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Abbreviations

AP Atovaquone/Proguanil

CHMI Controlled human malaria infection
CSA Chondroitin sulfate A

CSP Circumsporozoite protein

DAMP Danger associate molecular patterns
DC Dendritic cells

DVI Direct venous inoculation

HBs Hepatitis B virus surface antigens
IFN Interferon

IFN-2 I nterferon 2

IgG Immunoglobulin G

IL-12 Interleukin-12

LLPCs Long-lived plasma cells

MBCs Memory B cells

MDSC Myeloid-derived suppressor cells
M-MDSC Monocytic MDSC

NAI Naturally acquired immunity

PAM Pregnancy-associated malaria
PAMP Pathogen-associated molecular patterns
Pf Plasmodium falciparum

PIEMP1 Pf erythrocyte membrane protein 1
PfSPZ Plasmodium falciparum sporozoites
PMIF Plasmodium spp. Macrophage migration inhibitory factor
PMN-MDSC Polymorphonuclear MDSC

PRR Pattern recognition receptors

RDT Rapid Diagnostic Test

TBV Transmission blocking vaccines
TNF-U Tumor necrosis factor-U

Treg Regulatory T cells



1. Zusammenfassung

Malaria ist mit etwa 200 Millionen Fallen und 610,000 Toten pro Jahr eine der weltweit
wichtigsten Infektionskrankheiten. Die Mdoglichkeiten zur Kontrolle der potentiell
todlichen Spezies Plasmodium falciparum (Pf) scheinen ausgeschopft zu sein,
weshalb so schnell wie moglich ein wirksamer Malaria-Impfstoff entwickelt werden
sollte.

Die Bemuhungen um die Entwicklung wirksamer Impfstoffe zur Pravention der Malaria
erstrecken sich Gber mehr als sechs Jahrzehnte. Es scheint, dass es in endemischen
Gebieten eine Hyporesponsivitat gibt, die es genauer aufzuschliisseln gilt. Jedoch
steht bisher noch kein wirksamer Impfstoff zur Verfigung. Die Komplexitat des
Parasiten und sein Lebenszyklus machen es zu einer besonderen Herausforderung
einen Impfstoff zu entwickeln. Die vorhandene Semiimmunitat der Menschen in
malariaendemischen Gebieten oder auch aktive Infektionen scheinen die Impfantwort

ZU storen.

Die vielversprechendsten Impfstoffkandidaten sind heute die Impfstoffansatze mit
lebenden Parasiten, die bei malaria-naiven Probanden einen sterilen Schutz gegen
Malaria hervorrufen kénnen. Seit die Produktion von Sporozoiten als Impfstoff fur die
Anwendung beim Menschen moglich geworden ist, ist die traditionelle Impfung mit
ganzen lebenden Mikroorganismen gegen Malaria machbar und vielversprechend

geworden.

Die intravendse Injektion von abgeschwachten (attenuierten) Sporozoiten kann zu
einem sterilen Schutz vor einer spateren Infektion fir mehrere Monate fuhren, der mit
der sogenannten kontrollierten Infektion (controlled human malaria infection i CHMI)
Uberpruft werden kann. Bei dieser Art des Wirksamkeitsnachweis fir Impfstoffe wird
ein nicht abgeschwéachter Parasit nach Immunisierung inokuliert. In einer im Rahmen
dieser Dissertation durchgefuhrten Studie bewirkte die Immunisierung durch Injektion
von Sporozoiten, die durch die gleichzeitige Gabe von Atovaquon/Proguanil (A/P)
abgeschwacht wurden, bei vier von 18 Teilnehmern einen sterilen Schutz. A/P ist ein
zugelassenes Medikament, dass bereits gegen die Leberstadien des Parasiten wirkt.

Im Vergleich zu Studien bei denen die Attenuierung spéater erfolgt zeigt sich, dass der
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Immunschutz umso wirksamer zu sein scheint, je langer der Parasit im Leberstadium
sich noch vermehren kann. A/P hat sich somit nicht als sinnvolles Medikament fur die

Chemoattenuierung bewahrt.

In @hnlicher Weise flhrte eine dreimalige Anwendung von strahlenabgeschwéchten
Parasiten zum Schutz von mindestens 75 % der Teilnehmer, die eine Infektion nach
dem CHMI-Modell erhielten, indem homologe oder heterologe, voll infektibse
Parasiten verwendet wurden. Die Verabreichung von 9x 10° strahlengeschwéachten
Pf-Sporozoiten an Tag 1, Tag 8 und Tag 29 bot einen besseren Schutz als die

Verkirzung der Verabreichung auf nur zwei Tage (Tag 1 und Tag 8).

Verglichen mit malaria-naiven Populationen sind die humoralen und zellularen
Immunantworten auf Impfstoffen oft vermindert, wenn dieselben Impfstoffe und
Impfschemata in Malaria-Endemiegebieten angewendet werden. Der supprimierte
Immunstatus bei Personen mit chronischen Pf Infektionen spiegelt sich im Immunprofil
der regulatorischen Zellen wider. Die am haufigsten beschriebenen
immunsuppressiven Zellen wahrend der Entwicklung des Malaria-Blutstadiums sind
die regulatorischen T-Zellen (Treg). Der Malaria-Wirt besitzt jedoch auch andere
regulatorische Zellen, die unterschiedliche humorale und zellulare Antwortprozesse
verfolgen. Dazu gehdren unter anderem myeloide Suppressorzellen (MDSC). Diese
kénnen verschiedene Immunprozesse im Korper regulieren und finden sich bei
pathologischen Situationen wie chronischen Infektionen haufig in erhéhter Anzahl in

der Blutzirkulation.

In dieser Arbeit konnte gezeigt werden, dass es bei CHMI zu einem signifikanten
Anstieg der zirkulierenden MDSC beim Auftreten von Malariaparasiten im Blutstadium
kommt. Die MDSC-Population konnte die Proliferation von CD4 und CD8 T
Lymphozyten um etwa 50% verringern.

Zusatzlich zu der Schwierigkeit einen Impfstoff zu entwickeln, der vor einer so
komplexen Infektion wie Malaria schitzt, besteht die Maoglichkeit adjuvanter
Malinahmen. Zu diesen kdnnte beispielsweise auch eine vorbereitende Veranderung
des Immunstatus durch Chemotherapie chronischer Infektionen gehdren. Die

Entdeckung der MDSC zu einem frihen Zeitpunkt der Infektion kénnte als Grundlage
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fur die Erforschung ihrer Rolle bei der natlrlich erworbenen Immunitat wahrend
Malariainfektionen in endemischen Gebieten und fur die Untersuchung ihres
konkreten Beitrags zur Immunsuppression auch in anderen Zusammenhangen
dienen. Es besteht die Moéglichkeit Anzahl und Aktivitat der MDSC zu verandern, was

als Erganzung zu Impfprotokollen in Betracht gezogen werden kann.

Um die Parasitenexposition festzustellen, kénnte der Diagnostische Schnelltest
(Rapid Diagnostic Test i RDT) ein wertvolles Instrument sein, das durch Biomarker
wie das Histidin-reiche Protein-2 (HRP2) des Parasiten identifiziert wird. Von diesem
Protein wurde mehrfach in Fachartikeln berichtet, dass es auch lange nach der
Therapie im Blut verbleibt. Hier haben wir festgestellt, dass die Halbwertszeit von
HRP2 bisher unterschatzt wurde und nicht wie bisher berichtet zwei bis drei Tage,
sondern neun Tage betragt. Diese lange Halbwertszeit erklart die Falsch-Positiv-Rate
von RDTSs, insbesondere in hochgradig endemischen Gebieten. HRP2 kann sich bei
standiger Exposition oder bei wiederholten, zeitlich nahen Infektionen akkumulieren.
Es besteht die Moglichkeit, RDTs als neues Instrument zu verwenden, um die

Exposition von Personen gegeniber dem Parasiten zu erfassen.

Die initiale Eliminierung von Parasiten vor der Impfung kann dazu beitragen, einen
gesunden Immunstatus zu schaffen, der wiederum eine bessere Reaktion auf den

Impfstoff beglinstigen kann.

Mit dieser Dissertation wird versucht, einige dieser Hindernisse zu Gberwinden, indem
sie das Wissen Uber die malariabedingte Immunsuppression erweitert und Wege zur
Forderung der Entwicklung einer wirksam, dauerhaft und effizient schitzenden
Immunitat vorschlagt. Zusatzlich wird ein neues Eliminationsmodell von HRP2 fir die

Auswertung des RDT in der direkten Anwendung vor Ort eingesetzt.



2. Summary

Malaria is still a major contributor to the global burden of infectious disease, with about
200 million cases and 610,000 deaths annually. The success of implemented
measures applied to control Plasmodium falciparum (Pf) is limited and finding an
effective malaria vaccine as soon as possible may enable highly efficient control or
even elimination campaigns. Although efforts to develop effective vaccines have
spanned more than six decades. Reportedly, there is a hyporesponse in endemic
areas that needs to be further broken down in detail. The complexity of the parasite
with well-differentiated stages poses major obstacles to the development of a
protective vaccine. In addition, the immune status of people at the highest risk of
malaria does not help promote a protective response. The existing semi-immunity of
people in malaria-endemic areas or during active infections appears to interfere with

the vaccine response.

The most promising vaccine candidates today are based on whole live parasite
vaccine approaches, which can confer sterile protection against controlled
human malaria infections (CHMI) in malaria-naive subjects. The traditional
vaccination with whole living microorganisms has become feasible against
malaria through the promising vaccine approach using attenuated whole
parasites. It has gone from being a proof-of-concept to a tangible medicinal
product since it became possible to manufacture sporozoites in an aseptic and

purified form.

The intravenous injection of high numbers of attenuated sporozoites results in
sterile protection from a subsequent infection for at least a few months. CHMI
studies serve as a proof-of-concept for vaccine efficacy. Here, the same product
that is used for immunization but without attenuation is used to test vaccine
efficacy in a controlled environment. In a study that forms part of this thesis,
immunization by injection of sporozoites attenuated by concomitant
administration of atovaguone/proguanil (A/P) led to sterile protection in 4 of 18
participants. A/P is active against asexual blood but also liver stage parasites.
Comparison with similar studies that used drugs that allow full liver stage

maturation, such as chloroquine, suggests that the longer the parasite develops



during the liver stage, the more efficient the immune protection is. Thus, A/P has

not proven to be a useful drug for chemoattenuation.

In the same fashion, a regimen of 3 doses of radiation-attenuated parasites led
to the protection of at least 75% of the participants receiving CHMI by using
homologous or heterologous fully infectious parasites. Human administrations
of 9x 10° radiation-attenuated Pf sporozoites on day 1, day 8, and day 29
conferred better protection than shortening the regimen to only two days (day 1
and day 8).

Compared to malaria-naive populations, humoral and cellular responses to
vaccination are often reduced when the same vaccines and regimens are
employed in malaria-endemic settings. The suppressed immune status in
subjects with Pf malaria, including chronic, asymptomatic infections, is reflected
by a regulatory cell immune profile. The best-studied immunosuppressive cells
during malaria are the regulatory T cells (Treg), but also other potent regulatory

cells exist and may play an even more important role.

Myeloid-derived suppressor cells (MDSC) are such a cell type. They regulate
various immune processes in the host and increase in numbers in many
pathologic states, including chronic infections. During a CHMI, we observed a
significant increase in circulating MDSC at the onset of asexual blood stage
parasitemia. Ex vivo, those MDSCs were able to reduce the proliferation of CD4
and CD8 T lymphocytes by approximately 50%.

Apart from the difficulty of discovering and developing a vaccine that protects
against an infection of such a complex nature as malaria, the immune status of
the vaccine recipients plays an important role in the generation of an effective
vaccine. The discovery of MDSC in early and very light infections will serve as
a basis for the study of their relevance in naturally acquired and vaccine-induced
immunity to malaria in malaria-endemic areas. It will be highly interesting to
study their relative contribution to immunosuppression, as well as to develop

methods to decrease the presence and activity of MDSCs and to study their
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kinetics when pretreatment with antimalarials is applied even in asymptomatic

subjects.

To discern parasite exposure, the Rapid Diagnostic Test (RDT) could be a
valuable tool, monitored by biomarkers such as the histidine-rich protein-2
(HRP2) of the parasite. This protein has repeatedly reported long persistence in
blood long after treatment. Here, we have determined that the half-life of HRP2
was underestimated so far and is not 2-3 days as previously reported, but 9
days. This long half-life explains the false positive rate of RDTs, especially in
highly endemic areas. HRP2 can accumulate under constant exposure or by
repetitive infections close in time. There is the possibility of using RDTS as a

new tool to reflect the extension of exposure of individuals to the parasite.

A preliminary parasite clearance phase prior to vaccination can contribute to
establishing a healthy immune status that may favor a better response to the

vaccine.

In an attempt to address some of these hurdles, this dissertation aims to revive and
improve the knowledge on malaria-related immunosuppression and propose
ways to increment the generation of an effective, long-lasting, and efficient
protective immunity. Additionally, contributes with a new elimination model of
HRP2 for the interpretation of the RDTs on the field.
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4. General i ntroduction
4.1. Epidemiology of Plasmodium falciparum and applied control measures

Malaria is a mosquito-borne infectious disease caused by protozoa of the genus
Plasmodium. Till today, there are five well recognized human species, namely P.
vivax, P. ovale, P. malariae, P. knowlesi, and P. falciparum (Pf), being the last-
mentioned the one with the highest impact on global health. The relationship of these
intraerythrocytic parasites with humans has existed since the beginning of human
history. The first evidence comes from the discovery of an ancestor of the malaria-
transmitting mosquito, which was preserved in amber from the Palaeogene period.
Those predecessors of the Anopheles genus lived in a time when mammals became
the dominant animals and the first primates appeared 2. It is hypothesized that
parasites arose from gorillas 2. However, the most reliable proof that has survived until
today is recorded in the Chinese medical text "Nei jing" (2,700 BC), where malaria
typical symptoms are described 4. Pharaoh Tutankhamun, who ruled during the New
Kingdom of ancient Egypt (1,334 7 1,325 B.C.), is the oldest molecular trace of a
malaria infection in humans °. Thus, over thousands of years, Plasmodium spp. refined
the parasite-host relationship by evolving along with humans, becoming one of the
most successful parasites of our time 7. Nowadays the deathly species Pf is still
responsible for an average of 610,000 deaths and 229 million new cases worldwide
per year 8. Malaria is a disease linked to the tropics and subtropics. The majority of
infections are found within the sub-Saharan African region and in Southeast Asia,

constituting a major health problem in many developing countries.

Since Plasmodium spp. was first associated with malaria symptoms in 1880,

there have been various attempts to eliminate malaria °. Malaria parasites were

successfully eradi cmapgeratd zoferowmnihetabkt eenternadud th 6 s

drastic malaria vector-control measures whose application today would be
controversial 1911, Still, the WHO and global leaders set a road map for global malaria
eradication with a deadline by 2030 2. To date, the measures applied, namely vector
control, preventive treatment and malaria control by test and treatment strategies, turn
out to be only partially successful in terms of eradication. Nevertheless, the actions
taken so far have had an enormous impact in the reduction of malaria morbidity and

mortality worldwide 13,
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Rapid and accurate diagnosis of malaria was key to prevent its progression and
spread. The development of the fRapid Diagnostic Testo  ( RH2ag Heen a major
breakthrough in the battle against malaria 41°. In the last decade, malaria RDTS,
which typically detect Plasmodium falciparum through its abundant histidine-rich
protein 2 (HRP2), have seen the greatest growth in point-of-care malaria diagnosis.
Prompt detection of malaria cases (especially in remote areas), together with the use
of insecticide-treated mosquito nets and early treatment administration contributed to
controlling the incidence of malaria.

The incidence rate of malaria declined globally between 2010 and 2014, from 71
to 57 cases per 1,000 population at risk. However, from 2014 to 2019, the decrease
in incidence rate slowed down dramatically or even increased in a few areas of the
globe remaining at virtually the same levels (57 cases per 1,000 population at risk)
throughout the years until 2019 (Figure 1). A small increase was detected in 2020,
attributable to COVID-19, but the incidence until 2020 remained stable (58 cases per
1,000 population at risk in 2022) 8.
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Figure 1. Malaria incidence per 1,000 population at risk globally and in Africa. Source: WHO

malaria report 2019 (with permission provided by WHO Permissions team).

The loss of success of malaria control programs was related to short-term
effectiveness, logistical issues, or unsustainable delivery of the measures
implemented. Control efforts stalled in part due to the emergence of insecticide

resistance in mosquitoes, more precisely in anopheles mosquitoes. As long as the

18



eradication of the mosquitoes cannot be achieved, controlling the transmission of the
parasite at the vector level becomes an enormous challenge 6. Indeed, malaria
transmission resurges rapidly whenever the mosquitoes persist, and treatment with
antimalarials has a limited period of action, mainly due to the pharmacological
properties of the medication and the risk of an emerging strain resistant to the drugs

used.

Nowadays, WHO's main hope of fulfilling the eradication program depends on
the development of an effective vaccine against Pf, especially for the populations most
atrisk, i.e. children, pregnant women, and naive travelers. These tools are considered
the most cost-effective measures to achieve the planned eradication goals. There are
three strategies with malaria vaccines as an effective tool to control and eliminate
malaria, namely: (i) vaccines preventing blood stage infections; (ii) vaccines helping
in the incidence of mortality and morbidity in an endemic area; and (iii) vaccines that
substantially reduce the transmission of the parasite 7. It is assumed that a malaria
vaccine must meet an efficacy of at least 75%, ideally higher than 90%, and confer
lasting protection for at least 1 year 181°. Only then infection, disease, and transmission
of malaria can be prevented. However, it is already perceived that the expected

eradication will not even be possible by 2050.

For the sake of a better understanding of the different malaria vaccine
approaches, one must untangle first the diverse stages of the parasite cycle along with

the host's immune responses to the parasite.
4.2. Life cycle of Plasmodium falciparum

The life cycle of Plasmodium spp. can be broadly divided by its replication
cycles in humans and mosquitoes, while the parasites develop in different stages
within these two hosts (Figure 2). The mosquito, which is the parasite’s definitive
host, acts as a vector to the human intermediate host by injecting malaria

sporozoites from their salivary glands during a blood meal %°.

The skin presents the first line of defense where several parasites remain only
minutes in the dermis moving counterclockwise 2! until they reach a vascular vessel
to the circulating bloodstream. The fate of many sporozoites ends at the inoculation

site, where innate immunity mechanisms take place and parasitic antigens are
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processed that may lead to subsequent antibody production in order to control future
infections 22, Despite antibodies lasting for several months to years without a
frequent boost of infected mosquito bites, people are not protected against
reinfection 23. The small inoculum and the short exposure of the sporozoites to
immunity might help parasites evade elimination 162425 The anti-sporozoite
antibody titers are developed slowly in an age-dependent manner reflecting rather

the intensity of exposure to the parasite than acquired immunity to the disease.

Sporozoites reaching the bloodstream circulate shortly in blood until they
invade a liver hepatocyte within minutes. Over 5-7 days, the parasites within these
liver cells divide unnoticed by the immune system, creating thousands of merozoites
from each parent sporozoite 162426, This asymptomatic liver phase is considered as
a silent progression due to the intracellular development of the parasite and its little
impact on the host. Indeed, both skin and liver stages are recognized as clinically
silent, and the inflammation is minimal at the local level in those organs 1°.
Nonetheless, immunity at this stage can be triggered inducing immune responses
that generate sterile protection, but one single sporozoite escaping immunity and

successfully dividing inside a hepatocyte is needed to reach the next stage 16.

The blood stage follows the liver stage, which ends with the hepatocyte
rupture, releasing merosomes, containing thousands of merozoites into the
bloodstream ready to invade circulating erythrocytes. In the case of Pf, the parasites
grow asexually inside the red blood cells in cycles of approximately 48h, generating
16 to 32 new merozoites 27?8, The asexual blood stage cycle continues with the
intraerythrocytic division from trophozoite to schizont form, starting over when the
cell ruptures and new red blood cells are invaded by the emerging merozoites.
During this cycle, the parasite digests hemoglobin to grow and stores the toxic waste
from this digestion within a digestive vacuole in the form of a crystal called
hemozoin. Within days, this exponential growth increases the burden of the parasite
producing the typical clinical symptoms commonly recognized as malaria. Malaria
is defined by innate immune symptoms namely chills, fever, headache,
vomiting/nausea, and diarrhea, which are intensified through the burst of
erythrocytes before starting a new cycle. Apart from some hematological

complications 2°2°, malaria pathogenesis is mainly driven by an overactivated
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immune response, which develops in this parasite stage due to the release of
various parasite products. The parasites, however, have evolved in such a way that
they evade immunity in different ways. In Pf, the most recognized mechanism
related to its pathogenesis is its adhesion to capillaries in the deep circulation to
avoid being recognized and eliminated by the spleen, but there are other less
explored mechanisms concerning immune regulation and tolerance 3332, At this
stage, to prevent the death of the host, the parasite must either be controlled to a

certain extent by the immune system or chemotherapy must be administered 3.
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To proceed further with the cycle, a fraction of the parasite population ceases
asexual division upon a new erythrocyte invasion and is committed to mature into
gametocytes. These sexual forms of the parasite progress through five stages of
development becoming finally male and female gametocytes, both of which are
ultimately taken up by the mosquito during a blood meal. Gametocyte development
is asymptomatic and in Pf only the mature stage V can be detected in the circulation
34, Their development continues in the mosquito midgut where the formed gametes
fuse into a zygote and develop into an ookinete that migrates through the wall of the
mosquito midgut. The whole life cycle of the parasite is complete when sporozoites
coming out of the generated oocyst in the basal lamina migrate to the salivary glands
of the mosquito, ready to be transmitted into a new intermediate host during the next
bite.
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5. Introduction to i mmunity to Plasmodium spp. parasites
5.1. Generating immune protection to parasite s

Partial immunity against Pf in natural exposure settings develops under
constant exposure to the parasite over several years and decreases when exposure
ceases 16283335 |n contrast to other infectious diseases, where one single exposure
to the pathogen (or vaccine) is enough to achieve lifelong protection 16:36-38  sterile
immunity to malaria is not widely acquired in the population (25% sterile protection
39), even in highly exposed individuals. The biology of the Plasmodium parasites is
more complex than that of any viruses or bacteria, with a very high number of
different important antigens and locations during the multiple stages of development
and a larger genome 28, Finding a parasite antigen that mediates protection is a
huge challenge in the development of an effective vaccine.

Children in highly endemic countries encounter the highest risk of developing
the complications of the disease. These symptoms are related to the
immunopathology seen in severe sepsis “°. During their first infections, small
children develop tolerance to the presence of the parasite, followed slowly by the
generation of a large repertoire of antibodies against the parasite, which will help
them reach adulthood and mostly suffer from uncomplicated episodes 637, Immune
protection against malaria is acquired from a situation of tolerance to the parasite
and the slow acquisition of protective antibodies recognizing several parasite

epitopes to keep parasitemia under control.

During adulthood, individuals living in endemic areas for a prolonged period
of time develop non-sterile immunity to malaria that robustly protects from severe
complications of the disease. The majority of the population consists of
asymptomatic carriers, who only occasionally suffer from malaria recognized by
typical clinical symptoms of malaria. The risk of dying from Plasmodium infections
is minimal 4!, Constant exposure keeps protection against high parasitemia and

symptoms, and when exposure ceases, protective immunity wanes.

An interesting event occurs in pregnant women, especially during their first
pregnancy 4?43, Despite having previously acquired immunity against the parasites,

they partially lose protection against severe malaria. Infections in women during
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gestation are denominated pregnancy-associated malaria (PAM), which leads to
substantial maternal, fetal, and infant morbidity and mortality. The generation of
antibodies against one particular var gene (Var2CSA) expressed on the surface of
blood stage parasites, has been associated with protection to PAM and explains the
development of immunity against PAM with increasing parity. This Plasmodium spp.
variant of Pf erythrocyte membrane protein 1 (PfEMPL1), which is involved in the
sequestration of the parasite, binds specifically to chondroitin sulfate A (CSA)
expressed in the interstitial cavity of the placenta 4*. During pregnancy, the
environment around the placenta is immunosuppressive to prevent the developing
fetus from being recognized and eliminated by the mother's immune system. Thus,
under this status, the parasites sequestered in the placenta can multiply in a
protected environment, generating a condition that endangers the developing fetus

and the mother 4°.

The main populations requiring a vaccine are children, primigravidae women,
and malaria naive travelers. While in most travelers the protection needed should
be sterile and can be short-lived, in children, a long-lasting protection will be required
which should be sterile, but which may also possibly prevent the onset of severe
disease. In pregnant women, a protective immune response against a very specific
subset of antigens is desired. Thus, strategies for generating immune protection to
malaria infection may vary depending on the target population and may be acquired

distinctly.
5.2. Innate immunity to malar ia parasites

The first response of the body to an infection, regardless of previous exposure,
is innate immunity. The induction of non-specific immune effector cells is, after the
physical barriers, the first line of defense of the body which can control to a certain
extent invasive parasites #6. In malaria, innate immunity causes an inflammatory
response that does not only keep the growth of the parasite under control but also

drives the extent and type of the adaptive immune response 4748,

Innate immune cells patrol the human body permanently in search of the
pathogen-associated molecular patterns (PAMP) of invaders mainly using pattern

recognition receptors (PRR). Host danger associate molecular patterns (DAMP) can
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also be recognized by PRR when generated from damaged cells during the
development of the parasite. These PRRs can be found in the cytoplasm or
expressed on the membrane of different cell types mainly of myeloid origin %%, The
recognition of the parasite by PRR triggers chemokines and cytokines production
and activates certain signaling pathways crucial in regulating adaptive immunity and
in the elimination of the parasite 4’. A successful immune response that leads not
only to the elimination of the parasite but to the proper generation of immune
memory depends on several factors, like the amount of parasites and the immune
status of the host. Some immune cells become instrumental in fine-tuning the extent

and quality of subsequent antibody-mediated or cell-mediated immune responses
51-53

In this fashion, when sporozoites are inoculated they can be recognized and
engulfed by macrophages, monocytes, dendritic cells (DC), or any similar cell
involved in the innate response near the inoculation site. The ongoing activation of
the phagocytic cells releases inflammatory mediators (cytokines and chemokines)
responsible for the clinical signs of local inflammation 4’. The soluble factors
generated during this inflammation trigger different pathways that cause a
chemotaxis effect increasing local cellularity and cytokine production and activating
cells to attack the parasite. The phagocytized plasmodial antigens are processed
and presented to T cells 2253, which may lead to the proliferation of antigen-specific
T cells, activating the path of the adaptive immune system. However, innate and
adaptive responses are limited at this stage probably due to the small inoculum and
quick invasion of the hepatocyte, and the eukaryotic nature of the parasites that

facilitates avoiding being recognized 4.

In the liver, parasites are inside the parasitophorous vacuole away from
PRR 4 but their recognition can be triggered in hepatocytes by different means

when stimulated appropriately 47:48:55,

The response is similar during the blood stage where parasites are hidden
within erythrocytes and are only exposed during the merozoites release to initiate
the asexual blood cycle again. During this egress, the parasites release along
with the merozoites their digestive vacuole containing the hemozoin crystal. This

body has been suggested to act as a "decoy", activating the immune system while
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allowing the merozoites to evade the immune response and infect a new
erythrocyte. The large amount of antigen load during the red blood cell rupture
initiates a strong innate immune response including complement cascade
activation %6, Under some circumstances, a cytokine storm is generated via
interferon IFN)-0, t umor n e cr ol and interieukin @L)-12 feleds&d)
by different cells 46. Especially when there is a high parasite load in the organism,

this can lead to severe immune-mediated pathology.
5.3. Humoral immunity to malaria parasites

The humoral immune response against parasite antigens mainly expressed
on the surface of the asexual stage of blood is characterized by forming a broad
repertoire of immunoglobulin G (IgG) °’. To effectively control the infection, it is
necessary to maintain a large repertoire of circulating antibodies. However, this
is difficult due to the slow expansion of B cells %4, the short exposure time to
merozoite antigens, and the high variability of erythrocyte surface proteins

expressed by the parasite 8.

The importance of humoral immunity against malaria became patent when
it was demonstrated that passive transfer of hyperimmune serum %° and purified
total IgG %62 from malaria immune into non-immune subjects helped control
symptoms and reduced circulating parasite blood stage parasitemia. Similar
results were reported from the transfer of antibodies recognizing a pre-
erythrocytic surface protein expressed in sporozoites protecting mice against
subsequent sporozoite invasion -6, The protective antibodies against mostly
blood stages are gradually acquired over several years of exposure and titers are
associated with a reduction in severe disease and symptomatic cases allowing to
keep the parasite at low levels, but not in all cases eliminating them 596067,
Despite the induction of high titers of antigen-specific neutralizing antibodies, the

evidence of their contribution to sterile immunity is scarce ©8,

Antibodies are generated by B cells following activation of the B cell receptor
and maturation into antibody-secreting cells. Eventually, through this cellular
process, a library of antibodies that recognize antigens of further malaria

infections is generated and maintained. Hence, if long-lived memory B cells
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(MBCs) are successfully generated, antibodies with high affinity and high titers
can be generated rapidly 4146, However, under exposure to malaria, a fraction of
B cells show an atypical B cell phenotype that may be functionally impaired 2.
Persistent exposure to antigens and the inflammatory environment created by the
parasite impact negatively the development of B cell responses . Humoral
memory, nevertheless, is not exclusively limited to the different B cell types, as it
involves also cell types such as follicular helper T cells and other mediators 7°

that influence B cell maturation and can interfere with memory formation.

Vaccinology experience in endemic settings reflects that maintaining high
antibody titers is crucial 1826, but the isotype, the subclasses, and the affinity and

avidity of the antibodies are also decisive in the control of the parasite "1,

The antibody-mediated activities that influence the development of a
protective immune response to control malaria following naturally acquired
infection and vaccine-induced immunity are poorly understood 24 and the

involvement of cell-mediated responses is likely critical to fully control the parasite
18,26

5.4. Cell-mediated immunity to malaria  parasites

Malaria parasites evade humoral immune responses by residing inside
hepatocytes or erythrocytes and are exposed to neutralizing antibodies only at
certain moments of their development and for short periods of time. Hence,
parasite-specific cellular responses are crucial to control intracellular stages of the

parasite 7.

The T cell-mediated malaria-specific immune response recognized through
the MHC class | has been associated with sterile protection to malaria inoculation
in several animal models including non-human primates ’8. Specifically, the T cell-
mediated protection against malaria infection, which blocks further parasite
development in hepatocytes, has been associated with the expansion and
functionality of parasite-specific memory liver resident CD8 lymphocytes 7°. When
parasite antigenic peptides are presented by the MHC class | molecules of the

hepatocytes, cytotoxic CD8 T cells can bind through the specific T cell receptor and
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proliferate. The expansion of CD8 effector memory cells seems to be an important

factor of sterile immunity at this stage.

In contrast, in the blood stage, erythrocytes have no discernible MHC
molecules, invalidating the straight CD8 T cell-mediated cytotoxic response.
Instead, specific memory CD4 T cells known as helpers are elicited during malaria

symptomatic infection which have been lately associated with malaria protection

80,81

The role of parasite-activated CD4 helper T cells is diverse, ranging from the
orchestration of antibody responses to the activation of the antiparasitic activity
exerted by phagocytic cells, but may also contribute to dampening inflammation
until homeostasis is restored. The different subsets of CD4 T cells are distinguished
according to the phenotype expressed on the surface and the cytokines they
secrete after being primed. Thus, the distinct CD4 T cell subsets can mediate
resistance to the liver stage and blood stage malaria, but can also diminish cellular
and humoral responses 83, Indeed, in malaria-endemic areas, the natural
exposure to sporozoites from infected mosquitoes typically does not lead to long-
lived sterilizing immunity. The underlying processes that lead to the development
of Plasmodium-specific T cells and the maintenance of long-term memory

populations are not yet well understood.

Because of the importance of the cellular branch of immunity in the resolution
of malaria, vaccination strategies are designed to involve the development of T cell-
mediated immunity, especially at the pre-erythrocyte level, where malaria biology
offers an ideal target 8 that prevents further multiplication of the blood stage and

subsequent pathology and transmission.
5.4.1. Suppressor cells

The presence of suppressor cells in the body has a physiological
significance in modulating the immune system. Their task is necessary to balance
the immune responses, especially to maintain tolerance to self-antigens and to
prevent overshooting reactions in conditions of activated immune responses.
When an imbalance in their activation occurs, disease can develop. On the one

hand, non-discrimination between external and autoantigens would contribute to
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autoimmune diseases, and on the other hand, over-activated suppression may
lead to a favorable condition for the presence of a pathogen that promotes

chronicity 8586,

The involvement of CD4 regulatory T cells (Treg) in malaria infection is
thoroughly described in the literature 87-8, Individuals of different ages and with
different exposure to Pf present different Treg profiles. Their presence has been

related to the chronicity of infection.

Chronic infection does not only result from constant non-resolve infections
but also from repetitive infections that allow the parasite to regularly invade the
host °0°1, In addition to the Treg, there is a type of regulatory cell, well recognized
in cancer, which is gaining interest and accumulating evidence of its involvement
in the pathophysiology of different infectious diseases 9294, the myeloid-derived
suppressor cells (MDSC). This is a heterogeneous population of immature
myeloid origin in general categorized by their appearance in monocytic MDSC
(M-MDSC) or polymorphonuclear MDSC (PMN-MDSC). Well-known in the
literature for their capacity to suppress T cell, B cell, and NK cell functions and to
abrogate the immune response under different conditions, MDSC may contribute
under different conditions to promote pathology °°. There are already some
studies describing the role of MDSCs in the host response to parasite infections
during Leishmaniasis, Trypanosoma infections, and Schistosomiasis 9699,
Infections by parasites have been shown to promote the expansion of MDSC in
the host impairing antigen-specific T cell responses °419, However, the evidence
of MDSC involvement in malaria pathogenesis is very limited, but their

contribution is probable 10%.102,

Regulatory cells interfere with the proper development of cellular responses
and may contribute to a lower intensity of response to a desired immune process.
In the frame of vaccinology, chronic exposure to the parasite may interfere with

the acquisition of protection.
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6. Malaria vaccine development

Elimination of the parasite has been achieved in some areas of the globe by
avoiding contact with the parasite, either by vector control or by effective treatment
with drugs against the different stages of Plasmodium parasites %, but not by
acquiring immune protection against the disease.
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Figure 3. List of candidate vaccines adopting different strategies according to the different
stages of the parasite's life cycle against which they are effective. Source: Figure 1 from Patrick E.

Duffy et al 2020 (with permission provided by copyright clearance center RightLink®).

Although malaria is among the diseases with the broadest repertoire of

vaccine candidates tested in clinical trials, there are only partially effective (below
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the desired 90%) malaria vaccines commercially available today 9. These are
entering slowly the vaccination campaigns of several endemic countries especially

for populations at risk like children.

The vaccine strategies range from the subunit vaccines approach with the
most relevant parasite antigens, to the live vaccine approach using attenuated
malaria parasites. In general, the different vaccines (Figure 3) against Pf are
characterized by their effective protection against the different stages of the
parasite's life cycle, namely (i) pre-erythrocytic vaccine combating mosquito’s
sporozoite discharge or Pf development in liver hepatocytes, (ii) blood stage
vaccines, whose main aim is to counteract the exponential growth within the
circulating and sequestered erythrocytes of the host, and (iii) transmission-blocking
vaccines (TBV) against the sexual form of the parasites, blocking their further
development in the mosquitoes. To achieve high level of protection, vaccines should
be designed in such a fashion to induce qualitative and quantitative immune

responses.
6.1. Pre-erythrocytic vaccines

The most advanced vaccine candidates belong to this group and contributed
to pave the way for malaria vaccine research. Initial approaches were conducted in
t he 1@herOndice, directly inoculated with live attenuated sporozoites, acquired
sterile protection against a challenge with fully infectious sporozoites 2 weeks after
immunization %4, Similar results were achieved in humans % but the impracticability
of generating such a huge number of sporozoites in acceptable conditions for
injection into humans, or the requirement of an inhumane amount of mosquito bites

to generate protection, put the research on full parasite immunizations on hold 1,

The Nussenzweig laboratory discovered at that time that the acquired
protection to those whole parasite immunizations was associated with a sporozoite
surface protein called circumsporozoite protein (CSP) 107198 The impossibility of
cloning the full length of this CSP made investigators focus on the central repeat
region of the PfCSP which was well recognized by the antibodies generated in
whole parasite-immunized participants 1°°. The first parasite protein clone tested

became the worl ddés first mal ar ilyammurdzedc i ne ¢
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human participant showed sterile protection to a challenge by mosquito bites with
fully infectious sporozoites 1. This construct was the ascendant of the world's first
marketed malaria vaccines today, the recombinant protein-based vaccine RTS,S
and R21/Matrix-M 110-112 |n the wake of these results, the pursuit of malaria vaccine
development over the next decades resulted in a preference for subunit protein

vaccine approaches.

Several initial vaccine candidates failed to provide substantial protection and
were discarded until reaching the RTS,S vaccine design 1°°. Noteworthy is the new
generation of adjuvants developed simultaneously with RTS,S whose role was key
to generating adequate immune responses 13116 The final RTS,S design is a CSP
recombinant protein co-expressed fused to free hepatitis B virus surface antigens
(HBs) and formulated with free HBs antigen and a liposome-based vaccine adjuvant
system (ASO1 adjuvant).

RTS,S generates antibodies against PICSP and increases the number of
parasite-specific memory CD4+ T cells 16117:118 syggesting a protective role by T
cell responses 18119120 Nevertheless, RTS,S confers only short-lived protection in
infants and children exposed to malaria in malaria-endemic countries . The
decrease in efficacy seems to correlate to an impossibility of maintaining high
antibody concentrations 18121, Despite not being perfect, RTS,S was approved in
2015 as it was the only and most advanced vaccine conferring clinical malaria

protection in exposed individuals *8.

A pilot implementation plan for RTS,S was put into place in 3 different African
countries to test whether the benefits of 30-50% partial protection 16122 against
clinical malaria translates into a net benefit when used in regular public health
vaccination programs 123, Nowadays, despite the relatively low vaccine efficacy,
RTS,S is administered in vaccination campaigns in sub-Saharan African countries
where there is a significant prevalence of Pf malaria. The vaccine is intended to be
used in conjunction with the recently marketed R21/Matrix-M vaccine. This vaccine
is also based on PfCSP, but boosts the immune response through adjuvant
technology ?4. Together they aim to contribute to a potential reduction in childhood

mortality 18103112,
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The sought protection profile generated by vaccines in the pre-erythrocytic
stages is to at least improve the production of the efficient humoral and cellular
responses observed in the RTS,S vaccine, blocking infection before clinical
symptoms appear 193, However, the protection generated by subunit vaccines
against natural infections is partial and the odds of getting infected increase
gradually as age decreases in younger children and infants. In addition, when
acquired, the protection is not long-lasting, vanishing over time 1826, The conferred
protection against clinical symptoms is only reflected in a small proportion of the
vaccines, but this protection achieved against clinical malaria may contribute to

reducing mortality specifically in certain population groups 26125,

Since pre-erythrocyte immunity could also be obtained in naive individuals by
injecting live sporozoites in exactly measured quantities, different strategic
approaches (i.e. testing a different inoculation route or attenuating parasites by
radiation or chemotherapy) in this regard have been pursued in the last twenty years
126 A breakthrough came, opening up new possibilities for vaccination when the
production of sporozoites in an aseptic and sterile manner was made possible. The
purified fully infectious Pf sporozoites (PfSPZ) obtained can be cryopreserved for
their distribution and mass administration in different areas around the globe 2°.
Exact doses of sporozoites can be reconstituted for their injection in humans. In this
manner, parasites could be used to vaccinate people all around the globe
surpassing the previous inconvenience of using whole live sporozoites. A larger
amount of parasite inoculum than the one being carried by one mosquito is needed
to induce adequate immune activation in the liver recognizing the presence of the

parasite.

Besides irradiation to attenuate further development of sporozoites, it is also
possible to attenuate the parasite in vivo, by concurrent administration of a drug that
acts against blood stage parasites. Roestenberg et al. (2009 & 2011) showed for
the first time that it is possible to achieve long-lasting protection in humans using
this approach (i.e. exposure to infected mosquitoes to participants with the
concomitant administration of chloroquine) 26127128 Chloroquine allows parasites to
pass through the liver stage, but upon reaching the blood stage, the parasites are

killed within the first cycles of asexual division. Similar to the radiation-attenuated
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sporozoite approach in mosquitoes, cell-mediated immunity was generated that
protected vaccinees against homologous (same strain) infection, but by using only
a fraction of the sporozoite dose that was previously required with the mosquito

approach 26:129,

So far, the whole live sporozoite vaccine approach has shown the most
promising performance and suitability for future use of the vaccine in eradication
programs. The direct venous inoculation (DVI) of these vaccines has proven to be
safe and well tolerated, conferring protection to homologous and heterologous
strains up to at least 6 months after immunizations 30131, However, immunogenicity
and protection in African populations naturally exposed to the parasites turned out

to be reproducibly lower than in immunized malaria naive individuals 132,

Attenuation with chemoprophylaxis has shown so far better results with lower
doses of parasites than the radiation-attenuated ones. The replication of the
parasites allows to expression of a broader repertoire of antigens expressed during
the liver development that may be better recognized and generates a superior
protection of the host against subsequent infections 2681, However, the balance
between the development of a longer liver stage for increased immune recognition
and the risk of parasites reaching the blood stage must be evaluated in the selection

of one or the other approach.

Inoculated parasites elicit both antibodies and CD4/CD8 T cells responding to
sporozoite and liver-stage parasite antigens 16133136 Protection has been
associated with the production of CD8 T cells in the liver sequestering the cycle at

this point 16137,

Additionally, injections by DVI of sporozoites can induce antibodies against
PfCSP. Although it is difficult to prove that the antibodies generated are the cause
of the protection, the experimental results show their ability to bind and block the
further progression of the infection®130.138 The inability to generate antibodies

against PfCSP correlates with susceptibility to the infection 13°.

There is a need to decipher why in areas of malaria transmission sterile
immunity is rarely achieved and why vaccines show a reproducible decrease in

efficacy when extrapolated to endemic settings.
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6.2. Blood stage vaccines

The strategy of blood stage vaccines aims to mimic or improve naturally
acquired immunity (NAI) by generating antibodies against circulating parasites 8.
Hence, parasite growth can be controlled along with the consequent prevention of

disease development to fatality and a reduction in the probability of transmission.

The observation that passive transfer or self-generated humoral immunity
helped control parasitemia made developers focus on producing vaccines against
this stage 5962140141 One of the main strategies is to avoid new asexual cycles by
generating antibodies that block the reinvasion of erythrocytes by merozoites 1%,
Although this approach is theoretically promising, there are some limitations such
as the need for high antibody titers for the enormous amount of merozoites that are
released at the same time into the circulation that in a matter of seconds invade new
red blood cells. The availability of different invasion routes for merozoites and the

polymorphism they present at this stage does not contribute to control reinfection.

Clinical trials evaluating blood stage vaccines are becoming less frequent, as
more than 100 vaccine candidates generated had to stop at different points in
development due to the inability to proceed to the next phase 3193, The vaccines
tested generated medium-low amounts of antibody titers and are designed primarily
to detect a single antigen of a parasite or a fraction thereof. As a drawback, they will
specifically recognize the epitope expressed in one of the stages of the parasite in
the blood allowing the parasite to escape immunity when not recognized properly
by antibodies. Most vaccines try to use conserved regions for these epitopes, but
they turn out to be less immunogenic, and using polymorphic regions may not help
control every strain 3°. The most advanced blood stage vaccine, GMZ2, is a
combination of GLURP and MSP3 proteins which are expressed on the surface of
merozoites 42, Despite being recently tested with a new adjuvant (CAF01), acquired
protection to infection was not considered high enough and GMZ2 vaccine
development is now on hold 43. A new protein vaccine candidate, called Rh5, has
been tested with the same adjuvant as that used with the R21 vaccine in the

pediatric population, showing promising results in T cell and IgG antibody responses
144
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The complexity of generating immune protection through blood stage vaccines
challenges the paradigm that these vaccines should aim to mimic NAI. No vaccine
recognizing the blood phase has shown sufficient immunogenicity and/or protection
in the different studies conducted to date in endemic settings .

6.3. Pregnancy -associated vaccines

The vaccines against PAM benefit pregnant women by creating antibodies
that recognize a PFEMP1 expressed on the surface of infected red blood cells. The
parasite uses different PFEMP1 surface proteins 4%, to sequester and thereby avoid
clearance in the spleen. PFEMP1 proteins are encoded by a family of hypervariable
genes known as var genes. Compared to merozoites, these parasite antigens are
accessible to antibodies for about half of the blood stage cycle, but they are highly
polymorphic. During the asexual cycle, var gene expression can switch and thereby
retain the p ar a s seguesiration capacity without being removed from the

circulation by the immune system.

The PfEMP1 variant VAR2CSA allows the parasite to bind to the CSA
expressed in the placenta. The use of a recombinant VAR2CSA as a vaccine
generates antibodies that shall prevent the sequestration of the parasite to the

endothelial membrane within the intervillous space of the placenta.

The first two vaccines, called PAMVAC and PRIMVAC, were immunogenic
and well tolerated and produced antibodies that recognize homologous VAR2CSA
146 The objective of these vaccines is to facilitate the generation of the antibodies
that are naturally acquired during subsequent pregnancies when the risk of suffering
from PAM is lower. Compared to blood stage vaccines, the humoral response
should reduce the virulence generated by the parasite sequestration and the mother
still relies on her NAI to further control the parasite growth.

6.4. Transmission blocking vaccines

Prevention of parasite transmission is the main aim of TBV 147148 Mosquitoes
are difficult to control but if malaria infectivity to mosquitoes is reduced in a
community due to the herd immunity by most of the population members being

vaccinated, the transmission will eventually decline 26, They are intended to be used
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in combination with other vaccines as they do not affect the direct prevalence of the
disease. However, TBV may help indirectly in the elimination of malaria by avoiding
the spread of resistant mutants or those with a favored status to escape immunity
26, The induced antibodies against the sexual forms of the parasite and the initial
stages within the mosquito, recognize proteins that are essential for the parasite
development in the mosquito gut 26149, Blocking their reproduction in the mosquitoes
by hindering the fertilization of the gametes and their development into ookinetes
interrupts their life cycle before the parasite is transmitted to another human 26:149,

The main immunoglobulins that block the sexual progression of the parasite
are IgG antibodies 26159, The primary goal is that the antibodies generated in the
host should recognize conserved epitopes between several strains and should be
maintained circulating to an adequate level that affects malaria transmission for at

least 1-2 years 25,

So far, the immunogenicity is low, and new strategies are being pursued to
increase antibody production %6. The constructs that have been tested so far in
humans are Pfs25 and Pfs230 25, which are only expressed on the circulating sexual
stages of the parasite. Despite the fact that these stood out among other constructs
by their higher antibody response reached, in mosquito blood feeding tests they did

not show good laboratory transmission-blocking results 26,

In the same manner, as the blood stage vaccines, the generation of long-
lasting transmission-blocking antibodies in humans has failed so far 2. By using
new formulations of the vaccine and adjuvants, a better blocking capability and an
increased immunogenicity are intended to be achieved 103151 but the lack of a direct
benefit to the individual receiving the vaccine requires an exceptional safety profile,
which complicates these implementation 26192, Their application so far is only
supported in combination with other measures like mass drug administration,
chemical and physical vector control, and together with additional vaccines that

recognize other stages of the parasite or even other TBV.
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7. Controlled human malaria infection

Controlled human malaria infection (CHMI) has been applied repetitively since
the second quarter of the last century to test different interventions 38152, Started by
validating the experiments seen last century with mosquitoes reflecting same results
as seen before 1°3. Immediately after, aseptic sporozoite injection was followed, in
which different routes of administration of the parasite and different amounts of
inoculum were tested for the infection models %4, In between, tests were performed
to demonstrate vaccination by the injection of parasitized red blood cells %°. The
injection of infected erythrocytes via DVI bypasses the previous stages and only
reverts into the development of asexual and sexual blood stages in the host.
However, the promising results of vaccination carried out by the infectious
sporozoites mentioned above followed a more natural route and progression of

infection.

In addition to the use of attenuated sporozoites by different means as
vaccines, namely chemo-attenuation, radiation-attenuation, or genetically modified,
whole live sporozoites also served recently as a well-standardized model of human
malaria infection to test different interventions. A dose of 3.2x103 non-attenuated,
fully infectious sporozoites injected intravenously can be used to produce a
sustained infection in all individuals with a pre-patent period of about 11 days 26.
This CHMI represents a model of natural malaria infection that has lately been
successfully employed to determine vaccine protection efficacy as proof of concept
after the previous immunizations but may also serve to test the efficacy of different

drugs or decipher the mechanism of pre-existing immunity 6.

Interestingly different formulations of RTS,S, adjuvants, and therapeutic
regimens were also tested using CHMI. The challenge showed an acquired
protection to malaria in 6 of the 7 individuals vaccinated with RTS,S together with
the adjuvant AS02 or ASQ1 26:76.118,152,156,157 The blood stage vaccine GMZ2 was

also tested with a new adjuvant by CHMI 143,

As noted above, CHMI is not exclusively related to sporozoite infection, but as

mentioned, there have been challenges with erythrocyte stages in human subjects
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to test different interventions as well. For example, it has recently been implemented
for the testing of future TBV 1%,

The immune processes leading to sterile immunity are gradually being
understood in part thanks to the case-control within each individual that the CHMI
offers, since in natural infection settings it is not easy to identify variations due to

intervention. Therefore, CHMI should be appreciated as a valuable tool.
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8. Aims of the present work

Our team has been involved over the years in the clinical development of
different malaria vaccine candidates, some at our African study sites and some in
European research centers. Several different vaccines have been tested by our team
including the most advanced pre-erythrocytic vaccine (RTS,S) and the promising live

vaccine candidates developed by SANARIA®L,

Observational evidence highlighted a reproducible reduction in the
immunogenicity of the same vaccines when applied in malaria-endemic settings. This
brought us to revive the gathered knowledge on malaria parasites-related

immunosuppression over the years in the form of a review paper.

With the aim to circumvent the established immunosuppression during
malaria, we contributed to summarize the accepted scientific material on the
matter and expand the knowledge by the description of a type of physiological
suppressor cells so far not well described during Pf infection. | worked on PBMC
samples collected during two clinical trials of the above-mentioned live vaccine
candidate studies (both part of this dissertation) to determine the kinetics of

suppressor cells during an early Pf infection.

In order to accomplish these goals, the kinetics of different suppressor cells were
measured in the framework of a CHMI in malaria-naive individuals. This infection
model represents a Pf infection without pre-existing immunity to the parasite and with
a known start (inoculation of the sporozoites) that allows investigations of the early
phase of infection, even before symptoms occur. In this way, specific changes inter-

individually could be determined previous, during, and following infection.

RDT positivity was reported in the literature to provide evidence of constant
exposure to the parasite in endemic environments. In this thesis framework, a new
elimination model was developed for the HRP2 protein of the parasite showing a new
half-life, which may explain better the prolonged positivity rate of RDTs. This new half-
life could help to understand the HRP2 accumulation observed in case of chronic

infection and could help to discern infection intensities in subjects to be vaccinated.
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The specific objectives of the work presented in this dissertation are as follows:

1To determine the kinetics of suppressor cells known as MDSC in the circulation

during the development of malaria infection (Paper ).

| To evaluate the current knowledge on malaria-related immunosuppression (Paper

).

" To explore the safety and efficacy of early chemoattenuation of PfSPZ under
A/P in inducing protection against malaria and compare its efficacy by
comparison to the efficacy observed with a similar protocol using

chloroquine chemoprophylaxis (Paper lll).

1 To identify a whole live attenuated malaria vaccine regimen with radiation
attenuated parasites that shows at least 75% protection efficacy
against infection with a heterologous Pf parasite for at least 9 weeks

(paper 1V)

_To raise awareness of the results of RDTs on the field and how they should be

interpreted (Paper V).
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9. Results

A summary of the results obtained in each of the papers is presented here. Reference

is given for the tables and figures in the different publications.

9.1. Paper |

Expansion of functional myeloid -derived suppressor cells in
controlled

human malaria infection

Carlos Lamsfus , Rolf Fendel, Anurag Singh, Thomas L. Richie, Stephen L.
Hoffman, Peter G. Kremsner and Benjamin Mordmdiller.

Frontiers in Immunology 2021; Mar 19;12:625712.

The involvement of a group of physiological suppressor cells, called MDSC, is well-
known for suppressing immune responses during cancer and contributing to
interfering with infection outcomes. Malaria-associated immunosuppression has been
attributed mainly to other suppressor cells like Tregs but the role of MDSC during
human malaria has not been analyzed yet.

Here, the kinetics of suppressor cells were determined during a CHMI with PfSPZ.
The CHMI was conducted as a proof-of-concept for acquired protection from infection
following a malaria immunization phase in malaria-naive subjects participating in two
independent vaccination studies (Figure 1 7 Paper I; in detail in Papers Ill and V).
Independently of vaccination regimens, the development of detectable parasitemia in
the circulation in unprotected participants during CHMI was determinant for a clear
rise of MDSC with polymorphonuclear appearance (PMN-MDSC) before any
treatment administration (Figure 2, Figure 3 1 Paper I). This time point represents an
early malaria infection with minor symptomatology and signs of infection as treatment
is promptly initiated by study protocol (Table 1 7 Paper I). In an ex vivo assay, the
PMN-MDSCs developed in circulation were proven to suppress CD4 and CD8 T cell
proliferation up to ~50% when cells were cocultured (Figure 4 1 Paper I).

42



Concurrently, a remarkable hematological change was observed in the form of severe
lymphocytopenia in subjects with high PMN-MDSCs (Figure 5 1 Paper I), which
illustrates a potential major role of PMN-MDSC-mediated suppression of lymphocyte
activation and proliferation during malaria onset.

At this stage of infection, PMN-MDSC might be highlighted as an early indicator of
infection. These results suggest that PMN-MDSCs play a role in malaria-associated
immunomodulation which could be further investigated in the frame of protective

immunity development in malaria-endemic regions.
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9.2. Paper i

The Immunosuppression in Malaria: Do Plasmodium falciparum

parasites hijack th e host?

Carlos Lamsfus Calle , Anurag Singh, Benjamin Mordmdiller.

Pathogens. 2021 Oct 3;10(10):1277.

Malaria-related immunosuppression has been identified over the years through
different means and perspectives. Infections with Pf are associated with an acute
overactivation of the immune system, but there is also ample evidence of a general
immunodeficiency state or immunosuppression that may last longer than the actual
malaria episode.

This exposes people in endemic countries to a higher risk of suffering other
comorbidities and promotes chronic infections. Moreover, vaccines have shown a
reproducible lower protection efficacy when applied in malaria-endemic areas.

The involvement of Pf is tacitly assumed to interfere with the development of cellular
and humoral responses. So far, however, the mechanism of action has been difficult
to decipher since malaria immunosuppression is a process of complex etiology
involving different cell types and mediators.

In this review, we summarize the accepted knowledge on malaria-related
immunosuppression and propose potential mechanisms of suppression that are

directly or indirectly controlled by the parasite.
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9.3. Paper Il

Mapping of safe and early chemo -attenuated live Plasmodium
falciparum immunization identifies immune signature of vaccine

efficacy

Steffen Borrmann, Zita Sulyok, Katja Muller, Mihaly Sulyok, Rolf Fendel,
Johannes Friesen, Albert Lalremruata, Carlos Lamsfus Calle , Thaisa Lucas
Sandri, The Trong Nguyen, Annette Knoblich, Javier Ibafiez, Freia-Raphaella

Lorenz, Henri Lynn Heimann, David M. Weller, Regina Steuder, Selorme Adukpo,
Patricia Granados Bayon, Zsofia Molnar, Meral Esen, Wolfram Metzger, Eric. R.
James, Adam Ruben, Yonas Abebe, Sumana Chakravarty, Anita Manoj, Natasha
KC, Tooba Murshedkar, Julius C.R. Hafalla, Tamirat Gebru Woldearegai, Fiona
O0Rour ke, Jana Held, Pete Billingsley, B.

G. Kremsner, Stephen L. Hoffman, Kai Matuschewski, Benjamin Mordmiller

bioRxiv. 2020

The process of acquiring pre-erythrocytic protective immunity by inoculation of
attenuated PfSPZ is not fully understood. Diverse protective effects have been
achieved with different doses of PfSPZ-based vaccines, which are superior to subunit
vaccines. The growth of the clinically silent liver stage can be controlled by using
parasites attenuated by different means arresting the parasite cycle at different time
points of development during immunizations. The disparate results of these vaccines'
efficacy, measured as blood stage sterile protection against CHMI with homologous
parasite strains, reflect that the parasite development in the liver boosts vaccine
potency.

Here, the administration of atovaquone/proguanil (A/P) served as the attenuation
method concomitant with the administration of PfSPZ to arrest parasites early in the
development of the liver stage. In the first results, mice vaccinated with Plasmodium
berghei sporozoites plus A/P administration generated an immune memory response
by means of specific effector memory CD8 T cells against a new subsequent infection
against which the mice were protected. However, immunizations in naive humans
receiving three doses of 5.12x10% or 1.5x10° PfSPZ with A/P conferred protection to
2 of 8 (25%) and 2 of 10 (20%), respectively, when they were challenged 10 weeks
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later to a homologous fully infectious inoculation of 3.2x10° PfSPZ (Figure 4 i Paper
).

After vaccination, the development of antibodies against PfCSP did not predict
acquired protection in CHMI, despite showing similar levels to those of protected
participants in previous studies (Figure 51 Paper Ill). In contrast, the generation of T
cell-dependent antibody responses to the parasitic liver antigens LISP2 and LSAl
may reflect high vaccine efficacy (Figure 6 7 Paper Ill).

Therefore, exposure to Pf liver antigens will boost the immune system for subsequent
infections, but the balance between insufficient initial small inoculums and the risk of
permitting the parasite to reach the bloodstream during vaccination must be

evaluated.
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9.4. Paper IV

A PfSPZ vaccine immunization regimen equally protective against

homologous and heterologous controlled human malaria infection

Benjamin Mordmdiller, Zita Sulyok, Mihaly Sulyok, Zsofia Molnar, Albert
Lalremruata, Carlos Lamsfus Calle , Patricia Granados Bayon, Meral Esen,
Markus Gmeiner, Jana Held, Henri-Lynn Heimann, Tamirat Gebru Woldearegai,
Javier Ibafiez, Judith Fligge, Rolf Fendel, Andrea Kreidenweiss, Natasha Kc,
Tooba Murshedkar, Sumana Chakravarty, Pouria Riyahi, Peter F Billingsley, L W
Preston Church, Thomas L Richie, B Kim Lee Sim, Stephen L Hoffman, Peter G
Kremsner

NPJ Vaccines . 2022 Aug 23;7(1):100

The PfSPZ vaccine, composed of radiation-attenuated Pf sporozoites, has
demonstrated the ability to induce protective immunity against Pf malaria, with
excellent safety profiles in clinical trials. Previous studies have shown that
immunization with radiation-attenuated Pf sporozoites contained in the PfSPZ
vaccine confers greater vaccine efficacy (VE) against CHMI with parasites genetically
identical to ones present in the vaccine (homologous) than to CHMI with genetically
distant parasites, such as Pf7G8 (heterologous). The aim of the present study is to
identify an optimal vaccination regimen with the PfSPZ vaccine suitable for later
phases of clinical trials, with emphasis on safety, tolerability, and sustained efficacy
against heterologous Pf parasites in adults who have never had malaria.

This study provides two significant contributions to PfSPZ vaccine development. In
the initial optimization phase, the study establishes an immunization regimen that
offers substantial VE against a homologous strain of Pf (PfNF54). Shorter regimens
were tested, butthe 3-d o s e r e gi M@iSPZ(0o® days 1,180and 29) was the
one that met the VE criteria. In the following verification phase, by using the same
compact three-dose regimen administered over a 28-day period as in the optimization
phase, participants were challenged by CHMI to homologous (PfNF54) and
heterologous (Pf7G8) strains. Six participants were administered normal saline
during the immunizations as a placebo. VE was assessed by repeat crossmatching
CHMI with homologous and heterologous PfSPZ at 3 and 9-10 weeks after

immunization. Bayesian generalized linear regression was used to calculate VE.
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A compact 3-dose regimen for 4 weeks has demonstrated robust protection against
homologous and heterologous CHMI, achieving VE levels above 75% for at least 9
weeks. This regimen offers practical advantages, improving compliance and helping
to rapidly acquire immunity, which is particularly relevant for travelers and vaccination
programs. Immunization with PfSPZ vaccine induced antibodies against PfSPZ and
key surface antigens, but protection was primarily mediated by tissue-resident T cells
in the liver, particularly CD8+ T cells. These findings underscore the complexity of
immune responses elicited by the vaccine and highlight the need for further
elucidation of protective mechanisms.

These promising results warrant further evaluation in larger-scale trials, with ongoing
investigations in diverse populations, including women of child-bearing potential and
children, signaling continued progress toward the development of an effective malaria

vaccine.
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9.3. Paper V

Slow clearance of histidine -rich protein -2 in Gabonese with

uncomplicated malaria

Carlos Lamsfus Calle , Frieder Schaumburg, Thorsten Rieck, Anne Marie Nkoma
Mouima, Pablo Martinez de Salazar, Saskia Breil, Johannes Behringer, Peter G.
Kremsner, Benjamin Mordmiiller, Rolf Fendel

Microbiol Spectr . 2024. (Accepted )

The control of Pf malaria achieved worldwide is largely due to the application of RDTS,
also in remote areas. These tests, based primarily on the detection of the species-
specific HRP2, have contributed to reducing the parasite burden in many endemic
areas. Despite the high sensitivity of the RDTSs, there is a high false positivity rate
reported especially in endemic areas where malaria is highly prevalent. Little is known
about the dynamics of HRP2 clearance after Pf treatment. In an observational study,
mild malaria cases presenting Pf mono-infection with fever and no signs of
complications were treated with a 3-day course of artesunate/amodiaquine and
followed for 28 days. HRP2 levels were quantified since enrollment at several time
points (days 1, 2, 3, 5, 7, 12, 17, 22, and 28 post-treatment initiation) to determine
the clearance rate in the circulation. The findings unveil an unexpectedly prolonged
clearance of HRP2 after parasite clearance from the circulating blood. A two-
compartmental elimination model was identified where the terminal half-life was
calculated as 9 days after parasites were cleared. This offers valuable insights into
the biomarker's persistence over time. The study shows that until now clearance of
HRP2 was underestimated and the antigen remains detectable in circulation long

after successful treatment, influencing the RDTSs results.
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10. Discussion

Despite substantial global efforts, malaria continues to pose a significant public
health challenge, with stagnant progress in reducing cases and deaths in recent
years. The inadequacy of current tools underscores the urgent need for novel
interventions, particularly vaccines, against this complex parasitic disease. While
several malaria vaccine candidates have been investigated, only two have hit the
market, highlighting the formidable challenges in developing effective immune

responses with antimalarial vaccines.

The asexual blood stage of Pf infection has been associated repetitively over
history with a patent suppression of the immune system of the host. | show for the first
time in the literature a substantial increase of the myeloid regulatory cells, MDSC, in
the circulation of healthy humans during the early development of Pf blood stages in
the periphery. The type of MDSC that showed a clear increase in peripheral blood
after infection was PMN-MDSC, whereas M-MDSC did not. Initially phenotypically
characterized for their recognition and quantification, PMN-MDSC were confirmed as
such by their suppressive properties after an ex vivo suppression experiment.
Following a co-culture approach, different proportions of PMN-MDSC isolated from
participants were incubated together with a population of pre-stimulated T cells. A
proportional suppression in the cell divisions of CD4 and CD8 was reflected under
increasing amounts of PMN-MDSC. The T cells proliferation suppression assay

performed served as a proof of concept of the regulatory nature of these cells.

Actually, the real involvement of PMN-MDSCs in the framework of these studies
lies beyond the scope of the scientific piece. The exploratory nature of the findings
makes it difficult to determine the physiological implication of this increase in
circulating PMN-MDSC and the cause of this phenomenon, leaving unclear whether
there is a direct involvement of the parasites in the process or an indirect response to
the presence of parasites. The only clear determinant event that could be discerned
that promoted the increase in circulating PMN-MDSC was the growth of blood stage

parasites in the periphery of the participants.
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Previous to the challenge phase by CHMI with whole infectious PfSPZ, the
participants of both studies were immunized with different types and different doses of
whole live malaria vaccines during an immunization phase. Despite the fact that
participants underwent different approaches during the immunization phase, the
determining carry-over effect into the challenge phase was the acquisition of sterile
immunity to a CHMI by homologous strain parasites. Protected participants
recognized and controlled parasites in a pre-erythrocytic stage before reaching the
blood stage phase of the Pf life cycle, and this was reflected in the kinetics of
circulating PMN-MDSCs which did not undergo any significant variation during CHMI
in these subjects. Indeed, both protected and unprotected individuals did not exhibit a
significant increase in PMN-MDSC in the 7 days post-DVI of PfSPZ (end of liver
phase), which might reflect that the involvement of the parasite in this phenomenon is

mainly limited to the blood phase.

In the unprotected, the identified increase in PMN-MDSC occurred at a time of
infection when parasitemia was very low. This is reflected by minor and unspecific
signs and symptoms in the hosts, if there are any. Participants were determined as
infected based on ultra-sensitive diagnostic molecular methods and not by symptoms.
The detected circulating parasites during CHMI are at least 100 times lower than those
normally detectable in the population living in endemic areas. Treatment was
administered before parasites reached a threshold in the blood at which parasitemia

produces strong reactions.

The initiation of antimalarial treatment occurred after the initial significant
increase in circulating PMN-MDSC, ruling out a possible contribution of the therapeutic
drug to the kinetics. Thereafter, circulating PMN-MDSCs remained elevated for the
next three treatment days. The triggered promotion of PMN-MDSCs was rather
prolonged than a transient effect. At the end of CHMI, participants' PMN-MDSC levels
tended to be higher in the unprotected than in the protected, despite the fact that all
participants had either cleared the disease or had never developed it. Moreover, the
levels seen at this time point correlated positively with the PMN-MDSC levels seen

right before antimalarial treatment initiation.
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As regulatory cells, the physiological role of MDSCs is to restore the immune
system to a steady state after an infection has been resolved. However, when MDSCs
or any regulatory cells are promoted during the pathogen growth phase, there is a
potential risk that adaptive and innate immune responses may be dampened and/or
dysregulated. Extensive information in the literature indicates that the
immunosuppressive properties of PMN-MDSCs can restrict immune responses
contributing to many pathological conditions such as cancer, trauma, sepsis, or
chronic infectious diseases. When these regulatory pathways are established prior to
the control and elimination of a pathogen, the respective immune development might
be inefficient ®°. Indeed, there is evidence of some bacteria, viruses, fungi, and
parasites tuning the suppressive properties of MDSC for pathogen persistence and
infection chronicity °2°4, and this could be presumed also during Pf infections.

A malaria-associated immunosuppression has been reported in the literature
many times by indirect measures such as the lower incidence of autoimmune diseases
in malaria-endemic countries 1%°, and direct evidence such as the generation of
different regulatory cells with defined suppressive immune profiles 4687, In the review
that composes this thesis, we could summarize some clear patterns, generally
accepted by the scientific community, which reflect a concomitant state of
immunosuppression under malaria parasite exposure. Individuals living in endemic
areas present a reduced immune capacity compared to individuals of similar genetic
backgrounds but are unexposed to Pf 180, Indeed, immunosuppression has been
shown to be genuinely related to Pf, and not to malnutrition, fever, or other concomitant
infections 61, The nature of the malaria disease affects the humoral and cellular
responses during the growth of the parasite and endures for days after the infection

has resolved 162,

Under NAI, individuals need a big repertoire of antibodies to control the growth
of the parasite. Acquiring a good antibody library is a slow process achieved only over
repetitive reinfections. In the generation of humoral immunity against infectious
agents, the importance of the involvement of different regulatory B cells and T cells is
gradually being better understood 7. The contribution of these specialized
lymphocytes in modulating antibody responses is becoming relevant for proper

memory generation and the maintenance of long-term immunity . The cytokine
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profile generated when Pf parasitemia can modulate the lymphocyte behavior
suspected of interfering with the humoral processes . One typical detectable feature
of malaria that indicates dysregulation is the increase in atypical MBCs 6. Constant
exposure to parasite antigens is strongly believed to saturate the B cells. This is
reflected by an exhausted phenotype on these cells. Closely related to this
phenomenon, it has been observed that a variation of circulating follicular T cells and
their regulatory counterparts occurs during malaria, suggesting that these cells also
play a role in the correct antigen processing during humoral responses 83163164 The
above described reflects a dysregulation in humoral responses when blood stage

parasites are present.

On the cellular response level, the involvement of Treg in modulating T cell
responses is evident during malaria. In general, CD4 Tregs are detected in individuals
living in endemic countries, especially in children. The Treg phenotype and cytokine
profile differ according to the population’s age and season of the year. Tregs act by
directly limiting cellular T cell response by secreting inhibitory cytokines and interfering
with effector T cell proliferation as a physiological function following T cell activation to
return to the normal state. However, they also can contribute to inducing tolerance to

infection and influence myeloid cell function and maturation.

A cross-talk between Treg and MDSCs has been described whereby even
MDSCs can initiate the induction of Treg. This is an interesting event since the
generation of Treg was previously mentioned by others during CHMI, which seems to
follow an initial increment in anti-inflammatory cytokines 65, In our CHMI studies, we
can identify an increase in Treg before treatment initiation, but it was not as prominent
as the one observed with PMN-MDSC. The small amount of time points collected for
Treg data impedes discerning any association between these two types of cells. This
is something that might be good to bear in mind for future studies. MDSCs as myeloid
regulatory cells may contribute to a suppressive environment during Pf infections, and
their contribution in coordinating suppressive responses with Treg should be further

investigated.

Until today, little is known about how the described immunoregulatory pathways

develop during a malaria infection and the real implication of the different regulatory
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immune cells on those processes is still unclear. Malaria parasites are suspected to
possess some mechanisms that can manipulate the immune system in a direct or
indirect manner, but so far results are also not completely conclusive. For example, in
my review paper, | describe from the literature some homologs of human proteins that
are expressed by Plasmodium species and whose implication in actively modulating

immunological processes is likely.

Baeza-Garcia et al. 2018 showed in mice that immunizations against the
Plasmodium spp. MIF (PMIF) protein, a homolog of the host MIF, ensures the
development and maintenance of adequate memory responses . An mRNA vaccine
is currently about to be tested in humans to corroborate whether vaccination against
PMIF as a standalone vaccine or in combination with other vaccines would confer
protection and better immune profiles against Pf infections 167, This is a revolutionary
finding showing how much the parasite can

escape being recognized.

The establishment of regulatory mechanisms in malaria may look beneficial at
first glance to avoid an over-activated immune system that can lead to a life-
threatening immunopathology by excessive inflammation (especially in low exposed
or naive) 6. Children in malaria-endemic areas and travelers who have not been
exposed to the disease are relatively quickly protected from severe cases. They may
still suffer from the infection but in the form of uncomplicated malaria 6. The longevity
of this immune state can vary depending on several factors. Both parasitemia, closely
controlled by the slowly acquired immunity, and the anti-inflammatory profile, can
fluctuate causing the developing parasite in the blood to reach a threshold of

parasitemia leading to clinical symptoms and disease.

The evolution of the parasites together with humans honed the relationship of
parasite-host becoming a beneficial relationship also for the survival of the
Plasmodium spp parasites 8. Tolerance and resistance to pathogen infections 169170
are two different ways of overcoming an infectious disease. While resistance limits the
parasite burden by clearing the organism that is causing disease, tolerance limits the
harm generated by the invader without directly interfering with its burden.
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Actually, the dampening of pathological immune activations is one well-
recognized mechanism of tolerance in infectious diseases 1’1173, In human malaria, a
high ratio of pro- to anti-inflammatory cytokines is related to poor prognosis. Thus, the
tolerance mechanism related to the suppression of immune responses promotes host
survival, but may sacrifice the innate defense against the parasite, and additionally,
the resulting generation of suppressor/regulatory cells may hamper the creation of

adaptive immunity against future infections.

Evidence in the literature from several sources has linked the involvement of the
asexual blood stage development with an impairment in humoral and cellular
responses /4177 In our studies, the expansion of PMN-MDSC was found to be related
to the presence of blood stage parasites and not to previous exposure to pre-
erythrocytic stages. Given that one of the natural niches for MDSCs is the spleen and
that the peripheral low parasitemia is concentrated as it passes through the spleen, |
suggest as a new hypothesis that the MDSCs described in the circulation are a
surrogate for an ongoing process in this lymphatic organ. However, due to the
exploratory nature of the findings on PMN-MDSC kinetics, the impossibility of storing
this cell type at low temperatures for subsequent analysis 1’817 and the rather
inaccessible possibility of a spleen biopsy, made it impossible to define fa posteriorid
the molecular causes of this increase in PMN-MDSCs in the peripheral blood during

human malaria.

The chronicity of Pf infections under malaria endemic settings is becoming clear
from their persistence in the blood (submicroscopic parasitemia maintenance 8% or
by constant and repeated infections 8. The longevity of regulatory responses
subsequent to a malaria episode and their involvement in reinfection remains
unresolved. The likelihood that these regulatory processes increase in potency
through positive feedback pathways is high, contributing to their long-lasting
persistence. The fast development of immunoregulatory pathways even long after the
last infection is reflected in Portugal et al. (2014) 82, The results show that children,
after first febrile malaria following the dry season, generate a higher level of anti-
inflammatory cytokines and a lower level of pro-inflammatory ones, accompanied by
an increase of Tregs 1682, This may reflect either that despite being under lower

exposure, the mechanism of suppression is rapidly reestablished or that asymptomatic
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low parasitemia during the dry season has been underestimated. Recently, Andrade
et al. (2020) presented a mechanism by which the parasite can prolong its presence

in the host during the dry seasons by actively reducing and limiting the parasitemia
180

Interestingly, the increased PMN-MDSC in CHMI during parasitemia
development was still perceived days after the clearance of the parasite. At this time,
when parasites are no longer present in the peripheral blood, circulating PMN-MDSC
levels still correlated positively with the levels shown during the parasite growth phase
and tended to be higher than the levels in participants who did not develop at all

circulating blood stages during CHMI.

Under the hypothesis of chronic inflammation-induced immunosuppression the
pre-stablish immune status of an individual exposed to malaria would hinder memory
acquisition and maintenance when infected as well as when immunized with a vaccine
183 The implication of a strong and robust immune system at the time of immunization

should be (re)considered.

Ensuring that malaria infections are ruled out when administering malaria
vaccines could be crucial in the future to avoid inappropriate immune reactions. The
diagnostic methods available have different strengths and limitations 4. The
polymerase chain reaction (PCR) is a very sensitive and specific method that detects
the genetic material of the parasite but fails to detect if the parasites are alive.
Moreover, it is an expensive method that requires specialized equipment and trained
personnel. Microscopy, particularly thick blood smear examination, remains the gold
standard due to its ability to quantify parasite load and species differentiation, though
it demands significant expertise and time. RDTSs, such as those detecting HRP2, offer
a simpler and faster alternative. HRP2-based RDTs are user-friendly and provide
results quickly, making them suitable for field use where resources are limited .
However, the suitability of HRP2 as a reliable diagnostic tool compared to PCR and
microscopy depends on its sensitivity and specificity, as well as the kinetics of HRP2

elimination from the bloodstream.
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Interestingly, the persistence of positivity in HRP2-based RDTs in endemic areas
has been reported since the first clinical studies 18187, HRP2 can remain detectable
in the bloodstream for weeks (an average of 2-4 weeks post-treatment) after the
clearance of the parasite. This persistence can lead to false-positive RDT results,
indicating an infection when the parasite is no longer present. This persistence
complicates the interpretation of test results, especially in areas with high malaria
transmission rates where individuals may have multiple infections and treatments in a
short period. The actual mechanism of persistence remains unclear. However, the
pitting theory is the highest theory supported at the moment. Parasites after treatment
initiation might be eliminated through the spleen by pitting. This is a mechanism in
which macrophages phagocytize the parasite inside the red blood cell, leaving the
hollow blood cell intact to continue circulating in the blood. Proteins previously
expressed by the parasite remain attached to the red blood cell membrane. As HRP2

is expressed there, this might contribute to the long-term positivity in RDTs .

In my study (Paper V) we have identified two elimination curves. An initial one
with a faster half-life than the second one or terminal which shows a longer persistence
of the antigen in the circulating blood. This terminal half-life is 9 days. In uncomplicated
cases of malaria, the initial HRP2 concentration before treatment can reflect a
prolonged detection by RDTs days after treatment as evidenced by the positive
correlation shown in the publication 18818 Thus, HRP2 might reflect the parasite
burden in recent times. Under constant or repetitive infections, the levels of HRP2 in
the circulation might accumulate increasing the body’s burden of HRP2. In cases such
as severe malarial anemia (SMA), HRP2 before treatment is higher in comparison to
uncomplicated malaria (data not shown). This supports the idea that SMA is a chronic
disease state, either from repetitive infections or from close re-infections over time. In
highly endemic areas, while maybe failing to identify real current malaria cases, HRP2
can help identify high exposure to the parasite. This could be a new use of RDTs that
has not yet been broadly expanded. HRP2 RDTSs are still a great tool, especially for
identifying cases in travelers or children and pregnant women located in remote areas
where access to a specialized laboratory for malaria diagnosis is difficult. However,
for this thesis, it is important to highlight that these hurdles with the HRP2-RDTs may
contribute to understanding and evidence that the populations living in certain endemic

areas are subjected to constant exposure to the parasite and its antigens. Thus, while
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HRP2 RDTs are practical for rapid screening and initial diagnosis, their use must be
carefully considered in conjunction with other diagnostic methods to ensure accurate

detection and management of malaria, particularly when evaluating vaccine efficacy.

Bearing in mind all these hurdles in the immune status of vaccine recipients in
endemic areas, the development of an effective vaccine may be cumbersome with a
host immune environment that is not ideal for proper antigen processing. Generating
a vaccine against Plasmodium parasites is per se a great challenge, since compared
to bacteria or viruses, protozoa are a much more complex microorganism. More than
5,000 parasitic proteins can be identified by acquired protective antibodies that are
associated with protection against malaria. Over the years, the generation of a broad
repertoire with a large number of antibodies recognizing different proteins relates
better to protection rather than a few antibodies that bind to specific epitopes 6. In the
course of the parasite's life cycle, a great diversity of proteins is expressed, with
special emphasis on those in the blood stage, whose expression is highly clonal.
Therefore, it is not easy to discern the actual contribution of the diverse antibodies to

real protection 5982,

The development of vaccines against blood stages appears to be a hopeless
effort, since not only the immunosuppression described above can intervene, but the
selection of a specific epitope against erythrocytic stages is impossible. Moreover,
reinvasion of red blood cells by merozoites is rapid, so high antibody titers are also
required to counteract parasite growth while maintaining high titers has become a
challenge 18121, Children only acquire short-lived plasma cells that slowly disappear to
undetectable levels when low malaria transmission occurs like during dry season 1619,
To get long lasting humoral memory a collaboration between B cells and T cells is
needed. The use of helper T cells is known for the generation and maintenance of
MBCs and long-lived plasma cells (LLPCs). Once adulthood is reached, specific IgGs
are better retained between transmission periods, with less fluctuation in stationary
antibody levels exceeding the threshold required for infection control. MBCs are rarely
seen in endemic populations, but there is evidence that in individuals no longer
exposed to malaria, MBCs against the parasites can be generated efficiently and last

|Onger 16,191—193_
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The issue of ineffective generation of humoral memory may involve various
immunological regulation processes which, when effectively engaged, allow B cells to
produce superior antibodies against the presented antigens. However, the sole
presence of the blood stage contributes to hindering efficient memory generation 74,

All in all, we see that the pre-erythrocytic vaccine type is the main tool for
eradication due to the potential feature of preventing transmission and
symptomatology with a single effective intervention %4, In addition, if the blood stage
is avoided, the promotion of a state of suppression seems to fade away. Despite
subunit vaccines targeting one or two parasite antigens, when those belong to pre-
erythrocytic stages, protection can be acquired. The leader subunit vaccine candidate
is a CSP protein vaccine, 1619 which has been implemented to promote a sustained

increase in antibody levels 18196-198

Despite the vaccines already on the market that have been rolled out in
vaccination campaigns in some sub-Saharan countries, the best results obtained so
far in naive humans were from immunizations with whole live sporozoites injected via
DVI 8, The benefit of using a whole parasite vaccine for immunizations is that the
parasite development among participants is fairly homogeneous and in clinical trials,
a small sample size is required to evaluate the different interventions. This enables
the host to process the entire repertoire of antigens generated during the parasite

growth in vivo.

The whole live sporozoite vaccine approach pursued in Paper Il is based on the
concomitant administration of A/P to a DVI of PfSPZ as an in vivo chemoattenuation
approach. This drug combination leads to a complete early arrest of the parasites in
the liver. However, in the wake of the study results, intracellular replication in the host's
liver cells would appear to be a requirement for acquiring and boosting protective
immunity against the pre-erythrocytic stages of the parasite. The small percentage of
participants protected to a homologous parasite infection challenge might be related
to the essential role of the parasite replication in generating a broader antigen
repertoire and/or the need to increase the total amount of specific antigens to be
recognized. According to the so far gathered results with whole live sporozoites in

humans around the world, the adequate ideal formulation would be in this sense a
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PfSPZ attenuated genetically that arrests the cycle at the end of the liver stage or

during the first cycle in the erythrocytes 26.

So far, there is no direct evidence in humans for the cellular immune mechanism
observed in mice, where a parasite-specific CD8 T cell response against hepatic
stages is necessary for protection 8. Nevertheless, a probable involvement of cellular
protection can be perceived from our studies, as there is no direct correlation between
the acquired parasite antigen-specific antibody titers and the sterile protection

reflected against the next blood stage.

The protection acquired by the attenuated sporozoites, however, is purely pre-
erythrocytic. Direct inoculation by CHMI of homologous blood stage parasites into pre-
erythrocytic malaria vaccinees demonstrated the susceptibility of vaccinees to the
disease if the parasites manage somehow to reach the blood 1%. A single merosome
escaping immunity during the pre-erythrocytic phases is needed for the cycle to
continue to the next phase, where the parasite burden increases exponentially in the
blood. In this case, | hypothesize that under this scenario parasite will be transmissible

again and will generate the above-mentioned immune-suppressive responses.

For the aforementioned reasons, the immune status of the vaccinees at the time
of vaccination should not be overlooked. In addition to the evidence already recorded
in the literature, we have discovered in the early stages of blood infection a specific
type of regulatory cells that could have a relevant effect on the reduced immune
capacity of the immune system of malaria-endemic inhabitants. The detected
increased proportions of PMN-MDSC were under a control setting such as CHMI, but
their involvement in natural infections requires further evaluation. The contribution of
MDSC to immunosuppression and the role in distorting vaccine-induced immunity in
Pf-endemic areas, as well as their implication in different age groups and during

pregnancy, needs to be deciphered.

MDSCs are not exclusive to malaria as already mentioned. Indeed, this type of
regulatory cell has already been described in other diseases that coexist in the same
areas as malaria. Decreasing the MDSC population among other immune cells is one

of the approaches already pursued in the treatment of cancerous tumors. Therefore, |
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propose that an active therapy against MDSC or a chemoprophylaxis period against
malaria might diminish the MDSC populations and enhance individuals' acquisition of

immune protection.

Therefore, when looking for an effective vaccine, a robust immune response and
a combined vaccine targeting different stages and antigens of the parasite seems to
be the best option. The effect could be maximized with a combination of vaccines.
When aiming for a mixed effect, one should look for a mix of RTS,S which conferred
protection mainly by the generation of humoral immunity in pre-erythrocytic stages,
and PfSPZ vaccines, which generate rather a cell-mediated response. New
approaches also aim to generate immunity to two stages (pre-erythrocytic and blood)
to protect better against disease and fatality 261%°. A vaccine should be multiepitope,
multistrategy, and multistage 3° and additionally distort the possible generation of
immune suppressive pathways. If the humoral and cellular response were adequately
generated and maintained by the confluence of different vaccines, the malaria
parasites would be controlled, prevented, eliminated, and eventually eradicated 2°.

Concluding Remarks

Plasmodium considered one of the world's most successful parasites, may have
flearnedoto adapt its pathology in order to avoid being recognized and eliminated.

Vaccines are the most cost-effective way of eradicating diseases when
successful. Plasmodium’s live cycle shows a great antigenic variation. An adequate
vaccine should induce humoral and cellular responses to adequately control the
parasite, but in endemic areas of malaria, this becomes a challenge. Malaria is one of
the diseases with a huge arsenal of therapeutic weapons that might serve as a support
of a pivotal effective vaccine for malaria elimination goals. In over 50 years of malaria
vaccine development there is still no licensed product for the population 8, but neither
do we have one against any known human parasite 26.

The type and duration of the protection acquired through vaccination will be
determinants for the elimination of the parasite from endemic areas where parasite
exposure is constant. However, the success in the development of an effective vaccine

for endemic settings remains elusive.
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So far, despite elimination being achieved in different areas, eradication seems
unreachable. Eliminate transmission apart from conferring protection to the host 2%°
emerges as a requirement.

Parasites possess a diverse portfolio of immune escape strategies. The most
investigated goes through immune evasion by antigen switching and by hiding inside
different cells. The tuning of immune responses by immunosuppression should also
be perceived more often as an additional mechanism that helps to maintain P f gtagus
as the best parasite. The urgent to discriminate the participation in the immune
response generation and maintenance of the different regulatory cells promoted
during malaria becomes necessary.

The impact on immunity of the early development of PMN-MDSC during blood
stage expansion has to be properly assessed in future studies especially under natural
infection settings, and its possible role and contribution in disrupting the acquisition of
adaptive memory responses among the other pathogens present in the area.

Understanding how the malaria parasite drives these immune regulatory
networks, finding ways to overcome them, and promoting a robust and strong immune
system must become an increasing necessity on the road to malaria eradication.
The convergence of several malaria parasite control methods over a long period
becomes a key element in population campaigns to eliminate malaria through the
simultaneous combination of vaccination, mass drug administration, and vector

control.
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Malaria can cause life-threatening complications which are often associated with
inflammatory reactions. More subtle, but also contributing to the burden of disease
are chronic, often subclinical infections, which result in conditions like anemia and
immunologic hyporesponsiveness. Although very frequent, such infections are difficult
to study in endemic regions because of interaction with concurrent infections and
immune responses. In particular, knowledge about mechanisms of malaria-induced
immunosuppression is scarce. We measured circulating immune cells by cytometry in
healthy, malaria-naive, adult volunteers undergoing controlled human malaria infection
(CHMI) with a focus on potentially immunosuppressive cells. Infectious Plasmodium
falciparum (Pf) sporozoites (SPZ) (PfSPZ Challenge) were inoculated during two
independent studies to assess malaria vaccine efficacy. Volunteers were followed
daily until parasites were detected in the circulation by RT-gPCR. This allowed us
to analyze immune responses during pre-patency and at very low parasite densities
in malaria-naive healthy adults. We observed a consistent increase in circulating
polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC) in volunteers who
developed P falciparum blood stage parasitemia. The increase was independent
of preceding vaccination with a pre-erythrocytic malaria vaccine. PMN-MDSC were
functional, they suppressed CD4" and CD8™ T cell proliferation as shown by ex-vivo
co-cultivation with stimulated T cells. PMN-MDSC reduced T cell proliferation upon
stimulation by about 50%. Interestingly, high circulating PMN-MDSC numbers were
associated with lymphocytopenia. The number of circulating regulatory T cells (Treg) and
monocytic MDSC (M-MDSC) showed no significant parasitemia-dependent variation.
These results highlight PMN-MDSC in the peripheral circulation as an early indicator of
infection during malaria. They suppress CD4 1 and CD8* T cell proliferation in vitro. Their
contribution to immunosuppression in vivo in subclinical and uncomplicated malaria will
be the subject of further research. Pre-emptive antimalarial pre-treatment of vaccinees
to reverse malaria-associated PMN-MDSC immunosuppression could improve vaccine
response in exposed individuals.

Keywords: Plasmodium falciparum, immunosuppression, myeloid-derived suppressor cells, PfSPZ-CVac, malaria
vaccine, PfSPZ vaccine, controlled human malaria infection, regulatory T cell
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INTRODUCTION

Malaria is responsible for ~409,000 deaths, resulting from about
229 million new cases of malaria per year globally (1). A steady
decrease in malaria-associated morbidity and mortality was
achieved due to implementation of malaria control efforts applied
since the beginning of this century. However, from 2015 the
decrease in the burden of malaria has stalled. The development of
an effective malaria vaccine has become a research priority (1-4).

In malaria-endemic areas, a large fraction of infections
in older children and adults is asymptomatic or remains
unnoticed. Regardless of malaria prevalence being high or low,
subclinical parasitemias should not be neglected when aiming
for elimination, as they also contribute strongly to ongoing
transmission (5-12). Chronic low parasitemias with no or mild
signs and symptoms can still have a strong impact, mostly
through the development of anemia and suppression of immune
responses against vaccines and other infectious diseases (13-
16). Both consequences of chronic plasmodial infections often
remain unrecognized despite having an important long-lasting
impact, particularly in children (17-19). Mechanisms that lead
to suppressed immune responses during malaria, convalescence
and asymptomatic infections in humans are poorly understood
and difficult to investigate in endemic areas. Especially, co-
infections, high and variable malaria incidence, as well as
other genetic and environmental factors, impede a systematic
analysis, and therefore large cohorts are required to circumvent
these issues.

In healthy malaria-naive European volunteers, a smaller
cohort is sufficient when a standardized controlled human
malaria infection (CHMI) model is used. Therefore, we took
advantage of this model of subclinical parasitemia to study
the kinetics of potential immunosuppressive cells in naive
individuals. CHMI is done by direct venous inoculation (DVT)
of 3.2 x 10° purified, cryopreserved fully infectious Plasmodium
falciparum (Pf) sporozoites (SPZ) (PfSPZ Challenge) (20) and
has become a gold standard in the field for assessing vaccine
candidates (21), chemopreventive drugs (22) and naturally
acquired immunity (23, 24). Advantages of standardized CHMI
are that volunteers are prospectively chosen, start and dose
of the infection are defined, infection rate is practically 100%
with intense follow-up. The infection is stopped based on
parasitemia thresholds and clinical criteria, often below the
symptomatic threshold.

Chronic and subclinical as well as low-parasitemic
Plasmodium infections do not induce strong inflammatory

Abbreviations: CHMI, Controlled human malaria infection; Pf, Plasmodium
falciparum; SPZ, Sporozoites; PISPZ, Plasmodium falciparum  Sporozoites;
PfSPZ Challenge, Infectious, aseptic, purified, cryopreserved PfSPZ; PfSPZ
Vaccine, Radiation attenuated PfSPZ; PfSPZ-CVac, P{SPZ administered with
an antimalarial drug; A/P, Atovaquone/proguanil (1,000 mg/400mg); DVI,
Direct venous inoculation; Treg, CD4t regulatory T cells; MDSC, Myeloid-
derived suppressor cells; PMN, Polymorphonuclear PMN-MDSC,
Polymorphonuclear myeloid-derived suppressor cells; M-MDSC, Monocytic
myeloid-derived suppressor cells; PBMC, Peripheral blood mononuclear cells;
CFSE, Carboxyfluorescein diacetate succinimidyl ester; RT-gPCR, Reverse
transcription quantitative PCR; AE, Adverse events; FC, Fold change to baseline;
AUC, Area under the cell FC-time curve.

cells;
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responses in endemic settings (8, 25). Upon repeat exposure
to the parasite, anti-disease immunity develops first, followed
by anti-parasitic immunity that can be highly effective (26-28)
- up to sterile immunity in a small percentage of individuals
(29, 30). In contrast to sterile immunity, anti-disease immunity is
characterized by developing tolerance to parasitemia (31), which
can be associated with a more general immunosuppression (32).
To date, CD4™T regulatory T cells (Treg) have been the main
focus of studies to investigate the mechanism of immunological
tolerance by immunosuppression during malaria (33-38). Treg
block T cell responses by inhibitory cytokines (membrane-
bound or pericellular), cytolysis, cellular metabolic disruption
and modulating dendritic cells through co-stimulatory markers
(39-42). Interestingly, dendritic cells may also contribute to
immunosuppression (43-45).

Myeloid-derived  suppressor cells (MDSC) are a
heterogeneous population of regulatory immature myeloid
cells that suppress immune responses mainly by blocking T
cell responses (46-48), MDSC are induced and maintained
by inflammatory mediators and can contribute to the support
of chronic infections and support Tre development (49).
Activated by pathogen molecules, their regulatory activities
depend not only on cell to cell contact, but also on the
production of some characteristic extracellular factors (48).
MDSC can be stratified into two major phenotypes: (i)
polymorphonuclear MDSC (PMN-MDSC) and (ii) monocytic
MDSC (M-MDSC), whose circulating kinetics reflect and
predict the clinical outcome in different diseases (46, 50, 51).
Despite their immune-regulatory capacities and their close
contact with parasites in the blood, the presence of MDSC
during the course of malaria has not been systematically
investigated yet (52). Here, we describe for the first time
the peripheral blood kinetics of MDSC within the highly
controlled setting of a malaria infection model. Resulting
alterations in MDSC homeostasis during infection may
be a yet unknown mechanism for P. falciparum-induced
immune tolerance.

MATERIALS AND METHODS

Participants

All samples were obtained from two independent clinical
trials in which efficacy of Sanaria® PfSPZ Vaccine [radiation
attenuated, aseptic, purified, cryopreserved P. falciparum
(Pf) sporozoites (SPZ)] and PfSPZ-CVac (infectious, aseptic,
purified, cryopreserved PfSPZ administered with an antimalarial
drug) were assessed by CHMI (ClinicalTrials.gov identifiers
NCT02858817 and NCT02704533). The studies were conducted
at the Institute of Tropical Medicine, University Hospital
Tiibingen and full results of both trials will be reported elsewhere
[Mordmiiller et al. unpublished data and (53)].

For the present study on immunosuppressive cell populations,
only samples during CHMI were used, regardless of previous
vaccination. In trial NCTO02858817, a PfSPZ-CVac study,
volunteers received either PfSPZ or normal saline (placebo) and
atovaquone/proguanil (1,000 /400 mg) (A/P) three times every
4 weeks. CHMI of these subjects immunized with PfSPZ-CVac

March 2021 | Volume 12 | Article 625712



Lamsfus Calle et al

(A/P) was performed 10 weeks following the last vaccination.
Immunizations consisted of three doses of either 5.12 x 10*
or 15 x 10* PfSPZ. The second trial (NCT02704533) used
PfSPZ Vaccine, which has been described before (54), for
immunization. Here, volunteers were vaccinated with either
three doses of 9 x 10° or two doses of 1.35 x 10° or 2.7
% 10° PfSPZ of PfSPZ Vaccine. CHMI was done 3 weeks
following immunization.

CHMI was performed with 3.2 x 10% sporozoites [Sanaria®
PfSPZ Challenge (PfNF54)] by DVI. Volunteers had daily clinical
visits, thick blood smear readings and reverse transcription
quantitative PCR (RT-qPCR) for up to 3 weeks. RT-qPCR was
performed as described previously, achieving a lower limit of
detection of six parasites/ml (55). The end-point for treatment
initiation with atovaquone/proguanil was met when a volunteer
became parasitemic, defined as three consecutive positive RT-
qPCR results with at least one parasitemia above 100 parasites
per ml or any parasitemia detected by microscopy. Peripheral
blood mononuclear cells (PBMC) were prepared in the following
sampling days during CHMI (Figure 1A). (i) Baseline, before
the injection of fully infectious PfSPZ Challenge (C); (ii) C+7,
generally the day of first detectable parasitemia by RT-qPCR;
(iii) C Malaria, when parasitemic participants fulfilled the
treatment initiation end-point criteria, being followed by two
more samples at the 2nd (C Treat2) and 3rd (C Treat3) day
of treatment; (iv) C+14, in protected aparasitemic participants
as comparable control for malaria positive cases; (v) C+21, at
the end of CHMI. As per-protocol, participants received a 3
days course treatment with atovaquone/proguanil, administered
always after blood sampling at C Malaria, C Treat2 and C
Treat3; and C+21 if they were not positive for parasitemia
during CHML

MDSC and Regulatory T Cells
Characterization

In brief, whole blood was collected in Na-heparin tubes (S-
Monovette, Sarstedt) from all volunteers. All samples for analysis
were acquired before participants received the first dose of rescue
treatment except for those on 2nd and 3rd day of malaria-
specific treatment (Figure 1A). As previously described, MDSC
and Trey were promptly quantified (56-58) from peripheral blood
mononuclear cells (PBMC) freshly isolated by density gradient
centrifugation (Ficoll-Paque™ PLUS; GE Healthcare).

MDSC  were characterized by flow  cytometry
(FACScalibur  Flow cytometer, BD) after staining PBMC
with: mouse anti-human CDI14-FITC (BD Biosciences,
Clone M¢P9), mouse anti-human HLA-DR-PerCP (BD
Biosciences, Clone L1243), mouse anti-human CD33-PE
(Miltenyi Biotec, Clone ACI104.3E3) and rat anti-human
CD11b-APC  (Miltenyi Biotec) to identify Monocytic-
MDSC (M-MDSC) from the monocyte population as
CD11b*CD33 HLA-DR/°CD147; while PBMC in the
SSCM area were defined as PMN-MDSC by the staining
with mouse anti-human CD66b-FITC (BD Pharmingen).
The percentage of PMN-MDSC was verified from the
SSCM  region of the M-MDSC sample by gating the
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CD11bTCD337HLA-DR™/°CD14~
(Supplementary Figures 1, 2A,B).

The MDSC counts were normalized to the initial values within
participant, defined as the MDSC fold change for every measured
time point in relation to the baseline MDSC levels for each
individual participant.

Regulatory T cells were defined as surface CD4F, CD251/high
and intracellular FoxP3™ (Supplementary Figure 2C). Antibody
clones used for the staining were mouse anti-human CD4-FITC
(BD, Clone SK3), mouse anti-human CD25-PE (BD Pharmingen,
Clone M-A251) and anti-human FoxP3-Alexa Fluor 647
(Biolegend, Clone MOPC-21). To control for unspecific staining,
the respective isotype control was used (Biolegend). Intracellular
staining was performed using a commercial kit following the
respective protocol (Cytofix/Cytoperm, BD).

population thereof

MDSC Isolation and T Cell Suppression

Assay

Peripheral blood mononuclear cells (PBMC) from a
healthy donor were stained with arboxyfluorescein diacetate
succinimidyl ester [Vybrant® CFDA SE (CFSE) Cell Tracer Kit,
#V12883, Molecular probes by life technologies] according to
the manufacturer’s manual allowing lymphocyte proliferation
traceability by their simultaneous stimulation with 100 U/mlIL-2
(R&D Systems) and 1 jug/ml purified NA/LE Mouse anti-human
CD3 (BD Pharmingen, #555336, Clone HIT3a).

PMN-MDSC were freshly isolated from parasitemic
participant's PBMC (autoMACS®Pro Separator, Miltenyi
Biotec), gathered by positive selection after mouse anti-human
CD66b-FITC (BD Pharmingen, #555724) and anti-FITC
MicroBeads (Miltenyi Biotec, #130-048-701) staining, as
described before (59). Subsequently, the highly purified PMN-
MDSC were seeded in a round bottom 96-well plate in different
proportions to a fixed amount of 6 x 10* CFSE labeled
PBMC per well (1:2, 1:4, 1:8, 1:16) and incubated at 37°C and
5% CO;. Complete media (RPMI1640 supplemented with
10% autologous serum, 1% L-glutamine, and 1% Penicillin-
Streptomycin) without additional cells was added to stimulated
and non-stimulated labeled PBMC as positive and negative
control, respectively. As controls for the contribution of
polymorphonuclear cells (PMN) to suppression, PMN from
the participants isolated with an erythrocyte lysis step from
the high-density fraction of the Ficoll were seeded in the same
manner as PMN-MDSC.

After 4 days of incubation, cells were harvested and
stained with mouse IgGl, k anti-human CD4-PE (Biolegend,
#300508, Clone RPA-T4) and mouse IgGl, k anti-human
CD8a-APC (Biolegend, #300912, Clone HIT8a). Shortly before
measurement, Propidium Iodide (BD Pharmingen, #51-66211E)
was added to determine cell viability. CFSE fluorescence intensity
was analyzed by flow cytometry to determine proliferation
of CD4" and CD8' T cells (Supplementary Figures 2D,E).
Proliferation was defined as the ratio of percentage of T cell
proliferated following addition of PMN-MDSC or PMN to
percentage of T cell proliferation without co-culture (58).

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 625712

81



Lamsfus Calle et al.

MDSC in Plasmodium falciparum Malaria

Challenge (C)
4" 3.2x10° PSPZ
/

Baseline C+7

|

Immunization
phase

B immunization phase -
PfSPZ Vaccine study

N=17
Gender (F/M) = 12/5
Age = 26.85(21.32 - 42.51)

yray

A C Malaria
follow by € Treat2 and C Treat3

& Parasitemic

Aparasitemic

C+21

C+14

PfSPZ-CVac Vaccine study
N=27
Gender (F/M) = 17/10

Chemo-attenuation | Age =27.41(19.83-37.34)

Vaccine allocated
N=17 N=0

Gender (F/M) = 12/5
Age=26.85(21.32-42.51)

Placebo allocated

Gender (F/M) = NA
Age=NA

Vaccine allocated Placeboallocated
N=18 N=9
Gender (F/M) = 12/6 Gender (F/M) = 5/4
Age = 28.27 (19.83 - 37.34) Age =23.17(19.91-30.93)

Parasitemia
N=

Gender (F/M) =2/3
Age = 26.68(22.30- 42.51)

Age =26.91(21.32-29.10)

No parasitemia
N=16
Gender (F/M) =14/2
Age =26.71(19.83-29.14)

FIGURE 1 | Study timeline and study outcome overview. (A) The timeline represents the overview of the blood samples to investigate the kinetics of
immunosuppressive cells during the controlled human malaria infection (CHMI) in the challenge phase of the malaria vaccine trials. Baseline: before the DVI of 3.2 x
10? fully infectious PISPZ Challenge (C); C+7: 7 days after injection; C Malaria: parasitemic after fulfiling the treatment initiation end-pcint criteria; C Treat2 and C
Treat3: subsequent days 2 and 3 of malaria treatment. C+14: 14 days after DVI for study volunteers not developing any parasitemia during CHMI; C+21: at the end of
CHMI, 21 days after DVI. {B) The chart outlines detailed infarmation an the number of participants vaccinated with either PISPZ Vaccine or PISPZ-CVac vaccine
during the immunization phase and the respective outcome of the vaccine trials during the challenge phase. All groups are stratified by sex, age, vaccine and study
arm. Age is reported in years as median and range; and sex as female/male (F/M) ratio.
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N=4 N=14 N=9
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Gender (F/M) =15/13
Age = 27.43 (13.91-42.51)

Determination of Lymphocytopenia

The hematological parameters from participants’ blood
samples were measured with the Sysmex XN-series hematology
analyzer. Lymphocytopenia was defined according to the central

laboratory reference range (lymphocyte cell count < 1.2 x
10%/ul of blood).

Statistical Analysis

Flow Cytometry data was analyzed using FlowJo v10.6.1.
Statistical tests were performed using GraphPad Prism 8
(GraphPad Software, La Jolla, CA, USA). Figures were created
using ggplot2 package version 3.3.0 in R software (R-project,
https://www.R-project.org/) version 3.6.3.

The area under the curve was computed by using the
trapezoid rule.

Multiple comparisons on cellular kinetics were calculated by
mixed effects (Model I1I) ANOVA where factors are both fixed
and random. This approach represents a normal ANOVA when
some random missing values are presented. As the experiment
design is repeated measures, sphericity was not assumed,
following the recommendation of Maxwell and Delaney. The
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mixed model uses a compound symmetry covariance matrix, and
is fit using Restricted Maximum Likelihood (REML). Variation
analysis was corrected for multiple comparisons by the “two-
stage” Benjamini et al. procedure for controlling the false
discovery rate (FDR) (60).

RESULTS

CHMI Outcome From Vaccine Studies

Circulating MDSC kinetics were quantified during CHMI, done
in a subset of participants of the two clinical malaria vaccine trials
(trial identifiers: NCT02704533, NCT02858817) in healthy naive
volunteers that will be reported elsewhere [Mordmiiller et al.
unpublished data and (53)]. A total of 44 participants underwent
CHMI as described (20). Ten to 3 weeks before CHMI, volunteers
completed immunizations with either placebo (normal saline;
n = 9), PISPZ Vaccine (n = 17) or PfSPZ-CVac (A/P) (n =
18) (Figure 1B). PfSPZ Vaccine and PfSPZ-CVac (A/P) lead to
a complete arrest of parasite development during liver stage.
As expected, none of the participants developed blood stage
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