreaktionen von
entscheidender Bedeutung, um eine erfolgreiche Bekdmpfung des Erregers zu gewahrleisten,
ohne Immunpathologie zu verursachen. Es hat sich gezeigt, dass pro-inflammatorisch-
wirkende, zytotoxische CD8*GrzB* T-Zellen eine wesentliche Rolle bei der Entstehung von
experimenteller zerebraler Malaria spielen. lhre Rolle bei Patienten mit akuter Plasmodium
falciparum (Pf) Malaria ist jedoch noch nicht vollstandig geklart. Die Induktion von ko-
inhibitorischen Molekllen auf T-Zellen ist ein Mechanismus, der dieser T-Zell-vermittelten
Immunpathologie entgegenwirken koénnte. Es wurde gezeigt, dass regulatorische
CD4*FoxP3PD-1* T-Zellen mit Merkmalen von Typ 1 regulatorischen T- (Trl) Zellen bei
Patienten mit Pf~Malaria induziert sind. Ob sie jedoch einen Einfluss auf den Krankheitsverlauf
der Malaria haben, wurde bisher nicht hinreichend geklart. Ziel dieser Studie war es daher, die
Rolle zytotoxischer CD8" T-Zellen und potenziell entgegenwirkender, malaria-induzierter
regulatorischer T-Zell-Populationen zu untersuchen. Zu diesem Zweck wurden T-Zellen von
Erwachsenen und Ghanaischen Kindern, die an Malaria erkrankt waren, sowie von gesunden
Spendern durchflusszytometrisch analysiert. Darliber hinaus wurden verschiedene
Untergruppen der Malaria-induzierten regulatorischen CD4*FoxP3PD-1* T-Zellen aus dem
peripheren Blut von Malariapatienten und gesunden Spendern isoliert und mit autologen
Responderzellen inkubiert, um ihre suppressive Funktion zu untersuchen.

Wir konnten zeigen, dass der Anteil der CD8GrzB* T-Zellen bei, an Pf-Malaria erkrankten
Ghanaischen Kindern, signifikant mit dem Schweregrad der Erkrankung korreliert, was ihre
Rolle bei der Entwicklung einer schweren Malaria beim Menschen unterstreicht. Bei der
Analyse verschiedener Untergruppen regulatorischer CD4*FoxP3°PD-1* T-Zellen identifizierten
wir auBerdem eine Malaria-induzierte Population, die LAG-3 und CD49b ko-exprimiert. LAG-3
und CD49b sind Marker fur Tr1-Zellen. Wahrend sich die Anzahl dieser Zellen nicht zwischen
Ghanaischen Kindern mit schwerer und leichter Malaria unterschied, zeigten phanotypische
Analysen eine signifikante Hochregulierung von TIGIT und TIM-3 bei Kindern mit schwerer
Malaria im Vergleich zu Kindern mit milder Malaria. Neben PD-1 identifizierten wir CCR5 als
einen weiteren Oberflachenmarker von Malaria-induzierten CD4*LAG-3"CD49b* T-Zellen.

Aufgrund der geringen Menge an CD4'LAG-3*CD49b* T-Zellen im peripheren Blut von
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Zusammenfassung

Malariapatienten analysierten wir stattdessen die suppressive Funktion verschiedener
Populationen von CD4*FoxP3PD-1* T-Zellen, die die CD4*LAG-3*CD49b* T-Zellpopulation
enthalten. Interessanterweise zeigten die CCR5* Zellen einen aktiveren Phanotyp und Ubten
eine starkere suppressive Funktion aus als die CCR5 Zellen. Im Gegensatz dazu fihrte die
Expression von TIGIT zu verminderten suppressiven Fahigkeiten und einem weniger aktivierten
Phanotyp. Bemerkenswerterweise korrelierte die Anzahl an CD4*PD-1*TIGIT* T-Zellen mit dem
Schweregrad der Erkrankung bei an Malaria erkrankten Ghanaischen Kindern, was darauf
hindeutet, dass eine hohere Anzahl dieser dysfunktionalen regulatorischen T-Zellen die
Immunpathologie bei Malariapatienten beglnstigt.

Zusammenfassend unterstreicht diese Studie die kritische Rolle der GrzB-produzierenden
CD8* T-Zellen bei der Entwicklung einer schweren klinischen Malaria und zeigt, dass auch ein
Versagen der regulatorischen T-Zellfunktionen zur Immunpathologie beitragen kdnnte. Eine
weitere Analyse des Zusammenspiels zwischen zytotoxischen CD8" T-Zellen und Malaria-
induzierten regulatorischen T-Zellen und der Regulierung ihrer Funktionalitat kdnnte in Zukunft
von Bedeutung fir die Behandlung von Malaria und die Verbesserung des klinischen Verlaufs

von schwerer Malaria sein.

XV
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1 Introduction

1.1 Malaria

The mosquito-borne disease malaria remains a major threat, mainly to people living in
resource-limited countries and areas. In 2021, 84 countries were malaria-endemic with an
estimated 247 million cases and 619,000 deaths (1). Africa accounted for 95 % of all global
malaria cases and 96 % of deaths and is therefore the region most affected by malaria, followed
by the Eastern Mediterranean Region (2.5 % cases, 2 % deaths), South-East Asia (2 % cases,
1.5 % deaths), the Western Pacific Region (< 1 % cases and deaths) and Central and South

America (< 1 % cases and deaths) (Figure 1).

Il One or more indigenous cases Bl Certified malaria free after 2000
Zero indigenous cases in 2019-2021 No malaria
) Zero indigenous cases in 2021 Not applicable
- — Il Zero indigenous cases (>3 years) in 2021

Figure 1: Countries with indigenous malaria cases between 2000 and 2021.

The map shows all countries that had reported indigenous malaria cases in 2000 and their status in the year 2021.
According to the World Health Organization (WHO), all countries that had no reported indigenous case in three
consecutive years are considered to have eliminated malaria. The European region has been malaria-free since
2015. Source of the map: World malaria report 2022 of the WHO (1).

Due to improved preventive measures, like the distribution of insecticide-treated mosquito
nets, seasonal malaria chemoprevention, better diagnosis and easier access to medication, the
number of global death cases has declined over the last years, from 897,000 in 2000 to 568,000

in 2019 (2). Between 2019 and 2021, the number of malaria cases increased from around 229
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million to 247 million cases. In addition, the number of malaria deaths increased by 10 %
between 2019 and 2020 from 568,000 to 625,000, mainly due to service disruptions caused by
the ongoing COVID-19 pandemic (3). Although malaria deaths slightly decreased again between
2020 and 2021, malaria is still far from being under control and further measures are needed
to cope with this threat.

The most vulnerable groups affected by malaria are pregnant women and their fetuses as well
as children under the age of 5. Young children account for approximately 60-70 % of death
cases each year and children born to infected mothers often suffer from low birth weight, which
is associated with an increased infant mortality rate (2, 4).

Malaria is caused by single-celled, eukaryotic, protozoan parasites of the genus Plasmodium.
There are 5 different human pathogenic strains of Plasmodium with different characteristics
with regard to their pathogenicity and disease severity. Plasmodium falciparum (Pf) and
Plasmodium vivax are the most prevalent parasite strains. Plasmodium vivax predominantly
occurs in Central and South America and normally causes milder symptoms than Pf. Other
strains are Plasmodium malariae, Plasmodium ovale and the zoonotic parasite Plasmodium
knowlesi (5). Plasmodium falciparum is responsible for over 99 % of the infections in sub-
Saharan Africa (2). It causes the most severe form of malaria, the malaria tropica, and accounts
for the vast majority of annual malaria deaths. Due to its relevance, this work focuses on
infections with Plasmodium falciparum.

Generally, the disease malaria is divided into three groups based on disease severity:
asymptomatic, mild (uncomplicated) and severe (complicated). In the beginning, malaria leads
to unspecific symptoms like headaches, fever, respiratory distress, nausea, joint pain, coughing
and diarrhea, which makes it difficult to distinguish them from those of other infectious
diseases (6, 7). As the disease progresses, many patients also develop anemia which can
become severe, especially in infections with Pf. Symptoms of severe malaria include severe
anemia, respiratory distress, hyperparasitemia (parasitemia > 10 %) and acidosis (8). In a
particularly severe course of Pf-malaria, some patients develop cerebral malaria (CM), with
symptoms including neuronal deficits, paralysis, seizures and coma (9). Approximately 1 % of
patients develop CM, of which 90 % occur in children in sub-Saharan Africa (2). At 15-20 %, the
mortality rate of CM is quite high and around 10-20 % of patients suffer from long-term
complications after surviving it (9, 10). Multiple factors are involved in the development of CM,

and not all mechanisms are fully understood yet. The main factor causing CM in humans is the
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sequestration of Pf-infected erythrocytes in vascular endothelial cells of the brain (11). Other
factors are increased inflammation caused by an exacerbated proinflammatory cytokine
response in the brain, and widespread coagulation in blood vessels of the brain (12, 13). All of
these events lead to a disruption of the blood-brain barrier, thus causing severe neurological
complications.

People living in a malaria-endemic region with a high transmission rate — where the antigen is
constantly present — develop partial immunity over time. After several malaria episodes during
their childhood, adults are partly immune and are more likely to develop only mild or no
symptoms after an infection with Pf (14). However, this immunity is only temporary and fades
as soon as people are no longer exposed to the antigen (for example when they leave the

country for a longer period of time).

1.1.1 Plasmodia life cycle

Plasmodia are transmitted to the human host as sporozoites by female Anopheles mosquitos
during a blood meal, where they undergo a complex life cycle (Figure 2). The sporozoites
migrate quickly from the skin through blood vessels into the liver, where they invade
hepatocytes (15). Here they multiply asexually and develop into merozoites. One sporozoite
thus gives rise to several thousand merozoites. This liver stage lasts 6-7 days and is usually
asymptomatic (16). The merozoite-filled hepatocytes, called schizonts, eventually rupture and
the merozoites are released into the blood stream where they infect red blood cells (RBC) and
the blood stage begins (17). Plasmodium vivax and Plasmodium ovale can persist in the liver in
a dormant stage known as hypnozoites, and thus can cause relapses even months or years after
the initial infection (18). The merozoites multiply inside the RBC and undergo different
developmental stages. First, they develop into the ring stage, followed by the trophozoite stage.
Finally, they form schizonts that rupture and release merozoites into the blood stream, where
they infect RBC and the cycle starts over again (19). The rupture of RBC causes a strong
inflammatory response characterized by the onset of symptoms, most notably fever. The
developmental cycle of merozoites inside RBC takes 36-72 hours, which results in recurrent,
regular episodes of fever (16). Some parasites develop from the ring stage into sexual stages
(male and female gametocytes) that can be taken up by an Anopheles mosquito during a blood
feed to undergo sexual development inside the mosquito and infect a new human host,

fulfilling the whole life cycle (20).
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Figure 2: Asexual life cycle of Plasmodium falciparum inside the human host.

Female Anopheles mosquitos transmit Plasmodium falciparum (Pf) parasites during a blood feed (1). These
sporozoites migrate quickly to the liver where they infect hepatocytes and the liver stage begins (2). The parasites
develop into schizonts that eventually rupture and release thousands of merozoites into the blood stream (3).
They infect red blood cells (RBC) and the blood stage takes place (4). Inside the RBC, the parasites undergo
different developmental stages: the ring stage (5), the trophozoite stage (6a) and finally the schizont stage (7). The
schizonts rupture and release merozoites, which again infect RBCs and the cycle starts from the beginning. Some
parasites develop from the ring stage into gametocytes (6b) — the sexual stages —which can be ingested by another
Anopheles mosquito during a blood meal (8). Sexual development of the parasites then takes place inside the
mosquito’s gut.

Adapted  from  “Malaria  Transmission  Cycle”, by BioRender.com (2021). Retrieved from
https://app.biorender.com/biorender-templates.

1.2 The immune system

1.2.1 Innate immunity

The immune system protects humans from pathogens such as bacteria, viruses, fungi and
parasites through complex defense mechanisms. In this process, a non-specific immune
response by the innate immune system forms one of the first lines of defense. Cellular
components of the innate immune system include natural killer (NK) cells, macrophages and
dendritic cells. While NK cells can induce apoptosis of infected cells by secreting cytotoxic

granules, macrophages and dendritic cells are so-called professional antigen-presenting cells
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(APC) that can phagocytose pathogens (21, 22). After intracellular processing, these APC
present small parts of the pathogens as antigens on their cell surface via major
histocompatibility complexes (MHC). These MHC-antigen complexes are recognized by cells of
the adaptive immune system. Cellular responses of the innate immune system to pathogens
result in the release of messenger substances, such as cytokines and chemokines, which recruit
additional immune cells to the site of inflammation. The cellular and humoral (soluble)
components of the innate immune system interact with the cells of the adaptive immune

system to initiate a specific and selective immune response.

1.2.2 Adaptive immunity

The cells of the adaptive immune system are the B and T lymphocytes, which recognize antigens
via their specific surface receptors — the B and T cell receptor (BCR and TCR). While T cells
initiate the cellular immune response, activated B cells provide a humoral immune response by
releasing antigen-specific antibodies. B cells mature inside the bone marrow and subsequently
migrate through the blood to secondary lymphoid organs, such as the spleen and lymph nodes
(23). T cells develop inside the thymus and, depending on the structure of their TCR, a
distinction is made between aB-T cells, which account for 90-95% of circulating T cells, and y6&-
T cells that are mostly tissue-resident (24). Since this work is limited to studies on aB-T cells,
only these will be described in more detail here. During the maturation of aB3-T cells, an antigen-
specific receptor complex is formed, consisting of the TCR, cluster of differentiation 3 (CD3),
and a co-receptor (25). As a co-receptor, mature af-T cells express either CD4 or CD8, dividing
them into CD4* and CD8* T cells. The TCR specifically binds antigens presented by APC via MHC
molecules. In this process, CD4 binds to MHC class Il (MHCII) and CD8 to MHC class | molecules
(MHCI). Three signals are required for full T cell activation. Recognition of antigens presented
on MHC by APC forms the first signal and binding of co-stimulatory molecules is required as the
second signal (26). One of the best-characterized costimulatory signals is caused by the binding
of CD28 to CD80 (27, 28) and CD86 (29-31). CD28 is constitutively expressed on T cells (32) and
CD80 and CD86 are expressed by APCs such as macrophages, DCs and B cells (33). The
expression of CD80 and CD8&6 is induced by activation of APCs, for example during infection
with certain microbes. The signal mediated by CD28 supports TCR signaling pathways by

inducing survival signals and the production of IL-2, which leads to T cell proliferation (34, 35).
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Cytokine-mediated signals derived, for example, from activated dendritic cells, macrophages,
NK cells or other T cells are critical for T cell differentiation and form the third signal required
for full T cell activation. Naive T cells differentiate into T effector cells or memory T cells after
activation. While T effector cells induce inflammatory processes by activating B cells and cells
of the innate immune system, regulatory T cells (Treg) are responsible for regulating and
inhibiting these processes, as described in more detail in section 1.2.4. In response to an
infection, some antigen-specific activated T cells develop into memory T cells, which are rapidly
activated upon re-exposure to the same antigen, often ensuring a rapid elimination of the

pathogen (36).

1.2.3 Effector T cells

Activated T cells differentiate into different effector T cell types. CD8* T cells differentiate into
cytotoxic T cells (CTL). Their main function is to recognize and eliminate infected and malignant
endogenous cells by secreting cytotoxic molecules such as granzymes and perforin (37). CD4*
T effector cells, also called T helper (Th) cells, are divided into several subgroups, including Th1,
Th2 and Th17 cells. Naive CD4* T cells produce very small amounts of cytokines. Shortly after
activation, they produce interleukin 2 (IL-2), which stimulates their proliferation. The release of
IL-12 and interferon gamma (IFN-y) by activated macrophages, dendritic cells and NK cells
results in the development of Th1 cells, which in turn mainly produce IFN-y and induce further
activation of macrophages (38). Th2 cells develop, for example, in response to helminth
infections or allergens at high concentrations of IL-4, which is secreted by mast cells and Th2
cells themselves (39). Th2 cells mainly produce IL-4, IL-5 and IL-13 and stimulate the activation
of mast cells and eosinophils and the release of immunoglobulin (Ig) E (40). Infections with
various bacteria and fungi lead to activation of dendritic cells and production of IL-6, IL-1 and
IL-23, inducing differentiation of Th17 cells (41). These produce IL-17 and IL-22 and recruit and
activate neutrophil granulocytes, which, like macrophages, can ingest pathogens by

phagocytosis and are also an important component of the innate immune system.

1.2.4 Regulatory T cells
The proinflammatory responses of T effector cells to combat and eliminate pathogens can be
harmful to the host and may lead to tissue damage and other unwanted complications. It is

necessary to prevent endogenous or harmless exogenous antigens (for example food-
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associated allergens) from being recognized as harmful. Therefore, it is of great importance to
regulate the reactions of T effector cells and other immune cells. This is essentially done by
natural regulatory CD4* T cells (nTreg), which already develop in the thymus and can be
characterized by the expression of the IL-2 receptor a-chain (CD25) and the transcription factor
forkhead box P3 (Foxp3) (42, 43). There is evidence that their regulatory function is mainly
based on the release of the immunomodulatory cytokines IL-10 and TGF-B (44-48). By
expressing high levels of CD25, nTreg might also regulate effector T cell functions through IL-2
consumption (49). During acute infections, another population of Treg cells differentiates from
naive CD4* T cells. These cells are referred to as induced regulatory T cells (iTreg) (50-52). The
interplay between both Treg populations is important for maintaining immune homeostasis
(53).

Another type of regulatory CD4* T cells are type 1 regulatory T cells (Tr1 cells), which were first
described in an immunodeficient patient who had received a stem cell transplant (54). In
contrast to nTreg, they only transiently express low levels of FoxP3 upon activation (55). They
show high suppressive activity during various immune-mediated diseases and maintain
immune tolerance (56, 57). They mainly regulate effector cell responses by releasing IL-10 and
TGF-B and eliminating APC by granzyme B (58, 59). Trl cells express the ectonuclease CD39,
which exerts anti-inflammatory effects by degrading extracellular adenosine triphosphate
(ATP) (60). CD49b, the a2 subunit of very late activation antigen 2 (VLA-2), and the co-inhibitor
lymphocyte-activation gene 3 (LAG-3), have both been described as markers for both murine
and human Tr1 cells (61, 62). It has been shown that in different contexts Tr1 cells can develop
from naive and memory CD4* T cells as well as from Th1, Th2 and Th17 cells (63). In malaria,
the conversion of Th1l cells into Trl cells was suggested through a combination of single-cell

RNA sequencing and computational analysis (64).

1.3 T cell exhaustion

Under steady state conditions, CD8" T cells recognize antigens presented by APC and kill them
effectively. This controls the outgrowth of mutated cells and the expansion of pathogens within
infected cells. Effector T cells either die after potential agitators have been eliminated or they
transition into memory cells, ensuring a rapid immune response after reinfection with the same

pathogen or cancer relapses. In contrast, in certain chronic viral infections and tumors, constant
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antigen exposure can lead to a dysfunctional T cell state (65). This state, where T cell function,
activity and cytokine production is impaired, is termed T cell exhaustion. This mechanism is
important to maintain immune homeostasis during chronic infections by preventing severe
damage to the host but also ensuring further pathogen elimination. Initially, T cell exhaustion
was discovered in mice infected with the lymphocytic choriomeningitis virus (LCMV), in which
CD8* T cells lost their ability to kill infected cells and thus prevent proper viral clearance (66).
Furthermore, in certain tumors, T cell exhaustion has been found to be responsible for impaired
tumor growth control (67-69). A key characteristic of exhausted T cells is the expression of so-
called co-inhibitory molecules which will be described in detail in the following chapter (1.4 Co-
Inhibitory molecules). In short, these are molecules that are able to downregulate effector
functions of other immune cells. Antibody-mediated blockade of co-inhibitory molecules to
regain or improve T cell function was first successfully implemented in cancer therapy (70). The
antibodies are designed to block the interaction between the co-inhibitory molecule and its
respective ligand without conferring the otherwise-induced downstream signal. Accordingly, T
cell function is restored, leading to higher levels of pro-inflammatory cytokines and increased
effector T cell proliferation. Immune therapy with antibodies targeting PD-1 or CTLA-4 were
successfully implemented as a therapeutic approach against certain tumors, restoring effector
functions of tumor-specific T cells (71). The effectiveness of such immune checkpoint inhibitors
in infectious diseases has been less intensively studied than for cancer. However, several
studies suggest that administration of blocking antibodies against one or multiple co-inhibitory
receptors can enhance the T cell response, providing immune protection during, for example,
HIV infection, HBV infection, HCV infection, tuberculosis and malaria (72). Recently, a Phase |l
clinical trial with HIV-infected patients showed that administration of an anti-PDL-1 antibody
led to enhanced HIV-1-specific immunity in most study participants. So far, this has been the
only study with an immune checkpoint inhibitor in HIV patients without cancer (73). These
results clearly show that immunotherapy with immune checkpoint inhibitors that restore T
effector functions can be a potential therapy approach not only in cancer but also in infectious
diseases.

Of note, most studies investigating T cell exhaustion have been focused on CD8" T cells.
However, CD4* T cells also show diminished production of IL-2, IFN-y and TNF-a and express
high levels of co-inhibitory molecules during chronic infections, indicating T cell exhaustion (74,

75).
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In malaria, the role of T cell exhaustion during the anti-parasitic immune response is
controversially discussed. Increased expression of several co-inhibitory molecules on both CD4*
and CD8" T cells has been described in human as well as rodent malaria (76, 77). Accordingly,
co-blockade of LAG-3 and PD-L1 in mice infected with Plasmodium yoelii enhanced CD4* T cell
cytokine production and antibody responses, which led to a more rapid parasite clearance (74).
In case of the lethal infection of mice with Plasmodium berghei ANKA, the blockade of CTLA-4
led also to an increased activation and proliferation of CD4* T cells (78). However, instead of a
more protective immune response, the treatment led to enhanced immunopathology and
earlier death of the mice. Studies addressing T cell exhaustion in human malaria have focused
mainly on the phenotypic characteristics of exhausted T cells, such as the expression of co-
inhibitory molecules, but lack the investigation of effector functions of those T cells. However,
in human as well as in mouse malaria it has been shown that CD4* T cells that express PD-1 and
CTLA-4 co-express the activation marker inducible T cell co-stimulator (ICOS) and the
proliferation marker CD69 (76, 79-81). This indicates a more activated state of co-inhibitory
molecule-expressing T cells in malaria rather than an exhausted phenotype. Concurrent with
that, a recent study found that co-inhibitory rich CD8* T cells of mice infected with P. berghei
ANKA produce high levels of cytokines and effector molecules and exert enhanced cytotoxic
activity, indicating that these cells are indeed not exhausted but highly activated (82). Taken
together, the expression of co-inhibitory molecules on T cells plays an important role in
sustaining the quality and effectiveness of the anti-malarial T cell response and further
investigation is needed to fully dissect their influence on the development of immunity in the

context of malaria.

1.4 Co-inhibitory molecules

The fine-tuning of the immune reaction to a pathogen is of crucial importance for the outcome
of disease. The induction of co-inhibitory molecules on T cells may play a key role in regulating
overwhelming immune responses and thus preventing immunopathology. In a multifaceted
disease like malaria, the interplay between immune activation and inhibition may be of utmost
importance to balance the immune response. In the following chapter, the co-inhibitory

molecules most relevant for this work are described in more detail (Figure 3).
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Figure 3: Schematic overview of co-inhibitory and regulatory molecules and their respective ligands relevant
for this work.

Co-inhibitory molecules play an important role in maintaining immune homeostasis. They are also referred to as
immune checkpoint molecules and can be expressed by T cells. Examples of such co-inhibitory molecules are TIM-
3, LAG-3, PD-1, TIGIT and CTLA-4, which engage their immune suppressive function by binding to their ligands.
These ligands can either be surface-bound, for example on antigen-presenting cells, or soluble, as in the case of
Galectins, FGL1 and PtdSer. CD39 is an example of a membrane-bound molecule that, together with CD73,
regulates immune responses by degrading pro-inflammatory extracellular ATP to anti-inflammatory-acting
adenosine.

PtdSer: Phosphatidylserine, FGL1: Fibrinogen-like protein 1, TCR: T cell receptor, ATP: Adenosine triphosphate,
AMP: Adenosine monophosphate. Created with BioRender.com.

1.4.1 PD-1

Programmed cell death protein 1 (PD-1 or CD279) is a membrane protein and one of the best
characterized co-inhibitory molecules. It consists of an extracellular immunoglobulin-like
variable (lgV) domain and is a member of the immunoglobulin superfamily (83). The
cytoplasmic domain of PD-1 has an immunoreceptor tyrosine-based inhibitory motif (ITIM) and
an immunoreceptor tyrosine-based switch motif (ITSM). Binding of PD-1 to one of its ligands,
programmed cell death ligand 1 (PD-L1) or 2 (PD-L2), phosphorylates the ITIM and the ITSM
(84, 85). This recruits the Src homology 2 domain-containing phosphatases 1 and 2 (SHP-1 and
SHP-2), which subsequently dephosphorylate signaling molecules of the TCR signaling cascade

and thereby inactivate them (86, 87). Thus, the interaction of PD-1 with its ligands leads to
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inhibition of TCR-mediated T cell activation. Additionally, it has also been described that SHP-2
phosphatase recruited by PD-1 is responsible for inhibition of CD28-mediated signaling (88).
PD-1 expression has mainly been described on T cells, but it may be also found on B cells,
dendritic cells and activated monocytes (89). While it is only expressed at low to undetectable
levels by non-activated T cells, it is upregulated on the surface of T cells shortly after stimulation
via the TCR or different cytokines like interleukin 2 (IL-2), interleukin 7 (IL-7) or type | interferons
(90). Therefore, the expression of PD-1 has been considered an activation marker of T cells.
Expression of PD-1 on T cells can be induced in vitro; for example, by stimulation with a-CD3
and a-CD28 antibodies and with persistent antigen exposure or stimulation, the expression of
PD-1 remains stable (91, 92).

PD-L1 is constitutively expressed on T cells, B cells, macrophages and dendritic cells, as well as
non-lymphoid tissue cells in the heart and lung, on parenchymal cells and on tumor cells (84,
93-95). PDL-1 expression on T cells, B cells and epithelial cells can be induced by interferon a
(IFN-a), IFN-B, IFN-y, and tumor necrosis factor a (TNF-a). In vitro stimulation with anti-CD3
and anti-CD28 antibodies also leads to an upregulation of PD-L1 on T cells (91, 92). PD-L2 is
expressed on activated dendritic cells and macrophages. On dendritic cells, PD-L2 expression
can be induced by IL-4, IFN-a, IFN-B and IFN-y (96).

Interestingly, in both human and experimental malaria, PD-1 is known to be upregulated on
CD4* as well as CD8* T cells (74, 76, 77, 80, 97). In chronic diseases, expression of PD-1 on T
cells has been associated with reduced T cell function (98-100). Accordingly, CD4* T cells co-
expressing PD-1 and LAG-3 have been shown to display reduced cytokine production and an
anergic phenotype in cancer as well as in malaria (74, 101). In contrast, other studies have
found that in both murine and human malaria, PD-1 and CTLA-4-expressing CD4* T cells express
higher levels of activation markers, such as ICOS and CD69, and of the proliferation marker
Ki67 than their PD-1" counterparts (80, 81, 102). A similar finding was recently discovered in
experimental malaria, where CD8" T cells expressing high levels of PD-1 had a higher cytotoxic
capacity than PD-1'° and PD-1" cells (82). These results suggest that, in the context of malaria,

PD-1 can be considered a marker of T cell activation rather than dysfunction.

1.4.2 TIGIT
The co-inhibitory receptor T cell immunoreceptor with Ig and ITIM domains (TIGIT) also belongs

to the Ig superfamily (103, 104). It was first identified in 2009 and is expressed on activated T
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cells, memory T cells and Tregs (105). In addition to T cells, TIGIT is constitutively expressed by
human NK cells. In contrast, murine NK cells express TIGIT only after prior activation (106).
Together with CD226, TIGIT features a signaling pathway similar to that of CD28 and CTLA-4.
While CD226 is a co-stimulatory molecule, TIGIT acts in an inhibitory manner. Both molecules
bind to the ligands CD155 and CD112, resulting in competition for binding partners. TIGIT binds
to CD155 with a significantly higher affinity than CD226. CD226 is expressed by macrophages,
T cells and NK cells, and CD155 and CD112 are expressed by dendritic cells, T cells and also
tumor cells (107).

TIGIT can regulate T cell responses both cell-intrinsically via its intracellular ITIM domain or cell-
extrinsically via binding to CD155, which has its own ITIM. The interaction of TIGIT with CD155
expressed by dendritic cells leads to increased production of IL-10 and decreased production
of IL-12 by the respective dendritic cell (103). Thus, the T cell response is indirectly inhibited by
the emergence of tolerogenic dendritic cells. TIGIT’s cell-intrinsic mode of action has been
confirmed by several studies. By activating the TIGIT pathway in vitro using an agonistic anti-
TIGIT monoclonal antibody, human CD4* T cells showed limited proliferation and reduced
production of IFN-y (108). This was independent of the signals mediated by CD155.
Furthermore, stimulation of T cells with agonistic anti-TIGIT antibodies induced the production
of regulatory effector molecules such as IL-10, also highlighting the cell-intrinsic regulation of

TIGIT (109, 110).

1.4.3 LAG-3

Another co-inhibitor studied in this work is the lymphocyte-activation gene 3 (LAG-3 or CD223).
It is similar in structure to the T cell co-receptor CD4 and is expressed on activated T and NK
cells. LAG-3 binds to MHCII with a higher affinity than CD4 does (111, 112). However, LAG-3
also affects the function of CD8* T cells and NK cells, which do not interact with MHCII,
suggesting interaction with additional ligands. Recently, fibrinogen-like protein 1 (FGL1), a liver-
secreted protein, was identified as one of these ligands (113). Another ligand is the liver
sinusoidal endothelial cell lectin (LSECtin), which is expressed by liver cells and tumor cells
(114). LAG-3 inhibits T cell proliferation by interacting with CD3, resulting in reduced cytokine
production and calcium flux (115).

LAG-3 is expressed on natural Tregs as well as on induced Tregs and Trl cells (61, 62, 116).

Blockade of LAG-3 leads to abrogation of the regulatory function of Tregs while inducing
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proliferation of CD4* T effector cells, their production of IL-2 and thus the development of Th1l
cells. Tregs show a stronger suppressive effect on CD4* effector T cells expressing LAG-3 than
on those not expressing LAG-3 (117, 118). These results confirm the role of LAG-3 in Treg-based

regulation of T cell homeostasis.

1.4.4 TIM-3

The co-inhibitor T-cell immunoglobulin and mucin-domain containing-3 (TIM-3 or CD366) is
expressed mainly by activated Th1 cells, but also by regulatory T cells, Th17 cells and cytotoxic
T cells (CTL) (119-121). In addition, monocytes, dendritic cells and NK cells can express TIM-3
on their cell surface (105, 122). One ligand of TIM-3 is the C-type lectin galectin-9. The
interaction of TIM-3 with galrectin-9 has been shown to promote the selective loss of IFN-y-
producing Th1l cells and thus ameliorate experimental autoimmune encephalomyelitis (EAE) —
an experimental mouse model for multiple sclerosis (123). TIM-3 also interacts with
phosphatidylserine (PtSer) on apoptotic cells, promoting their uptake and cross-presentation
of antigens by TIM-3-expressing DCs (124). The most recently identified ligand of TIM-3 is
CEACAM-1, which has been shown to promote the stability of TIM-3 on the cell surface and
thus is important for the regulatory function of TIM-3 (125). The discovery of TIM-3 led to the
identification of the TIM gene family, which is associated with gene loci linked to immune-
mediated diseases such as asthma, allergies and atopy in both humans and mice (126). Like
LAG-3, TIM-3 does not possess a classical cytoplasmic signaling motif, but five conserved
tyrosine residues that can be phosphorylated for example by Src kinases. Thus, through a SHP
2-mediated signaling cascade, the activating TCR-mediated signal is prevented (127).

Blockade of TIM-3 results in increased production of IFN-y, IL-17, IL-2 and IL 6 but not IL-4,
IL-10 or TNF-a, confirming the inhibitory effect of TIM-3 (120). Peripheral blood T cells from
patients with multiple sclerosis, rheumatoid arthritis and psoriasis express only little TIM-3,
whereas TIM-3 expression on CD8" T cells is markedly increased during chronic viral infections
such as HIV, HBV and HCV or cancers and is associated with T cell exhaustion (123, 128, 129).
TIM-3 is also induced on Tregs localized in tissues with acute inflammation (105). Thus, the
functions of TIM-3 affect both regulatory and effector T cells and thus influence the course of

various diseases.
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1.4.5 CD39

The ectonucleotidase CD39 (ectonucleoside triphosphate diphosphohydrolase 1/ NTPDase 1)
is an integral membrane protein that catalyzes the conversion of extracellular adenosine
triphosphate (eATP) and adenosine diphosphate (ADP) to adenosine monophosphate (AMP)
(130). AMP is subsequently dephosphorylated to adenosine by CD73, another ectonucleotidase
(131). ATP is the main energy source for cells and is crucial for nearly all cellular biological
processes. During, for example, apoptosis or necrosis, ATP is released to the extracellular space.
This eATP acts in a pro-inflammatory manner while adenosine has immune-inhibitory functions
(132). Thus, CD39 acts as an immune regulator by breaking down the pro-inflammatory eATP.
Accordingly, this molecule is often found on cells with immunosuppressive capacity, such as
nTregs and Trl cells (133, 134). Additionally, CD39 has been described as a marker of exhausted

CD8* T cells in chronic viral infections (135).

1.5 Immunity to malaria and vaccine strategies

The patients” immune system faces several challenges when combating an infection with
Plasmodium parasites. First, it has to deal with an intracellular parasite that infects cells of an
immune-tolerogenic organ (the liver) and subsequently infects red blood cells that lack any
MHC molecules, preventing them from being recognized by cells of the adaptive immune
system. Secondly, the enormous replication rate of the parasite inside the infected cells enables
it to successfully establish an infection even when the number of initially inoculated sporozoites
is very low (136). In addition, the parasites express different proteins in their various
developmental stages, some of which also exhibit polymorphisms, leading to a huge variety of
possible antigens (137). Nevertheless, the various components of the immune system interact
with each other to fight the infection.

After a bite from an infected Anopheles mosquito, some sporozoites also enter the skin draining
lymph nodes, where they are phagocytosed by resident dendritic cells (138). These dendritic
cells process and cross-present plasmodial antigens, which is essential for priming of cytotoxic
CD8* T cells that can then recognize and kill infected hepatocytes (139). Together with
CD4* T cells, this priming of CD8* T cells by skin draining lymph node-resident dendritic cells is
crucial for the formation of central and effector CD8" memory T cells (140). However, the main

target organ of the sporozoites is the liver, where they infect hepatocytes. Liver-resident cells
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of the innate immune compartment may recognize specific molecules of the parasites (for
example RNA) as pathogen-associated molecular patterns (PAMPs) via their own pattern
recognition receptors (PRRs) (141). Upon recognition, they induce a type | interferon response,
which in turn recruits other lymphocytes to the infected liver. Activated NK cells as well as NKT
cells have been shown to have an at least partially protective function by inhibiting parasite
development in infected hepatocytes (142, 143). Furthermore, through the help of antigen-
presenting cells, CD4* T cells recognize antigen presented through the MHCII, leading them to
become activated and produce IFN-y. This antigen-specific Th1 response has been shown to be
important to reduce the parasite burden and disease severity in naturally exposed and
experimentally vaccinated individuals (144). In combination with other Th1l associated
cytokines such as IL-2, it aids the activation of both adaptive and innate immune cells like
macrophages and NK cells (145, 146). This IFN-y, produced by Th1 cells among others, is a key
cytokine in liver stage immunity (147). Because of the tolerogenic nature of the liver milieu and
the small number of antigens, this immune response is limited and the liver stage progresses
asymptomatically. However, with the transition to the blood stage, this changes. The blood
stage is accompanied by fever, induced by the pro-inflammatory response of multiple immune
compartments. On the innate side, activated NK cells are able to directly lyse infected red blood
cells (146), while activated macrophages accumulate in the spleen, phagocytosing infected red
blood cells, and further promote a Thl response by producing IL-12 (148, 149). This Thl
response is a hallmark characteristic of malaria, and is marked by increased serum IFN-y levels
(150). Whereas CD4* T cells interact with professional antigen-presenting cells which present
peptides over MHCII, CD8* T cells can interact with almost all cell types in the body via antigens
presented by MHCI. While hepatocytes express MHCI molecules, enabling them to present
antigens to cytotoxic CD8" T cells, erythrocytes lack any MHC molecules. Accordingly, the liver
stage presents a potential target for T cell-mediated immunity, while the blood stage mainly
requires an antibody-mediated immune response (151, 152). This is provided by B cells, which,
upon recognition of antigen, mature to express B cell receptors with increasing affinity and
secreting plasmodium-specific antibodies. These antibodies are a key factor in controlling the
infection by, for example, opsonization of merozoites with subsequent complement activation
or antibody-dependent cellular inhibition in cooperation with monocytes and macrophages
(151, 153, 154). Despite CD8* T cells not being able to directly kill infected red blood cells, they

significantly influence disease progression in malaria. Multiple experiments, including depletion
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or knock out of CD8* T cells or their effector molecules in mice, have demonstrated their direct
involvement in the development of experimental cerebral malaria (155-157). Although similar
studies are difficult to perform in humans, increased numbers of CD8* T cells in the brains of
malaria-deceased children indicate a similar involvement in human malaria (158). It is
hypothesized that brain endothelial cells uptake plasmodium antigen and cross-present it via
their own MHCI, which in turn leads to their killing by cytotoxic CD8* T cells (159, 160).

While some CD4* T cells fulfill a pro-inflammatory role, they are a very plastic cell type which
may also act in an anti-inflammatory manner. It has been shown that CD4* Treg, as well as other
non-Treg CD4* T cells, are able to produce anti-inflammatory cytokines like IL-10 and TGF-f and
are capable of suppressing other effector T cells in vivo (44, 161, 162). Multiple studies found
increased IL-10 levels in the sera of malaria patients, indicating the induction of
immunoregulatory mechanisms during malaria (163, 164). Taken together, the immune
response to malaria is complex and multifaceted. A balance is required between an effective
immune response and an overwhelming activation of immune cells, which can lead to
immunopathology and ultimately be lethal.

Interestingly, despite experiencing multiple infections per year, people living in malaria-
endemic regions do not seem to develop a sterile, long-lasting immunity against Plasmodium
parasites (165). However, it has been shown that people living in malaria-endemic regions with
a high transmission rate gain the ability to tolerate the infection without developing severe
disease or even experience asymptomatic infections (14). This indicates a fine-tuned immune
response that balances pathogen control and immunopathology. The exact mechanisms for the
control of the immune response are not yet completely understood; it is conceivable that
expression of co-inhibitory molecules, induction of regulatory T cell subsets or a combination
of both contribute to the suppression of an overwhelming immune response. However, this
downregulation of Plasmodium-specific immune responses might also prevent the
development of a long-lasting or even sterile immunity against malaria. Nevertheless, over half
a million people, mostly young children under the age of 5, succumb to malaria each year
without achieving this balance, making the development of an effective anti-malaria vaccine
imperative.

Due to their important role in controlling the blood stage infection, targeting B cell-mediated
immunity against malaria is a promising vaccination strategy. Because of their primary focus

against the blood stage, these vaccines are often referred to as blood stage vaccines. However,
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blood stage vaccines suffer from a number of issues. First, the parasites are known for their
ability to express high numbers of var genes, leading to antigenic polymorphism (137). This
results in multiple invasion pathways ensuring redundancy if other receptors are blocked by
antibodies. In addition, free merozoites only spend seconds between rupture of one
erythrocyte and invading another. This combined with the sheer number of parasites in the
blood during infection makes it difficult to stop an emerging blood stage infection via B cell-
targeted vaccines. Therefore, despite several challenges, the majority of current vaccine
strategies target pre-erythrocytic stages (166). Stopping the infection during the liver stage
would be ideal, as the numbers of parasites are still very low and the infection progresses
asymptomatically. However, despite multiple attempts, the development of effective vaccines
has proven to be difficult. There are multiple reasons that might explain this phenomenon.
Since only a few hundred sporozoites are transmitted during the bite of a mosquito, the
probability of antigen-specific CD8" T cells to recognize and kill an infected hepatocyte is
relatively low (167). Combined with the fact that the liver stage only lasts for a limited time,
and the need to essentially kill all infected hepatocytes to prevent the transition to the blood
stage, inducing long-lasting T cell-mediated immunity through natural infections or
vaccinations is difficult to achieve. To induce a stronger activation of antigen-specific T cells,
several attempts have been proposed. One promising attempt was the use of radiation-
attenuated sporozoites (168). These are able to infect hepatocytes but lack the ability to
transition to the blood stage. Therefore, immunization with large amounts of radiation-
attenuated sporozoites makes large amounts of antigen available for a longer time span. The
vaccination with P. falciparum sporozoites (PfSPZ), a live radiation-attenuated whole organism
vaccine, has been shown to induce high numbers of antigen-specific CD4* as well as CD8" T cells
and provide protection from recurring infections in initial trials (169, 170). However, the
necessary cost-effective scale-up of mosquito-derived sporozoites, combined with the need of
constant cryopreservation, would be a large challenge in malaria-endemic regions, which often
lack the required infrastructure to provide stable storage conditions of this potential vaccine.

In addition, the initial euphoria about the effectiveness of the vaccine was diminished by studies
in malaria-endemic areas. The vaccine was found to be much less effective in adults who were
previously exposed to malaria compared to malaria-naive individuals (171). This led to the
hypothesis that previous malaria episodes prevent a robust immune response to vaccination.

The reasons for this are not yet fully understood.
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A possible solution to these challenges is the immunization with artificially synthesized
sporozoite-derived proteins, such as the RTS,S/ASO1 malaria vaccine (172). This vaccine consists
of a component of the circumsporozoite protein of P. falciparum which is fused to hepatitis B
surface antigen and is given along with the adjuvant ASO1 to boost the immune response. The
vaccine consists of a combination of both B and T cell epitopes contributing to both humoral
and cellular immunity. RTS,S/ASO1 has recently been studied in a phase 3 trial in 7 African
countries where, after 4 doses, it showed only a 36.5 % protection against clinical malaria in
children aged 5-17 months (173). While this is a promising step in the eradication of malaria as
a deadly disease, more effective vaccines are required to lessen the impact of malaria on global

health.

1.6 Studyaims

The balance between pro-inflammatory, pathogen-controlling immune responses and
regulatory, immunopathology-preventing mechanisms is crucial to manage the infection with
Plasmodium parasites while simultaneously protecting the host. However, whilst the
mechanisms of pathogen clearance have been studied extensively, the exact mechanisms that
control the immune response are poorly understood. Therefore, the goal of this work was to
further elucidate the role of regulatory T cell subsets as well as the expression of co-inhibitory
molecules in the context of malaria and disease progression. To this end, samples of Ghanaian
children suffering from mild or severe malaria as well as adult travelers infected with
P. falciparum were analyzed. A particular focus was laid on Tr1 cells and their role and plasticity
in malaria. Lastly, similar cells from healthy donors were studied to investigate the potential

mechanisms of their immune regulation.
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2 Material

2.1 Laboratory equipment

Table 1: Laboratory equipment

Equipment

Company

Analytical scale
Centrifuges
Heraeus Multifuge X3R
5415C
COzincubator Hera Cell 150
Flow cytometers
LSRII
LSR Fortessa
Cell sorter FACSarialllu
CytoFLEX S
Laminar flow hoods
LaminAir HB2448
UVF 6.18S
Microscope Axiostar plus
Milli-Q purification system
Mr. Frosty freezing container
Multichannel pipettes
Microliter pipettes
Pipetus

Vortex V-1 plus

Sartorius AG

Thermo Fisher Scientific
Eppendorf

Thermo Fisher Scientific

BD Bioscience
BD Bioscience
BD Bioscience

Beckman Coulter

Heraeus Instruments
BDK

Zeiss

Merck Millipore
Thermo Fisher Scientific
Eppendorf

Gilson, HTL, Eppendorf
Hirschmann Laborgerate

Kisker Biotech

Waterbath Eco ET 6S Lauda
2.2 Glass and plastic consumables
Table 2: Glass and plastic consumables

Material Company

Cell culture plates (U- and F-bottom, 96-well)

Greiner bio-one
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Combitips advanced (0,5 ml, 2,5 ml)
Cryo tubes

FACS tubes with polystyrene lid
FACS tubes

Filter CellTrics 30 um

Glass bottles Schott Duran (250 ml, 500 ml, 1 L)

Glass pipettes (2 ml, 5ml, 10 ml, 20 ml)

LS and LD columns

Neubauer counting chamber (0.1 mm x 0.0025 mm)
Pipette tips

Safety-Multifly® needle 21G 200 mm

SepMate™- 50 tubes

Eppendorf
Nunc

Greiner bio-one
Sarstedt
Sysmex Partec
Schott AG
Brand GmbH
Miltenyi Biotec
Hecht-Assistent
Sarstedt
Sarstedt

Stemcell Technologies

Serological pipettes Merck
S-Monovette™ 9 ml LH Sarstedt
Sterile filters (0,22 um, Stericup & Steritop) Millipore
Tubes (0,5 ml, 1,5 ml, 2 ml) Eppendorf
Tubes (15 ml, 50 ml) Sarstedt
2.3 Reagents
Table 3: Reagents
Reagent Company

BD GolgiStop™ (containing monensin)

Brefeldin A (1,000 x)

Cohn Il (mix of human immunoglobulins)
Dulbecco’s phosphate buffered saline (DPBS) 1x
Dimethyl sulfoxide (DMSO)
Ethylenediaminetetraacetic acid (EDTA)
FACSFlow™ sheath fluid

Ficoll-Paque™ PLUS

Gentamicin sulphate

BD Bioscience

BioLegend

Sigma-Aldrich

PAN-Biotech

Sigma-Aldrich

Ultrol Grade EMD Millipore
BD Bioscience

GE Healthcare

Lonza
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Giemsa Solution Sigma-Aldrich
HEPES buffer solution (1 M) PAA
L-Glutamine PAA
Methanol Sigma-Aldrich
PBS tablets Life Technologies
RBC Lysis/Fixation solution 10x BioLegend
Sodium azide > 99 % Carl Roth
Trypan blue (0,4%) Sigma-Aldrich
2.4 Media and sera
Table 4: Media and sera
Media/Serum Company

Fetal bovine serum (FBS) advanced collected in
South America, sterile-filtered

Human serum AB, male, seraclot

X-VIVO 15, serum free

RPMI 1640 (without L-glutamine)

Capricorn Scientific

PAN-Biotech
Lonza

PAN-Biotech

2.5 Prepared media and buffers

All media and buffers used for cell culture were sterile filtered before use and stored at 4 °C.

Table 5: Self-prepared media and buffers

Medium/Buffer

Composition

Complete RPMI (cRPMI)

FACS buffer

RPMI 1640 (without L-glutamine)
10 % human serum A/B

2.5 % HEPES buffer solution

1 % L-glutamine

0.5 % gentamicin

1x DPBS
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MACS buffer

1x PBSS

2.6 Kits

Table 6: Commercial kits

2 % FCS

0.1 % sodium azide

1x DPBS
0.5 % human serum AB

2 mM EDTA

1x PBS

1 % human serum A/B

Kit

Company

eBioscience FoxP3 staining buffer set
MACS CDA4 T cell isolation kit human
MACS CD8 T cell isolation kit human

2.7 Dyes and antibodies

Thermo Fisher Scientific
Miltenyi Biotec

Miltenyi Biotec

All antibodies used for flow cytometry or cell stimulation protocols were directed against

human epitopes.

Table 7: Cell dyes for flow cytometry

Dye

Company

LIVE/DEAD™ Fixable Blue Dead Cell Stain
Zombie NIR™ Fixable Viability Kit

Cell Proliferation Dye eFluor™ 450

Thermo Fisher Scientific
BioLegend

Thermo Fisher Scientific
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Table 8: Antibodies for flow cytometry

Epitope | Fluorochrome | Clone Panel Dilution | Company
CCR5 PE JA18F1 REG, Sortl 1:200 BioLegend
CCR5 PerCP-Cy5.5 JA18F1 ICS 1:100 BioLegend
CD3 APC/Cy7 HIT3a REG 1:400 BioLegend
GrzB 1:4,000
CD3 BUV737 SK7 ICS 1:100 BD Bioscience
CD4 APC RPA-T4 Sortl 1:100 BioLegend
CD4 BV510 RPA-T4 REG, ICS 1:100 BioLegend
CD4 BV510 OKT4 GrzB 1:100 BioLegend
CD4 APC/Cy7 RPA-T4 Sort2 1:100 BioLegend
CD8a AF700 RPA-T8 REG 1:500 BioLegend
GrzB 1:400
CD8a APC RPA-T8 Proli2 1:500 BioLegend
CD8a BUV395 RPA-T8 ICS 1:800 BD Bioscience
CD25 PE/Cy7 BC96 REG, Sort1, 1:100 BioLegend
Prolil
CD25 PE BC96 Sort2, Proli2 1:100 BioLegend
CD38 PE HB-7 GrzB 1:40 BioLegend
CD39 PE-Dazzle Al REG 1:200 BioLegend
CD39 BV711 Al ICS 1:200 BioLegend
CD39 Bv421 Al GrzB 1:100 BioLegend
CD49b FITC P1E6-C5 REG, ICS 1:100 BioLegend
CD69 FITC FN50 GrzB 1:40 BioLegend
CD127 AF488 AQ019D5 Sortl+2, 1:100 BioLegend
Prolil+2
CD127 PerCP-Cy5.5 AQ019D5 REG 1:100 BioLegend
FoxP3 AF647 259D ICS 1:50 BioLegend
GrzB AF700 GB11 ICS 1:200 BD Bioscience
GrzB AF647 GB11 GrzB 1:100 BioLegend
IFNy BV785 4S.B3 ICS 1:100 BioLegend
IL-10 PE-Dazzle JES3-19F1 ICS 1:100 BioLegend
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LAG-3 APC 3DS223H REG 1:50 eBioscience
LAG-3 PE 11C3C65 ICS 1:50 BioLegend
PD-1 PerCP/Cy5.5 EH12.2H7 GrzB, 1:160 BioLegend
Sortl+2, 1:100
Prolil+2
PD-1 BV421 EH12.2H7 REG, ICS 1:100 BioLegend
TIGIT BV605 A15153G REG, ICS 1:400 BioLegend
TIGIT PE-Dazzle A15153G Sort2, Proli2 1:100 BioLegend
TIM-3 BV650 F38-2E2 REG, ICS 1:50 BioLegend
TNF-a PE/Cy7 MAb11 ICS 1:200 BioLegend

Table 9: Antibodies for cell culture

Epitope Clone Company
CD3 UCHT1 eBioscience
CD28 CD28.2 eBioscience

2.8 Study populations in Hamburg, Germany

A total of 19 adult malaria patients, 18 adult healthy volunteers and 7 adult COVID-19 patients
were included in this study (Table 10). All malaria patients became infected with P. falciparum
in endemic areas and developed symptoms after their return to Germany. They were included
in the study during their inpatient treatment at the University Medical Centre Hamburg
Eppendorf, Hamburg, Germany. An ongoing P. falciparum infection was determined by a thick
or thin blood smear. The COVID-19 patients were enrolled in Hamburg, Germany and suffered
from acute, symptomatic SARS-CoV-2 infection, which was detected by a specific PCR. All
healthy adults were enrolled at the Bernhard Nocht Institute for Tropical Medicine, Hamburg,

Germany.
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Table 10: Characteristics of the adult study participants

Mean Age Malaria Mean
Group Count | [years] Sex female slide parasitemia
Healthy 18 35.7 11 (61.1 %) - -
Malaria 19 40.8 7 (36.8 %) all positive | 4.6 %
COVID-19 7 66.0,2n/a | 0(0.0%),2n/a - -

2.9 Study populations in Ghana

For the study concerning the cytotoxic CD8* T cells, the participants’ characteristics have been

published before (76) and are stated again below (Table 11). The study took place in the village

Jachie-Pramso, Bosomtwi District, Ashanti Region, Ghana and samples were collected between

June and August 2015. Blood samples of 82 afebrile, healthy children were taken at Jachie D/A

Primary school. An ongoing Pf infection was determined by HRP2-rapid diagnostic test. 41 of

the children were malaria-negative (healthy) and 41 were asymptomatically infected with Pf.

Children with acute, symptomatic malaria were enrolled at St Michael’s Hospital. 35 children

were admitted to the outpatient department and treated with oral artemisinin combination

drug for uncomplicated, mild malaria. 32 children were admitted to the hospital as inpatients

with complicated, severe malaria and were treated intravenously with artesunate.

Table 11: Ghanaian study population for the analysis of cytotoxic CD8* T cells

Adapted from (76).

Mean
parasitemia
No. of Mean age Rapid Malaria of positive
Group children | [years] Sex female | test slide [%]
Healthy 41 8.5 27 (65.9%) | All - -
negative
Asymptomatic 41 9.1 24 (58.5%) | All 15 positive, | 0.1 %
positive | 26 n/a
Mild malaria 35 5.8 17 (48.6 %) | All 23 positive, | 1.5%
positive | 12 n/a
Severe malaria 32 4.8 16 (50.0 %) | All 25 positive, | 4.7 %
positive | 7n/a

For the regulatory T cell studies, all children were enrolled from the Asante Akim North District,

Ashanti Region, Ghana between November 2018 and November 2020 (Table 12). 32 afebrile,
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healthy children were enrolled during household visits. Children with acute, symptomatic
malaria, febrile seizures or bronchopneumonia were enrolled at the Agogo Presbyterian
Hospital. 20 children were admitted to the outpatient department and treated for
uncomplicated, mild malaria. 30 children were admitted to the hospital as inpatients with
complicated, severe malaria. Of the children admitted to the inpatient department but
diagnosed with a condition other than malaria, 5 suffered from febrile seizures with different
causes and 11 from acute bronchopneumonia. An ongoing Pf infection was determined by
HRP2-rapid diagnostic test and/or a malaria slide. The children were divided into the groups

based on their medical diagnosis.

Table 12: Ghanaian study population for the analysis of regulatory T cells

Mean
Mean parasitemia
No. of age Malaria of positive
Group children | [years] | Sex female | Rapid test | slide [%]
Healthy 32 1.0 13 (40.6 %) | - - -
Mild Malaria 20 53 6 (30.0%), | 15 pos, 15 pos, 2.7
1n/a 1neg, 4n/a | 2neg, 3 n/a

Severe Malaria 30 2.6 11 (36.7 %) | 28 pos, 19 pos, 34

2 n/a 11 neg
Seizures 5 2.2 2 (40.0%) | 4neg, All neg n/a

1 pos
Bronchopneumonia | 11 0.7 4 (36.4 %) 10 neg, n/a n/a

1n/a

2.10 Ethical statements

Ethical approval for the Ghanaian studies was obtained from the Committee on Human
Research, Publication and Ethics, School of Medical Sciences/Komfo Anokye Teaching Hospital,

Kwame Nkrumah University of Sciences and Technology, Kumasi, Ghana.

Ethical approval for the malaria study in Hamburg was obtained from the Ethics Committee

Hamburg, Germany (PV 5537).

Written informed consent was given by a legal guardian/parent or the participants themselves
prior to inclusion in the studies. The studies were carried out in accordance with the principles

laid down in the Declaration of Helsinki.
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2.11 Software

Table 13: Software

Software

Company

Usage

FlowJo 10 for Mac
BD FACS DIVA 6.2
CytExpert

GraphPad Prism 9

BD Bioscience
BD Bioscience
Beckman Coulter

GraphPad

Analysis of flow cytometric data
Flow cytometric data acquisition
Flow cytometric data acquisition

Statistical analyses and creation of graphs
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3 Methods

3.1 Blood collection

All blood samples were taken by trained professionals and collected into heparinized blood

collection tubes.

3.2 Centrifugation steps

Unless stated otherwise, cells were sedimented by centrifugation at 4 °C and 420 xg for 5 min.

3.3 Detection of Plasmodium falciparum (Pf) infections

An ongoing Pf infection was investigated by means of an HRP2-based rapid diagnostic test
and/or a thick or thin blood smear performed by trained personnel at the University hospital
Hamburg Eppendorf (UKE) or the Kumasi Centre for Collaborative Research, Ghana (KCCR). For
a thin blood smear, a small drop of blood was spread on a slide and air-dried. For a thick blood
smear, a drop of blood was applied onto a slide and only slightly stirred before air-drying it. The
dried smears were stained with 4 % Giemsa-solution. A classical Giemsa staining is performed
by initial fixation of the dried blood smears in methanol for 2-5 min. After air-drying, the smears
are incubated in Giemsa solution for 15 min. and washed twice in 1x PBS. Giemsa stains the cell
cores in blue and other cell parts in different shades of red. Cells were examined under an oil
immersion microscope (100 x magnification) and erythrocytes infected with Pf parasites were
counted in relation to either red blood cells or leukocytes to calculate the parasitemia. With a
thin blood smear, the parasitemia can be determined by calculating the percentage of infected
erythrocytes from all counted erythrocytes. In contrast, the thick blood smear can only be used
to determine an acute Pf infection, but not to accurately calculate the parasitemia because of
the high cell density in the blood smear. Due to differences in the smear and counting methods
used by the personnel in Ghana, the parasitemia could not be correlated with data from the

regulatory T cell analyses.
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3.4 Detection of COVID-19 infections

An ongoing COVID-19 infection was determined by quantitative polymerase chain reaction
(gPCR) with specific primers by trained professionals at the university hospital in Hamburg,

Eppendorf (UKE).

3.5 Exvivo staining of human whole blood

For the analyses of T cell phenotypes, ex vivo stainings of fresh venous whole blood (samples
of adults < 8 hours old; samples of Ghanaian children < 18 hours old) were performed and
analyzed by flow cytometry. In the case of the Ghanaian children, 25-100 ul of whole blood
were used for the stainings, depending on the amount of obtained material. If less than 100 pl
were used, samples were filled up to 100 ul with 1x DPBS. For the adult patients and donors,
100 ul of whole blood were used. Surface antibodies were added to the whole blood ina 5 ml
FACS tube and incubated for 30 min at 4 °C. Detailed information on the antibody panels is
given below (Table 14). Red blood cell lysis and fixation of cells were performed by adding 2 ml
1x RBC lysis fixation solution (BioLegend) to each sample. After subsequent vortexing and
incubation at room temperature (RT) for 15 min, samples were centrifuged, the supernatant
was discarded and the cells were washed twice with 2 ml cold FACS buffer with centrifugation
steps between the washing steps. For the panel “GrzB” (GrzB production by CD8* T cells), cells
were then stained with intracellular antibodies using the FoxP3 transcription factor staining
buffer kit (eBioscience) according to the manufacturers’ protocol. To this end, the supernatant
was discarded after the final washing step and the cell pellet was solved in 1 ml of freshly
prepared fixation/permeabilization working solution (1 part of FoxP3 Fixation/Permeabilization
Concentrate + 3 parts of FoxP3 Fixation/Permeabilization diluent). Cells were fixed and
permeabilized for 30-60 min at 4 °Cin the dark and subsequently washed twice by adding 2 ml
of 1x Permeabilization Buffer. Cells were solved in 100 ul of 1x Permeabilization Buffer and
intracellular antibodies were added (Table 14). Staining was performed at 4 °C in the dark and
cells were washed twice with 2 ml of 1x Permeabilization Buffer. All cell samples were taken up
in 200 ul of cold FACS buffer and analyzed at a flow cytometer. Samples from adults were
analyzed using a CytoFlex S (Beckman Coulter) or a LSR Fortessa (BD Bioscience) and samples
from Ghanaian children using a CytoFlex S (Beckman Coulter) that was brought to Ghana
beforehand. The samples from the previous study, investigating CD8* T cell responses in
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Ghanaian children, were transported to Hamburg and analyzed at a LSRII (BD Bioscience), since
no flow cytometer was available at the study site in Ghana at that time. Because fresh blood
samples contain only a few dead cells, which can be excluded during the subsequent data
analysis by gating, no live/dead staining was performed. Analysis of the flow cytometric data
was done with FlowJo for Mac, version 10 (BD Bioscience). Cells were gated for lymphocytes,
single cells, CD3* T cells, CD4* and CD8" T cells and subsequently for the other markers
(Figure 4). Gates for markers other than CD3, CD4 and CD8 were set according to fluorescence
minus one controls (FMO), where up to three antibodies were left out to exclude any
fluorescence overlaps. When two or three antibodies were omitted, care was taken to ensure
that the corresponding fluorochromes were excited by different lasers. To guarantee a correct
output of marker frequencies of small T cell populations such as Trl cells, samples with less

than 10 cells of the respective cell population were excluded from subsequent marker analyses.

Table 14: Antibody panels used for whole blood ex vivo stainings

The antigens are indicated with their respective fluorochromes, followed by the corresponding clones in
parentheses.

Panel “GrzB” Panel “REG”
(CD8*GrzB* T cells) (Regulatory T cells)
surface surface
CD4 BV510 (OKT4) CD3 APC-Cy7 (HIT3a)
CD8 AF700 (RPA-T8) CD4 BV510 (RPA-T4)
CD39 BV421 (A1) CD8 AF700 (RPA-T8)
CD38 PE (HB-7) CD25 PE-Cy7 (BC96)
PD-1 PerCP-Cy5.5 (EH12.2H7) CD127 PerCP-Cy5.5 (A0O19D5)

CCRS PE (J418F1)

intracellular CD49b FITC (P1E6-C5)
CD3 APC-Cy7 (HIT3a) CD39 PE-Dazzle (A1)
GrzB AF647 (GB11) LAG-3 APC (3DS223H)

PD-1 BV421 (EH12.2H7)
TIM-3 BV650 (F38-2E2)
TIGIT BV605 (A15153G)
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A Gating of T cells
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B Gating of T cell surface markers
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Figure 4: Gating strategy of ex vivo whole blood stainings

(A) Lymphocytes were gated based on their position in the forward and sideward scatter areas (FSC-A and SSC-A).
Single cells were selected based on the FSC-A against the FSC-height (FSC-H). CD3* T cells were gated against
FSC-A and subsequently divided into CD4* and CD8* T cells. Example dot plots of a malaria patient are shown.
(B) CD4* and CD8* T cells were gated for different surface markers. Example dot plots of CD4* T cells of a malaria
patient stained with the “REG-Panel” are shown. Total percentages higher or lower than 100 % occur due to
rounding.

3.6 Investigating T cell phenotypes with the t-distributed stochastic neighbor
embedding method (t-SNE)

The t-distributed stochastic neighbor embedding method (t-SNE) was used as another
approach to visualize the flow cytometric data obtained from ex vivo T cell stainings. Each data
point represents a single cell which is displayed in a two-dimensional space in such a way that
all similarities of the original, high-dimensional dataset are preserved (174). With t-SNE
analysis, it is possible to visualize certain clusters of cells inside a bigger cell population. The

t-SNE tool within the FlowJo software was used for the analyses. Cells were gated manually for
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lymphocytes, single cells and CD3* T cells. T cells were downsampled to 20,000 events and
concatenated for each group. Only patients with a sufficient number of T cells, comparable
cytometer parameters and properly stained markers were included in the analysis. The
concatenated events were further downsampled to a total number of 360,000 events. T-SNE
was performed based on all measured compensated parameters. To depict the individual cell
populations based on their expression of surface molecules, manual gating was applied to the

t-SNE plot.

3.7 Isolation of peripheral blood mononuclear cells (PBMCs)

Human peripheral blood mononuclear cells (PBMCs) were isolated from fresh, heparinized
whole blood (< 8h old) by density gradient centrifugation. To this end, the blood was diluted
in an equal volume of 1x PBS and carefully and slowly layered on top of 15 ml ficoll-paque in a
50 ml SepMate™ tube (Stemcell Technologies). The SepMate™ tubes were used according to
the manufacturers’ protocol. The gradient density centrifugation was performed at 1200 xg
and RT for 15 min with brake and acceleration set to the highest level. Due to the membrane
of the SepMate™ tubes, which acts as a physical barrier between the sedimented cells and the
PBMCs, the centrifugation step can be performed with the centrifuges’ brakes turned on. After
centrifugation, the erythrocytes and granulocytes are sedimented while the PBMCs are located
at the interface between the ficoll and the plasma/PBS mixture. The supernatant was
transferred into fresh 50 ml tubes, filled up to 50 ml with X-VIVO 15 cell culture medium and
centrifuged at 420 xg and RT for 15 min. After discarding the supernatant, the cells were
washed twice with 50 ml X-VIVO 15 with centrifugation steps between the washing steps as
described before. At the end, the cells were diluted in cRPMI, counted and stored on ice until

further use.

3.8 Determination of cell counts

To determine cell counts, 5-10 ul of the cell suspension were diluted in an equal volume of
trypan blue solution. If necessary, cells were diluted in PBS before mixing them with trypan

blue. The cells/trypan blue mix was applied to a Neubauer counting chamber (depth 0.1 mm)
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and cells in four big squares were counted. The concentration of the cell solution and the total

cell count were determined by the following formula:

cell count in 4 big squares cells
C = 2 x d x 10*

cell count in 4 big squares
N = 2 x d x 10* x V

C= concentration of cell suspension [cells/ml]
N=total cell count
d = dilution factor

V= volume of cell suspension [ml]

3.9 Freezing and thawing of PBMCs

Isolated human PBMCs were diluted at a concentration of 2x 107 cells/ml in human AB serum.
An equal volume of human AB serum with 20 % DMSO was added to the cell suspension
dropwise at a speed of approximately 1 ml/5 sec. The cell suspension was mixed by gently
swiveling the tube while adding the serum/DMSO mixture. Thus, a final cell concentration of
1x 107 cells/ml and a final content of 10 % DMSO was obtained. The cells were frozen in cryo
vials at aliquots of 1 ml in a Mister Frosty freezing container at -80 °C for 24 h. Afterwards, the
cells were transferred to liquid nitrogen for permanent storage.

Human PBMCs were thawed according to a previously described protocol (175). The cells were
incubated at 37 °Cin a water bath for 10 min. Afterwards, the cells of one vial were transferred
to a 50 ml tube and 9 ml of prewarmed cRPMI (37 °C) were added dropwise at a speed of
approximately 1 ml/5 s. The cell suspension was mixed by gently swiveling the tube while
adding the cRPMI. The cells were centrifuged and washed twice with 10 ml cRPMI. After the
first washing step, cells from one donor were pooled if more than one tube was thawed. After
counting, the cells were diluted at a concentration of 2x 10° cells/ml in cRPMI and left to rest
at 37 °C for 18h overnight in an angle of 5° over horizontal in a maximum volume of 10 ml per

50 ml tube (
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Figure 5). The lid of the tube was slightly opened by turning it one time to guarantee a constant
gas exchange. After the resting period, the cells were washed with 10 ml of cRPMI, counted

and prepared for subsequent assays.

Figure 5: Setup of the PBMCs’ resting procedure after thawing

After thawing, the PBMCs were rested overnight at 37 °C and 5 % CO; in a maximum volume of 10 ml in a 50 ml
reaction tube in a 5° angle over horizontal (175). To guarantee a constant gas exchange, the lid was left slightly
open. Created with BioRender.com.

3.10 Suppression-Assays

3.10.1 Isolation of T cells by magnetic bead-based cell separation (MACS)

CD4* and CD8" T cells were isolated from human PBMCs with the MACS CD4 T cell isolation kit
human or the MACS CD8 T cell isolation kit human (Miltenyi Biotec) according to the
manufacturers’ protocol. The PBMCs are incubated with biotinylated antibodies against
multiple surface antigens except CD4 or CD8. Thus, the respective T cell population remains
untouched. By adding magnetic microbeads coupled with a-biotin antibodies, the antibody-
labeled CD4 or CD8 cells bind to these beads and can be isolated by pouring the cell suspension
over a MACS column that has been clamped into a magnet. All antibody-labeled cells remain in
the column and the CD4*/CD8* T cells are negatively selected. After removal of the magnetic
field, the CD47/CD8 cells can be washed from the column. The cell counts of all cell populations
were determined by trypan blue staining. To determine the purity of the isolated T cells by
FACS, a small aliquot of the isolated CD4* T cells was stained with anti-CD4-APC (RPA-T4) and a
small portion of the CD8* T cells was stained with anti-CD8-APC (RPA-T8). The staining protocol
was applied as described in section 2.5. The quality of isolation was considered good when the

isolated T cells accounted for 90 % or more of the total cell count.
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3.10.2 Irradiation of CD4 feeder cells

The CD4 cells obtained by bead-based cell separation were used as feeder cells for the
subsequent cell culture experiments. In in vitro assays, stimulation with antibodies or other
soluble stimulants is not sufficient to activate isolated T cells. APCs such as macrophages or DCs
are also required in the cell culture. These cells are present in the CD4 cell population. The
CD4 cells were used as feeder cells for both the CD8* and the CD4* T cell suppression assays.
Since only the proliferation of CD4* or CD8* T cells was to be studied, the proliferation of CD4-
cells had to be prevented. For this purpose, the cells were irradiated with y-rays from a

137-cesium source for 560 s at 2,000 rad (20 Gy).

3.10.3 Staining of effector T cells with proliferation dye

For the suppression assays, in which the proliferation of CD4* and CD8* T cells was examined
by FACS analysis, portions of the CD4* and CD8* T cells were stained with the proliferation dye
eFluor™ 450 (eF450; ThermoFisher Scientific). This dye binds to all cellular proteins that
contain primary amines, has a peak excitation of 409 nm and can be detected via FACS with a
450/50 bandpass filter. During cell division, the dye is evenly distributed to the daughter cells,
which can be seen as a fluorescence decrease during FACS analysis. This allows visualization of
every division step the cells have undergone.

Prior to staining, portions of the CD4* and CD8" T cells were prepared as unstained controls.
The remaining T cells were taken up in 1 ml of prewarmed (37 °C) MACS buffer in a 50 ml
reaction tube. To ensure an even distribution of the proliferation dye, the reaction tube was
held at an angle during addition of 10 nmol/ml eF450. The cell suspension was immediately
mixed by vortexing. After 10 min of incubation at 37°Cand 5% COy, 5 ml of ice-cold cRPMI were
added and the cells were incubated on ice for 5 min. This last step stops the incorporation of
the dye and prevents excessive cell damage (quenching). The cells were washed three times
with 5 mL of ice-cold cRPMI, followed by centrifugation. The cell number was determined and

adjusted to 1x10° cells/ml.
3.10.4 Sorting of CD4* T cells by FACS

The isolated CD4* T cells were centrifuged and taken up in 1 ml of 1x PBSS. Fluorochrome-

labeled antibodies were added according to the table below (Table 15).
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Table 15: Antibody panels used for sorting of CD4* T cells

Panel “Sort1” Panel “Sort2”
(CD4*PD-1*"CCR5* T cells) (CD4*PD-1*TIGIT*" T cells)
CD4 APC (RPA-T4) CD4 APC/Cy7 (RPA-T4)
CD25 PE/Cy7 (BC96) CD25 PE (BC96)
CD127 AF488 (A019D5) CD127 AF488 (A019D5)
PD-1 PerCP/Cy5.5 (EH12.2H7) PD-1 PerCP/Cy5.5 (EH12.2H7)
CCR5 PE (J418F1) TIGIT PE/Dazzle (A15153G)

FMOs were used to set the gates for the cell populations to be sorted. They were prepared
from 5x10° PBMCs each, taken before isolation of the CD4* T cells. For each FMO, all but one
antibody of the panel was added and the cells were stained in 100 ul of 1x PBSS. After 30 min
of incubation at 4 °C in the dark, cells were washed with 10 ml of 1x PBSS (FMOs: 1 ml) and
taken up in 1 ml of 1x PBSS (FMOs: 100 pl). Prior to the sorting procedure, the cell samples
were filtered through a 30 um filter (CellTrics) to prevent clogging of the flow cytometer. The
filters were equilibrated with 500 pl of 1x PBSS before adding the cell samples. After the cell
suspension had run through, the filters were washed with 1 ml of 1x PBSS (FMOs: 100 pl). The
cell suspension to be sorted was divided into two tubes of 1 ml each. Cells were sorted by FACS
with an Aria lllp (BD) into FACS tubes prefilled with 1 ml of cRPMI. First, nTreg were sorted
based on their expression of CD25 and CD127 (CD25*CD127'). The remaining cells were sorted
either for PD-1*"CCR5* or PD-1*/"TIGIT* populations (Figure 6). The cell counts of all sorted

cell populations were determined by trypan blue staining and adjusted to 1x10° cells/ml.
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Figure 6: Gating strategy for the sort of CD4* PD1*-cell populations

Purified CD4* T cells of adult malaria patients and healthy donors were sorted by FACS with an Aria lllp (BD). nTreg
were sorted according to their expression of CD25 and CD127 (CD25MCD127'°), non-nTreg cells were either sorted
for (A) PD-1*"CCR5*" or (B) PD-1*/"TIGIT* subpopulations. Gates were set according to FMOs. Exemplary dot plots
of two healthy donors are shown.

3.10.5 Cell stimulation and evaluation of T cell suppression

The sorted CD4* T cell populations were cultured in 96-well round-bottom plates immediately
afterisolation. To investigate the suppressive effect of the sorted CD4* T cells on CD4* and CD8*
T cells, 2.5 x 10* of the eF450-labeled CD4* or CD8* T cells were cultured together with the
same amount, half the amount (1.25 x 10%), or without any sorted T cells in cRPMI. All cells were
stimulated with 1 pg/ml each of a-CD3 and a-CD28. An unstimulated control of 2.5 x 10* eF450-
labeled CD4* and CD8* T cells and feeder cells each was prepared. Triplicates of each approach
were prepared if a sufficient cell number of each sorted population was available. The cells
were incubated for 96 h at 37 °Cand 5 % COa.

The 3 samples of the same batch were pooled into FACS tubes and washed with 1 ml of 1x PBS
After centrifugation, the cells were taken up in 100 ul live/dead stain (LIVE/DEAD® Fixable Blue
Dead Cell Stain dye, diluted 1:1,000 in 1x PBS). The cells were incubated for 30 min at 4 °C in
the dark and subsequently washed with 1 ml of FACS buffer. After centrifugation, the cells were
taken up in 100 ul of FACS buffer and surface molecules were stained according to the panels
below (Table 16). The staining was performed for 30 min at 4 °C in the dark and cells were
washed with 2 mL of FACS buffer, centrifuged and taken up in 150 pl of FACS buffer. The cells

were analyzed using the LSR Il flow cytometer.
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Table 16: Antibody panels used for the suppression assays

Panel “Prolil”

(CD4*PD-1*"CCR5*" T cells)

Panel “Proli2”

(CD4*PD-1*TIGIT* T cells)

For CD4* responder cells:

CD4 APC (RPA-T4)

For CD8* responder cells:

CD8 APC (RPA-T8)

For every sample:

For every sample:
CD4 APC-Cy7 (RPA-T4)
CD8 APC (RPA-T8)
CD25 PE (BC96)
CD127 AF488 (A019D5)
PD-1 PerCP/Cy5.5 (EH12.2H7)
TIGIT PE/Dazzle (A15153G)

CD25 PE/Cy7 (BC96)

CD127 AF488 (A019D5)

PD-1 PerCP/Cy5.5 (EH12.2H7)
CCR5 PE (J418F1)

3.11 Analysis of intracellular cytokine production of stimulated T cells

The required number of wells of a 96 well flat bottom plate were prepared with 50 ul of a 10
ug/ml anti-CD3 antibody solution and incubated for 2 h at 37 °C. 50 pl of PBS were used as an
unstimulated control. The wells were subsequently washed with 150 ul of PBS. Thawed and
rested PBMCs were adjusted to a concentration of 5x10° cells/ml and 1x10° cells (200 pl) were
plated per well. 1 ug/ml anti-CD28 antibody was added to all wells except the unstimulated
control. Cells were stimulated for a total of 24 h at 37 °C and 5 % CO,. For the last 4 h of
incubation, 0.2 ul of a 1,000x Brefeldin A solution (Biolegend) and 0.13 pl of a 1,500x GolgiStop
solution containing Monensin (BD) were added to each well.

After completion of the incubation, the plate was centrifuged. After every centrifugation step,
the supernatant was discarded carefully by pipetting and the cells were solved again by briefly
vortexing the plate. The cells were washed with cold PBS and, after a second centrifugation
step, solved in 100 ul of a 1:2,000 Zombie NIR Dye solution in PBS. The cells were incubated for
20 min at 4 °C in the dark and washed by adding 150 pl of cold PBS immediately. After
centrifugation, the supernatant was discarded and cells were solved in 100 pl of surface

antibody mix (Table 17). After incubation for 30 min at 4 °C in the dark, 150 pl of cold FACS
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buffer were added to each well and the cells were centrifuged and the supernatant discarded.
The cells were fixed and permeabilized in 150 pl of freshly prepared FoxP3
Fixation/Permeabilization Solution (eBioscience) according to the manufacturer’s protocol. The
cells were incubated for 30-60 minutes at 4 °C in the dark and subsequently washed, first with
100 pl, then with 200 pl of freshly prepared 1x Perm/Wash buffer (eBioscience). 50 pl of Cohnll
solution (10 pl Cohnll + 40 pl 1x Perm/Wash buffer) were added to each well and incubated for
10 min at 4 °C in the dark. Afterwards, 50 pl of a 2x intracellular antibody-mix (Table 17) in 1x
Perm/Wash buffer were added to each well and incubated for 30 min at 4 °C in the dark. The
cells were washed twice, first with 150 ul and then with 200 pl of 1x Perm/wash buffer, and

subsequently solved in 200 pl FACS buffer and analyzed at a LSR Fortessa flow cytometer.

Table 17: Antibody panel used for the intracellular cytokine stainings

Panel “1CS”

surface
CD4 BV510 (OKT4)
CD8 BUV395 (RPA-T8)
CD39 BV711 (A1)
TIM-3 BV650 (F38-2E2)
PD-1 PerCP-Cy5.5 (EH12.2H7)
TIGIT BV605 (A15153G)
CCRS5 PerCP-Cy5.5 (J418F1)
CD49b FITC (P1E6-C5)
LAG-3 PE (11C3C65)

intracellular
CD3 BUV737 (SK7)
GrzB AF700 (GB11)
FoxP3 AF647 (259D)
IFN-y BV785 (4S.B3)
TNF-a PE-Cy7 (MAb11)
IL-10 PE-Dazzle (JES3-19F1)
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3.12 Statistics

The software GraphPad Prism 9 was used for all statistical analyses. First, normality of data was
analyzed by D’agostino & Pearson test. Statistical significance of normally distributed data was
calculated by Kruskal-Wallis test with Dunn‘s multiple comparisons test while significance of
non-normally distributed data was calculated by one-way ANOVA with Tukey’s multiple
comparisons test. Significant differences are depicted as *=p <0.05, **=p <0.01, ***=p <0.001
and ****=p < 0.0001. If no significant differences were found, no note is made in the figures

for the sake of clarity.
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4 Results

T cells have been shown to play a double-edged role during the immune response against
malaria. While their pro-inflammatory functions are needed for a comprehensive control of the
parasite burden, they can also cause severe immune-mediated complications like cerebral
malaria. Regulatory T cell mechanisms are crucial to counteract this immune-mediated
pathology. This study aimed to shed light on the interplay between cytotoxic CD8* T cells and
regulatory T cells during human Plasmodium falciparum (Pf) malaria. Therefore, the induction
of GrzB-producing cytotoxic CD8" T cells during the blood stage of malaria was investigated in
Ghanaian children that were either asymptomatically infected or suffered from mild or severe
malaria. Furthermore, different subtypes of counteracting regulatory T cells were analyzed in
Ghanaian children as well as adult travelers infected with Pf. Particular focus was placed on the
role of type 1 regulatory T cells (Tr1), since they were found to be induced during human and
mouse malaria. Lastly, differences in the suppressive function of malaria-induced regulatory

CD4*FoxP3PD-1* T cells co-expressing either CCR5 or TIGIT were investigated.

4.1 The role of cytotoxic CD8* T cells in disease progression of P. falciparum

malaria

In experimental cerebral malaria it has been shown that CD8" T cells sequester in the brain and
contribute to the pathology by secreting granzyme B (GrzB) and perforin (157, 176). Their role
in human blood-stage malaria remains mostly unclear. When investigating soluble factors in
the plasma of Ghanaian children suffering from Pf malaria, our group could show that levels of
GrzB were elevated in children suffering from severe or mild symptoms compared to children
with asymptomatic infection and healthy controls (97). Since GrzB is the main cytokine
produced by cytotoxic CD8* T cells, it was further investigated whether the GrzB found in the
plasma of the children was T cell-derived. To this end, ex vivo staining of venous blood from
Ghanaian children was performed and levels of intracellular GrzB produced by CD8* T cells were
compared between the different groups (Figure 7).

The proportion of CD8*GrzB* T cells was significantly higher in children suffering from severe
malaria than in children with mild malaria. In general, the level of CD8*GrzB* T cells was

increased in the Pf-infected children that showed symptoms compared to children without any
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symptoms but with detectable parasitemia (asymptomatic) and healthy children. There was no
difference between healthy and asymptomatically infected children (Figure 7A). The frequency
of CD8'GrzB* T cells correlated with the blood parasitemia of the children (Figure 7B).
Accordingly, the GrzB content of CD8" (Figure 7C) and also of CD8*GrzB* T cells (Figure 7D) was
higher in the mild and severe malaria groups compared to asymptomatic and healthy children
revealed by higher geometric mean fluorescence intensities (GMFI) of GrzB. Accordingly, not
only the frequency of CD8*GrzB* T cells, but also the amount of GrzB produced by each

individual cell increased with disease severity.
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Figure 7: Levels of granzyme B produced by cytotoxic CD8* T cells are elevated in Ghanaian children suffering
from severe malaria.

Whole blood samples of Ghanaian children that are either healthy (n=41) or suffering from an infection with
P. falciparum without any symptoms (asymptomatic; n=41), mild symptoms (mild malaria; n=35) or severe
symptoms (severe malaria; n=32) were stained for the indicated markers and analyzed by flow cytometry. The
frequency of granzyme B (GrzB)-producing CD8* T cells was analyzed (A) and correlated with the parasitemia (B)
of all children. The geometric mean fluorescence intensities (GMFI) of GrzB expression of all CD8+ T cells (C) or of
GrzB+CD8+ T cells (D) was analyzed. Bars represent the median. Normality of data was analyzed by D’agostino &
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Pearson test and group comparisons were done by Kruskal-Wallis test with Dunn’s multiple comparisons test or
one-way ANOVA with Tukey’s multiple comparisons test. Correlation was calculated using nonparametric
Spearman correlation (*p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001).

This induction of GrzB-producing cytotoxic CD8* T cells, and therefore the progression of
disease severity, must be tightly regulated by regulatory immune mechanisms like the
induction of regulatory T cells and the upregulation of co-inhibitory molecules on T cells. To
investigate the role of regulatory T cells in the prevention of severe outcomes of malaria, a
comprehensive study of regulatory T cell responses in Ghanaian children suffering from mild or

severe malaria as well as adult malaria patients was conducted.

4.2 Regulatory T cell responses during human malaria

To investigate the role of regulatory T cells in human Pf malaria, samples of different patient
cohorts were obtained. Adult travelers who were infected with Pf during their stay in a malaria
endemic region and developed symptoms after their return to Germany were enrolled as adult
malaria patients. To investigate T cell responses in an endemic area for malaria, where children
are the most affected group, children suffering either from mild or severe malaria were
enrolled in Ghana. To determine whether the observed T cell responses are specific for malaria,
results were compared with adult patients suffering from coronavirus disease 2019
(COVID-19). COVID-19 is a novel influenza-like disease that was first described in December
2019 in Wuhan, China and has since spread worldwide, unleashing a pandemic (177). It is
caused by the severe acute respiratory syndrome coronavirus 2 (SARS CoV-2) and can result in
a severe hyper-inflammatory response, which is a main driver of disease complications and may
lead to death (178, 179). Like in malaria, T cells in COVID-19 might also play a dual role in
progression and prevention of pathology which makes it interesting to compare T cell

characteristics between these two infectious diseases.

4.2.1 The role of natural CD4* regulatory T cells in malaria
One important subset of regulatory T cells is the subset of natural CD4* regulatory T cells
(nTreg). Since their role and impact on immune homeostasis during malaria remains

controversial, their frequency was analyzed in adult malaria patients and COVID-19 patients
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and in children suffering from mild or severe malaria and their corresponding healthy controls.
Venous whole blood was stained ex vivo and analyzed by flow cytometry. The CD3*CD4* nTreg
were identified by their high expression of CD25 and their low expression of CD127
(nTreg = CD3*CD4*CD25M"8"CD127'°). The nTreg frequencies were not altered in the patient
groups compared to their corresponding healthy controls. Also, there was no difference when

comparing adults with children (Figure 8).
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Figure 8: Frequencies of nTreg are similar in children and adults suffering from malaria or COVID-19.

Whole blood samples of adult malaria patients (n=9), COVID-19 patients (n=7) and healthy donors (n=13) and
Ghanaian children suffering from mild (n=20) or severe malaria (n=27) and healthy children (n=32) were stained
for CD3, CD4, CD25 and CD127. CD3*CD4" nTreg were identified by their expression of CD25 and CD127
(CD25MCD127%). An exemplary dotplot of CD4* T cells of a healthy adult stained for CD127 and CD25 to identify
the nTreg population is shown. Bars represent the median. Normality of data was analyzed by D’agostino &
Pearson test and statistical significance was calculated by Kruskal-Wallis test with Dunn‘s multiple comparisons
test (*p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001).

CD4* nTreg cells were not induced in adults or children suffering from malaria, indicating that
other regulatory mechanisms or T cell subsets might play a role in downregulating the pro-
inflammatory immune responses. To address this, a comprehensive analysis of the T cell

responses in the patient cohorts was conducted.

4.2.2 T cell phenotypes of adult malaria and COVID-19 patients

To get an overview of the induction of regulatory phenotypes on T cells of the studied cohorts,
the expression of different co-inhibitory molecules and other surface markers on T cells was
investigated further. Our group and others could already show that several co-inhibitory

receptors are induced on T cells during acute Pf malaria and that the levels of some of these
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markers correlate with disease severity (76, 80, 180). To further investigate the phenotypic
characteristics of T cells during human malaria, peripheral blood samples of Pf-infected adult
travelers (n= 12-15) and healthy donors (n= 17) were analyzed for number of T cells and
expression of different co-inhibitory molecules and other surface markers, in particular those
associated with activation, regulation or differentiation. In addition, marker frequencies were
compared with patients suffering from COVID-19 (n= 7). Regarding the expression of co-
inhibitory molecules on CD4* and CD8* T cells, the largest differences were seen between the
frequencies of TIGIT and LAG-3. TIGIT was most strongly induced on both CD4* and CD8* T cells
of COVID-19 patients with significant differences to malaria patients (only on CD4* T cells) and
healthy individuals. CD4* T cells of malaria patients also showed increased levels of TIGIT
compared to healthy donors. However, LAG-3 frequencies were highest on CD4* as well as CD8*
T cells of malaria patients compared to COVID-19 patients and healthy controls, although CD8*
T cells showed lower median frequencies of LAG-3 than CD4* T cells (CD4: 6.1 %; CD8&: 0.9 %).
PD-1 was significantly induced on CD4* T cells of malaria patients, with a trend towards being
induced in COVID-19 patients compared to healthy controls. CD8" T cells of COVID-19 patients
showed significantly increased levels of PD-1 compared to malaria patients and a trend towards
higher levels compared to healthy controls. Similar to LAG-3, TIM-3 was also elevated on CD4*
T cells of malaria patients compared to healthy controls and COVID-19 patients, but only
significantly increased on CD8" T cells of COVID-19 patients compared to healthy donors
(Figure 9A).

CD4* and CD8* T cells of malaria patients expressed higher levels of the C-C chemokine receptor
type 5 (CCR5), which can be considered a marker of T cell activation (181, 182) and has also
been described as a marker for non-classical FoxP3™ regulatory T cells (183, 184), compared to
COVID-19 patients and healthy controls. The ectonucleotidase CD39, which functions as an
ATPase together with CD73 and thereby regulates T cell functions (133), was upregulated on
CD4* T cells of malaria patients compared to healthy controls. Also, CD8" T cells of malaria
patients as well as COVID-19 patients showed higher levels of CD39, although this difference
was not significant. The integrin CD49b, which has been described as a marker for non-classical
FoxP3 Treg cells (61, 185) and CD4* memory precursor T cells that are recruited to the bone
marrow (186, 187), was downregulated on both CD4* and CD8* T cells of malaria patients and
COVID-19 patients compared to healthy controls, although the difference between COVID-19

patients and healthy donors was not significant. This could point to either a decreased
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induction of memory T helper cells or indicate that CD49b* cells have already been recruited
from the peripheral blood to the bone marrow in both the malaria and COVID-19 patients. The
IL-7 receptor a-chain CD127, which is mostly expressed by naive and memory T cells but
downregulated on activated effector T cells (188), showed lower expression on CD4* T cells of
malaria patients compared to COVID-19 patients, with a trend towards lower expression than
in healthy donors, indicating a T effector phenotype in malaria patients. Also, CD8" T cells of
malaria patients showed lower frequencies of CD127 compared to healthy controls and in trend

to COVID-19 patients, which also points towards an effector T cell phenotype (Figure 9B).
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Figure 9: CD4* and CD8* T cells of adult malaria patients, COVID-19 patients and healthy donors show different
T cell phenotypes.
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Whole blood samples of adult malaria patients (n=12-15), COVID-19 patients (n=7) and healthy donors (n=17)
were stained for CD3, CD4 and CD8 to identify T cells and for the indicated co-inhibitory molecules (A) and other
surface markers (B) and analyzed by flow cytometry. The bars represent the median. Normality of data was
analyzed by D’agostino & Pearson test and statistical significance was determined by Kruskal-Wallis test with
Dunn‘s multiple comparisons test or one-way ANOVA with Tukey’s multiple comparisons test
(*p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001).

In summary, T cells of malaria patients showed a more regulatory and activated phenotype
compared to healthy individuals and partly also compared to COVID-19 patients. Significant
differences could be observed between the T cell phenotypes of malaria patients and

COVID-19 patients, especially in the expression of TIGIT and LAG-3.

4.2.3 T cell phenotypes of Ghanaian children suffering from mild or severe malaria

To analyze differences in the T cell characteristics in malaria patients with mild or severe
manifestations, children were enrolled at the Agogo Presbyterian Hospital in the Asante Akim
North District, a rural area in Ghana. Based on the severity of symptoms and the diagnoses of
the doctors, the children were divided into a severe (n=30) or a mild (n=20) malaria group.
Children who had their 12-month checkup visit for a different study at the same hospital and
were malaria negative were enrolled as healthy controls (n=32). As with the adult cohorts,
whole blood samples of the children were stained for FACS analysis and T cells were analyzed
for the expression of co-inhibitory molecules as well as activation and differentiation markers
(Figure 10).

TIGIT, TIM-3 and LAG-3 were elevated on both CD4* and CD8* T cells, while PD-1 was only
significantly upregulated on CD4* T cells of children with severe malaria compared to healthy
donors. Children with severe malaria showed higher levels of TIM-3 on their CD4* T cells and of
PD-1, TIGIT and TIM-3 on their CD8* T cells compared to children with mild malaria. Compared
to healthy children, children suffering from mild malaria showed an upregulation of PD-1 and
TIGIT on CD4* T cells and of LAG-3 on both CD4* and CD8* T cells (Figure 10A). Overall, it can
be said that the children suffering from malaria showed an induction of co-inhibitory molecules
on their T cells and that these frequencies were higher in children with severe malaria
compared to children with mild malaria. This finding supports the previous study from our
group that also found higher levels of co-inhibitors in severe malaria compared to mild malaria

(76). Based on the expression of CCR5, the CD4* and CD8* T cells of severe malaria patients
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showed a more activated phenotype compared to healthy individuals, as seen by an increased
frequency of CCR5. Also, the CD8* T cells of mild malaria patients showed a higher frequency
of CCR5 than those of healthy children. While the expression of CD39 was not altered on
CD4* T cells in the three groups, the CD8" T cells of severe malaria patients showed higher
frequencies of CD39 compared to mild malaria patients and healthy children and therefore a
more regulatory phenotype. As with the adults, the malaria patients showed decreased
frequencies of CD49b on their T cells compared to healthy individuals, also indicating that
CD49b* memory T cells had been already recruited from the peripheral blood to the memory
T cell niches inside the bone marrow. In contrast to adult malaria patients, the children suffering
from malaria showed a much higher expression of CD127 on both CD4* and CD8" T cells
compared to healthy children, indicating a more memory-like phenotype of the malaria-

experienced T cells (Figure 10B).
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Figure 10: CD4* and CD8" T cells of Ghanaian children suffering either from mild or severe malaria show a
more regulatory and activated phenotype compared to healthy children.

Whole blood samples of Ghanaian children suffering from mild (n=20) or severe malaria (n=27-30) and healthy
children (n=32) were stained for CD3, CD4 and CD8 to identify T cells and for the indicated co-inhibitory molecules
(A) and other surface markers (B) and analyzed by flow cytometry. The bars represent the median. Normality of
data was analyzed by D’agostino & Pearson test and statistical significance was determined by Kruskal-Wallis test
with Dunn’s multiple comparisons test or one-way ANOVA with Tukey’s multiple comparisons test
(*p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001).

4.2.4 Frequencies and characterization of CD4*LAG-3*CD49b* T cells in malaria patients
The phenotypical analyses of T cells of adults and children suffering from malaria revealed that

the co-inhibitor LAG-3 is exclusively upregulated on CD4* and CD&* T cells of malaria patients
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and is absent in adult COVID-19 patients and healthy individuals. LAG-3, together with CD49b,
has been described as a marker of non-classical CD4*FoxP3 type 1 regulatory T cells (Tr1 cells)
(61). To investigate the role of Trl cells in malaria, the frequencies of CD4* T cells co-expressing
LAG-3 and CD49b were analyzed in the previously described patient cohorts. In addition to
children with malaria, also children suffering from bronchopneumonia (n=11) or febrile seizures
(n=5) were also included to examine whether Tr1 cell frequencies differ between patients with
different diseases. Bronchopneumonia describes an inflammation of the lungs and is mainly
caused by infections with viruses, bacteria or fungi (189). Febrile seizures occur mainly in
children between 6 months and 6 years of age. While respiratory tract infections are the most
common cause, any febrile iliness may trigger febrile seizures in a child that is susceptible to it
(190). Only patients with bronchopneumonia or febrile seizures that were malaria negative
were included.

When looking at the adult cohorts, only the malaria patients showed an induction of Tr1 cells,
while these cells were absent in COVID-19 patients and healthy donors (Figure 11A), as
expected considering the lack of LAG-3 expression seen previously (Figure 9A). Trl cells were
also induced in children suffering from malaria, with significant increases compared to healthy
children and children suffering from bronchopneumonia. Also, children with febrile seizures
showed lower numbers of Trl cells than malaria patients, but not significantly so due to the
small sample size. There was no difference in Trl cell frequencies between children with mild

or severe malaria (Figure 11B).
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Figure 11: Tr1 cells are induced in acute human malaria.

CD4* T cells of (A) adult malaria patients (n=15), Covid-19 patients (n=7) and healthy donors (n=17) and (B)
Ghanaian children suffering from mild (n=20) or severe malaria (n=30), seizures (n=5) or bronchopneumonia
(n=11) and healthy children (n=32) were stained for LAG-3 and CD49b and analyzed by flow cytometry. Tr1 cells
were identified by co-expression of LAG-3 and CD49b. Exemplary dotplots of malaria patients are shown. The bars
represent the median. Normality of data was analyzed by D’agostino & Pearson test and statistical significance
was determined by Kruskal-Wallis test with Dunn‘s multiple comparisons test or one-way ANOVA with Tukey’s
multiple comparisons test (*p <0.05, **p < 0.01, ***p <0.001, ****p < 0.0001).

The induction of CD4*LAG-3"CD49b* Tr1 cells exclusively in malaria patients suggests that they
may play a role in the progression of non-sterile immunity, which can protect from severe
symptoms. Since there was no difference in the Tr1l cell frequencies between mild and severe
malaria cases, their role in regulating overwhelming immune responses in malaria remains
unclear. To further characterize the Trl cells of malaria patients and to see whether they show
different phenotypical properties depending on disease severity, they were analyzed for the
expression of the co-inhibitory molecules PD-1, TIGIT and TIM-3 and for the regulatory
molecule CD39. Additionally, the expression of CCR5 was examined, which has previously been

described to be another marker for human Trl cells (183, 184).
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Almost all Tr1l cells of adult malaria patients and children with mild or severe malaria expressed
PD-1 with respective median frequencies of 98.9 %, 99.1 % and 98.9 % (Figure 12). The same
was true for the expression of CCR5, with median frequencies of 98.2 %, 93.1 % and 94.8 %.
This conserved expression of PD-1 and CCR5 supports previous studies reporting these to be
additional Tr1l cell markers (184, 191). Nearly half of the Tr1 cells of adult malaria patients and
children with mild malaria expressed TIGIT, with median frequencies of 46.9 % and 42.4 %,
respectively. TIGIT was significantly increased on Tr1 cells of severe malaria cases (median: 68.0
%) compared to mild malaria cases and in trend compared to adult malaria patients. Comparing
the frequencies of TIM-3, it was found that Tr1 cells of children suffering from severe malaria
showed the highest level of this co-inhibitory molecule (median: 88.7 %) compared to children
with mild malaria (median: 67.3 %) and adult malaria patients (median: 48.3 %), with significant
differences. Although the median frequency of TIM-3 appeared to be higher on Tr1 cells of mild
malaria cases than on those of adult malaria patients, no significance could be detected.
Around one third of the Tr1 cells showed expression of CD39 in all three groups, with respective
median frequencies of 39.8 %, 35.1 % and 30.9 % and without any differences. Thus, PD-1 and
CCRS5 were identified as additional markers for malaria-induced Tr1 cells and high expression

of TIGIT and TIM-3 on Tr1 cells distinguishes severe from mild malaria cases.

* *kkk
100 gy H % ; i i
ﬁ: o of
[m] [m]
80 o o & adults
%) o o O H o o
= [m] H 1
@ o d O malaria
o 60 o o 1 o
hul =] o o oo o
= &
S 404 H o e children
o D W
& o
o E o mild malaria
20
- o 5 o O severe malaria
o O o
0 1 1 1 1 ]
PD-1 CCR5 TIGIT TIM-3 CD39

Figure 12: Tr1 cells of malaria patients show specific phenotypic characteristics that differ in the expression
of TIGIT and TIM-3.

Tr1 cells (CD4*LAG-3*CD49b* T cells) of adult malaria patients (n=14-15) and Ghanaian children suffering from mild
(n=19) or severe malaria (n=21-22) were stained for different surface molecules and their frequencies were
analyzed by flow cytometry. Only patients with a sufficient amount of Tr1 cells (> 10) were included in the marker
analysis. The bars represent the median. Normality of data was analyzed by D’agostino & Pearson test and
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statistical significance was determined using Kruskal-Wallis test with Dunn‘s multiple comparisons test or one-way
ANOVA with Tukey’s multiple comparisons test (*p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001).

4.2.5 Frequencies and characterization of CD8*LAG-3*CD49b* T cells in malaria patients
Recent data from our group in the well-established mouse model of experimental cerebral
malaria, in which mice are infected with Plasmodium berghei ANKA, showed an induction of
not only CD4*LAG-3*CD49b* but also of CD8"LAG-3*CD49b* T cells that had suppressive and
cytotoxic capacities (62). To elucidate whether CD8" T cells of malaria patients also show
phenotypic characteristics of Trl cells, their expression of LAG-3 and CD49b was investigated
in adult malaria patients (n=15), COVID-19 patients (n=7) and healthy donors (n=17) as well as
in Ghanaian children suffering from severe (n=30) or mild malaria (n=20), febrile seizures (n=5)
or bronchopneumonia (n=10) and healthy children (n=32).

The frequency of CD8"LAG-3*CD49b* T cells was significantly increased in adult malaria patients
compared to healthy donors and COVID-19 patients, although the total number of these cells
was very low (median frequency: 0.12 %). Healthy adults and COVID-19 patients completely
lacked CD8*LAG-3*CD49b* T cells (Figure 13A). In children, the frequencies of
CD8*LAG-3*CD49b* T cells were moderately higher than in adult malaria patients, but no
significant differences could be detected between the investigated groups. The median
percentages of LAG-3*CD49b* among CD8* T cells of children with mild malaria (0.32 %), severe
malaria (0.33 %) and bronchopneumonia (0.39 %) were a little higher compared to healthy
children (0.12 %) and children with febrile seizures (0.087), but without significance
(Figure 13B). Due to the low median percentages in children with febrile seizures and healthy

children, it can be said that most of these children lacked CD8*LAG-3*CD49b* T cells.
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Figure 13: CD8*LAG-3*CD49b* T cells are induced in adult travelers, but not in children suffering from malaria.

CD8" T cells of (A) adult malaria patients (n=15), COVID-19 patients (n=7) and healthy donors (n=17) and (B)
Ghanaian children suffering from mild (n=20) or severe malaria (n=30), seizures (n=5), bronchopneumonia (n=10)
and healthy children (n=32) were stained for LAG-3 and CD49b and analyzed by flow cytometry. The bars represent
the median. Normality of data was analyzed by D’agostino & Pearson test and statistical significance was
determined using Kruskal-Wallis test with Dunn‘s multiple comparisons test or one-way ANOVA with Tukey’s
multiple comparisons test (*p <0.05, **p < 0.01, ***p <0.001, ****p < 0.0001).

Since an induction of CD8*LAG-3"CD49b* T cells was observed in adult malaria patients and
these cells were also present in children suffering from malaria, it was investigated whether
they had similar phenotypic properties to Trl cells. Therefore, as for the Trl cells, the
CD8*LAG-3*CD49b* T cells of adult malaria patients (n=8-11) and children with mild (n=17) or
severe malaria (n=21-22) were examined for the expression of PD-1, TIGIT, TIM-3, CD39 and
CCR5. Again, only patients with sufficient numbers of CD8"LAG-3*CD49b* T cells, as recorded
by FACS (> 10), patients were included in this analysis. Similar to Tr1 cells, the vast majority of
CD8*LAG-3*CD49b™* T cells also expressed PD-1 and CCR5, with respective median frequencies
of 86.5 % and 95.6 % in adult malaria patients, 78.3 % and 79.3 % in mild malaria cases and
92.6 % and 90.1 % in severe malaria cases (Figure 14). In contrast to Trl cells, PD-1 was

significantly increased on Tr1 cells of children with severe malaria compared to mild malaria,
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while the level of CCR5 was higher on CD8"LAG-3*CD49b* T cells of adult malaria patients as
well as severe malaria cases compared to children with mild malaria. Hence, PD-1 and CCRS5 are
not only markers for Trl cells, but also for CD8*LAG-3*CD49b* T cells of malaria patients,
although their expression levels were lower in CD8*LAG-3*CD49b* T cells. TIGIT was increased
on CD8*LAG-3*CD49b"* T cells of children with severe malaria (median: 57.1 %) compared to
mild malaria cases. Although the median frequency of adult malaria patients (46.9 %) was
similar to that of mild malaria cases (39.3 %), no significance was detected when they were
compared to severe malaria patients. Likewise, TIM-3 was increased on CD8*LAG-3*CD49b*
T cells of severe malaria patients compared to mild malaria patients with high significance.
Children with mild malaria showed the lowest median frequency of TIM-3 (14.3 %) after adult
malaria patients (32.3 %) and children with severe malaria (60.0 %). The median frequencies of
TIGIT and TIM-3 were generally lower on CD8*LAG-3*CD49b* T cells of mild (39.3 % and 14.3 %)
and severe malaria cases (57.1 % and 60.0 %) compared to the respective Trl cells
(mild malaria: 42.4 % and 47.3 %; severe malaria: 68.0 % and 88.7 %). In adult malaria patients,
Trl and CD8LAG-3*CD49b* T cells showed the same median frequency of TIGIT (46.9 %), but
the level of TIM-3 was, like in the children, higher on Trl cells (48.3 %) than on
CD8*LAG-3*CD49b* T cells (32.3 %). There was no difference in the expression of CD39 between
the groups. Roughly one third of the CD8*LAG-3*CD49b* T cells of mild malaria patients
expressed CD39 (39.0 %), while more than half of the CD8"LAG-3*CD49b* T cells of adult malaria
patients (53.0 %) and severe malaria patients (58.6 %) expressed this regulatory molecule. In
contrast to TIGIT and TIM-3, CD39 was more highly expressed on CD8"LAG-3*CD49b* T cells
(adult malaria patients: 53.0 %; mild malaria: 39.0 %; severe malaria: 58.6 %) than on Tr1 cells
(adult malaria patients: 39.9 %; mild malaria: 35.1 %; severe malaria: 30.9 %). Although
CD8*LAG-3*CD49b* T cells showed many phenotypic similarities to Trl cells, they displayed a
more heterogenous phenotype, with larger differences between mild and severe malaria cases

and adult malaria patients.
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Figure 14: CD8*LAG-3*CD49b"* T cells of malaria patients show Tri-like characteristics.

CD8LAG-3*CD49b"* T cells of adult malaria patients (n=8-11) and Ghanaian children suffering from mild (n=17) or
severe malaria (n=21-22) were analyzed for their expression of different regulatory molecules. Only patients with
a sufficient amount of CD8*LAG-3*CD49b* (> 10) were included in the marker analysis. The bars represent the
median. Normality of data was analyzed by D’agostino & Pearson test and statistical significance was determined
using Kruskal-Wallis test with Dunn‘s multiple comparisons test or one-way ANOVA with Tukey’s multiple
comparisons test (*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).

4.2.6 Comparison of malaria-induced PD-1* and LAG-3*CD49b* T cells

The main characteristics of Trl cells are the production of IL-10 and thereby the suppression of
T cell functions (58). Thus, to clearly identify a T cell as a Trl cell, functional analyses are
necessary. Due to the low amount of LAG-3*CD49b* T cells and limited patient material, a
different subset of FoxP3" regulatory T cells was investigated further. Our group identified
CD4*PD-1*T cells that co-express the co-inhibitory molecule cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) are induced in malaria patients and are able to suppress effector T cell
proliferation in a dose-dependent manner (80). These cells were also present in healthy adults,
where they showed similar properties (data not yet published). Since the majority of malaria-
induced Trl and CD8*LAG-3*CD49b* T cells co-expressed PD-1, it was assumed that
LAG-3*CD49b* T cells represent a subpopulation of PD-1* T cells. To investigate similarities
between CD4*PD-1* T cells and Trl cells, the expression of CCR5, TIGIT, TIM-3 and LAG-3 on
CD4*PD-1*T cells of adult malaria patients (n=13-15) and healthy donors (n=17) and of children
with mild (n=20) or severe malaria (n=28-30) was examined.

CCR5, TIGIT, TIM-3 and LAG-3 were significantly increased on CD4*PD-1* T cells of adult malaria
patients compared to healthy donors (Figure 15A). The majority of CD4*PD-1* T cells of adult

malaria patients expressed CCR5 (median 76.4 %) and roughly one third co-expressed TIGIT
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(median 29.1 %). Only small proportions expressed TIM-3 or LAG-3. In healthy donors, CCR5
was co-expressed by more than one third of the CD4*PD-1* T cells (median 38.1 %) and also a
co-expression of TIGIT was also observed on a small subset of these cells (median 7.37 %).
TIM-3 was only expressed by very few cells and LAG-3 was completely absent on CD4*PD-1* T
cells of adult healthy donors. In Ghanaian children, CCR5, TIGIT, TIM-3 and LAG-3 were
significantly increased on CD4*PD-1*T cells of severe malaria patients compared to mild malaria
patients (Figure 15B). While the frequencies of CCR5 in mild (median 33.3 %) and severe malaria
cases (median 44.8 %) were lower than in adult malaria patients (median 76.4 %), the levels of
TIGIT and TIM-3 were higher in severe malaria patients compared to adult malaria patients,
with respective medians of 43.5 % and 32.55 %. The median frequencies of LAG-3 were similar
in severe malaria (13.1 %) and adult malaria patients (16.8 %), while they were lower in children
with mild malaria (7.0 %). In summary, the CD4*PD-1* T cells of malaria patients showed

phenotypic similarities to Trl cells, but the levels of most of the investigated surface molecules

were lower.
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Figure 15: CD4*PD-1* T cells of malaria patients and healthy donors exhibit a Tr1-like phenotype.

The expression of CCR5, TIGIT, TIM-3 and LAG-3 on CD4*PD-1* of (A) adult healthy donors (n=17) and P. falciparum-
infected travelers (n=13-15) and of (B) Ghanaian children with either mild (n=20) or severe malaria (n=28-30) was
examined. The bars represent the median. Normality of data was analyzed by D’agostino & Pearson test and
statistical significance was determined using Mann Whitney or unpaired t test (*p <0.05, **p <0.01, ***p <0.001,
**¥%p <0.0001).

To better visualize phenotypic characteristics and co-expression of surface markers on T cells

and on LAG-3*CD49b* T cells in particular, the t-distributed stochastic neighbor embedding
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method (t-SNE) was used. T-SNE allows the visualization of high-dimensional data, like flow
cytometric data with many parameters, by nonlinear dimensionality reduction. Here, each data
point is displayed in a two-dimensional space in such a way that all similarities of the original,
high-dimensional dataset are preserved (174). In flow cytometry, this means that cells with
similar properties are depicted closer to one another, while more different cells are localized
at a greater distance. The t-SNE tool within FlowJo was used for the analysis. Cells of children
with mild (n=18) or severe malaria (n=23) were manually gated for lymphocytes, single cells
and CD3* T cells. Only patients with a sufficient number of T cells, comparable cytometer
parameters and properly stained markers were included in the analysis. T cells were
downsampled to 20,000 events and concatenated for each group. The concatenated events of
severe malaria patients were further downsampled to obtain a total number of 360,000 events
that was used for the t-SNE algorithm for both the mild and the severe malaria cases. T-SNE
was performed based on all measured compensated parameters. To depict the individual cell
populations based on their expression of surface molecules, they were first gated manually.
Afterwards, the manual gating was applied to the t-SNE plot. Besides LAG-3*CD49b* T cells and
different surface markers, PD-1*CCR5* and PD-1*TIGIT* T cells were also analyzed, since CCR5
and TIGIT were found to be markers that are highly co-expressed with PD-1 in malaria patients
and healthy donors.

In mild malaria patients, two clear populations of Trl and CD8*LAG-3"CD49b* T cells could be
detected (Figure 16A). The Trl cells formed a specific cluster of cells, separated from the other
CD4* T cells, while the CD8*LAG-3"CD49b* T cells did not show that clear separation. Also, in
this analysis the expression of PD-1, CCR5, TIM-3 and TIGIT on Tr1 cells was visible. Interestingly,
the Trl cells were divided into two subsets. The larger subset expressed all the investigated
markers except CD39, while the smaller subset also showed expression of CD39. Thus, the
expression of CD39 seemed to distinguish subpopulations of Trl cells. Furthermore, Trl cells
were recognizably part of the PD-1*CCR5* and the PD-1*TIGIT* T cell subsets. In general, PD-1,
TIGIT and CCR5 were distributed much more broadly among T cells than LAG-3 and CD49b, the
key markers for Trl cells. In severe malaria patients, a specific Trl cell cluster with the same
properties as in mild malaria patients was visible (Figure 16B). They also expressed the markers
PD-1, CCR5, TIM-3 and TIGIT and could be distinguished into two subsets based on the
expression of CD39. Again, the population expressing CD39 was smaller than the one lacking

CD39. In contrast to mild malaria patients, the CD8" LAG-3*CD49b* T cells of severe malaria
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patients formed three distinct clusters instead of just one. These clusters were not only spatially
separated from each other, but also from the other CD8" T cells. Hence, these
CD8*LAG-3*CD49b* T cells showed more diversity compared to Tr1l cells and compared to mild
malaria patients, as these cells did not appear in one single cluster, but were rather distributed
among the CD8* T cells. One cluster of CD8*LAG-3*CD49b* T cells expressed all the investigated
markers, while another cluster expressed all markers except CD39. The smallest cluster
expressed only PD-1 and CCR5. Interestingly, severe malaria patients showed higher overlaps
between PD-1 and TIGIT expression than mild malaria patients and thus more cell clusters that

co-expressed PD-1 and TIGIT, especially on CD4* T cells.
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Figure 16: Trl cells of children suffering from malaria show a specific phenotype, while CD8*LAG-3*CD49b* T
cells are more heterogenous.

CD3* T cells of Ghanaian children suffering from (A) mild (n=18) or (B) severe malaria (n=23) were downsampled
to 20,000 cells, concatenated, and downsampled to a total of 360,000 events using the FlowJo software, in which
the t-distributed stochastic neighbor embedding method (t-SNE) was performed. Manual gating of T cell subsets
expressing CD4, CD8, PD-1, CCR5, CD39, LAG-3, TIM-3 or TIGIT and of LAG-3"CD49b", PD-1*CCR5* and PD-1*TIGIT*
populations was applied to the t-SNE plots. CD4* T cells are depicted in light blue and CD8* T cells in light red. Every
surface marker and subpopulations are depicted in a specific color. Tr1 cells are marked by blue circles and
CD8*LAG-3*CD49b* T cells by red circles.

To investigate, whether the observed phenotypic characteristics and marker co-expressions are
also present in adult malaria patients, the t-SNE analysis was performed for this patient cohort
as well. The CD3* T cells of 7 adult malaria patients were down sampled and concatenated as
for the children. In total 140,000 events were used for the analysis. Due to the fact that the
adult samples were measured on two different flow cytometers with different parameters, only
a small number of patients with matching parameters could be used for this analysis. The
patients measured on the BD Fortessa were used. Similar to the children, the Tr1 cells of adult
malaria patients clustered together and mainly showed co-expression mainly of PD-1 and CCRS5,
and partially of TIGIT, CD39 and TIM-3 (Figure 17). They were not as clearly separated into two
subpopulations, as defined by CD39 expression, as in mild or severe malaria patients. Trl cells
of adult malaria patients also showed co-expression of PD-1 and CCR5 as well as of PD-1 and
TIGIT. In contrast to children suffering from malaria, adult malaria patients did not show any
cluster of CD8"LAG-3*CD49b™* T cells. As revealed by classical gating, the overall percentages of
CD8*LAG-3*CD49b* T cells were lower in adults than in children (Figure 13) and in case of the
adults, lower T cell numbers were used in the t-SNE analysis. This may have led to the loss of
small cell populations in the t-SNE plot. Similar to mild malaria patients, the adult travelers did
not show as strong of an overlap in the expression of PD-1 and TIGIT as the severe malaria
patients did. Thus, the adult malaria patients also had PD-1* T cells that lack TIGIT. In summary,
the t-SNE analyses showed that Trl cells form a specific cell cluster with distinct phenotypes
that varies only slightly between adults and children suffering from P. falciparum malaria. In
contrast to Trl cells, CD8*LAG-3*CD49b* T cells show a more heterogenous phenotype whose

diversity increases with disease severity.
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Figure 17: Tr1 cells of adult malaria patients show a specific phenotype, while CD8*LAG-3*CD49b* T cells are
not visible via t-distributed stochastic neighbor embedding (t-SNE).

CD3* T cells of adult travelers suffering from P. falciparum malaria (n=7) were downsampled to 20,000 cells and
concatenated. A total of 140,000 events was used for the t-distributed stochastic neighbor embedding method
(t-SNE) using the FlowJo software. Manual gating of T cell subsets expressing CD4, CD8, PD-1, CCR5, CD39, LAG-3,
TIM-3 or TIGIT and of LAG-3*CD49b*, PD-1*CCR5* and PD-1*TIGIT* populations was applied to the t-SNE plots.
CD4* T cells are depicted in light blue and CD8* T cells in light red. Every surface marker and subpopulations are
depicted in a specific color. Tr1 cells are marked by a blue circle. A specific cluster of CD8"LAG-3*CD49b* T cells
could not be detected.

The t-SNE analyses revealed that LAG-3*CD49b* T cells are subpopulations of PD-1*CCR5* and
PD-1*TIGIT* T cells. To investigate how many LAG-3*CD49* T cells belong to the PD-1*CCR5" or
the PD-1*TIGIT* subsets, these frequencies were examined in adult malaria patients (n=8-15)
and children suffering from mild (n=17-19) or severe malaria (n=21-22). Only patients with
sufficient amounts of Trl or CD8*LAG-3*CD49b* T cells (n> 10) and properly stained samples
were included in the analyses.

The CD4*PD-1"CCR5* T cell subset contained almost all of the Trl cells of the three cohorts
without any differences between the groups (Figure 18A). The CD8*PD-1*CCR5* T cells of severe
malaria patients contained significantly more LAG-3*CD49b* cells than those of mild malaria
patients. Also, the adult malaria patients showed higher levels of PD-1*CCR5" cells among their
CD8*LAG-3*CD49b* T cells than mild malaria patients, but not significantly so. Both the Tr1 and
the CD8*LAG-3"CD49b* T cells of children with severe malaria showed significantly higher levels
of PD-1*TIGIT* compared to children with mild malaria (Figure 18B). The frequencies in adult

malaria patients were similar to those of mild malaria patients, but without any significant
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differences to the severe malaria patients. Thus, PD-1*CCR5* T cell subsets contained all of the
Trl and most of the CD8*LAG-3*CD49b* T cells. In comparison, the PD-1*TIGIT" subsets
contained a lower percentage of the LAG-3"CD49b* T cells than the PD-1*CCR5* T cell subsets.
The percentage of LAG-3*CD49* T cells that were PD-1*TIGIT* was significantly higher in patients

with severe malaria than in patients with mild malaria.
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Figure 18: LAG-3*CD49b* T cells differ in their affiliation to PD-1* T cell subsets.

Trl cells and CD8*LAG-3*CD49b* T cells of adult malaria patients (n=8-15) and children with mild (n=17-19) or
severe malaria (n=21-22) were analyzed for their co-expression of (A) PD-1 and CCR5 and (B) PD-1 and TIGIT. Only
patients with a sufficient amount of Tr1 or CD8"LAG-3*CD49b* T cells (> 10) were included in the analysis. The bars
represent the median. Normality of data was analyzed by D’agostino & Pearson test and statistical significance
was determined using Kruskal-Wallis test with Dunn‘s multiple comparisons test or one-way ANOVA with Tukey’s
multiple comparisons test (*p <0.05, **p < 0.01, ***p <0.001, ****p < 0.0001).

To further investigate the proportions of PD-1* T cells that co-expressed CCR5 or TIGIT, their
frequencies were determined in adult malaria patients (n=12-15) and healthy donors (n=17)
and in healthy children (n=32) and children suffering from mild (n=20) or severe malaria (n=28-
30).

CD4*PD-1*CCR5* T cells were significantly induced in adult malaria patients (median: 22.1 %)
compared to healthy controls (Figure 19A). In contrast to Trl cells, these cells were clearly
present in healthy donors with a median frequency of 7.0 %. CD8"PD-1"CCR5" T cells were
present in both healthy individuals and malaria patients without any difference. Their level was
similar to that of CD4*PD-1*CCR5* T cells in malaria patients. Children suffering from malaria
showed significant induction of CD4*PD-1*CCR5* T cells compared to healthy children

(median: 4.8 %), but their frequency in mild (median: 10.2 %) and severe cases
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(median: 12.1 %) was not altered (Figure 19B). In contrast, CD8*PD-1*CCR5* T cells were
significantly induced in severe malaria patients (median: 17.1 %) compared to mild malaria
patients (median: 7.6 %) and healthy controls (median: 5.9 %). There was no difference
between mild malaria cases and healthy individuals. CD4*PD-1*TIGIT* T cells were also induced
in adult malaria patients compared to their corresponding healthy donors. Their median
frequency was lower overall in healthy individuals (1.5 %) and malaria patients (9.8 %) than of
CD4*PD-1*CCR5* T cells (healthy: 7.0 %; malaria patients: 22.1 %). As in PD-1*CCR5* T cells,
there was no difference between healthy donors and malaria patients in the frequency of
CD8*PD-1*TIGIT* T cells (Figure 19C). Again, their level was the same as that of CD4*PD-1*TIGIT*
T cells in malaria patients. Children with severe (median: 13.1 %) or mild malaria
(median: 7.7 %) showed higher levels of CD4*PD-1*TIGIT* T cells compared to healthy children
(median: 1.7 %) and there was a trend for the level to be higher in children suffering from
severe malaria compared to mild malaria cases (Figure 19D). CD8*PD-1*TIGIT* T cells were only
significantly induced in children with severe malaria (median: 18.4 %) compared to healthy
donors (median: 3.6 %), although there seemed to be a trend towards reduced frequencies in
mild malaria cases (median: 9.5 %). In the case of PD-1*TIGIT* T cells, their levels were
comparable between children and adults. This data showed that CD4*PD-1*CCR5* and
CD4*PD-1*TIGIT* T cells are induced during malaria in adults and children, while CD8* T cells co-
expressing PD-1 and CCR5 or PD-1 and TIGIT are only induced during malaria in children. Both
of the investigated PD-1* T cell populations were also present in healthy donors, which makes

them highly feasible for in vitro experiments.
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Figure 19: CD4*PD-1* T cells that co-express CCR5 or TIGIT are induced in malaria patients.

The frequencies of PD-1*CCR5* T cells were compared between (A) adult malaria patients (n=15) and the
respective healthy donors (n=17) and between (B) children suffering from mild (n=20) or severe malaria (n=30)
and healthy children (n=32). Additionally, the frequencies of PD-1*TIGIT* T cells were compared between (C) adult
malaria patients (n=12-13) and healthy individuals (n=17) and between (D) children suffering from mild (n=20) or
severe malaria (n=28) and healthy children (n=32). Exemplary dot plots of adult healthy donors and malaria
patients are shown. The bars represent the median. Normality of data was analyzed by D’agostino & Pearson test.
Statistical significance in adults was determined by Mann Whitney or unpaired t test and in children by Kruskal-
Wallis test with Dunn‘s multiple comparisons test (*p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001).

4.3 Suppressive capacities of CD4*PD-1* T cell subsets that co-express TIGIT
or CCR5

Since PD-1* T cells co-expressing CCR5 or TIGIT were found to contain most of the
LAG-3*CD49b* T cells, but are present in much higher frequencies in malaria patients and
healthy donors, their suppressive capacities were examined in in vitro suppression assays. Since
the material obtained from the Ghanaian children was very limited and not enough for any in

vitro experiments, cells of adult healthy donors and malaria patients were used.
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4.3.1 Suppressive capacities of CD4*PD-1*/"CCR5* T cells

First, the suppressive properties of CD4*PD-1*"CCR5*/ T cells were analyzed. In addition to four
adult healthy donors, blood samples from two adult malaria patients were obtained. PBMCs
were isolated from fresh venous blood and CD4* T cells and CD4" cells were separated by a
magnetic bead-based isolation assay. Afterwards, the CD4* T cells were sorted for nTreg
(CD25MCD127'°) and nTreg cells were sorted into PD-1*"CCR5* populations (Figure 6A). A
proportion of the isolated CD4* T cells was stained with the proliferation dye eFluor™ 450
(eF450) to monitor any changes in their proliferative behavior. Irradiated CD4" cells, which
consisted of all remaining PBMCs, including antigen presenting cells, were used as feeder cells.
The labeled CD4* T cells were incubated with the sorted CD4* T cell populations and stimulated
with anti-CD3 and anti-CD28 antibodies for four days. Proliferation of T effector cells was
assessed by flow cytometry (Figure 20A). The amount of proliferated cells incubated alone was
set as 0.0 % suppression (Figure 20B). The suppression of CD4*PD-1"CCR5* T cells was only
analysed in healthy donors.

In malaria patients, Treg cells suppressed the CD4* T cell proliferation the most with a median
suppression of 81.0 % (Figure 20C). Of the CD4*PD-1*"CCR5*/ populations, the double positive
T cells exhibited the strongest suppressive capacities with a median suppression of
53.4 %. In healthy donors, the PD-1"CCR5" and the nTreg cells suppressed the CD4* T cell
proliferation in a similar manner, with 36.7 % and 42.1 % respective suppression. The PD-1
single positive cells showed higher suppressive capacities in malaria patients compared to
healthy donors, while the double negative cells displayed almost no suppressive function in

both groups.
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Figure 20: CD4*PD-1*CCR5* T cells suppress CD4* T cell proliferation similarly to Treg cells.

Suppressive capacities of CD4*PD-1*"CCR5*" T cells on CD4* T cells were analyzed in healthy donors (n=4) and P.
falciparum infected travelers (n=2). CD4* T cells were labeled with the proliferation dye eF450 and co-incubated
with autologous, FACS-sorted Treg or CD4*TregPD-1*"CCR5*" T cell populations in a 1:1 ratio. Cells were
stimulated with soluble anti-CD3 and anti-CD28 antibodies for four days. (A) Living CD4* singlet T lymphocytes
were gated for eF450* cells and the frequency of proliferated cells. (B) Proliferation of CD4* T cells incubated with
sorted CD4*PD-1*"CCR5*" populations was assessed (blue histograms). Suppression of CD4* T cell proliferation
was determined relative to CD4* T cells incubated alone (control; grey histograms). One out of four independent
experiments of a healthy donor is shown. (C) Suppressive capacities of sorted CD4* T cell populations were
compared between healthy donors and malaria patients. PD-1"CCR5" cells were only analyzed in healthy donors
in three independent experiments. Statistical significance could not be determined due to the small sample size.

Additionally, it was investigated whether the suppressive capacities of CD4*PD-1*CCR5* T cells
are dose-dependent. To this end, the CD4* effector T cells were incubated with the sorted
T cell populations in a 1:1 and 1:0.5 ratio and the suppression was assessed as before. The
suppressive capacity of the double negative cells was not assessed this time, since they were
mainly used as a control. As before, the suppression of CD4*PD-1"CCR5* T cells was only
analysed in healthy donors. In healthy donors, all the CD4*PD-1*"CCR5* populations showed

dose-dependent suppressive activity (Figure 21A). When adding only half the amount of sorted

66



Results

T cells, their suppressive capacity was visibly reduced. Interestingly, CD4*PD-1"CCR5* T cells
showed higher suppression of CD4* T cell proliferation compared to CD4*PD-1*CCR5". In malaria
patients, the suppressive capacities of the sorted CD4* T cells were generally stronger
compared to healthy donors (Figure 21B). PD-1*CCR5* T cells and Treg cells showed a dose-
dependent suppression of CD4* T cells. Only the PD-1*CCR5" T cells showed more suppression

when adding only half the amount of cells.
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Figure 21: Suppressive capacities of CD4*PD-1*/"CCR5*" T cells on CD4* T cells are dose-dependent.

Dose-dependent suppression of CD4* T cell proliferation by CD4*PD-1*"CCR5* T cells was analyzed in (A) healthy
donors (n=3-4) and (B) P. falciparum infected travelers (n=2). CD4* T cells were labeled with the proliferation dye
eF450 and co-incubated with FACS-sorted nTreg or CD4*Treg PD-1*"CCR5* T cell populations in a 1:1 (dark grey
circles/dark red squares) or 1:0.5 ratio (light grey circles/light red squares).

To assess whether the CD4*PD-1*"CCR5*/ T cells are also able to suppress the proliferation of
CD8* T cells, the sorted CD4* T cell subsets were co-incubated with eF450-labeled autologous
CD8* T cells. Before staining them with eF450, the CD8* T cells were isolated from PBMCs using
a magnetic bead-based assay. This was only done with samples from healthy donors (n=3).
Additionally, dose-dependent suppression was analyzed by incubating the cells either at a 1:1
or 1:0.5 ratio. CD8" T cell proliferation was assessed by flow cytometry (Figure 22A). Again,
suppression was calculated based on CD8* T cells incubated without any regulatory CD4* T cells
(control) (Figure 22B). Treg cells showed the strongest suppression of CD8* T cell proliferation
(Figure 22C). This suppressive effect was dose-dependent and even stronger compared to the
suppression of CD4* T cell proliferation. Similar to the experiment with CD4* T cells, the

CD4*PD-1*CCR5* T cells had the strongest suppressive effect of the PD-1 and CCR5-expressing
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cells, and this was also dose-dependent. The PD-1"CCR5* and PD-1*CCR5 cells only showed
minor suppression, with dose-dependent effects only in PD-1"CCR5" cells. As before, the
PD-1"CCR5 cells showed almost no suppressive properties. Accordingly, CD4*PD-1*CCR5* T cells
are regulatory T cells with suppressive capacities similar to Treg cells. Interestingly,
CD4*CCR5* T cells that lack PD-1 also showed weak suppressive effects, mainly on CD4* T cell
proliferation. CD4*PD-1"CCR5* T cells were not only able to suppress CD4*, but also CD8" T cell

proliferation, and thus seem to play an important role in regulating pro-inflammatory, cytotoxic

T cell responses.
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Figure 22: CD4*PD-1*CCR5* T cells also suppress CD8* T cell proliferation in a dose-dependent manner.

Suppressive capacities of CD4*PD-1*CCR5* T cells on CD8" T cells were analyzed in healthy donors (n=3-4).
CD8* T cells were labeled with the proliferation dye eF450 and co-incubated with autologous, FACS-sorted Treg or
CD4*nTreg PD-1*"CCR5* T cell populations ina 1:1 or 1:0.5 ratio. Cells were stimulated with soluble anti-CD3 and
anti-CD28 antibodies for four days. (A) Living CD8" singlet T lymphocytes were gated for eF450* cells and the
frequency of proliferated cells was determined. (B) Proliferation of CD8" T cells incubated with sorted
CD4*PD-1*"CCR5*" populations was assessed (blue histograms). Suppression of CD8* T cell proliferation was
calculated relative to CD8* T cells incubated alone (control; grey histograms). One out of three independent
experiments is shown. (C) Dose-dependent, suppressive capacities of sorted CD4* T cell populations on CD8" T cell
proliferation were analyzed. Statistical significance could not be determined due to the small sample size.
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4.3.2 Cytokine profile of CD4*PD-1*"CCR5*/ T cells

To further investigate whether the observed differences in the suppressive properties of
CD4*PD-1*"CCR5* T cells are due to differences in their cytokine production, the cells were
stimulated with anti-CD3 and anti-CD28 antibodies and stained intracellularly for GrzB, IL-10,
IFN-y and TNF-a. This was done for healthy donors (n=4) as well as malaria patients (n=5).
Additionally, the cells were stained for FoxP3 to exclude nTreg.

The CD4*FoxP3PD-1*CCR5* T cells of healthy donors produced higher levels of GrzB,
IL-10, IFN-y and TNF-a compared to the other PD-1/CCR5-expressing cell subsets (Figure 23A).
IL-10 and IFN-y were absent in the double negative cell population, but were produced at very
low levels by PD-1 and CCR5 single positive cells. The frequencies of TNF-a were similar
between PD-1* cells co-expressing CCR5 and those without CCR5, while it was lower in CCR5
single positive cells and double negative cells. Similar to healthy donors, the PD-1*CCR5* cells
of malaria patients produced more GrzB and IL-10 than the other T cell subsets although the
overall level of IL-10 was very low (Figure 23B). IFN-y and TNF-a were produced at similar levels
in the populations that co-expressed PD-1 and CCR5 and those expressing CCR5 or PD-1 alone.
Only the double negative population showed nearly no IFN-y and very low TNF-a production.
Generally, the levels of IL-10, IFN-y and TNF-a were lower in malaria patients compared to
healthy donors. Thus, CD4* T cells co-expressing PD-1 and CCR5 are activated cells with
regulatory functions that produce pro- as well as anti-inflammatory cytokines and therefore

show Trl cell characteristics in healthy donors as well as in malaria patients.
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Figure 23: CD4*FoxP3PD-1*CCR5" T cells produce more cytokines than their non-double positive
counterparts.

CD4*FoxP3PD-1*"CCR5*" T cells of (A) adult healthy donors (n=4) and (B) malaria patients (n=5) were stimulated
with aCD3 and aCD28 antibodies and stained intracellularly for GrzB, IFN-y, IL-10 and TNF-a. Cytokine production
was analyzed by flow cytometry. Statistical significance could not be determined due to the small sample size.

4.3.3 Suppressive capacities of CD4*PD-1*/TIGIT* T cells

The suppressive capacities of CD4*PD-1*/TIGIT*- T cells were examined in the same way as for
the CD4*PD-1*"CCR5* T cells. Due to a lack of samples from malaria patients, only cells of
healthy donors were used for these experiments. Again, freshly isolated PBMCs were used to
obtain CD4* T cells and CD4" PBMCs by magnetic bead-based cell isolation. The CD4* T cells
were then sorted by FACS into nTreg cells and the four nTreg PD-1*/TIGIT* subsets
(Figure 6B). As before, the labeled CD4* T cells were incubated with the sorted CD4* T cell
populations and stimulated with anti-CD3 and anti-CD28 antibodies for four days. Proliferation
of T effector cells was assessed by flow cytometry (gating strategy: Figure 20A). The amount of
proliferated cells incubated alone was set as 0.0 % suppression (Figure 24A).

As seen before, Treg cells showed the highest median suppressive capacity and this was dose-
dependent (Figure 24B). CD4*PD-1*TIGIT T cells showed the second highest suppressive effect
on CD4* T cell proliferation, and this suppression was also does-dependent. The double
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negative, double positive and TIGIT single positive cells had almost no suppressive function,
which indicates that TIGIT seems to dampen the suppressive effect, especially of regulatory

CD4*PD-1*T cells.
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Figure 24: CD4* T cells that express PD-1 but not TIGIT suppress CD4* T cell proliferation similar to nTreg cells.

Suppressive capacities of CD4*PD-1*"TIGIT* T cells on CD4* T cell proliferation were analyzed in healthy donors
(n=3-4). CD4* T cells were labeled with the proliferation dye eF450 and co-incubated with autologous, FACS-sorted
Treg or CD4*Treg'PD-1*"CCR5* T cell populations in a 1:1 or 1:0.5 ratio. Cells were stimulated with soluble anti-
CD3 and anti-CD28 antibodies for four days. Gating strategy was used as described before (Figure 20A).
(A) Proliferation of CD4* T cells incubated with sorted CD4*PD-1*/TIGIT* populations was assessed (blue
histograms). Suppression of CD4* T cell proliferation was calculated relative to CD4* T cells incubated alone
(control; grey histograms). One out of four independent experiments is shown. (B) Dose-dependent, suppressive
capacities of sorted CD4* T cell populations on CD4* T cell proliferation were analyzed. Statistical significance could
not be determined due to the small sample size.

Afterwards, it was investigated whether the CD4*PD-1*/TIGIT*/ T cells are also able to suppress
CD8* T cell proliferation. To this end, CD8* T cells were isolated from PBMCs of healthy donors
(n=3-4) using a magnetic bead-based method, labeled with eF450 and co-incubated with the
autologous sorted CD4*PD-1*TIGIT* T cell populations. CD4~ PBMCs were used as feeder cells.
As in the previous suppression assays, Treg cells suppressed the proliferation of CD8* T cells the
most. This suppression was dose-dependent and even stronger compared to the suppression
of CD4* T cell proliferation when comparing the medians. The suppression by PD-1* T cells that
lack TIGIT and those that co-express TIGIT was approximately 50 % lower than that of Treg, and
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the double positive cells showed slightly lower suppression compared to the PD-1 single
positive cells. TIGIT single positive and double negative cells showed nearly no suppressive
effect. In contrast to the experiment with CD4* effector T cells, CD4*PD-1*TIGIT* T cells were
able to suppress CD8" T cell proliferation, but not CD4* T cell proliferation. Thus, the
suppression of CD8" T cell proliferation seems to be more independent from TIGIT than the

suppression of CD4* T cell proliferation.
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Figure 25: Suppression of CD8* T cell proliferation by CD4*PD-1* T cells depends on PD-1, but not TIGIT.

Suppressive capacities of CD4*PD-1*/"TIGIT* T cells on CD8* T cell proliferation were analyzed in healthy donors
(n=3-4). CD8* T cells were labeled with the proliferation dye eF450 and co-incubated with autologous, FACS-sorted
Treg or CD4*PD-1*TIGIT* Treg T cell populations in a 1:1 or 1:0.5 ratio. Cells were stimulated with soluble anti-
CD3 and anti-CD28 antibodies for four days. The gating strategy to asses CD8* T cell proliferation was used as
described before (Figure 22A). (A) Proliferation of CD8* T cells incubated with sorted CD4*PD-1*TIGIT*
populations was assessed (blue histograms). Suppression of CD8" T cell proliferation was calculated relative to
CD8" T cells incubated alone (control; grey histograms). One out of four independent experiments is shown.
(B) Dose-dependent, suppressive capacities of sorted CD4* T cell populations on CD8" T cell proliferation were
analyzed. Statistical significance could not be determined due to the small sample size.

4.3.4 Cytokine profile of CD4*PD-1*/TIGIT*/- T cells
The differences in the production of the cytokines GrzB, IL-10, IFN-y and TNF-a were also
examined for the CD4*PD-1*/TIGIT* T cell populations. As before, the cells were stimulated

with antibodies directed against CD3 and CD28 and stained intracellularly for the investigated
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cytokines. In addition to healthy donors (n=4), cells of malaria patients (n=5) were also used to
compare the cytokine profiles and to predict any suppressive function.

In contrast to the PD-1*CCR5* double positive T cells, the PD-1*TIGIT* double positive cells of
healthy donors produced less GrzB, IL-10, IFN-y and TNF-a than the PD-1* cells that lacked TIGIT
(Figure 26A). The PD-1*TIGIT cells therefore showed the highest levels of the analyzed
cytokines. PD-1" cells exhibited nearly no production of GrzB, IL-10 or IFN-y and only minor
production of TNF-a, independent of TIGIT expression. The cells of malaria patients had a
similar cytokine profile regarding GrzB and IFN-y (Figure 26B). The PD-1*TIGIT cells had the
highest levels of GrzB and IFN-y, followed by PD-1*TIGIT* cells. There was no difference in the
levels of IL-10 in the three cell subsets expressing one or both co-inhibitors, and the frequencies
of TNF-a were moderately higher in PD-1* compared to PD-1" cells, independent of TIGIT
expression. In general, the frequencies of IL-10 and IFN-y were very low. These results support
the previous finding that PD-1* cells are more suppressive when they lack TIGIT, since the

PD-1 single positive cells also showed higher levels of pro- and anti-inflammatory cytokines.
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Figure 26: CD4*FoxP3PD-1*TIGIT* T cells produce lower amounts of cytokines than their TIGIT  counterparts.

CD4*FoxP3PD-1*TIGIT* T cells of (A) adult healthy donors (n=4) and (B) malaria patients (n=5) were stimulated
with anti-CD3 and anti-CD28 antibodies and stained intracellularly for GrzB, IFN-y, IL-10 and TNF-a. Cytokine
production was analyzed by flow cytometry. Statistical significance could not be determined due to the small
sample size.
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4.3.5 Prediction of suppressive activity of CD8*PD-1* T cells co-expressing CCR5 or TIGIT
based on their cytokine profile

The previous results showed that the CD4*PD-1* T cells that co-express CCR5 have an increased
suppressive function in contrast to the cells that co-express TIGIT. It was also found that CD8*
T cells co-expressing PD-1 and CCR5 or PD-1 and TIGIT are induced in children suffering from
severe malaria and are present in adult healthy donors and malaria patients. These cells
contained most of the putative regulatory LAG-3*CD49b* cells. Until now, the suppressive
capacities of these cells had not been investigated, but to predict any suppressive function, the
production of GrzB, IFN-y, IL-10 and TNF-a by CD8*PD-1*"CCR5*" and CD8*PD-1*/TIGIT*- T cells
was analyzed. The cells of adult healthy donors (n=4) and malaria patients (n=5) were
stimulated with anti-CD3 and anti-CD28 and stained intracellularly for cytokines as described
before.

Similar to CD4* T cells, CD8* T cells that co-expressed PD-1 and CCR5 produced higher levels of
GrzB and IL-10 than their non-double positive counterparts. This was the case for healthy
donors (Figure 27A) as well as malaria patients (Figure 27B). In malaria patients, the double
positive cells also produced slightly higher levels of IFN-y (Figure 27B). The double negative cells
showed the lowest levels of GrzB, IFN-y and TNF-a and no production of IL-10 in both healthy
individuals and malaria patients. Thus, CD8* T cells that co-express PD-1 and CCR5 are also
activated cells that produce higher levels of pro- and anti-inflammatory cytokines compared to

the non-double positive cells.
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Figure 27: CD8'PD-1"CCR5* T cells produce higher levels of GrzB and IL-10 than their single-positive
counterparts.

CD8*PD-1*"CCR5*" T cells of (A) adult healthy donors (n=4) and (B) malaria patients (n=5) were stimulated with
anti-CD3 and anti-CD28 antibodies and stained intracellularly for GrzB, IFN-y, IL-10 and TNF-a. Cytokine production
was analyzed by flow cytometry. Statistical significance could not be determined due to the small sample size.

Additionally, CD8*PD-1*"TIGIT* T cells were analyzed for their cytokine profile. PD-1* cells of
healthy donors that lacked TIGIT showed moderately higher levels of GrzB compared to the
PD-1 and TIGIT single positive cells (Figure 28A). The double negative cells showed the lowest
levels of GrzB. The same GrzB profile could be observed in malaria patients (Figure 28B). While
the PD-1 single positive cells of healthy donors also produced the highest amounts of IL-10 and
TNF-a, followed by the double positive cells, the levels of IL-10 or TNF-a were not altered
between the cells expressing either PD-1 or TIGIT or both co-inhibitors in malaria patients. The
double positive cells and the cells of healthy donors did not produce any IL-10, and the TIGIT
single positive cells of malaria patients produced only very low amounts of IL-10. There were
no visible differences between the three groups expressing either PD-1 or TIGIT or both in the
production of IFN-y in both the healthy donors and the malaria patients. In summary,
CD8*PD-1* T cells also produced pro- and anti-inflammatory cytokines, with increased levels in
the cells that co-expressed CCR5, but decreased levels in TIGIT* cells. Due to the similarity
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between the cytokine profiles of CD8*PD-1* and CD4*PD-1* T cells, it is highly possible that the

CD8" cells also have suppressive capacities which need to be investigated further.
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Figure 28: CD8" PD-1*TIGIT* T cells produce lower levels of cytokines than their TIGIT- counterparts.

CD8* PD-1*"TIGIT* T cells of (A) adult healthy donors (n=4) and (B) malaria patients (n=5) were stimulated with
anti-CD3 and anti-CD28 antibodies and stained intracellularly for GrzB, IFN-y, IL-10 and TNF-a. Cytokine production
was analyzed by flow cytometry. Statistical significance could not be determined due to the small sample size.
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5 Discussion

The maintenance of an immunological balance between pro- and anti-inflammatory
mechanisms is of decisive importance during an infection with the malaria-causing parasite
Plasmodium falciparum (Pf). T cells have not only been shown to be crucial for the development
of protective immunity against recurring Plasmodium infections but also to contribute to
immunopathology that causes severe malaria. It is still unknown why some patients develop
severe malaria and others do not. It could be hypothesized that a failure of regulatory
mechanisms favors pro-inflammatory immune responses leading to immunopathological
effects. Thus, this study aimed to both elucidate the role of cytotoxic CD8* T cells in the onset
of severe human malaria and to identify subsets of regulatory T cells that could counteract this

pro-inflammatory immune reaction.

5.1 Granzyme B-producing CD8* T cells contribute to the development of

severe malaria

Several studies in experimental murine malaria have shown evidence that granzyme B (GrzB)
production by CD8* T cells contributes significantly to the onset of severe malaria and to the
development of cerebral malaria (157). However, data from human studies addressing this
question are scarce. Therefore, the first objective of this study was to shed further light on the
role of cytotoxic CD8* T cells in the development of severe malaria in humans. One of the main
effector molecules produced by cytotoxic CD8" T cells is GrzB that, together with perforin,
mediates the induction of apoptosis of infected target cells (37). Our group found elevated
levels of GrzB in the plasma of Ghanaian children that were symptomatically infected with Pf
compared to asymptomatically infected or healthy children (97). When examining the cellular
source of the GrzB, the frequency of CD8* T cells that produce GrzB were found to be elevated
in symptomatically infected children compared to asymptomatically infected or healthy
children (Figure 7). Additionally, the number of CD8*GrzB* T cells was higher in children with
severe malaria compared to children with mild malaria. This data indicated that cytotoxic CD8*
T cells contribute to disease severity and are the main source of the GrzB found in the plasma
of Pf-infected children. Concurrent with the data of our study, Riggle et. al. found elevated

numbers of CD8" T cells inside the brain vasculature of children who died due to cerebral
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malaria in contrast to children who died from other causes (158). Additionally, they showed
that these CD8* T cells were loaded with GrzB and secreted this GrzB onto the brain vasculature,
which supports the findings of our study.

Besides CD8* T cells, y& T cells or NK cells also produce GrzB in the context of malaria (192,
193). One limitation of this study was that no specific markers for y6 T cells or NK cells were
included in the analyses to clearly identify these cell populations and determine how much they
contribute to the production of GrzB. As a surrogate analysis, the GrzB production of
CD3*CD4CD8 as well as CD3" cells was investigated, which contain yb T cells and NK cells,
respectively. The CD3" lymphocytes did not show altered levels of GrzB in any of the groups,
but CD3*CD4°CD8 T cells of symptomatically infected children showed higher levels of GrzB
compared to asymptomatically infected or healthy children (Supplementary Figure 2 of (97)).
However, in contrast to CD8" T cells, there was no difference in the frequency of GrzB-
producing CD3*CD4°CD8 T cells between children with severe or mild malaria, indicating that
CD8* T cells are the cytotoxic cell subset that influences the development of severe malaria the
most.

Higher numbers of CD8*GrzB* T cells correlated with the parasitemia of the children, showing
that an increase in parasitemia results in an increase of CD8*GrzB* T cells (Figure 7). However,
it also means that despite an increasing number of cytotoxic CD8" T cells, they fail to control
the parasitic reproduction. Since erythrocytes lack MHCI molecules, which are needed for CD8*
T cells to recognize and also lyse infected cells, the CD8* T cells are hindered from fulfilling their
cytotoxic and protective function during blood stage Pf malaria. This is in contrast to P. vivax
malaria, where parasites mainly infect pre-erythrocytic reticulocytes that still have MHCI and
CD8* T cells can exert a protective function (194, 195). The activation of CD8* T cells during
blood-stage malaria can be explained by antigen cross-presentation by CD8* DCs that capture
blood-stage parasites and present MHCI-restricted antigens to CD8* T cells (196). This cross-
presentation leads to the induction of parasite-specific CD8" T cells that contribute to the
development of cerebral malaria.

In conclusion, this study and the recent study from Riggle et al. are the first studies that directly
link GrzB-producing CD8" T cells with the onset of severe malaria in humans, supporting

previous findings in experimental murine malaria.
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5.2 CD4*CD25*CD127" nTreg do not seem to play a role in controlling

overwhelming T cell responses during malaria

On the one hand, the massive activation and expansion of cytotoxic CD8* T lymphocytes during
the blood stage of Plasmodium infection contributes to the onset of severe malaria. On the
other hand, CD8* T cells that are specific for liver-stage antigens have been shown to be crucial
for sterile immunity (197). It has been suggested that regulatory immune mechanisms activated
during the blood stage are important for protection from overwhelming immunopathological
mechanisms mediated by cytotoxic CD8* T cells, but they may also hinder an effective
development of antigen-specific CD8* T cell memory. The role of natural regulatory T cells
(nTreg) in immune homeostasis during Plasmodium infections has been studied extensively in
mice and humans. Due to disparities in the mode of experiments conducted to investigate
nTreg in experimental malaria and due to different outcomes of human data, it is still debated
whether nTreg cells are friends or foes of Plasmodium-infected individuals (198). To further
shed light on the role of nTreg during immune reactions against Plasmodium falciparum, their
frequency was investigated in different malaria patient cohorts in this study. Additionally, the
nTreg frequencies of these patients were compared with those of adults suffering from the
novel coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). It has been shown that an early activation of cytotoxic CD8* T cells
is crucial for effective viral clearance and is correlated with mild disease progression in
COVID-19 patients (199, 200). However, an exacerbated T cell activation is associated with poor
clinical outcome (201). Therefore, like in malaria, T cells in COVID-19 might also play a dual role
in keeping the activation and regulation of pro-inflammatory immune responses in balance,
which seems to determine the severity of the disease. Due to these similarities, it is interesting
to compare the T cell responses in malaria and COVID-19.

In this study, the nTreg frequencies did not differ between adult malaria patients, COVID-19
patients and healthy controls or between adults and children (Figure 8). This is consistent with
previous findings that nTreg levels are not altered in COVID-19 patients and patients suffering
from other respiratory viral diseases like influenza or respiratory syncytial virus (RSV) infections
and healthy donors (202). However, when distinguishing patients regarding their disease
severity, most studies found decreased levels of circulating nTreg in patients with severe

COVID-19 (203-205) compared to mild disease and healthy donors, indicating an increased
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recruitment of Tregs into inflamed tissue, specifically lung tissue. In contrast to that, other
results showed higher nTreg levels in hospitalized patients with severe disease than in mild
cases and healthy donors (202, 206). This in turn could indicate an insufficient recruitment of
Tregs from the circulation to peripheral inflamed tissues, leading to increased inflammation
and more severe disease. One limitation of this study is that, due to the small sample size, the
COVID-19 patients were not distinguished based on disease severity. Accordingly, further
investigation into the role of nTreg in disease progression is necessary.

No differences in the nTreg frequencies were found between adult malaria patients and their
corresponding healthy controls or between Ghanaian children suffering from mild or severe
malaria and healthy children (Figure 8). This is in contrast to the majority of other human
studies which show an expansion of nTreg in malaria patients compared to healthy donors and
an association of lower nTreg frequencies with lower parasitemia and better disease outcomes
(198, 207-209). Most of the studies that investigated the role of nTreg in murine malaria used
anti-CD25 antibodies to deplete nTreg cells (210-213). Since activated conventional CD4* and
CD8* T cells also express CD25 while some FoxP3* nTreg lack CD25, using only an anti-CD25
antibody is not sufficient to specifically deplete nTreg (214). Consequently, this type of nTreg
depletion leads to contradictory results. A study by our group using DEREG mice with a
transgenic FoxP3-Diphteria toxin receptor, which allows a more selective depletion of FoxP3*
nTreg (215), did not show a correlation between depletion of nTreg cells and disease severity
or onset of cerebral malaria (CM) in Plasmodium berghei ANKA (PbA)-infected C57BL/6 mice
(216). This supports the finding of this study that the pathogenicity of activated cytotoxic T cells
does not seem to be controlled by nTreg. Furthermore, studies in mice infected with
Plasmodium yoelii as well as a human study with Pf-infected patients suggest a specific kinetic
for nTreg cell expansion during malaria. The numbers of nTregs peaked at day 5-7 post infection
in BALB/c mice (217), at day 21 post infection in C57BL/6 mice (209) and at day 10 post infection
in humans (207). Since it is hard to determine the exact timepoint post infection in humans
with naturally acquired Plasmodium infection, the timepoint of blood sampling may differ
significantly between the patients. This could be the reason why the nTreg frequencies in this
study did not differ between the groups like in other studies. When comparing the data of each
individual patient before, during and after a febrile malaria episode, Kurup et al. observed an
increase of FoxP3*CD4* nTreg cells during acute febrile malaria episodes (209). In this study, no

samples of the same patients were available before or after their malaria episode, so no

80



Discussion

longitudinal study of nTreg frequencies could be made. Although further data is necessary to
completely understand the role of nTreg in the onset of severe malaria, the data of this study
as well as other studies suggest that nTreg cells do not play a major role in protecting from

overwhelming immunopathological mechanisms during an infection with P. falciparum.

5.3 Regulatory T cell phenotypes differ between malaria and COVID-19

patients and based on disease severity in malaria patients

To further analyze other regulatory mechanisms that could counter-regulate the immune
pathological effects of CD8" T cells in malaria patients, the focus was set on the induction of co-
inhibitory molecules on T cells. The engagement of co-inhibitory receptors with their respective
ligands downregulates T cell functions and is an important immune-regulatory mechanism to
prevent immunopathology. In this study, upregulation of PD-1, TIGIT, TIM-3 and LAG-3 on CD4*
T cells and of TIGIT, TIM-3 and LAG-3 on CD8* T cells of adult malaria patients could be observed
compared to healthy individuals (Figure 9A). Of note, these co-inhibitors were also upregulated
on T cells of Ghanaian children with symptomatic malaria compared to healthy children
(Figure 10A). In addition to co-inhibitory molecules, the regulatory molecule CD39, which exerts
its regulatory function by degrading extracellular ATP, was elevated on T cells of adult malaria
patients and Ghanaian children with symptomatic malaria (Figure 9 + Figure 10B). When
comparing the Ghanaian children with regard to disease severity, T cells of children with severe
malaria showed elevated frequencies of co-inhibitory molecules compared to those with mild
malaria (Figure 10A) and CD39 was also upregulated on CD8" T cells of children with severe
malaria (Figure 10B).

Consistent with these findings, the induction of co-inhibitory molecules on T cells of Pf-infected
patients has also been shown by others (77, 80, 218). Furthermore, upregulation of different
co-inhibitors on CD4* T cells of patients suffering from severe malaria compared to patients
with mild malaria has been observed before (76). Expression of co-inhibitory molecules is an
important mechanism to regulate immune homeostasis. However, their excessive upregulation
has been associated with T cell exhaustion in chronic viral infections and cancer (67, 100).
Dysfunctional or exhausted T cells show diminished effector functions such as reduced IL-2-
production, proliferation and cytotoxicity and also an impaired ability to transition into memory

cells (219). Many studies have described exhausted T cells in the context of malaria (74, 77,
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220). However, in human infections this definition was based mostly on the expression of co-
inhibitory molecules such as PD-1, CTLA-4, LAG-3 and TIM-3 that were previously identified as
markers of T cell exhaustion in chronic settings (68, 98, 99, 221). It should be noted that malaria
resembles an acute, rather than a chronic infection and expression of these co-inhibitory
molecules may have different implications here.

Functional analyses of T cell exhaustion in malaria are restricted to experimental murine
models. Indeed, the administration of blocking antibodies against LAG-3 in PDL-1-deficient mice
infected with P. yoelii, for example, improved parasite clearance (222). Likewise, co-blockade
of PDL-1 and LAG-3 enhanced anti-parasitic CD4* T cell responses and parasite clearance in
P. yoelii-infected C57BL/6 mice (74). Notably, P. yoelii infection in mice is usually used to study
a more chronic setting with a high and persistent antigen load over several weeks, in which
T cell dysfunction is more likely. A more acute mouse model of malaria is the infection of
C57BL/6 mice with P. berghei ANKA (PbA) (223). These mice develop experimental cerebral
malaria (ECM) approximately 5 days post infection and die of severe cerebral complications
soon after, mimicking symptoms of cerebral malaria in humans, the most severe complication
of infections with P. falciparum. Interestingly, BALB/c mice infected with PbA, which are
normally ECM-resistant, develop characteristic signs of cerebral malaria after administration of
blocking antibodies against CTLA4 or PDL-1 and show accumulation of parasites in the brain
(79). This further indicates an immunosuppressive role of co-inhibitory receptors in malaria.

In contrast, our group recently showed that CD8*LAG-3* T cells of C57BI/6 mice infected with
PbA are more cytotoxic than their LAG-3™ counterparts (82) and that co-inhibitory-rich CD4* as
well as CD8* T cells of these mice are capable of suppressing the proliferation of naive T cells in
vitro (62). To further support this, we also showed that CD4*PD-1*CTLA4* T cells of Pf-infected
patients have similar suppressive capacities to LAG-3"* cells in mice and express high levels of
IFN-y and IL-10 as well as the proliferation marker Ki67 (80). These results indicate that these
co-inhibitory-rich cells are not exhausted but represent highly functional regulatory T cells that
are induced during mouse and human malaria.

Co-inhibitor expression on T cells of adult malaria patients was also compared to that of
COVID-19 patients. Particularly striking was the strong induction of TIGIT on CD4* and CD8*
T cells of COVID-19 patients compared to malaria patients and healthy donors (Figure 9A).
Other studies that investigated the expression of TIGIT on T cells of COVID-19 patients achieved

conflicting results. While some studies found no differences in the TIGIT expression on T cells
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of COVID-19 patients and healthy individuals (218, 224), other studies also described elevated
TIGIT levels in COVID-19 patients, as seen in our results (225, 226). Besides our study, one other
study from Herrmann et al. compared TIGIT expression levels of COVID-19 and malaria patients
(218). Here, the frequency of TIGIT was not altered in COVID-19 patients compared to malaria
patients and healthy individuals. However, a tendency toward lower levels in COVID-19 patients
compared to malaria patients was observed. One possible explanation for these conflicting
results could be a difference in the average age of the patient cohorts. TIGIT levels were found
to correlate with the COVID-19 patients’ ages, with older individuals having higher levels of
TIGIT on their Tcells compared to younger ones (226). Additionally, the kinetic of the
expression of every co-inhibitor plays a major role. Since the exact time point of the start of
infection in malaria or COVID-19 patients is difficult to determine, the time point of when the
blood samples were taken might differ significantly between the studies. Accordingly, this could
influence the expression levels of co-inhibitors on T cells.

TIGIT is also upregulated on T cells of Ghanaian children suffering from severe malaria
compared to mild malaria cases and healthy children (Figure 10A). Although the upregulation
of multiple co-inhibitory molecules is associated with T cell dysfunction, in an acute setting such
as malaria or COVID-19 it might also define activated T cells transitioning from naive cells
toward effector cells. Many co-inhibitors have been described to be upregulated on activated
as well as antigen-specific T cells (105). In this study, T cells were analyzed in bulk, so the
expression pattern of co-inhibitory receptors on antigen-specific T cells might be different. This
needs to be investigated further.

TIGIT competes with CD226 for the ligands CD155 and CD112 presented on APCs but binds
them with much higher affinity. The binding of TIGIT to its ligands induces the production of
anti-inflammatory IL-10 by tolerogenic DCs (103), suppresses pro-inflammatory Th1l and Th17
cell responses and thus shifts the immune response toward a Th2 cell-like response (105). The
engagement of CD226 promotes cytotoxicity in CD8* T cells and thus favors a pro-inflammatory
anti-parasitic or anti-viral immune response. Therefore, a downregulation of TIGIT with
simultaneous upregulation of CD226 would support a proinflammatory immune response and
thus better viral clearance but might also contribute to the onset of severe clinical symptoms.
This could explain the lower levels of TIGIT found in critical COVID-19 patients by some studies.
On the other hand, elevated levels of co-inhibitory receptors have been described as markers

for T cell exhaustion in chronic viral infections and cancer. In chronic LCMV infection in mice,
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dysfunctional CD8* T cells co-express TIGIT with PD-1, TIM-3 and LAG-3 (227-229) and
exhausted virus-specific CD4* T cells of patients with chronic hepatitis C virus (HCV) infection
have been shown to express TIGIT together with PD-1 (230). Although further studies are
needed on the function and cytokine production, the very high levels of TIGIT on CD4* and CD8*
T cells in COVID-19 patients found in our study suggest a dysfunctional phenotype. These
varying levels of TIGIT expression in malaria and COVID-19 patients are one of the major
distinctions found in this study, hinting at a distinct difference in T cell profiles between these
viral and parasitic diseases.

Another major finding of this study was that LAG-3 is exclusively upregulated on CD4* and CD8*
T cells of malaria patients and is absent in healthy donors and COVID-19 patients (Figure 9A).
LAG-3 was also upregulated on T cells of Ghanaian children suffering from malaria compared
to healthy children (Figure 10A). LAG-3 has been described as a marker of induced regulatory
T cells in mice and humans (61, 62) and our data suggests a specific role of those cells during
malaria but not COVID-19. Another study that compared malaria and COVID-19 patients also
found elevated levels of LAG-3 on CD4* T cells of malaria patients compared to COVID-19
patients and healthy donors (218), which supports our findings. Furthermore, they also found
higher levels of LAG-3 on CD8* T cells of COVID-19 patients as well as malaria patients compared
to healthy donors. Several other studies also observed at least minor levels of LAG-3" cells in
healthy donors while this study didn’t observe any LAG-3 expression in healthy donors or
COVID-19 patients. There are several possible explanations for these discrepancies between
the results of this current study and previous findings. Detection sensitivity, antibody clones
and fluorochrome selection may have an impact on the measured amount of LAG-3.
Additionally, the mode of experiment might also influence the expression levels, as most of the
other studies used isolated and frozen PBMCs and this current study used fresh whole blood
for the analysis.

Similarly, TIM-3 expression on CD4* T cells and TIGIT and TIM-3 expression on CD8* T cells were
significantly upregulated in children suffering from severe malaria compared to mild malaria
cases. These findings are in contrast to previous results showing increased levels of TIM-3 on
CD4* T cells of mild malaria cases compared to severe malaria cases (76).

Since the classification and distribution of the malaria patients into mild and severe cases
depends first on the diagnosis of the doctor and second on the timepoint of the start of the

treatment, the classification might differ between the studies. A patient showing mild malaria
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symptoms on the day of sampling and at the start of treatment could have shown severe
symptoms one day later. This could explain the discrepancies between the studies regarding
the significance of the different expression levels of co-inhibitory molecules in malaria patients.
However, all studies show that co-inhibitory molecules are clearly upregulated in Pf-infected
patients, even when comparing them to patients suffering from autoimmune liver diseases or
chronic viral diseases like human immune deficiency virus (HIV), hepatitis B (HBV) or hepatitis
Cvirus (HCV) (102).

TIM-3 has been described as a marker for differentiated IFN-y-producing CD4* Th1 and
cytotoxic CD8* T cells (120, 123). Additionally, T cells in chronic HIV infection or cancer that
express high levels of TIM-3 have been shown to be dysfunctional (231). Nevertheless, a strong
T cell activation can also lead to an upregulation of TIM-3 without affecting T cell functionality
(232, 233). Whether the observed upregulation of TIM-3 in malaria patients is associated with
T cell dysfunction was not further addressed in this study, which is a limitation. It has been
shown before that blockade of TIM-3 leads to better parasite clearance and reduced cerebral
pathology in PbA-infected mice (234). This further indicates a significant role of TIM-3 in

dampening an effective immune response during malaria.

Taken together, a strong upregulation of multiple co-inhibitory molecules can be observed on
both CD4* and CD8" T cells in malaria patients. It has been shown in mice and humans that
most of these molecules are transiently expressed and their level decreases with antigen
withdrawal, be it through natural parasite clearance or drug-based treatment (62).

Despite the high expression of co-inhibitory molecules on T cells and thus the induction of
regulatory T cells that correlates with the severity of malaria, those T cells fail to counteract the
immunopathological effects of cytotoxic CD8" T cells as seen by the significant increase of
GrzB*-producing CD8* T cells in Ghanaian children with severe malaria. Our studies in mice and
humans hint at the fact that those co-inhibitory-rich T cells are not only suppressive but also
exert highly cytotoxic functions and thus contribute to immunopathology themselves.
Therefore, the question of whether these cells are beneficial or disadvantageous to malaria

patients still remains to be elucidated.
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5.4 T cells with Trl cell characteristics are induced in malaria patients

In this study, LAG-3 was exclusively upregulated in adult malaria patients compared to
COVID-19 patients and healthy donors. Furthermore, Ghanaian children suffering from malaria
had higher frequencies of LAG-3* T cells than healthy children (Figure 10A). LAG-3 together with
the integrin CD49b have been described as surface markers for mouse and human Tr1l cells
(61). Besides the classical FoxP3* nTreg, Trl cells represent another subset of T cells with
regulatory capabilities. The role of nTreg in preventing immunopathology in malaria remains
controversial; however, whether Trl cells may be an important regulator of the anti-malarial
immune response has not yet been investigated thoroughly. Indeed, CD4* T cells co-expressing
LAG-3 and CD49b were upregulated in adult malaria patients, while they were absent in healthy
donors and COVID-19 patients (Figure 11A). Furthermore, Ghanaian children suffering from
malaria showed increased frequencies of Trl cells compared to healthy children and children
suffering from febrile seizures or bronchopneumonia (Figure 11B). These results show that Trl
cells are induced during malaria, indicating that they may have an important immune
regulatory function during this disease. Tr1l cells are CD4*FoxP3" cells and mainly produce the
anti-inflammatory cytokine IL-10. Additionally, they have been described to co-produce IL-10
together with IFN-y (61, 235). Interestingly, the induction of IFN-y*IL-10* T cells has been
described in the context of malaria. Children in Gambia that had only minor numbers of these
cells developed a more severe disease, indicating an important regulatory function of
IFN-y*IL-10* T cells in controlling immunopathology during malaria (236). When analyzing
LAG-3 and CD49b irrespective of their co-expression, CD4*LAG-3* T cells were increased in Pf-
infected adults and children compared to the corresponding healthy controls or patients
suffering from other diseases. On the other hand, the frequency of CD49b was decreased in
malaria patients (Figure 9B + Figure 10B). Hence, the induction of Trl cells in malaria patients
is dependent on the upregulation of LAG-3 but not CD49b. Recently, our group could
demonstrate that the suppressive capacity of LAG-3 expressing CD4* T cells was independent
from the expression of CD49b in PbA-infected C57BL/6 mice (62). CD49b is an integrin involved
in cell adhesion to collagens (237). So far, its expression has been associated with Tr1 cells
mostly in the context of chronic inflammatory conditions (61, 183, 238, 239). However, in

peripheral blood or other organs this integrin may not be required or upregulated. Therefore,
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it is conceivable that CD49b-expressing CD4* T cells migrate into organs, explaining the
decrease of CD49b* T cells in peripheral blood.

One limitation of this study is the lack of IL-10-stainings of malaria-induced Trl cells. The
staining of IL-10 is difficult from a technical perspective. Additionally, in the Ghanaian study
setting the patient material was too limited for any stimulation protocols. Therefore, further
studies are required to analyze whether the induced CD4*LAG-3*CD49b* T cells indeed produce
IL-10.

Nonetheless, it has been shown that plasma IL-10 levels are increased in malaria patients (163).
Furthermore, when examining the malaria-induced T cells, PD-1 and CCR5 were found to be
expressed on almost all of the CD4*LAG-3*CD49b* T cells (Figure 12), a property previously
described for IL-10-producing Trl cells (240). With their immune modulatory properties, Trl
cells may be important regulators that influence the clinical outcome of Pf infections.

There were no differences in the frequencies of CD4*LAG-3*CD49b* T cells between mild and
severe malaria cases. However, the cells of these patient groups showed different phenotypes
regarding their co-expression of other co-inhibitory molecules. Interestingly,
CD4*LAG-3*CD49b* T cells of patients with severe malaria showed higher frequencies of the co-
inhibitory receptors TIGIT and TIM-3 than those cells of mild malaria patients. TIGIT and TIM-3
expression is associated with an exhausted phenotype in T cells (105). Therefore, TIGIT and
TIM-3 may describe Trl cells with impaired regulatory function that fail to prevent
immunopathology in malaria, explaining their high frequencies in patients suffering from
severe malaria. However, functional analyses of these cells are needed to further elucidate and

compare their regulatory properties.

5.5 CCRS5 but not TIGIT identifies highly suppressive CD4*PD-1* regulatory T

cells

To analyze whether the TIGIT and TIM-3-expressing Trl cells found predominantly in patients
suffering from severe malaria do indeed have lower suppressive capacities than their TIGIT and
TIM3" counterparts, these cells would need to be isolated from patients’ blood to perform
functional suppression assays. Due to the technical complexity and the large amount of blood
required to isolate sufficient cell numbers, adult patients suffering from acute, symptomatic

infection are needed as blood donors. Patients fitting these criteria are returning travelers from
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malaria-endemic regions admitted to the University Hospital in Hamburg. However, due to
travel restrictions implemented during the COVID-19 pandemic, it was not possible to recruit
sufficient numbers of patients with acute malaria for functional assays. To circumvent this
issue, FoxP3 cells with suppressive capacities that could be obtained from healthy donors were
used to study the influence of expressed co-inhibitory molecules on their suppressive function.
CD4*PD-1*FoxP3" T cells have been described as a regulatory subset of T cells that is induced in
malaria patients, but is also present in healthy donors at lower levels (80). Since PD-1 and CCR5
were identified as additional markers of malaria-induced Tr1 cells, they were chosen to isolate
these regulatory cells in an effort to best represent Tr1l cells. Indeed, CD4*LAG-3*CD49b™* T cells
are a subset of CD4*PD-1*CCR5" cells, as revealed by clustering analysis (Figure 16 + Figure 17).
TIGIT, as the second most expressed co-inhibitory molecule (after PD-1) on CD4* T cells, was
used as a representative marker for cells expressing multiple co-inhibitory molecules.
Accordingly, the CD4*PD-1*TIGIT* T cells isolated from healthy donors were used to simulate
the TIGIT-expressing Trl cells identified in patients with severe malaria.

Interestingly, CD4*PD-1"CCR5* T cells showed the highest suppressive capacities among the
sorted CD4*PD-1*/"CCR5*" cell populations. They were able to suppress CD4* as well as CD8*
T cell proliferation in a similar manner to nTreg (Figure 20 + Figure 22). Supporting the results
from the healthy donors, CD4*PD-1*"CCR5*" T cells isolated from two malaria patients
displayed the same pattern in suppressive capacity (Figure 20). Notably, the suppressive
capacity in patient-derived T cells was generally higher than in healthy donors, implicating that
suppressive capacity may be increased upon acute infection. However, given the small sample
size, further experiments are required to solidify this conclusion.

CCR5 is a chemokine receptor that has gained attention as a co-receptor for the cell entry of
HIV-1 (241). However, its function in the immune system is the recognition of certain
chemokines, among them CCL3, CCL4 and CCL5 (242). Accordingly, CCR5 is involved in cell
trafficking processes, guiding immune cells to the site of inflammation, and may be used as an
activation marker on T cells. Here, it was found that CCR5 appears to be a marker for
suppressive capacity in CD4* T cells. This is in line with previous results which demonstrated
that CCR5"&" nTreg isolated from tissue samples of patients with colorectal cancer exhibited a
higher suppressive function than CCR5'°% nTregs (243). However, it remains unknown whether
CCRS itself is important for the regulatory abilities of Tregs or whether it is mainly a sign of

increased activation of cells with intrinsically stronger suppressive capacities. It has been shown
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before that CCR5 is important for the recruitment of Tregs to peripheral organs in the context
of colorectal cancer. However, it did not influence the tumor growth or disease outcome (244).
Thus, it seems that CCR5 is an additional marker for highly functional regulatory T cells which
is important for cell trafficking to the sites of inflammation but does not have an impact on
their regulatory function itself.

In contrast, CD4*PD-1* T cells co-expressing TIGIT showed impaired regulatory properties
compared to their TIGIT counterparts (Figure 24 + Figure 25). Simultaneous blockade of TIGIT
and PD-1 has been shown to result in increased cytokine production of CD8* tumor-infiltrating
T cells in murine colon carcinomas (228) and increased proliferation, cytokine production and
degranulation in patients with melanoma (245). These results highlight a potential synergistic
effect of the two co-inhibitors. Therefore, it is conceivable that the expression of multiple co-
inhibitory molecules on CD4* T cells results in decreased function and thereby reduced
suppressive capacity.

In correlation with their suppressive capacities, CD4*PD-1*CCR5" T cells isolated from healthy
donors produced the highest levels of GrzB, IL-10 and IFN-y in in vitro stimulation assays
(Figure 23A). The expression of both pro- (IFN-y, GrzB) and anti-inflammatory (IL-10) molecules
from the same cell population is another parallel to Trl cells. A similar trend could be seen in
malaria patients, where CD4*PD-1*CCR5" T cells produced the highest amount of GrzB and
IL-10, whilst IFN-y production was upregulated in all PD-1- and/or CCR5-expressing populations
compared to the double negative population (Figure 23B).

Interestingly, in line with the results of the suppression assays, CD4*PD-1*TIGIT T cells showed
higher levels of GrzB, IL-10, IFN-y and TNF-a compared to cells expressing TIGIT (Figure 26). In
malaria patients, CD4*PD-1*TIGIT T cells showed increased levels of GrzB and IFN-y compared
to TIGIT* populations. This again indicates that overexpression of TIGIT is a marker for reduced
T cell function in both malaria patients and healthy individuals.

Notably, a similar pattern in cytokine expression was found in CD8*PD-1*"CCR5*" and
CD8*PD-1*TIGIT* T cell populations of healthy donors and malaria patients (Figure 28). Whilst
CD8* T cells are usually known for their cytotoxic rather than suppressive functionality, our
group demonstrated that malaria-induced CD8* T cells expressing multiple co-inhibitory
molecules in murine experimental malaria have suppressive capacities (62). In general, the
expression pattern of co-inhibitory molecules is similar in CD8" and CD4* T cells in malaria

patients, indicating functional similarities between the two T cell subsets.
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Another group described human CD8"HLA-DR* T cells that co-expressed PD-1, CTLA-4 and TIGIT
and suppressed the proliferation of autologous PBMCs (246). This indicates that, in addition to
CD4* T cells, CD8* T cells expressing co-inhibitory molecules may exhibit a suppressive capacity
that might influence the immune response to malaria. However, the question of whether
human CD8*PD-1* T cells exert a suppressive function remains to be further investigated.

The exact mechanism of cell suppression by CD4*PD-1*FoxP3" T cells remains elusive. One
possible mechanism of suppression is the production of anti-inflammatory cytokines like IL-10
and TGF-B, which have been described as mediators of suppression in nTreg (44, 161).
However, despite the increased IL-10 production by CD4*PD-1* T cells, our group showed that
their suppressive function is independent of IL-10 alone (80). Another mode of regulation is the
expression of CD39, which is upregulated on CD4* and CD8" T cells of malaria patients
(Figure 9B + Figure 10B). However, CD39 was not revealed as an additional marker for induced
regulatory T cells in this study, although other studies suggest CD39 as a marker for Trl cells
(247). The exact mechanism of how co-inhibitory molecules exert extrinsic suppressive
functions remains incompletely understood. Our group showed that cell-cell contact is required
for CD4*PD-1*CTLA-4* T cells to suppress other cells (80). Whilst individual antibody-mediated
blockade of PD-1, CTLA4 and TGF-B did not show an effect on the suppressive capacities of
those regulatory T cells, it is conceivable that simultaneous blockade may show an effect.
Similarly, in tumor therapy, blockade of multiple co-inhibitory molecules increases anti-tumor
effector functions, implying synergistic pathways (71, 245). A similar synergistic effect is

conceivable in the suppressive function of malaria-induced regulatory T cells.

Taken together, we found elevated levels of T cells expressing multiple co-inhibitory molecules
in both the CD4* and CD8* T cell compartment of malaria patients. In CD4* T cells these cells
closely resembled Trl cells, as identified by their expression of LAG-3 and CD49b. Cells with a
similar phenotype were found in healthy donors, identified by co-expression of PD-1 and CCRS5.
These cells are highly functional and suppressive in both healthy donors and malaria patients.
In addition, CCR5 is an additional marker for highly suppressive and functional regulatory T cells
that are induced in malaria patients but are also present in healthy donors. Importantly, co-
expression of TIGIT is an indicator for reduced suppressive function and cytokine production.
Increased frequencies of CD4*PD-1*TIGIT* T cells, as found in Ghanaian children who suffered

from severe malaria, indicate an impaired immune regulation in those patients. It could be
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hypothesized that due to their decreased suppressive capabilities, the immune response
cannot be contained, leading to immunopathology and severe clinical outcome. In light of
increasing drug resistance in malaria parasites, resulting in impaired drug efficacy,
immunotherapy could provide an alternative, parasite-independent malaria treatment.
Identifying how these induced regulatory T cells interact with other cells and how their
functionality is regulated could be of great importance to treat malaria and improve the clinical

outcome of severe cases in the future.
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