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SUMMARY

Plasmodium falciparum malaria, a mosquito-borne, unicellular parasitic disease, remains
a major health concern, particularly in the sub-Saharan Africa. Despite many attempts to develop
effective malaria vaccines in recent decades, only one vaccine (RTS,S/AS01) targeting the pre-
erythrocytic stage of the Plasmodium falciparum life cycle, has passed the Phase Il clinical trial.
However, the protective efficacy of this vaccine is low, and the protection is not long-lasting. Thus,
a deeper understanding of the immune responses elicited by currently available vaccines and the
identification of protective and non-protective B-cell epitopes are essential for the development of
next-generation vaccine candidates that will elicit a robust and long-lasting humoral immune
response against protective epitopes while avoiding the induction of non-protective antibodies.
The vast majority of pre-erythrocytic malaria vaccines elicit antibodies that primarily target the
Plasmodium falciparum circumsporozoite protein (PfCSP), a major protein on the surface of
sporozoites with a basic structure consisting of the N-terminus (N-CSP), the junction (N-Junc),
the central repeat motifs, and the C-terminus (C-CSP), which comprises a linker (C-linker) and a
structured a-TSR subdomain that hosts almost all PfCSP T cell epitopes. While antibodies
targeting the central repeat with or without cross-reactivity to the N-Junc or C-CSP have attracted
much interest due to their promising protective capacity, little is known about the molecular
dynamics, fine epitope specificity and the overall protective efficacy of antibodies specific for the
N-Junc or the C-CSP domain.

To address these questions, | analyzed a large collection of human monoclonal antibodies
(mAbs) against the N-Junc and C-CSP domains using a high-throughput single-cell
immunoglobulin (lg) gene repertoire analysis, following a three-dose immunization with
Plasmodium falciparum radiation-attenuated sporozoites (Pf RAS). The naive human B cell
repertoire contains numerous anti-N-Junc and ant-C-CSP antibodies that undergo efficient affinity
maturation and IgG class-switching, providing an explanation for the high immunogenicity of the
N-Junc and C-CSP domains. Specificities for the N-Junc and C-CSP epitopes were found in both
germline and mutated mAbs, and were frequently encoded by IGHV3-23/IGLV1-47 and IGHV3-
21/1IGLV3-1 or IGLV3-21 gene combinations, respectively. With the exception of one mAb that
recognized the C-linker subdomain, all C-CSP specific mAbs targeted the a-TSR subdomain,
demonstrating the immunodominance of the a-TSR subdomain. However, while the N-Junc-
specific mAbs showed a lower Plasmodium falciparum parasite inhibitory capacity than the cross-
reactive mAbs, none of the C-CSP-specific mAbs showed parasite inhibition, regardless of their

affinity, gene usage, and epitope specificity. Direct comparison of these antibodies in mice



showed that protection from blood stage parasitemia was limited only to C-CSP reactive mAb that
cross-reacted with the central repeat domain and N-Junc.

Taken together, these findings highlight the molecular features associated with N-Junc
and C-CSP specific antibodies at B cell repertoire level and provide supportive evidence that
antibodies elicited specifically against the C-CSP domain, whether through natural malaria
exposure or vaccine immunization, will not contribute to protection. Hence, to develop a broadly
effective PfCSP-based subunit vaccine against Plasmodium falciparum malaria, careful
consideration must be given to whether integrating the C-CSP domain into PfCSP-based
immunogens is the optimal means of delivering T-cell epitopes. Instead, vaccine design should
focus on the N-Junc and the conserved central repeat domains to elicit robust and cross-

neutralizing antibodies.



ZUSAMMENFASSUNG

Malaria, eine durch den einzelligen Parasit Plasmodium falciparum verursachte Krankheit,
ist nach wie vor ein grof3es Gesundheitsproblem, insbesondere in Afrika stidlich der Sahara. Trotz
zahlreicher versuche, in den letzten Jahrzehnten wirksame Malaria-Impfstoffe zu entwickeln, hat
nur ein Impfstoff (RTS,S/AS01), der auf das pra-erythrozytare Stadium des Plasmodium
falciparum Lebenszyklus abzielt, die klinische Prifung der Phase Il bestanden. Die
Schutzwirkung dieses Impfstoffes ist jedoch gering, und der Schutz ist nicht von langer Dauer.
Daher sind ein tieferes Verstandnis der durch die derzeit verfigbaren Impfstoffe ausgelésten
Immunreaktionen und die Identifizierung von schitzenden und nicht schiitzenden B-Zell-Epitopen
fur die Entwicklung von Impfstoffkandidaten der ndchsten Generation unerlasslich. Dabei ist das
Ziel eine robuste und langanhaltende humorale Immunreaktion gegen schitzende Epitope
auszulésen und gleichzeitig die Induktion von nicht schitzenden Antikdrpern zu vermeiden. Die
Uberwiegende Mehrheit der pra-erythrozytdaren Malaria-Impfstoffe |6st Antikdrper aus, die in
erster Linie gegen das Plasmodium falciparum circumsporozoite Protein (PfCSP), gerichtet sind
ein Hauptprotein auf der Oberflache von Sporozoiten. Dieses weist eine Grundstruktur auf, die
aus dem N-terminus (N-CSP), der Kreuzung (N-Junc), den zentralen Wiederholungsmotiven und
dem C-terminus (C-CSP) besteht, wobei der linker (C-Linker) und eine strukturierte a-TSR-
Subdomaéne fast alle T-Zell-Epitope des PfCSP beinhaltet. Wahrend Antikorper, die auf die
zentrale Wiederholung mit oder ohne Kreuzreaktivitdtt zum N-Junc oder C-CSP abzielen,
aufgrund ihrer vielversprechenden Schutzwirkung auf grof3es Interesse gestof3en sind, ist nur
wenig Uber die molekulare Dynamik, die feine Epitopspezifitat und die allgemeine Schutzwirkung
von Antikorpern bekannt, die fir das N-Junc- oder das C-CSP-Epitop spezifisch sind.

Um diese Fragen zu klaren, habe ich eine grof3e Sammlung menschlicher monoklonaler
Antikorper (mAbs) gegen die N-Junc- und C-CSP-Epitope mit Hilfe einer hochdurchsatz-
einzelzell-immunglobulin (Ig)-Genrepertoireanalyse nach einer dreifach-immunisierung mit
strahlenabgeschwéchten Sporozoiten von Plasmodium falciparum (Pf RAS) analysiert. Das
naive menschliche B-Zell-Repertoire enthélt zahlreiche Anti-N-Junc- und Anti-C-CSP-Antikdrper,
die eine effiziente Affinitatsreifung und einen IgG-Klassenwechsel durchlaufen, was eine
Erklarung fur die hohe Immunogenitat der N-Junc- und C-CSP-Domaénen liefert. Spezifitaten fur
die N-Junc- und C-CSP-Epitope wurden sowohl in keimbahn- als auch in mutierten mAbs
gefunden und wurden haufig von den Genkombinationen IGHV3-23/IGLV1-47 bzw. IGHV3-
21/IGLV3-1 oder IGLV3-21 kodiert. Mit Ausnahme einer mAb, die die C-Linker-Subdoméane
erkannte, zielten alle C-CSP-spezifischen mAbs auf die a-TSR-Subdoméne ab, was die

Immundominanz und Immunogenitat der a-TSR-Subdomaéne belegt.
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Wahrend jedoch die N-Junc-spezifischen mAbs eine geringere Hemmwirkung auf Plasmodium
falciparum-parasiten zeigten als die kreuzreaktiven mAbs, zeigte keiner der C-CSP-spezifischen
Antikorper eine Parasitenhemmung, unabhéngig von ihrer Affinitat, Genverwendung und
Epitopspezifitat. Ein direkter Vergleich dieser Antikdrper in Mausen zeigte, dass der Schutz vor
Parasitamie im Blutstadium nur auf die C-CSP-reaktiven mAb beschrankt war, die mit der
zentralen Wiederholungsdoméane und N-Junc kreuzreagierten.

Insgesamt unterstreichen diese Ergebnisse die molekularen Merkmale, die mit N-Junc-
und C-CSP-spezifischen Antikdrpern auf der Ebene des B-zell-repertoires assoziiert sind, und
liefern stitzende beweise daflir, dass Antikorper, die spezifisch gegen die C-CSP-doméane
gebildet werden - sei es durch natirliche Malariaexposition oder Impfstoffimmunisierung - nicht
zum Schutz beitragen. Um einen breit wirksamen PfCSP-basierten untereinheiten-impfstoff
gegen Plasmodium falciparum Malaria zu entwickeln, muss sorgfaltig geprift werden, ob die
Integration der C-CSP-doméne in PfCSP-basierte immunogene das optimale Mittel zur
Bereitstellung von T-Zell-Epitopen ist. Stattdessen sollte sich das impfstoffdesign auf die N-Junc-
und die konservierten zentralen Wiederholungsdomanen konzentrieren, um robuste und

kreuzneutralisierende Antikdrperantworten hervorzurufen.
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IGHV Immunoglobulin heavy variable gene segment

RY Intravenous

LB Lysogeny broth

LPS Lipopolysaccharide
mADbs Monoclonal antibodies
MBCs Memory B cells

MFI Mean fluorescence intensity

min Minute
MgCl Magnesium chloride

MzB Marginal zone B cells

NANP repeat

Peptide/epitope consisting of asparagine-alanine-asparagine-proline

N-CSP N-terminus of Plasmodium falciparum circumsporozoite protein
N-Junc N-terminal junction of Plasmodium falciparum circumsporozoite protein
NK Natural killer cells
NKT Natural killer T cells
NGS Next-generation sequencing
oD optical density
PAMPS Pathogen-associated molecular patterns
Pb Plasmodium berghei
Pb-PfCSP Transgenic Pb expressing the CSP of Pf
PBMC Peripheral blood mononuclear cell
PBS Phosphate-buffered saline
PCR Polymerase chain reaction
PE phycoerythrin
PEI polyetherimide
Pf Plasmodium falciparum
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PFA Paraformaldehyde
PfCSP Plasmodium falciparum circumsporozoite protein
Pf SPZ Plasmodium falciparum sporozoites
Pf RAS Plasmodium falciparum radiation-attenuated sporozoites
PRRs Pathogen recognition receptors
RAG Recombination-activating gene
RHP Random hexamer primers
RNA Ribonucleic acid
rpm Revolutions per minute
RPMI Roswell Park Memorial Institute (medium)
RSS Recombination signal sequences
RT Reverse transcription
RTS,S R: stands for the central repeat region of Pf CSP; T: stands for the T cell
epitopes in the C-terminus of CSP; S: stands for the hepatitis B surface
antigen (HBsAQ)
sec Second
SHM Somatic hypermutations
SPR Surface Plasmon Resonance
SS Signal sequence
SSC Sideward scatter

Taqg polymerase

Thermos aquaticus polymerase

T cells Thymus-derived cells
TCR T cell receptor
TFH T follicular helper cells
TSR Thrombospondin-like type | repeat
vDJ Variable, Diversity and Junctional segments
VH Variable heavy chain
VL Variable light chain
ZIKV Zika virus
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1.0 INTRODUCTION

1.1 Malaria: a global endemic disease

Malaria is a mosquito-borne parasitic disease transmitted to humans through the bite of
an infected female Anopheles mosquito. It is caused by five Plasmodium parasite species:
Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium malariae, and
Plasmodium knowlesi 212, Of these, Plasmodium falciparum (Pf), the most common species in
Africa, is responsible for most malaria-related deaths globally 4. Early symptoms of malaria
such as fever, headache, chills, and vomiting occur 7 to 15 days after the infection and, if left
untreated, can lead to severe illness, coma, and death . Despite the great progress that has
been made in combating malaria through the use of various interventions that are now accessible,
the disease still poses a significant threat to public health. According to the latest world malaria
report, malaria cases increased from 227 million in 2019 to 241 million in 2020, with approximately
627,000 deaths in 2020, an increase of 69,000 from the previous year 89 The global malaria
incidence and mortality rates for 2020 were 59 cases per 1000 people at risk and 15 deaths per
100,000 people at risk, respectively, indicating insufficient progress towards the global technical
strategy targets of 35 cases per 1000 and 7.2 deaths per 100,000 people at risk *°. Young children
under the age of five bear the brunt of malaria deaths worldwide (67% of all malaria deaths in
2019). According to WHO, 94% of all malaria-related deaths in 2019 occurred in Africa,
particularly in sub-Saharan regions 2°, and many African countries continue to be plagued by the

economic hardship of the disease.

Malaria is preventable and treatable through a number of ongoing initiatives. These
include the use of insecticide-treated bed nets, chemoprophylaxis, fumigation, and
pharmacological therapy. However, the eradication and treatment of malaria is hampered by the
alarming increase in resistance to antimalarial drugs and insecticides. In addition to the above
measures, the use of vaccines in the fight against malaria disease has been pursued for decades.
The RTS,S/AS01 (Mosquirix™) vaccine is currently the only approved malaria vaccine 2,
although other promising candidates such as the recombinant subunit protein vaccine
(R21/Matirx-M) 2223, whole Plasmodium falciparum sporozoite-based vaccines 12425 near full-
length Plasmodium falciparum circumsporozoite protein vaccine 2528, and the blood stage vaccine
targeting the Plasmodium falciparum reticulocyte-binding protein homolog 5 (Pf RH5) 2°3°, are in
pipeline. Although approved, RTS,S/AS01 confers only a short-lived protection paralleling to the

rapid decrease of the antibody titers induced over time in malaria-endemic cohorts 33 |t is

15



therefore evident that a deeper knowledge of the immune response to malaria is needed for the

development of more effective malaria vaccines.

1.2 The life cycle of Plasmodium falciparum parasite

The Plasmodium falciparum parasite has a complex life cycle involving an alternation
between female Anopheles mosquitoes and the vertebrate host (humans), as well as sexual and
asexual reproduction in the mosquito and human host, respectively 3. The parasite is transmitted
to humans when an infected female Anopheles mosquito feeds on human skin and injects a small
number of sporozoites (a freely mobile form of the parasite residing in the salivary glands) into
the skin (Figure 1A). The sporozoites quickly enters the bloodstream and migrate to the liver,
where they can escape destruction from the host's immune system 272, Sporozoites that have
made it to the liver sinusoids overcome the sinusoidal barrier and invade the hepatocyte %, where
they can begin their first differentiation by forming a parasitophorous vacuole *. The sporozoites
grow into multinucleate exoerythrocytic forms (schizonts) in the hepatocytes within 2 to several
days, and later grow, divide several times and produce thousands of asexual first-generation
merozoites (Figure 1B). The merozoites are released into the bloodstream after the infected
hepatocytes rupture, resulting in a second asexual schizogony “°. After 48 hours of exponential
replication, the erythrocyte is lysed, releasing new merozoites and pernicious waste products
such as the pigment haemozoin (Figure 1C), which in turn triggers the clinical signs of malaria by
activating macrophages and other immune cells. The asexual life cycle is maintained when the

released merozoites invades new erythrocytes.

The sexual reproductive phase of the cycle begins when some merozoites develop into
male and female gametocytes, which are subsequently taken up into the midgut of another female
Anopheles mosquito during a blood meal 442, The transmission of gametocytes to mosquitoes is
considerably enhanced by the fact that mature gametocytes can circulate in human blood for
many days. The male and female gametocytes in the midgut of the mosquito use proteases to
break out of the red blood cells and begin to differentiate into the eight microgametocytes and
one macrogametocyte that will eventually unite to form the zygote “3. To develop into an oocyst,
the zygote undergoes metamorphosis into a motile ookinete, which then penetrates the epithelial
layer of the midgut wall. In the oocyst, the parasites complete their third cycle of asexual

reproduction and release hundreds of sporozoites into the hemolymph #4. When the sporozoites
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reach the salivary gland of a mosquito, they attach themselves to the gland and infect it. They

remain there until they are transmitted to a new vertebrate host during a blood meal (Figure 1D).

Preerythrocytic
Sporozoites \ M stage

G [O==N
@s Erythrocytic
Gametocytes stage

Figure 1: Plasmodium falciparum life cycle. (A) Sporozoites are injected into the skin during a blood meal from an infected
female Anopheles mosquito. (B) The sporozoites invade the hepatocytes of the liver after migrating via the bloodstream. The parasite
multiplies and develops into asexual merozoites in the hepatocytes, which then escape from the host cell through a membrane spot
and enter the blood. (C) After entering the bloodstream, the merozoites attack erythrocytes, reproduce asexually, lyse the erythrocytes
and infect new red blood cells, leading to exponential growth of the parasite and the appearance of malaria symptoms. (D) Male and
female gametocytes are formed by the differentiation of some merozoites. When another female Anopheles mosquito feeds on an

infected host during a blood meal, the gametocytes are taken up and carried to the next stage of their life cycle. Figure adopted from
45

1.3 Immune response to Plasmodium falciparum malaria infection

1.3.1 Targeting the erythrocytic stage of Plasmodium falciparum malaria

Vaccines targeting the blood stage of malaria aim to prevent the disease, rather than the
infection in humans. Although no blood-stage vaccine has yet been licensed, there are a number
of promising candidates currently being tested. These include the attenuated whole parasites and
recombinant proteins subunit vaccines “6. Blood-stage subunit vaccines currently in development
primarily target immunodominant merozoite antigens such as the merozoite surface proteins
(MSP1, MSP2 and MSP3), and apical membrane antigen 1 (AMA1). However, targeting these
proteins have been associated with little or no protection due to the antigenic polymorphisms 4"

2 In addition, the reticulocyte-binding protein homolog 5 (Pf RH5) antigen has recently been

17



described as a potential malaria vaccine #. However, Pf RH5 is less immunogenic in natural

infection and mediate less protection against malaria *3.

Alternatively, antibodies directed against infected erythrocytes can prevent severe
symptoms of clinical malaria 4. In order to halt the progression of the asexual erythrocytic stages
of Plasmodium falciparum life cycle, antibodies must recognize either merozoites or the variant
surface antigens displayed in knob-like structures on the surface of infected erythrocytes %58,
Although adaptive immunity via the antibody response against merozoite antigens probably plays
a crucial role in immunity against Plasmodium falciparum malaria infection, only a few
immunodominant antigens have been thoroughly studied °*. Just recently, the first human
neutralizing monoclonal antibodies against the blood stage Pf RH5 antigen were obtained and
structurally characterized *. These antibodies inhibit the growth of Plasmodium falciparum
parasite by inhibiting the formation of the Pf RH5-CyRPA-Pf RIPR complex and preventing Pf
RH5 from binding to basigin (BSG) *°. These data are strong evidences that epitope mapping and
analysis of human monoclonal antibody responses against different erythrocytic stage antigens
at the monoclonal level may be crucial for the identification of most promising protective epitopes

that could be considered in the development of erythrocytic stage malaria vaccines.

1.3.2 Targeting the pre-erythrocytic stage of Plasmodium falciparum malaria

A roadblock in the life cycle of the malaria parasite occurs when the injected sporozoites
cannot migrate into the hepatocytes and infect the cells. During a blood meal, about 10 to 100
Plasmodium falciparum sporozoites are injected under the skin °° . It is hypothesized that even a
single surviving Plasmodium falciparum sporozoite is sufficient to trigger an infection in the blood
€ Thus, one of the hallmarks in the field of malaria vaccine research is to target the immune
response to the pre-erythrocytic stage of Plasmodium falciparum and eliminate the parasites
before reaching the symptomatic erythrocytic stage. More than half a century ago, experiments
showed that rodents developed sterile immunity after exposure to sporozoites from infected
mosquitoes that had been irradiated 5. The establishment of the erythrocytic-stage parasites was
inhibited by radiation because it reduces the rate at which sporozoites undergo metamorphosis
into exoerythrocytic forms and replicate in infected liver cells 293, It was later observed that
precipitation of a protein expressed on the surface of sporozoites could be mediated by incubating
the sporozoites with serum samples from mice vaccinated with Plasmodium falciparum radiation-
attenuated sporozoites (Pf RAS) %1%4, This observation led to the identification of Plasmodium

falciparum circumsporozoite protein (PfCSP), formerly known as Pb44, as the surface protein of
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the sporozoites targeted by the antibodies, and causing the precipitation process and active

inhibition of the parasites 6568,

To acquire immunity against Plasmodium falciparum malaria parasite by targeting the
PfCSP, the immune system must be repeatedly exposed to the parasite, either through natural
infection or vaccination with PfCSP based vaccines, as immunity to the infection develops slowly
over time 70, However, this immunity will probably never develop into sterile immunity 54567173,
The slow acquisition of the natural immunity may be attributed to the poor immunogenicity of the
protective epitopes encoded in the PfCSP 7475, or antigenic variation and degree of genetic
polymorphism among strains of Plasmodium falciparum parasites "*°. To develop a wide range
of immunity, one must be exposed to different strains of the parasites for many years. Several
variables, including the age of the host, the degree of exposure to the parasite and the dose of
antigen presented, also influence how quickly immunity against Plasmodium falciparum parasites
develops 883, Thus, due to the lack of sterile immunity and the resulting delay in the formation of
protective natural immunity, there is an urgent need to develop safe and effective vaccines that

provide long-term and sterile protection.

1.4 Plasmodium falciparum circumsporozoite protein (PfCSP): a major
pre-erythrocytic stage antigen

1.4.1 PfCSP structure and functions

The PfCSP of human malaria species is the most abundant protein on the surface of
sporozoites. It is encoded by 412 amino acids and consists of the N-terminal domain (N-CSP),
which contains a highly conserved KLKQP amino acid motif (region I) that binds to the heparin
sulphate proteoglycan during sporozoites adhesion to the hepatocytes 8; the junction region (N-
Junc), which is characterized by a small number of alternating NANP and NANP-like (KQPA,
NPDP, NVDP) amino acid motifs that connect the N-CSP to the central repeats; the central repeat
region with conserved repetitive asparagine-alanine-asparagine-alanine (NANP) motifs; and the
C-terminal domain (C-CSP) (Figure 2). While the central NANP repeat region has been described
to be the immunodominant B cell epitope 4887, the C-CSP domain has a 3D configuration and
contains almost all T cell epitopes in PfCSP 8489 The C-CSP domain comprises a linker
subdomain (C-linker) and a structured a-thrombospondin type-1 repeat (a-TSR), a highly
polymorphic subdomain that bound to the cell membrane of sporozoites via a

glycosylphosphatidylinositol (GPI) anchor, and harbors almost all the T-cell epitopes 848897,

19



Within the a-TSR subdomain of C-CSP are the polymorphic Th2R/Th3R epitopes, and the

conserved region Il-plus (RII+) %% (Figure 2).

PfCSP is responsible for the development of sporozoites in mosquitoes and aids their
motility and hepatocyte invasion in the mammalian host %1%, |t also promotes the maturation of
oocysts and the budding of sporozoites within oocysts, which are both necessary steps in the
development of sporozoites in mosquitoes 1°2. In addition to its role in hepatocyte invasion, PfCSP
also plays a role in host tissue identification and enables sporozoites binding to liver cells in the
mammalian host by binding to heparan sulphate proteoglycans (HSPGs) on different cell types
106 Taken together, these findings highlight the importance of PfCSP in sporozoite motility and
human hepatocyte invasion during infection, and underscore the promising role of T and B cell-
mediated anti-PfCSP responses in suppressing sporozoite invasion and thus protecting against
malaria.

N-terminus  Junction Central repeat C-terminus
21 129 281 375

I , 7/ N
KLKQPADG NANPNVDPNANPNVDPNANPNVDP(NANP),,NVDP(NANP),, NANA
RI Linker qo-TSR

RTS,S Vaccine

Figure 2: Schematic representation of PFCSP (NF54 strain). The PfCSP comprises of the N-terminal region (N-CSP), the junction
(N-Junc), the central NANP repeat motifs (NANP), and the C-terminal (C-CSP) domain. Amino acid sequences of overlapping epitopes
in the junction for protective antibodies +1°71% are represented in stick structures, labelled and colour-coded as NPDP (orange), NVDP
(blue) and NANP (green). Epitopes targeted by RTS,S vaccine are underlined. Figure adapted from *

1.5 Recent advances in vaccines and monoclonal antibodies against PfCSP

Pre-erythrocytic vaccine candidates in the clinical phase include radiation-attenuated
sporozoites (Pf RAS) 10109110 Jive sporozoites under chemoprophylaxis 2411, genetically
attenuated parasites (GAP) 2, nearly full-length recombinant PfCSP vaccine 2 and epitope-
based subunit vaccines 2331113, Despite the success achieved with Pf RAS vaccine, in which the
sporozoites have been exposed to random irradiation to enhance DNA damage and prevent them
from replicating in the liver 19110114115 'the need for exceptionally high numbers of sporozoites and
the inability to induce long-term protection has prompted endless research into alternative vaccine
development. RTS,S/AS01, the only malaria vaccine recommended by WHO %, and the R21
vaccine 2223116 which is equivalent to the RTS,S vaccine without the excess of hepatitis B virus

surface antigen (HBsAg), are subunit vaccines consisting of two components: 18.5 motifs of the
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central NANP repeat and the entire C-terminus of PfCSP fused with HBsAg. However, recent
Phase Il clinical trials conducted in areas where malaria is endemic have shown that the
protective efficacy of RTS,S/AS01 is between 25% and 55% 31:32117.118 gnd does not induce long-
term protection 7. While the protective efficacy of RTS,S is low and does not elicit a long-lasting
memory response, clinical trials are currently being conducted with the R21/Matrix-M vaccine .
Furthermore, vaccination with live sporozoites under chemoprophylaxis (pyrimethamine or
chloroquine prophylaxis) has been shown in animal and human studies to mediate long-lasting
protection against malaria infection by stopping the infection at the liver stage and eliminating the
asexual parasites as soon as they start replicating in the erythrocytes 2425111119 Although
complete protection can be achieved with a few sporozoites, this approach is limited by the need
to administer antimalarial drugs continuously during vaccination, and also raises serious safety
concerns due to the parasites' ability to cause malaria disease. Thus, in light of the ineffectiveness
of Pf RAS, RTS,S, and other currently available malaria vaccines, there is an urgent need to

advance vaccine technology to enhance malaria prevention.

Another novel approach to malaria prevention and treatment is the use of isolated PfCSP-
specific monoclonal antibodies (mAbs) as a drug therapy. Recently, recombinant mAbs against
PfCSP were obtained from humans immunized with PfCSP-based vaccines 1589:86:107.108,120,121
Their molecular characterization revealed that most potent anti-PfCSP mAbs showed high affinity
and dual specificity (cross-reactive) for the central NANP repeat and the N-Junc, and were
encoded by germline or mutated IGHV3-33 and IGKV1-5 gene segments with 8 amino acid long
in the kappa complementarity determining region 3 (KCDR3) 2°, Interestingly, two high affinity
mAbs (CIS43 and L9) with dual specific for the central NANP repeat and the N-Junc, cloned from
memory B cells of individuals immunized with Pf RAS, mediated sterile protection against malaria
in recent human clinical trials 122123, Ongoing research is being conducted with the intention of
applying these findings to the formulation of an enhanced PfCSP-based vaccine. In summary,
these findings demonstrate the importance of using monoclonal antibodies not only as drug
therapy, but also as a template to identify protective and non-protective epitopes that could be

included or excluded in the development of next-generation subunit vaccines against malaria.
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1.6 B cell mediated immune response

1.6.1 Generation of B cell receptor (BCR)

The B cell antigen receptors (BCRs) are complex membrane-embedded multi-proteins on
the surface of B cells that transmit signals important for the survival, differentiation, and activation
of B cells in response to antigens. Consequently, humoral immunity may mount an immune
response against unlimited array of antigens with radically different structural features. During B
cell development in the bone marrow, B cells undergo site-specific somatic V(D)J recombination,
a process that allows B cells to assemble complete antigen receptor genes from separately
encoded germline variable (V), diversity (D) and junctional (J) segments. The V(D)J segments
are randomly recombined into functional immunoglobulin (1g) heavy (IgH) and Ig light (IgL: kappa
(Igk) or lamba (IgA)) chains (Figure 3). Recombination begins with the generation of double-strand
breaks (DSBs) by the recombination-activating genes (RAG1 and RAG2) at) at the boundary
between variable heavy (VH) and diversity heavy (DH) and their corresponding recombination
signal sequences (RSS), which results in the creation of hairpin-sealed coding ends and blunt
signal ends 1?4125, RSS consists of conserved heptamer (essential for recognition element) and
nonameric sequences (consensus sequences: 5-CACAGTG-3' and 5-ACAAAAACC-3,

respectively) separated by 12 or 23 less conserved “spacer’ nucleotide sequences in the DNA

126-128

Successful recombination of the heavy (IGHV, IGHD and IGHJ), kappa (IGKV and IGKJ)
or lambda (IGLV and IGLJ) chain results in allelic exclusion, ensuring expression of only the
rearranged productive alleles and the formation of BCRs and functional IgH and IgL (Igk or IgA)
variable genes of a fully developed naive B cells 12%1%0, Furthermore, imprecise recombination of
IgH and, to a lesser degree, IgL, have been shown to increase antigen-receptor diversity 131132,
Antigen stimulation of naive B cells in the B cell follicles of secondary lymphoid leads to further
rounds of immunoglobulin diversification. During diversification and affinity maturation, B cells can
undergo class-switch recombination (CSR), somatic hypermutation (SHM) and clonal expansion
in their Ig gene sequences during germinal center formation 3313 which in return promotes

antibody affinity maturation and memory B cell formation36-138,
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Figure 3: Recombination of immunoglobulin heavy and light chains. During the recombination process of the heavy chain gene
locus, two unrelated gene segments, D and J, recombine to form DJ, which then combines with a third unrelated gene segment, V, to
form VDJ. Segments of V and J are randomly recombined to generate VJ in the light chain locus. After being sorted out as functional
and non-autoreactive, they become the BCRs of a fully developed naive B cell. Figure adopted from 3°

1.6.2 Memory B cells

Memory B cells (MBCs) are defined as subsets of the total B cell pool that have already
been exposed to antigens and have developed antigen-specific BCRs 14%141 Upon antigen
recognition and binding, naive B cells undergo BCR-mediated activation and migrate to the
boarders of B and T cell follicles in the secondary lymphoid organs, where they form long-lasting
interactions with T cells and primed to receive helper signals from their cognate CD4+ T cells
(Figure 5A) 142143 After interacting with T cells, a subset of the B cells migrates to the medullary
chords of the lymph nodes, where they differentiate into short-lived, antibody-secreting
plasmablasts 44, The other subset of the activated B cells returns to the follicle, where they can

rapidly divide and form the germinal center (GC). During BCR diversification in the dark zone of
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the germinal center, the B cells undergo not only somatic hypermutation (SHM) 45, but also
isotype class switching and clonal expansion to increase their affinity for their cognate antigens
(Figure 5B) 146, The existence of clonally expanded and/or clonally related cells within the antigen-
specific population is an important indicator of antigen-specific selection 147148, During clonal
expansion, the average affinity of antibodies for antigens increases and the B cells elicit a stronger
immune response to the already known antigens. Upon completing the cell cycle in the dark zone,
the B cells exit the dark zone and migrate to the light zone, where they are subjected to affinity
selection by interacting with the follicular dendric cells (FDCs) and antigen-specific T follicular
helper cells (TFH cells). B cells with high affinity for the cognate antigen proliferate and further
differentiate into long-lived, antibody-secreting plasma cells, while others return to the germinal
center and become MBCs (Figure 5C) 142.143.149,

Long-lived plasma cells and MBCs are the two major subsets of B cells responsible for
immunological memory *°, While long-lived plasma cells are fully developed antibody-secreting
cells that live for years in bone marrow, MBCs are peripherally distributed cells that respond
quickly to a re-encounter with the same antigen (Figure 5D) 143151152153 Qther features of MBCs

include somatic mutation of high affinity B cell receptors which makes them more specific %4157,
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Figure 4: B cell-mediated immune response. (A) Macrophages of the subcapsular sinus (SCS) B cell zone capture all antigen upon
antigen exposure or protein vaccination and deliver it to naive follicular B cells. Upon antigen recognition, the B cells become activated,
take up the antigen, process it, and present it to the T cells in the draining lymph node. (B) B cell class switching, clonal expansion,
and non-GC dependent antibody secreting B cells progress in the lymph nodes' extrafollicular zones. After the secondary follicle is
formed, B cells, TH cells, and FDCs congregate to form a germinal center (GC). (C) Affinity maturation of B cells occurs during the
GC reaction as a result of Ig gene diversity and selection by FDCs and Tth cells. B cells undergo terminal differentiation after the GC,
becoming either memory B cells or plasma cells that secrete antibodies (D) In the subsequent antigen encounter, memory B and TFH
cells might take part, seeding new GCs. Figure adopted from 43,
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1.6.3 Antibody structure and functions

Antibody, an immunoglobulin (Ig) superfamily and a secreted form of BCR obtained from
the splicing of the transmembrane domain of BCR, has similar structural motifs to BCRs and act
extrinsically on B cells to enhance their antibody-mediated effector functions. Like BCRs,
antibodies consist of two identical IgH and IgL chains covalently linked by disulfide bridges, with
an additional disulfide bridge connecting the two heavy chains in the hinge region (Figure 4) 1%
160 The structure of both heavy and light chains consists of variable amino-terminal region and a

constant carboxy-terminal region 16165,

The structure of antibody is divided into two fragments: the antigen-binding fragment
(Fab) and the fragment of crystallizable (Fc), each of which serves a different purpose in
antibodies interaction with antigens (Figure 5). The effector actions are mediated by the Fc
fragment, which binds to the Fc receptor (FCR) expressed on immune and non-immune cells and
activates other immune mediators such as the complement system 62, The constant region of the
light chain in humans can be either kappa (60% of B cells) or lambda (40% of B cells) . In
contrast, the constant region of the heavy chain produces different isotypes, including IgD, IgM,
IgE, IgA (subclasses 1 and 2), and IgG (subclasses 1-4), each of which is encoded by o, 4, €, a
and vy, constant region genes, respectively 17188 The IgG1 subclass is the most abundant,
followed by 1gG2, IgG3, and finally IgG4. Class switch recombination is responsible for the
production of IgG, IgA, and IgE, while alternative splicing of a shared parent mRNA transcript of
the heavy chain locus is responsible for the expression of IgM and IgD 1¢%17°_|gA may be released
as a dimer or a monomer "1, whereas IgM forms pentamers in serum 72, All other isotypes of
antibodies are monomeric %, Once an antibody binds to its cognate antigen, the isotype of the
antibody determines what the antibody can do next. The binding efficiency of lower-affinity
antibodies might benefit greatly from the fact that certain antibody isotypes can multimerize,
increasing the number of antigen binding sites and, therefore, their avidity. Sequence variability
in heavy and light chain variable domains is centered in three loops called hypervariable regions
or complementary-determining regions (CDRs). Each variable domain is composed of three
CDRs and four frame-work regions (FWRs), each of which is a less variable-sheet framework

area.
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Figure 5: Schematic representation of an IgG1 antibody structure. Antibodies are polypeptides with four chains of different
lengths, two of which are heavy (maroon) and two light (blue) chains. Heavy and light chains they are connected by disulfide bridges
(thick black lines). Disulfide bridges also connect the two heavy chains at the hinge region (black). Variable regions (VH and VL) that

are essential for the complementarity determining region (CDR) are coloured maroon and blue, respectively. The effector-mediating
Fc region and the antigen-binding Fab region are both necessary for effective antibody function. Figure adapted from °,

1.6.4 Human antibody repertoire diversity

Humans Ig gene repertoire is the product of multiple B cell developmental stages, each of
which features its own variable heavy (IGHV) and variable light (VL: IGKV or IGLV) selection and
assembly mechanisms. Two major mechanisms of antibody diversification mediated by
activation-induced deaminase (AID) enzyme and VH region invasion have been described in mice
and human tissues 13174, In the antibody diversification process, it is proposed that AID mediates
the transfer of homologous sequences between the rearranged VDJ gene and other VH genes.
There are seven families of human IGHV genes (containing fifty-one unique VH sequences) and
sixteen families of human VL (IGKV or IGLV) genes, both of which can be selected at random 17°,
Three frame-work regions (FWRH 1, 2 and 3) and the first two CDRs (CDRH1 and CDRH2) of
the heavy chains are encoded in each germline of the VH sequences, while the VL germline
sequences are encoded by the three FWRs of the light chain (FWRL1, 2 and 3), CDRL1 and 2
and part of the CDRL3.

A recent repertoire analysis of a large panel of IgM-bearing B cell sequences from the
cord blood neonates and peripheral blood of healthy human adults revealed that the IGHV genes
in neonates and adults’ repertoire are preferentially encoded by IGHV1, IGHV2, IGHV3 and
IGHV4 Ig genes, and together accounted for 94.5% in neonate’s repertoire and 99.9% in adult
repertoire. Only 5.5% and 0.1% IGHV5, IGHV6 and IGHV7 encoded Ig genes were found in
neonate and adults’ repertoire, respectively 5. These results provide a baseline frequency of
IGHV gene usage for estimating Ig genes that are enriched in response to infectious diseases or
vaccination. However, it is currently unknown how diverse an Ig gene repertoire needs to be to

ensure competent and long-lasting humoral immunity against infectious diseases.
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2.0 STUDY OBJECTIVES

The overall goal of this study was to functionally assess the memory B cell formation and
guality of antibodies generated specifically against the understudied PFCSP N-Junc and C-CSP
domains, with direct relevance for the design of an improved PfCSP-based malaria vaccine
capable of eliciting long-lasting humoral immunity against Plasmodium falciparum malaria.

The specific aims are:
Aim 1: To define the Ig gene features of PfCSP-reactive memory B cells and plasmablasts at
cellular level by assessing their isotype, somatic hypermutation, clonality and gene segment

usage.

Aim 2: To analyze the selection, epitope specificity, affinity, and diversity of N-Junc and C-CSP

specific mAbs derived from PfCSP-reactive memory B cells.

Aim 3: To determine parasite inhibitory capacity of N-Junc and C-CSP specific mAbs
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3.0 MATERIALS AND METHODS

3.1 MATERIALS

3.1.1 ELISA capture and standard
antibodies
Goat anti-human IgG Fc-fragment

Human IgG1, k Isotype Control

(from human myeloma plasma)

3.1.2 ELISA secondary antibodies
Goat anti-human IgG, Fcy (HRP-conjugated)

Goat anti-human IgM, Fc5p (HRP-conjugated)

3.1.3 FACS analysis antibodies &
reagents

7-aminoactinomycin (7-AAD)

Mouse anti-human CD19 (BV786-conjugated)
Mouse anti-human CD21 (PE-Cy7conjugated)
Mouse anti-human CD27 (PE-conjugated)
Mouse anti-human IgG (BV510-conjugated)
Mouse anti-human IgM (BV421-conjugated)
Mouse anti-human IgD (APC-H7-conjugated)
Mouse anti-human CD38 (BV605-conjugated)

3.1.4 Recombinant mAbs used

as controls

ED38 (Higly poly-reactive mAb)
JB40 (Mildly poly-reactive mAb)
2A10 (Chimeric antibody mAb)
mGO53 (non-poly-reactive mAb)
1710 (C-CSP specific mAb)
1512(C-CSP specific mAb)

3.1.5 Antigens
FL-CSP (NF54 strain) for ELISA

FL-CSP (7G8 strain) for ELISA

Biotinylated FL-CSP (NF54 strain) for
cell sorting

N-CSP
N-Junc

NANPs
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Jackson ImmunoResearch Laboratories,
Cambridgeshire, United Kingdom.
Sigma Aldrich, Steinheim, Germany

Jackson ImmunoResearch Laboratories,
Cambridgeshire, United Kingdom
Jackson ImmunoResearch Laboratories,

Cambridgeshire, United Kingdom

Invitrogen GmbH, Karlsruhe, Germany
BioLegend GmbH, Fell, Germany

BioLegend GmbH, Fell, Germany

BD Biosciences GmbH, Heidelberg, Germany
BD Biosciences GmbH, Heidelberg, Germany
BD Biosciences GmbH, Heidelberg, Germany
BD Biosciences GmbH, Heidelberg, Germany
BD Biosciences GmbH, Heidelberg, Germany

European Molecular Biology Laboratory
(EMBL), Heidelberg, Germany

Kindly provided by Prof. Jean P. Julien, the
hospital for sick children research institute,
Toronto, Canada

Kindly provided by Prof. Jean P. Julien, the
Hospital for sick children research institute,
Toronto, Canada

European Molecular Biology Laboratory
(EMBL), Heidelberg, Germany

Peptide Specialty Laboratories GmbH (PSL),
Heidelberg, Germany

Peptide Specialty Laboratories GmbH (PSL),
Heidelberg, Germany



NANP10
C-CSP

a-TSR

C-linker
DNA sodium salt from salmon testes
Human recombinant insulin

Lipopolysaccharides (LPS)

3.1.6 Bacteria
Escherichia coli DH10B

3.1.7 Bacterial culture media

and supplements
LB agar (35 g/L)

Lysogeny broth (LB) (25 g/L)
Ampicillin (100 mg/ml)

3.1.8 Chemicals, Buffers and Solutions

2-Mercaptoethanol, 50 mM
2-propanol (= 99.5 %)

6x loading buffer gel electrophoresis
50x TAE Buffer

1% BSA Buffer (Serum ELISA)

4% BSA buffer (Antigen ELISA)
ABTS self-made buffer

ABTS tablets

Acetic acid (CHsCOOH)

Ammonium chloride (NH4Cl,)

Ammonium sulfate ((NH4)2S0Oa4)

Bovine serum albumin fraction V (BSA)
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Peptide Specialty Laboratories GmbH (PSL),

Heidelberg, Germany

European Molecular Biology Laboratory
(EMBL), Heidelberg, Germany

Kindly provided by Prof. Jean P. Julien, the
hospital for sick children research institute,
Toronto, Canada

Peptide Specialty Laboratories GmbH (PSL),

Heidelberg, Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Clonetech Inc., Palo Alto, CA, USA

Sigma Aldrich Chemie GmbH, Steinheim,
Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Life Technologies GmbH, Karlsruhe Germany
Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

60 % (w/v) sucrose

1 mM cresol red

AppliChem GmbH, Darmstadt, Germany

1X PBS + 1% BSA

1X PBS + 4% BSA

0.1 M citric acid

0.2 M disodium phosphate

1 ABTS tablet/91 ml ABTS Buffer

Roche diagnostisch GmbH, Mannheim,
Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany
Carl Roth GmbH & Co. KG, Karlsruhe,

Germany



Calcium chloride (CacCly)
Citric acid (CsHsO7) (= 99.5 %)
Coomassie Brilliant Blue G-250

Coomassie De-staining Buffer

Coomassie Incubation Buffer

Coomassie Staining Buffer

Criterion™ TGX™ Precast Gels
Cytochalasin D

Dimethyl sulfoxide (DMSO)

Disodium phosphate (NazHPO.,)

ELISA blocking buffer (concentration ELISA)
ELISA development solution

ELISA washing solution

Elution buffer pH 3 (antibody purification)
Ethanol

Ethidium bromide (C21H20BrN3)
Ethylenediaminetetraacetic acid (EDTA)
GIBCO™ 10x PBS (pH 7.4)

GIBCO™ 1x PBS (pH 7.4)

GIBCO™ Trypan Blue Stain 0.4%
Glycerol (CsHgOs)

Glycine (C2HsNO2)

Sigma Aldrich Chemie GmbH, Steinheim,

Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany
BioRad Laboratories GmbH, Minchen,
Germany

100 ml methanol
400 ml acetic acid
500 ml deionized water

50% (v/v) methanol

2% (v/v) phosphoric acid

17% (m/v) ammonium sulfate

ad 1000 ml deionized water

0.66 g Coomassie Brilliant Blue G-250/11

0.66 g Coomassie Brilliant Blue G-250/11
11 Coomassie Incubation buffer

BioRad Laboratories GmbH, Minchen
Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany
Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

1x PBS

0.05% (v/v) Tween®20
1 mMEDTA

1 pl/ml 30% H20:
ABTS solution

1x PBS
0.05% (v/v) Tween®20

0.1 M Glycine

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Life Technologies GmbH, Karlsruhe Germany
Life Technologies GmbH, Karlsruhe Germany
Life Technologies GmbH, Karlsruhe Germany
Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany
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H20>
Methanol (CH3OH) (= 99.9%, p.a)

Neutralization buffer pH 9.0
(antibody purification)
Paraformaldehyde (PFA)

Percoll®
Polyethyleneimine (PEI)
Protein G Sepharose™ Fast Flow

Regeneration Solution (10 mM
Glycine-HCI, pH 2.1)
SeaKem® LE Agarose
Sodium chloride (NacCl)

Sucrose (Ci12H22011)
SYBR™ green staining solution (100x)
T4 DNA Ligase Reaction Buffer (10X)

Triton X-100
Trizma® base (CsH11No3)

Tween® 20 (CssH114026)

3.1.9 Cell lines
HEK-293F

3.1.10 Cell culture media
Gibco™ DMEM

Gibco ™ HEPES

Gibco ™ L-glutamine

Gibco ™ MEM

Gibco ™ PenStrep

Gibco ™ RPMI

Gibco ™ RPMI with L-glutamine
Gibco ™ Trypsin EDTA 1x
Human serum

FreeStyle293 Expression media

EX-CELL® 293 Serum-Free Medium
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Th. Geyer GmbH & Co. KG, Renningen,
Germany
Carl Roth GmbH & Co. KG, Karlsruhe,
Germany
1M Tris

Alfa Aesar, Thermo Fisher (Kandel) GmbH,
Germany

GE Healthcare Life Sciences,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

GE Healthcare Life Sciences,
Germany

Cytiva Europe GmbH, Freiburg im Breisgau,
Germany

Cambrex Inc., Rockland, ME, USA

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Carl Roth GmbH & Co. KG, Germany

Life Technologies GmbH, Karlsruhe Germany
New England Biolabs GmbH, Frankfurt am
Main, Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Carl Roth GmbH & Co. KG, Germany

Freiburg,

Freiburg,

Life Technologies GmbH, Karlsruhe, Germany

Life Technologies GmbH, Karlsruhe Germany
Life Technologies GmbH, Karlsruhe Germany
Life Technologies GmbH, Karlsruhe Germany
Life Technologies GmbH, Karlsruhe Germany
Life Technologies GmbH, Karlsruhe Germany
Life Technologies GmbH, Karlsruhe Germany
Life Technologies GmbH, Karlsruhe Germany
Life Technologies GmbH, Karlsruhe Germany
Haema, Berlin, Germany

Thermo Fisher Scientific Inc., Karlsruhe,
Germany
Thermo Fisher Scientific Inc., Karlsruhe,
Germany



3.1.11 Commercial kits
NucleoBond® Xtra Midi / Maxi

NucleoSpin® 96 PCR Clean-Up
NucleoSpin® Gel and PCR Clean-up

NucleoSpin® Plasmid Kit

3.1.12 Enzymes and additives

3.1.12.1 Cloning
Agel, BsiWlI, Sall, Xhol

Cutsmart buffer 10x
T4 DNA Ligase

T4 DNA Ligase buffer 10x

3.1.12.2 RT and PCRs

10x PCR buffer

5x First strand buffer (RT)
DTT

Hotstart Tag DNA polymerase
NP-40

Nuclease free water

RNAsIn®

RT buffer

SuperScript™ lll Reverse Transcriptase
Taq DNA polymerase

3.1.13 Expression vectors
Vectors (with y1-, k- and A-chain C regions

3.1.14 Nucleotides and nucleic acids
1kb Plus DNA marker

Desoxynucleotide Triphosphates (ANTPs)
Oligonucleotides
Random Hexamer Primers

3.1.15 Instruments and consumables
1.5 ml reaction tubes

2 ml reaction tubes

13 ml tubes (Bacteria inoculation)

15 ml falcon tube

50 ml falcon tube
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Macherey-Nagel GmbH & Co.
Germany
Macherey-Nagel GmbH & Co.
Germany
Macherey-Nagel GmbH & Co.
Germany
Macherey-Nagel GmbH & Co.
Germany

KG, Diren,
KG, Diren,
KG, Diren,

KG, Didren,

New England Biolabs GmbH, Frankfurt am
Main, Germany
New England Biolabs GmbH,
Main, Germany
New England Biolabs GmbH,
Main, Germany
New England Biolabs GmbH,

Main, Germany

Frankfurt am
Frankfurt am

Frankfurt am

Quiagen AG, Hilden, Germany

Life Technologies GmbH, Karlsruhe, Germany
Life Technologies GmbH, Karlsruhe, Germany
Quiagen GmbH, Hilden, Germany

Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Eppendorf AG, Hamburg, Germany

Promega Inc., Madison, WI, USA

Life Technologies GmbH, Karlsruhe, Germany
Life Technologies GmbH, Karlsruhe, Germany

Quiagen AG, Hilden, Germany

Kind gift of Dr. J. Ravetch, Rockefeller
University, New York City, USA

New England Biolabs GmbH, Frankfurt am
Main, Germany

Life Technologies GmbH, Karlsruhe, Germany
MWG Biotech AG, Ebersbherg, Germany
Roche Diagnostics GmbH, Mannheim,
Germany

Sarstedt AG, Numbrecht, Germany
Sarstedt AG, Numbrecht, Germany
Sarstedt AG, Numbrecht, Germany
Costar Inc., Corning, Action, MA, USA
Costar Inc., Corning, Action, MA, USA



Cornical flasks

96-well Multiply®-PCR plate
96-well skirted twintech PCR plate
Alpha Imager™ 1220

Aluminum foil seal

AxioObserver Z1 fluorescence microscope
BD Aria [I™

BDLSRII™

BD Microlance™ 3 30G x 1/2”
BioPhotometer

Bio-Spin® chromatography columns

Cell culture 48-well plate

Cell culture 96-well plate

Cell culture 96-well plate (transparent bottom)
Cell culture dish (150 mm)

CellStar sterile serological pipettes 2 ml,

5ml, 10 ml, 25 ml, 50 ml
Centrifuge 5180R (rotor A-4-81)
Centrifuge 5417R (rotor F-45-30-11)

Clean bench HERAsafe KS12

CO; Incubator CB210
Cover slips

CryoTube™ Vials
Domed 12-cap strips (PCR tube strips)

Electrophoresis chamber D3 (horizontal)
ELISA plates (96-well, flat bottom)
ELISA plates (384-well)

FluoNunc Plates

FrameStar® 384

Heraeus B5042 (Bacteria incubator)

Inoculating loops/needles, polystyrene
Leica DM2000 LED

M21000Pro plate reader
Mastercycler® ep Gradient S
Mastercycler® Pro 384
Microscopy slides

Microscopy slides (8-well)
Microwave
MiniVE vertical electrophoresis unit
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Sigma Aldrich Chemie GmbH, Steinheim,
Germany

Sarstedt AG, Numbrecht, Germany
Eppendorf AG, Hamburg, Germany
Alpha Innotech  Corporation Inc.,
Leandro, CA, USA

4titude, Surrey, UK

ZEISS Microscopy, Oberkochen, Germany
BD Biosciences GmbH, Heidelberg, Germany
BD Biosciences GmbH, Heidelberg, Germany
BD Biosciences GmbH, Heidelberg, Germany
Eppendorf AG, Hamburg, Germany

Bio-Rad Inc., Hercules, CA, USA

TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland

BD Biosciences GmbH, Heidelberg, Germany
Greiner Bio-One GmbH, Frickenhausen,
Germany

Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany

San

Thermo Electron GmbH, Langenbold,
Germany
Thermo  Electron GmbH, Langenbold,
Germany

Binder GmbH, Tittlingen, Germany

Menzel-Glaser GmbH, Braunschweig,
Germany
Thermo Fisher Scientific Inc., Darmstadt,
Germany
Bio-Rad Laboratories GmbH, Minchen,
Germany

Thermo Scientific Inc., Rochester, NY, USA
Costar Inc., Corning, Action, MA, USA
Costar Inc., Corning, Action, MA, USA
Costar Inc., Corning, Action, MA, USA
4titude, Surrey, UK

Kendro Laboratory Products, Weaverville, NC,
USA

Sarstedt, NUmbrecht, Germany

Leica Microsystems GmbH Wetzlar, Germany
Tecan, Crailsheim, Germany

Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Medco GmbH, Minchen, Germany

Panasonic AG, Hamburg, Germany
Hofer Inc., Holliston, MA USA



Multichannel Pipet-Lite® LTS 2-20 pl,
20-200 pl, 100-1200 pl

Multipette plus

Multitron Pro (Bacteria shaker)

Nanodrop™ 1000

Neubauer Counting Chamber by Marienfeld

Omnican® 50 Insulin Syringes, 12 mm
30G

PC

Petri dishes (100 mm)

Pipetboy acc

Pipet-Lite® LTS 0.1-2 pl, 2-20 pl,
20-200 pl, 100-1000 pl
Polypropylene tubes (15 ml, 50 ml)
Polystyrene round bottom tube (5 ml)
with cell strainer cap

Safety-Lancet

Safety-Multifly®

Slide-A-Lyzer® Mini Dialysis Devices
S-Monovette® EDTAK

SpectraMax 190 Microplate Reader
Stemi 2000 Stereomicroscope
Stuart® Gyro rocker SSL3

T75 cm2 flask
Thermomixer comfort
Vortex genie 2

Water bath with thermostat

Wax seal

3.1.16 Softwares
FlowJo v10.0
GraphPad Prism 9.1.2
Adobe llustrator® CS5
Microsoft® Office 2011
Rstudio version 4.1.0

3.1.17 Web Resources

Clustal Omega

Ensemble Genome Browser

Expasy SIB Bioinformatics Resource Portal
IMGT®

NCBI Ig Blast

PlasmoDB

Rainin Instrument Inc. LLC, Woburn, MA, USA

Eppendorf AG, Hamburg, Germany

Infors HT, Bottmingen, CH

Thermo Scientific Inc., Wilmington, DE, USA
Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

B. Braun Medical Ltd, Sheffield, UK

LG Electronics Lenovo PC

Greiner Bio-One GmbH, Frickenhausen,
Germany
Integra  Biosciences GmbH, Fernwald,
Germany

Rainin Instrument Inc. LLC, Woburn, MA, USA

Sarstedt AG, Numbrecht, Germany
BD Biosciences GmbH, Heidelberg, Germany

Sarstedt, NUmbrecht, Germany

Sarstedt, Nimbrecht, Germany

Thermo Scientific, Rockford, IL, USA
Sarstedt, NUmbrecht, Germany

Molecular Devices Inc., Sunnyvale, CA, USA
ZEISS Microscopy, Oberkochen, Germany
Sigma Aldrich Chemie GmbH Steinheim,
Germany

BD Biosciences GmbH, Heidelberg, Germany
Eppendorf AG, Hamburg, Germany

Scientific Industries Inc., Bohemia, NY, USA
JULABO Labortechnik GmbH, Seelbach,
Germany

4titude, Surrey, UK

Treestar Systems Inc., Ashland, USA
GraphPad Software Inc., La Jolla, USA
Adobe Inc., San Jose, CA, USA
Microsoft GmbH, Stuttgart, Germany
RStudio, Inc., Boston, MA USA

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ensembl.org/index.html
http://expasy.org/

http://www.imgt.org/
http://www.ncbi.nim.nih.gov/igblast/
http://plasmodb.org/plasmo/
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3.2 METHODS

3.2.1 Human malaria immunization trial

The sera, repertoire data, and monoclonal antibodies analyzed in this thesis were from
the clinical Phase | malaria vaccine immunization trial (MAVACHE-verification phase) carried out
by Prof. Dr. Benjamin Mordmuiller and colleagues at the Institute of Tropical Medicine, Tlbingen,
Germany °, While serum samples were collected 28, 55 and 83 days post third immunization,
blood samples for peripheral blood mononuclear cells (PBMCSs) isolation were taken 14, 35 and
63 days after the third immunization. The Ethics Committee of the Faculty of Medicine and the
University Clinics of the University of Tlbingen gave their approval. The research was conducted
in accordance with the standards of the Declaration of Helsinki. The clinical trial was registered in
the EudraCT database (https://clinicaltrials.gov/ct2/show/study/NCT02704533). Serum samples
obtained were used to measure anti-PfCSP serum antibody titers by ELISA. PBMCs were used
to isolate PfCSP reactive memory B cells (MBCs) and plasmablasts at a single-cell level using
flow cytometry. Paired functional Ig genes were obtained from isolated cells.

3.2.2 Fluorescence-activated single-cell sorting (FACS)

For flow cytometric analysis and single cell sorting of PfCSP-reactive MBCs and
plasmablasts, frozen PBMCs were rapidly thawed at 37 °C and transferred to a 50 ml Falcon tube
containing 30 ml pre-warmed RPMI medium. The cells were centrifuged at 4 °C for 8 min at a
centrifugation speed of 1400 rpm and the supernatant discarded. The cell pallets were
resuspended in 1 ml cold FACS buffer (2% FCS in 1x PBS) and transferred to 1.5 ml eppendorf
tubes. The tubes were centrifuged at 3500 rpm at 4 °C for 5 minutes. The supernatants were then
aspirated and the cell pellets were kept on ice. Biotinylated full-length PfCSP (strain NF54) was
a kind gift from Dr. Jean-Philippe Julien (The Hospital for Sick Children Research Institute,
Toronto, Canada). Cells on ice were resuspended in 100 yl FACS buffer containing 20 pg/ml
biotinylated PICSP and incubated for 30 minutes on ice. After incubation, cells were washed with
1 ml of cold FACS buffer and centrifuged at 3500 rpm at 4 °C for 5 minutes. The supernatants
were discarded and the cell pallets were resuspended in 100 ul of antibody staining cocktail
(diluted in FACS buffer) containing the antibodies listed in Table 1 and incubated on ice for
additional 30 minutes. Biotin was detected with streptavidin FITC (1:1000 dilution). After
incubation, cells were washed with 1 ml FACS buffer, centrifuged at 3500 rpm at 4 °C for 5 minutes
and resuspended in 100 pl of FACS buffer containing membrane impermeable dye 7-

aminoactinomycin (7-AAD; from Invitrogen) diluted to 1:400. Cells were incubated on ice for 10
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min, washed with 1 ml FACS buffer, resuspended in 400 yl FACS buffer, and filtered through
FACS falcon tubes. Cell sample staining analysis and single cell sorting were carried out using
FACS Ariall (BD) with the FACSDiVa software version 8.0.1 (BD). Cell doublets were gated out
using FSC-H/W and SSC-H/W. PfCSP-reactive MBCs were defined and sorted as 7AAD-
CD19+CD27+IgG+CSP+, 7AAD-CD19+CD27-lgG+CSP+ or 7AAD-CD19+CD27+IgG-CSP+
cells. Plasmablasts were defined and sorted as 7AAD-CD19+CD27+CD38+. The above-
mentioned gates were defined using 50,000 recorded cells due to sample limitations. An OR gate
was set up between PfCSP memory B cells and plasmablasts to sort individual cells. Because
the software's index sorting option was turned on during sorting, sorted cells could be identified
subsequently for each of the two populations. Sorting was performed into 384-well plates
containing 2 pl of sort RHP mix (Table 2). The sort RHP mix contained NP-40 to aid cell lysis,
DTT to denature RNA secondary structures, RNAsin to inhibit RNAse and RHP to bind to RNA
and prime reverse transcription (Table 2). Upon completion of the sort, the plates were
immediately placed on dry ice to preserve the contents and then transported to a -80 °C freezer

for long-term preservation and storage.

Table 1: Antibody dilutions for flow cytometry cell staining

Mouse anti-human Clone Catalogue no Manufacturer Dilution
antibody
CD19-BV786 HIB19 13-0199-82 BioLegend 1:10
CD27-PE M-T271 555441 BD Biosciences 15
IgG-BV510 G18-145 563247 BD Biosciences 1:20
CD38-BV605 HB7 562665 BD Biosciences 1:20
IgM-BV421 G20-127 562618 BD Biosciences 1:20
IgD-APC-H7 1AG-2 561305 BD Biosciences 1:20
CD21-PE-Cy7 Bu32 354912 BioLegend 1:20

36



Table 2: Reagent concentrations used in the sort RHP mix per well

Reagent Concentration | Volume (ul)
Nuclease free water - 1.4813
DTT 100mM 0.1000
NP-40 10% 0.1375
RHP 300 ng/pl 0.1375
RNAsiIn 40 U/ul 0.0938
PBS 10X 0.0500
Total 2.0000

3.2.3 cDNA synthesis from single cells by the Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

To facilitate denaturation of the RNA secondary structure, the frozen PCR plates were
thawed on ice and incubated at 68 °C for 60 seconds. The plates were placed back on ice after
incubation, and 2 pl of a RT master mix was added. The RT master mix contained 1X RT buffer,
DTT to denature the RNA secondary structures, dNTP for synthesis, RNAsin as an RNAse
inhibitor and SuperScript 1ll, a monkey murine leukaemia virus (M-MLV) derived reverse
transcriptase for the enzymatic reaction (Table 3). The reaction was carried out according to the

steps and conditions in Table 4.

Table 3: RT master mix reagent concentrations per well for RT-PCR

Reagent Concentration | Volume (pl)
Nuclease free water - 0.6375
RT buffer 5X 0.8000
DTT 100mM 0.3000
dNTP 25 mM each 0.1375
RNAsin 40 U/l 0.0563
SuperScript Il 200 U/pl 0.0688
Total 2.0000
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Table 4: RT-PCR thermocycler program for reverse transcription of Ig gene transcripts

Step Temperature | Time | Cycles
RNA denaturation 42 °C 5 min 1
Annealing of hexamers 25°C 10 min 1
Reversal transcription 50°C 60 min 1
End of reaction 94 °C 5 min 1

3.2.4 Human Ig gene transcripts amplification using semi-nested PCR

A nested PCR technique with primary and secondary PCRs for each locus %1"7 was used
to amplify Ig genes from the heavy, kappa and lambda loci. In the primary (1°) PCR, 1 pl of
synthesized cDNA was used as template in 3 different PCRs, with a separate specific primer set
designed to recognize the leader region (5' primer) and the constant region (3' primer) of each
locus (heavy, kappa or lambda; Supplementary Table 5). The heavy, kappa, and lambda loci were
amplified separately, and the amplification efficiency of the heavy locus was increased by double
PCRs, resulting in two heavy, one kappa, and one lambda reaction. The concentrations of the
PCR reagents are given in Table 5. For the secondary PCR (2°), 1 ul of the resulting amplicon
from the primary PCR was used as template. Primers used in the secondary PCR are bar-coded
and bind precisely to the V and J gene segment of the corresponding heavy, kappa, and lambda
loci (Supplementary Table 6). The concentrations of the PCR reagents for the secondary PCR
are given in Table 6. The conditions for the primary and secondary PCR reactions are listed in
Table 7. Gel electrophoresis on a 2% agarose gel was used to assess whether heavy and
kappa/lambda amplicons were successfully amplified. To determine the exact sequence of the
amplified Ig transcripts, the matched heavy and light chains were sent to Eurofins Genomics
GmbH for lllumina sequencing. cDNA preparation and Ig gene transcripts amplification were

carried out by Julia Gartner.
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Table 5: Concentration of reagents for primary (1°) semi-nested PCR reaction mix

Reagent Concentration | Volume (ul)
Nuclease free water - 7.5950
Buffer 10X 1.0000
5’ primer sets 50 uM 0.1300
3’ primer sets 50 uM 0.1300
dNTPs 25 mM each 0.1000
HotStart Taq 200 U/ul 0.0450
Template 5 U/ul 1.0000
Total 10.0000

Table 6: Secondary (2°) semi-nested PCR reaction mix reagent concentration

Reagent Concentration | Volume (ul)
Nuclease free water - 7.7900
Buffer 10X 1.0000
5’ primer sets 50 uM 0.0325
3’ primer sets 50 uM 0.0325
dNTPs 25 mM each 0.1000
HotStart Taq 200 U/ul 0.0450
Template 5 U/ul 1.0000
Total 10.0000
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Table 7: PCR thermocycler conditions for primary and secondary semi-nested PCR

reaction mix

Step Temperature Duration Cycles
Heavy | Kappa | Lambda
HotStart Taqg activation | 94 °C | 94 °C 94 °C 15 min 1
Denaturation of DNA | 94°C | 94 °C 94 °C 30 sec 50
Primer annealing 58°C | 58 °C 60 °C 30 sec 50
Elongation 72°C | 72°C 72°C | 55 sec (1°) or 50
45 sec (2°)
End of reaction 72°C | 72°C 72 °C 10 min 1

3.2.5 Next generation sequencing (NGS) of amplified human Ig gene transcripts
Next-generation lllumina sequencing was performed on the resulting amplicons of the
Ig genes. To do this, 1 ul of DNA from each well of the secondary PCR plate corresponding to a
matrix and an Ig gene locus (heavy, kappa or lambda) were pooled. The pooled DNA was purified
using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel GmbH), a silica membrane-
based DNA binding kit, according to the manufacturer's instructions. Subsequently, the ratio of
absorbance at OD2s0/OD2go and CD2s0/OD230 Was used to determine the purity and concentration
of the purified DNA product using a NanoQuant plate in a Tecan M1000 Pro plate reader. Size
exclusion of the DNA product was then performed by running the purified sample on a 4% agarose
gel at 80 V for 6 hours. Appropriate bands corresponding to the expected amplicon size for each
locus were excised and purified using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-
Nagel GmbH) according to the manufacturer's instructions. After purity and concentration
determination with the Tecan M1000 Pro plate reader, the resulting purified products were used
for library preparation with the TruSeq Nano DNA LT Kit (lllumina). For this purpose, the purified
DNA products were first heated at 70 °C for 10 minutes and immediately placed on ice.
Subsequently, the lllumina adapters were ligated with the resulting amplicons as described in the
TruSeq Nano DNA LT Kit manual. The ligated DNA products were further purified and DNA purity
and concentration were measured as before. The efficiency of adapter ligation was determined
by gPCR using the KAPA Library Quant Kit (Roche) according to the manufacturer's instructions.
Samples were then sent to Eurofins Genomics for lllumina MiSeq300 sequencing. All library

preparation steps were kindly carried out by Julia Gartner and Dorien Foster (DKFZ).

40



3.2.6 Sequence analysis of human Ig genes

Using the Pandaseq tool "8, paired-end reads from Illumina sequencing were first
assembled (Pandaseq parameters: t = 0.8, maximum length = 550, and minimum length = 320).
To establish a balanced base composition during sequencing, the assembled sequences were
matched to the genome of bacteriophage PhiX in order to eliminate the PhiX sequences
introduced to the sample prior to sequencing. The assembled reads were processed and
analyzed using the bioinformatics pipeline, sciReptor (version 8.0.1, github.com/b-cell-
immunology/sciReptor) 1’8, Following this, IgBLAST analysis, with alignment to the reference
library 1°, was used to assign single reads to the corresponding well barcodes, and annotations
were made to V, D, and J segments as well as somatic hypermutations, constant segments,
framework regions (FRWSs), and complementarity determining regions (CDRs). The flow
cytometry index data together with the meta-information were connected with the sequence
information and saved in a structured DBeaver database. R programming language 88! was

used for the subsequent sequence visualization and analysis.

3.2.7 Ig gene cloning and recombinant antibody expression
Following sequence analysis of sorted PICSP-reactive memory B cells, specific Ig genes
were cloned into human AbVec2.0-IGHG1, AbVecl.1l-IGKC and AbVecl.1l-IGLC2-Xhol

expression vectors ¢,

3.2.8 Specific PCR amplification of Ig genes

To clone the heavy and light chain DNA amplicons of the Ig genes into corresponding
AbVec2.0-IGHG1 and AbVecl.1-IGKC or AbVecl.1-IGLC2-Xhol expression vectors, a second
PCR was performed with primers to introduce an Agel restriction site at the 5' end of the heavy
and light chain amplicons and a Sall, BsiWI, and Xhol restriction sites at the 3' end of the heavy,
kappa, and lambda chains, respectively (see Supplementary Table 7 for primers). 2 ul of 1st PCR
product were used as a template for amplification in the presence of PCR mix (reagents and
concentrations are listed in Table 8. Using thermocycler program listed in Table 7, PCR was

performed and the amplification of Ig genes was validated by gel electrophoresis (2% gel).
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Table 8: Specific PCR reagent concentrations per well

Reagent Concentration | Volume (ul)
Nuclease free water - 29.4
Hotstart Taq Buffer 10X 4.0

5’ primer sets 50 uM 2.0
3’ primer sets 50 uM 2.0
dNTPs 25 mM each 0.4
HotStart Taq 5 U/ul 0.2
Template - 2.0
Total 40.0

3.2.9 Purification of specific PCR products

The PCR products were purified according to manufacturer’'s instructions using the
NucleoSpin® 96 PCR Clean-Up Kit from Macherey-Nagel GmbH. Briefly, the PCR product was
initially adjusted to a volume of 100 ul and added to 2x its’ volume worth of binding buffer (Buffer
NT). The mix was transferred to the membrane embedded wells of NucleoSpin® 96 PCR Clean-
Up Kit and allowed to flow through by vacuum processing. Following this, 900 ul of Buffer NT1
was added (2x) to the wells in order to wash it and allowed to flow through by vacuum processing.
Next, 75 ul of pre-warmed (70°C) elution buffer (Buffer NE) was added to the wells and incubated
at room temperature for 5 minutes. The eluate was collected in a 96 well plate by vacuum

processing for 10 minutes.

3.2.10 Competent bacteria preparation

Cloning was carried out with the Escherichia coli (E. coli) DH10B strain. The E. coli strain
was streaked onto an LB agar plate and incubated at 37 °C overnight. A single colony from the
LB plate was inoculated into 5 ml of sterilized Lysogeny Broth medium (LB medium) and incubated
at 37 °C overnight, with shaking at 180 rpm. At the start of the next day, 800 ul of the overnight
grown culture was added to 500 ml of LB medium and incubated at 37 °C with shaking at 180
rpm. E. coli DH10B strain was cultured to an ODeoo and kept on ice for 30 mins. After 30 mins on
ice, the cells were centrifuged at 4000 rpm at 4 °C for 20 mins, and the resulting pellet was
reconstituted into 80 ml of 0.1 M CaCl,. The bacterial cells were again centrifuged at 4000 rpm
at 4 °C for 20 min and dissolved in a 50 ml solution of 0.1 M CacCl, in 15% glycerol. 50 pl to 100
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pl aliquots of the competent bacteria were stored at -80 °C. Transformation efficiency was
determined by transforming different amounts of DNA (0.1 to 20 ng) into competent bacteria and

counting the resulting colonies.

3.2.11 Eukaryotic expression vector preparation and E. coli transformation
Chemically competent E. coli strain DH10B was incubated for 30 minutes on ice with 1 ng
of AbVec2.0-IGHG1 (Addgene # 80795), AbVecl.1-IGKC (Addgene # 80796) and AbVec2.1-
IGLC2 (Addgene # 80797) vectors carrying the human Igy1, Igk and IgA constant regions. The
bacterial cells were heat shocked at 42 °C for 45 seconds and re-suspended into 100 pl of pre-
warmed LB medium, which were then incubated at 37 °C for 1 hour with gentle shaking. On LB
agar plates containing ampicillin at a concentration of 100 pg/ml, 80-100 pl of the transformed
cells were plated. The plates were incubated overnight at 37 °C. The transformed bacteria were
selected with an ampicillin resistance cassette on the expression vectors. One colony per vector
was used to inoculate a 5 ml LB + 5 pl ampicillin starter culture, which was then incubated
overnight at 37 °C and 180 rpm. Subsequently, 500 pl of this starter culture was used to inoculate
a 200 ml culture, which was incubated overnight at 37 °C and 180 rpm. The vectors were purified
using the NucleoBond® Xtra Maxi Kit from Macherey-Nagel GmbH according to the
manufacturer's instructions. Nanodrop technology was used to calculate the DNA concentration.

3.2.12 Cloning vector and PCR amplicon restriction endonuclease digestion

The purified AbVec2.0-IGHG1, AbVecl.1-IGKC and AbVec2.1-IGLC2 vectors, as well as
the PCR-obtained amplicons of the heavy, kappa, and lambda chains of the Ig genes, were
double-digested with the corresponding enzymes (Heavy: Agel-HF/Sall-HF, Kappa: Agel-
HF/BsiWI-HF, Lambda: Agel-HF/Xhol, Table 9 and 10) overnight at 37 °C. Each vector reaction
mix was incubated with 5 pl calf intestinal phosphatase (CIP) for 1 hour at 37 °C to prevent re-
ligation. The phosphatase was then inactivated by heating it at 60 °C for 30 minutes. All PCR
products, including the amplicons of the heavy, kappa, and lambda chains of the Ig genes
obtained by PCR, which had been digested, were purified using a NucleoSpin® 96 PCR Clean-
Up Kit from Macherey-Nagel GmbH (as previously described in 3.2.9). The NanodropTM 1000
was used to determine the final plasmid concentrations, and the efficiency and integrity of the

linearized plasmids were evaluated by transforming them into DH10B E. coli bacteria.
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Table 9 : Reagent volumes and concentrations per reaction for vector restriction digestion

Reagent Volume (ul) | Final concentration
Vector X 100 pg per 400 pl
NEB CutSmart buffer (10X) 40 1X
Agel-HF 10 200 units per reaction
Second Enzyme 10 200 units per reaction
Nucelase-free H20 X
Total 400

Table 10: Reagent volumes and concentrations per reaction for restriction digestion of
purified Ig genes

Reagent Volume (ul) | Final concentration
Purified digested product 40
NEB CutSmart buffer (10X) 5 1X
Agel-HF 0.05 20 U per reaction
2nd Enzyme 0.05 20 U per reaction
Nuclease-free H20 4.9
Total 50

3.2.13 Ligation and Transformation

The digested PCR amplicons (heavy and kappa or lambda) were ligated using T4 DNA
ligase to the corresponding linearized cloning vectors (Table 11), and incubated overnight at 16
°C. At the beginning of the next day, 5 pl of the ligation mixtures were mixed with 10 pl of
competent bacteria and incubated on ice for 30 minutes. The ligation reaction mixture was then
heat shocked at 42 °C for 45 seconds and incubated with 100 pl of lysogenic broth (LB) in a
rotator for 1 hour at 37 °C. Transformation efficiency was determined by plating the ligation
mixture onto a LB agar plate and incubating overnight at 37 °C.
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Table 11: Ligation reagent concentrations used per reaction

Reagent Concentration | Volume (ul)
Digested PCR amplicon 8 ng/ ul 7.5
Ligation buffer 10X 1.0
Linearized vector 25 ng/ ul 1.0
T4 DNA ligase 400 U/ul 0.5
Total 10.0

3.2.14 Screening of successful bacterial colonies by PCR and Sanger sequencing
To determine whether cloning was successful, three bacterial colonies were randomly
selected and added to a PCR mix (Table 12) to determine the correct insertion of the heavy,
kappa or lambda amplicon ligated to the corresponding cloning vectors. For all the three vectors,
a 5' primer (Absence) which binds to a vector sequence upstream of the inserted PCR product
was used. Primers binding to the constant regions of human Igy 1 (IgG-Internal primer), Igk (Ck494
primer) and IgA (hCI-057 primer), were used as 3' primers. Using the thermocycler program listed
in Table 13, PCR was performed on the selected colonies and the expected sizes of 650 bp for
Igyl, 700 bp for Igk and 590 bp for IgA were validated on a 2% agarose gel. To rule out the
presence of PCR-based point or frameshift mutations, the PCR products were sequenced
(Sanger sequencing by Eurofin Genomics GmbH). A list of primer sequences can be found in

Supplementary Table 8.

Table 12: Concentration of colony PCR reagents used per reaction

Reagent Concentration | Volume (pl)

Nuclease free water - 21.825
Buffer (Qiagen Hotstar Taq) 10X 2.5
5’ primer 50 uM 0.2
3’ primer 50 uM 0.2

dNTPs 25 mM each 0.125

Qiage Taq polymerase 5 U/l 0.15
Total 25.0
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Table 13: Thermocycler conditions for colony PCR

Step Temperature | Time | Cycle
HotStart Tag activation 94 °C 5 min 1
Denaturation of DNA 94 °C 30sec | 27
Primer annealing 58 °C 30sec| 27
Elongation 72 °C 60sec | 27
End of reaction 72 °C 10 min 1

3.2.15 Sanger sequencing and colony PCR sequence analysis

The template replication primer used for Sanger sequencing was 5' Absence. The
resulting sequences (from Eurofin Genomics GmbH) were analysed using a pipeline algorithm
that checked for parameters such as frameshift mutations, stop codons, ori-alignment, insert
length (350-380 bp) and the presence of a leader sequence. In addition, the secondary PCR
sequences were compared to the colony PCR sequences using the free online IgBLAST tool 17°
to ensure a perfect match. Sequences that deviated in any way from what was expected in the
secondary PCR were ignored and the PCR output from the corresponding backup plate was sent

for sequencing instead.

3.2.16 Preparation/Purification of vector DNA (Plasmid preparation)

Successful bacterial colonies with correct sequences were inoculated into 5 ml LB medium
containing 75 pg/ml ampicillin and incubated overnight at 37 °C with a 180 rpm shaker. After
incubation, the bacterial culture was centrifuged at 4000 rpm for 15 minutes and the pellet was
used to isolate the DNA using a Macherey-Nagel NucleoSpin® Plasmid Kit according to the
manufacturer's instructions. The DNAs was eluted with 160 pl elution buffer and the concentration
was determined using a Nanodrop. The plasmids were frozen at -20 degrees Celsius until further

use.

3.2.17 Expression of recombinant monoclonal antibodies

FreeStyle™ 293-F cells were seeded at a density of 1.5 x 10° cells/ml in 5 ml FreeStyle™
293 Expression Medium (Gibco) and incubated in a shaker at 180 rpm, 37 °C and 8% CO, for 24
hours prior to transfection. The next day, the cells were inoculated with 7.5 pg of heavy and light

chain plasmids, and the tubes were incubated in the shaker for 5 minutes. Following this, 75 pl of
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sterile 0.6 mg/ml polyethyleneimine (PEI), a cationic polymer that condenses DNA into positively
charged patrticles, was added to each cell culture and incubated overnight at 37 °C, 8 % CO; and
180 rpm shaking. The next day, 5 ml of pre-warmed serum-free EX-CELL® 293 medium
supplemented with 800 M L-glutamine was added to the cells and incubated for 5 days at 37 °C,
8 % CO: and 180 rpm shaking. At the end of the incubation period, the cell culture tubes were
centrifuged at 4000 rpm and 4 °C for 20 minutes. The supernatant was carefully transferred to a

new 15 ml Falcon tube and stored at 4 °C until use.

3.2.18 Recombinant monoclonal antibody purification

The recombinant antibodies were purified with protein G Sepharose beads. The beads
were collected in a volume of 75 pl per 10 ml of antibody supernatant and rinsed with 20 ml of
cold PBS. The beads were then centrifuged at 2000 rpm for 20 min at 4 °C. The PBS was
discarded, and the resulting pellet was resuspended in an appropriate volume of PBS (500 pl per
antibody), mixed vigorously, added to the antibody supernatants, and rotated overnight at 4 °C in
a tube rotator. On the next, the tubes were centrifuged at 2,000 rpm for 20 min at 4 °C to remove
the supernatant, leaving the pallet. The pallets were resuspended in 1 mL of cold PBS, transferred
to a calibrated biospin column to run through the column, and washed twice with 1 ml cold PBS.
The antibodies were then eluted with 200 ul of 0.1 M glycine (pH 3.0) into five different eppendorf
tubes containing 20 ul of 1 M Tris (pH 8.0). Antibody concentration was measured using Nanodrop
technology. After purification, the antibodies were dialyzed overnight in PBS using the Slide-A-

Lyzer® Mini Dialysis Kit (Thermo Scientific) according to the manufacturer's instructions.

3.2.19 Reactivity and binding profile of monoclonal antibodies

3.2.19.1 Enzyme-linked immunosorbent assay (ELISA)

The Enzyme-Linked Immunosorbent Assay (ELISA) is a quantitative and qualitative
biochemical and immunological assay used to quantify antigens, proteins, and glycoproteins in
biological samples. The ELISA was used to determine the reactivity and specificity of the serum
samples and the mAbs obtained against different PFCSP antigens. It was also used to quantify

the concentration of antibodies in cell supernatant or purified antibodies.

3.2.19.2 Antibody concentration quantification (concentration ELISA)
Goat anti-human IgG Fc fragment (Jackson, 109-005-098) diluted 1:500 in PBS was used
to coat high-binding 96-well ELISA plates (Corning) and then incubated overnight at 4 °C. The

47



next day, plates were washed three times with deionized water and blocked with 200 pl/well
blocking solution (1x phosphate-buffered saline (PBS) containing 0.05% (v/v) Tween20 and 1 mM
EDTA) for 1 hour. Serial dilutions were prepared from the cell culture supernatants on a 96-well
plate, starting with a 1:25 dilution in PBS and proceeding through 7 dilution steps of 1:2.5.
Similarly, two dilution series of a human IgG1, k-isotype control (Sigma, 15154-1MG) were
prepared with 1 and 3 pg/ml as starting concentrations. After washing three times with deionized
water, 50 pl of each diluted sample and standards were transferred to the ELISA plate and
incubated for 1 hour at room temperature (RT). After 1 hour of incubation, the ELISA plates were
washed three times with deionized water and incubated for another 1 hour with 50 pl/well of
horseradish peroxidase (HRP)-conjugated mouse anti-human IgG (Jackson Immuno Research,
115-035-008) diluted to 1:1000 in PBS. Plates were washed 6 times with deionized water and
developed with 100 pl/well H20, diluted in ABTS solution (1:1000). Absorbance was measured at
405 m using a Tecan M1000Pro plate reader and antibody concentrations were calculated from

the absorbance of the human IgG standard.

3.2.19.3 Serum and monoclonal antibodies antigen-specific ELISA

Full-length PfCSP (FL-CSP- 0.4 pg/ml) or PfCSP-derived peptides/domains (N-CSP,
Junc, NANPs, NANP1o, C-CSP, a-TSR and C-linker and peptides (P1-14) covering the a-TSR
subdomain- all at 2 ug/ml) were coated onto high-binding 384-well plates (Corning) and incubated
overnight at 4 °C. The next day, plates were washed three times with a Tecan plate washer,
blocked with 50 pl/well 4% BSA (serum ELISA) or 1% BSA in PBS (antigen ELISA for mAbs) and
incubated at room temperature for 1 hour at RT. Starting with a 1:200 dilution in 1% BSA (serum
ELISA) or a concentration of 4 ug/ml diluted in 1X PBS (antigen ELISA for mAbs), the samples
were serially diluted at 1:4 in PBS in four steps. After 1 hour of incubation, plates were washed
three times with 1X PBS-T and 15 pl/well of serially diluted samples were added and incubated
for 1.5 hours at RT. Antibodies were detected with goat anti-human IgG (Serum samples and
mADbs) or IgM secondary antibody (Serum samples) coupled to horseradish peroxidase (HRP)
diluted 1:1,000 in blocking buffer and then detected with a 2,2'-azino-bis(3-ethylbenzothiazole-6-
sulfonic acid) diammonium (ABTS) substrate (Roche Diagnostics) diluted 1:1,000 in hydrogen
peroxide (Tecan). Optical density (OD) at 405 »m was determined using an M1000Pro plate reader
(Tecan). GraphPad Prism 9.1.2 was used for plotting and AUC calculation. 2A10 ! and mGO53 3
were used as positive and negative controls, respectively. A list of peptide and protein sequences

can be found in Supplementary Table 9.
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3.2.19.4 Poly-reactivity ELISA

A polyreactive ELISA was performed as described %129, Insulin (10 pg/ml; Sigma Aldrich),
lipopolysaccharide (LPS; 10 pg/ml; Sigma Aldrich) and double-stranded DNA (dSDNA; 20 pg/ml;
Sigma Aldrich) were coated onto 384-well polystyrene plates (Corning) with high binding capacity
and incubated at 4 °C overnight. The plates were washed three times with deionized water using
a Tecan plate washer. The ELISA plates were incubated with blocking buffer (1x PBS, 0.05%
(v/iv) Tween20, and 1 mM EDTA) for one hour at room temperature. The plates were then loaded
with 1:4 serially diluted (initial concentration of 1 pg/ml in 1x PBS) mAbs and incubated for 1.5
hours at room temperature. mAbs were detected with a goat anti-human IgG secondary antibody
(Jackson Immuno Research) coupled to horseradish peroxidase (HRP) diluted 1:1,000 in blocking
buffer and then detected with a 2,2'-azino-bis (3-ethylbenzothiazole-6-sulfonic acid) diammonium
(ABTS) substrate (Roche Diagnostics) diluted 1:1,000 in hydrogen peroxide (Tecan). Optical
density (OD) at 405 nnm was determined using an M1000Pro plate reader (Tecan). GraphPad
Prism 9.1.2 was used for plotting and AUC calculation. mAbs were designated as polyreactive
when they recognized at least two of the three structurally distinct antigens. mAbs ED38 ! and
JB40 ! were used as highly and mildly polyreactive mAbs, respectively, and mGO53 ! was used

as a negative control.

3.2.19.5 Blocking ELISA

The procedure for the blocking ELISA was the same as for the mAbs antigen ELISA, with
the following modifications. After 1 hour of blocking, plates were loaded with 1:2 serially diluted
(initial concentration of 64 pg/ml in 1x PBS) mAbs and incubated for 1.5 hours at room
temperature. Without washing the plates, 0.5 pug/ml of biotinylated mAb 1710 ° or mAb 1512 °® was
added to compete with the incubated mAbs for 15 minutes at room temperature. The plates were
then washed and incubated with streptavidin-HRP (1:1,000 dilution in blocking buffer). Detection
of bound biotin-1710 or biotin-1512 was determined with 2,2'-azino-bis-(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium (ABTS) substrate (Roche Diagnostics) diluted 1:1000 in hydrogen
peroxide). Optical density (OD) at 405 .m was determined using an M1000Pro plate reader
(Tecan). GraphPad Prism 9.1.2 was used for plotting and AUC calculation.
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3.2.20 Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) is an instrument that identifies a wide range of
samples, such as mAbs, proteins, and small compounds, in a high-throughput, real-time, and
label-free manner. SPR was used to determine the binding affinity of mAbs to PfCSP-derived N-
Junc and NANPs peptides or the C-CSP protein. Measurements were performed using a
BIACORE T200 (GE Healthcare) equipped with an S CM5 series sensor chip (GE Healthcare).
The running buffer consisted of 10 mM HEPES mixed with 150 mM NacCl, 0.02% Tween20, and
0.05% BSA at a pH of 7.4. A human antibody Fab capture kit (GE Healthcare) was used to
immobilize anti-human IgG on the sensor chip by amine coupling according to the manufacturer's
instructions. PfCSP-reactive mAbs and an irrelevant mAb, mGO53 2, were captured at the same
concentrations in the sample and reference flow cells, respectively. Running buffer at a rate of 10
pl/min was used to stabilize both flow cells for 20 min after collection. A series of concentrations
(0, 0.015, 0.09, 0.55, 3.3, and 20 M) of resuspended peptides (N-Junc and NANPs) or C-CSP
protein were injected into the running buffer. Each injection was followed by a 60-second
association and a 180-second dissociation at a flow rate of 30 pl/min and a temperature of 25°C.
After all the runs, both flow cells were regenerated with 3 MgCl.. BIACORE T200 software version

2.0 was used to perform the steady state kinetic analysis and data fitting for the 1:1 binding model.

3.2.21 Statistical analysis

GraphPad Prism (version 9.1.2) and RStudio (version 4.2.2) 1# were used to analyze the
data from the experiments. Plots were generated using GraphPad Prism 9.1.2, Adobe lllustrator
CS6 v16.0.3, and R's ggplot2 package. Parametric or non-parametric tests were applied
accordingly and are indicated in the figure legends. GraphPad Prism (version 9.1.2) was used for
all statistical analysis. P-values (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) were indicated
in the graphs and figure legends.
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4.0 RESULTS

4.1 Human malaria immunization trial and sample collection

To investigate anti-PfCSP B cell responses at the polyclonal and monoclonal levels, |
analyzed serum samples and human peripheral blood mononuclear cells (PBMCs) from
volunteers who had participated in a Phase | malaria vaccination clinical trial (MAVACHE
verification phase) conducted by Prof. Dr. Benjamin Mordmuller and colleagues at the Institute of
Tropical Medicine in Tudbingen, Germany. In this study, 12 healthy, malaria-naive European
volunteers were intravenously immunized with 900,000 radiation-attenuated, aseptic, purified,
cryopreserved Plasmodium falciparum sporozoites (Pf RAS), on day 0, 7, and 28 (Figure 6) °.
Serum samples corresponding to days 28 (111+28), 55 (ll1+55) and 83 (111+83), and PBMCs from
days 14 (111+14), 35 (111+35) and 63 (ll1+63) after the lastimmunization were analyzed and reported

in this thesis.
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Figure 6: Schematic representation of the human malaria vaccine immunization trial (MAVACHE verification phase). 900.000
radiation-attenuated Plasmodium falciparum sporozoites (Pf RAS) were administered intravenously to 12 malaria-naive healthy
European volunteers. Blood samples for PBMCs isolation were collected 14, 35 and 63 days after the last immunization. Serum
samples were collected 28, 55 ad 83 days after the third immunization, after the third immunization. Collection times for PBMCs and
serum samples are depicted by the red and blue arrows, respectively. The clinical study was conducted by Prof. Dr. Benjamin
Mordmuiller and colleagues at the Institute of Tropical Medicine in Tubingen, Germany °.
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4.2 Quality of anti-PfCSP serum antibody response after Plasmodium
falciparum (Pf RAS) immunization

4.2.1 Strong anti-PfCSP serum antibody response

To assess the strength and PfCSP domain preference of the antibody response after Pf
RAS immunization, | measured the IgM and IgG titers against the full length PfCSP (hereafter
referred as FL-CSP) by ELISA in all available serum samples (Figures 7A and 7B). The antibody
response curve (OD values) and the area under the curve (AUC) were plotted as a measure of
antibody binding magnitude. Of note, serum samples corresponding to Il1+55 time point for
volunteers M1.050 and M1.086 were not available. Compared to placebo recipients, anti-FL-CSP
IgM and IgG antibody titers were higher in all immunized volunteers (Figure 7A). The average
IgM and IgG decreased over time with considerable variability amongst the volunteers (Figure
7B). Nevertheless, three volunteers (M1.063, M1.064, and M1.086) showed a stable IgG titer over
the course of the three time points. Taken together, these data demonstrate that Pf RAS

immunization elicits a strong anti-PfCSP serum antibody response.
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4.2.2 Pf RAS immunization induces strong anti-N-Junc, NANP, and C-CSP
antibodies

To determine binding of the induced humoral antibody response against PfCSP
subdomains, | measured IgM and IgG titers against peptides covering the N-terminus (hereafter
referred as N-CSP), the junctional epitope (hereafter referred as N-Junc), a representative of the
central repeat with five repetitive motifs of the tetrapeptide asparagine-alanine-asparagine-proline
(hereafter referred as NANPs), and the entire C-terminus (hereafter referred as C-CSP) at
different serum dilutions. The AUC was calculated as a measure of antibody binding strength.
When compared to anti-N-Junc, NANPs, or C-CSP titers, IgM and 1gG antibody titers against the
N-CSP domain were overall low in all volunteers (Figure 8A), demonstrating the poor
immunogenicity of the N-CSP domain. Although the IgG response was strongest against NANPs,
strong anti-N-Junc and C-CSP titers were also detected (Figure 8A), suggesting that these
epitopes are also immunodominant B cell epitopes that could be targeted in response to Pf RAS
immunization. Similar to anti-FL-CSP titers, the average IgM and IgG titers against the three
epitopes decreased over time after the third immunization (Figure 8B). Only one volunteer
(M1.063) showed a stable anti-NANPs IgG titer over time. Thus, repeated immunization with Pf
RAS induced a strong anti-PfCSP antibody response with parallel targeting of N-Junc, NANP
repeat, and C-CSP epitopes at the polyclonal level.
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Figure 8: Strong antibody response against the N-Junc, NANPs, and C-CSP domains. (A) AUC of serum IgM (top) and 1gG
(bottom) antibodies binding to indicated PfCSP-derived peptides (N-CSP, N-Junc and NANPs) and C-CSP domain. (B) AUC of serum
IgM (top) and IgG (bottom) antibody binding to N-Junc (left), NANPs (middle) and C-CSP (right) epitopes at indicated time points
(In+28, 11+55 and 111+83). Each circle represents ELISA area under the curve (AUC) values for individual volunteers indicated in
different colours. Horizontal red lines in (A) and (B) indicate mean values. *P < 0.05, **P < 0.01, **P < 0.001, Wilcoxon test (A) and
(B). Data are representative of two independent experiments.
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4.3 B cell memory against PfCSP in response to Pf RAS immunization

4.3.1 Pf RAS immunization induces strong anti-PfCSP memory response

To determine the frequency of live PICSP-reactive CD19+CD27+ memory B cells and total
CD27+CD38+ plasmablasts, | performed flow cytometric analyses on PBMCs from all volunteers
14, 35 and 63 days after the third immunization (Figure 9A). Recombinantly expressed
biotinylated FL-CSP was used to detect PFCSP reactive memory B cells (PfCSP MBCs). Notably,
PBMCs from volunteers M1.064, M1.059 and M1.086 corresponding to timepoints IlI+14, 111+35
and 111+63, respectively, were not available. Compared to the non-exposed volunteers, Pf RAS
immunized volunteers had a significantly higher mean frequency of PfCSP-reactive MBCs, which
decreased after the third immunization, with variability amongst the volunteers (Figure 9B).
Fourteen days after the third immunization, the frequency of PFCSP-reactive MBCs in 3 volunteers
(M1.051, M1.056 and M1.071) accounted for more than 1.5% of all memory B cells, indicating a
strong anti-PfCSP memory response in these volunteers. The average frequency of PfCSP-
reactive MBCs at Il1+14 time point was similar to that observed at Ill+7 time point in volunteers
who received live sporozoites (PfSPZ) under chemoprophylaxis *2°, but higher than the average

frequency observed in naturally exposed African volunteers 1.

Only 3 volunteers (M1.070, M1.071 and M1.086) showed considerably higher plasmablast
frequencies compared to non-exposed volunteers (Figure 9C). A mean plasmablast frequency of
0.9% among all B cells was already measured in malaria-naive European volunteers,
demonstrating a constant background B-cell response in humans. In summary, these data show

that immunization with Pf RAS elicited a strong anti-PfCSP MBC response.
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Figure 9: Strong induction of PfCSP-reactive MBCs in Pf RAS immunized volunteers. (A) Flow-cytometric cell staining and
single-cell isolation strategy for PFCSP-reactive MBCs and plasmablasts from all volunteers and time points. (B and C) PfCSP-reactive
MBCs (B) and plasmablasts (C) frequencies in PBMCs of indicated volunteers at indicated time points (lll+14, [11+35, and Il1+63).
Each circle represents individual volunteers indicated in different colours. Plasmodium falciparum-non-exposed (Pf-non-exp; open
circles) volunteers shown for comparison. Horizontal red lines in (B) and (C) indicate mean values. *P < 0.05, **P < 0.01, Wilcoxon
test (B) and (C).

4.3.2 Immune cell sorting and amplification of Ig gene heavy and light chains

To assess the molecular features associated with the anti-PfCSP immune response, |
isolated 3,676 single PfCSP-reactive MBCs using biotinylated FL-CSP (Pf NF54 strain), and
6,372 total plasmablasts (combined total cell number: 10,048 cells) from PBMCs of all volunteers
corresponding at all available time points. The phenotypic information of the sorted cells was
linked to the position of the cell on the plate using index sorting algorithm, which allows
identification of populations by their original position. 8,404 cells, comprising 3394 single PfCSP
memory B cells and 5,010 plasmablasts were processed for Ig RT-PCR amplification and next
generation sequencing (NGS; Figure 10A). Using hexamer primers, the total RNA was reverse
transcribed, and the resulting cDNA was used as template for the PCR amplification of Ig gene
heavy and light chains. Miseq Illumina sequencing platform were used to bulk-sequence the

resulting amplicons.
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Paired IgH and Igk/IgA gene sequences for both PICSP reactive MBCs and plasmablasts
were obtained at high average efficiency of 55% and 51%, respectively (Figure 10A and 10B).
This resulted in average amplification and sequencing efficiencies of 65%, 44% and 30% Ig
heavy, kappa and lambda genes, respectively, for PFCSP reactive MBCs, and of 58%, 46% and
28% lg heavy, kappa and lambda genes, respectively, for plasmablasts (Figure 10B). A total of
1,884 and 2,539 paired Ig genes sequences of PfCSP-reactive MBCs and plasmablasts,
respectively, were analyzed and reported in this study (Supplementary Table 1).
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Figure 10: Ig gene sequence efficiency. (A) Representative heatmap illustrating sequence +ve (black) or sequence -ve (white) in
the secondary IgH, Igk and IgA sequences. (B) Sequence efficiencies of Ig genes derived from PfCSP MBCs and plasmablasts. Data
in (A) are sequence efficiencies of 6 out of the 12 volunteers from one matrix. The horizontal red lines in (B) indicate the mean value.

4.4 Ig gene characteristics of PfCSP reactive memory B cells and
plasmablasts

4.4.1 PfCSP-reactive memory B cells are dominated by IgM

To assess the isotype distribution of PFCSP-reactive MBCs and plasmablasts after Pf RAS
immunization, | analyzed the immunoglobulin heavy constant (IGHC) regions in all Ig gene
sequences. Whereas anti-PfCSP MBC response was dominated by B cells expressing IGHM
genes over IGHG, with near absence of IGHA in all volunteers, IGHA genes were expressed by
nearly 50% of plasmablasts in most volunteers (Figure 11A). Nonetheless, in both PFCSP memory
B cells and plasmablasts, there was no discernible change in the frequency of B cells expressing

IGHM, IGHG, and IGHA genes over time. (Figure 11B, Supplementary Figure 1). The average
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frequency of IGHM and IGHC gene usage in PfCSP-reactive MBCs was comparable to the
observed frequency in live PfSPZ-exposed volunteers after the last immunization 2°, Overall,
these results show that IgM memory B cells are continuously recruited in response to PfCSP after

Pf RAS immunization.
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4.4.2 Somatic hypermutation (SHM) in PfCSP-reactive MBCs and plasmablasts

To determine the mutation status of isolated memory B cells, | analysed the somatic
hypermutation (SHM; in base pair) counts in the variable regions of immunoglobulin heavy (IGHV)
locus of PfCSP-reactive MBCs and compared to the isolated plasmablasts. The vast majority of
the PfCSP-reactive MBCs and plasmablasts carried mutations in their heavy chains, which were
overall higher in plasmablasts (Supplementary Figure 2). A large number of PfCSP-reactive
MBCs were encoded by low mutation 14 days after the lastimmunization (111+14), and the average
mutation count increased over time, indicating the participation of PfCSP-reactive MBCs in the
germinal center response (Figure 12A). Interestingly, PFCSP-reactive MBCs expressing IGHG
genes continued to accumulate mutations over the three time points (Figure 12B), suggesting that
class-switched IgG cells were continuously selected and participated in the germinal center
response for affinity maturation. In summary, these results demonstrate that PICSP-reactive

memory B cells actively participated in germinal center responses after Pf RAS immunization.
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Figure 12: IGHV somatic hypermutation (SHM) counts in PfCSP-reactive MBCs and plasmablasts. (A) PfCSP-reactive MBCs
(top) and plasmablasts (bottom) IGHV SHM counts (bp) after three Pf RAS immunizations from all volunteers. (B) IGHV SHM base
pair counts of IGHM (left), IGHG (middle) and IGHA (right) in PfCSP MBCs (top) and plasmablasts (bottom) in immunized volunteers.
Data shown in (A) and (B) are from pooled volunteers. Horizontal red lines in (A) and (B) indicate mean SHMs. *P < 0.05, **P < 0.01,
**P < 0,001, ****P < 0.0001 Two tailed Mann-Whitney test (A) and (B).

4.4.3 PfCSP-reactive memory B cells undergo clonal expansion following Pf RAS

immunization

To determine the extent of focused B-cell response against PfCSP, | assess the degree
of clonal expansion in PfCSP-reactive MBCs and plasmablasts in all volunteers and available
timepoints. Clonally expanded B cell clusters were identified and defined as B cells with the same
IGV (IGHV and IGKV/IGLV) and IGJ (IGHJ and IGKJ/IGLJ) genes, same heavy and light CDR3
length, and similar CDR3 nucleotide sequences with shared or non-shared somatic

hypermutations.

The degree of clonal expansion was overall higher in PfCSP-reactive MBCs than in the
plasmablasts (Figure 13A), possibly because the plasmablasts were isolated using a non-antigen-
specific approach. The expanded PfCSP-reactive MBCs expressing IGHM and IGHG genes had
higher mutation counts compared to the non-expanded cells (Figure 13B), suggesting that they
were selected for affinity maturation in the germinal center. Nevertheless, the frequency of clonally
expanded cells in PfCSP-reactive MBCs continued to decrease with time in most volunteers,

resulting in less than 12% clonal lineages sixty-three days after the third immunization (Figure
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13C). To identify clonal overlap between the PFCSP memory B cells and plasmablasts, | evaluated
the expression of CD38, an activation marker, in the expanded PfCSP-reactive MBCs (Figure
13D). The memory B cell (CD27+CD38-) and plasmablast (CD27+CD38+) phenotypes were both
present in a series of memory B cell clusters in all but one volunteer (M1.070), demonstrating that
some of the expanded precursor B cells differentiated into both memory B cells and plasmablasts
120 Taken together, these data show that the PFCSP memory B cells induced in these volunteers
after Pf RAS immunization were clonally expanded, and also highlight that a single progenitor B

cell can emerge from the germinal center and differentiate into memory B cells and plasmablasts.
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Figure 13: Clonal expansion in PfCSP-reactive MBCs and plasmablasts. (A) Degree of clonal expansion in PFCSP memory B
cells (left) and plasmablasts (right) after three Pf RAS immunizations in indicated volunteers. Individual cell clusters are coloured,;
unique sequences are white (top). (B) IGHV SHM base pair counts of IGHM (left), IGHG (right) genes in expanded (Exp) and non-
expanded (Non-Exp) PfCSP memory B cells in immunized volunteers. (C) Frequency of clonally expanded cells per volunteer at
indicated time point (111+14, 11+35 and 111+63) in PFCSP memory B cells. Bar graphs show the mean and standard deviation, the circles
mark individual volunteers as indicated in different colours. Clusters of representative B cells overlapping between memory B cells
(light coral; CD27+CD38-) and plasmablasts (Teal;, CD27+CD38+) in all immunized volunteers. Data shown in (A), (B) and (D) are
from pooled time points. Data shown in (B) are from pooled volunteers and time points Horizontal red lines in (B) indicate mean SHMs.
*P < 0.05, *P < 0.01, Wilcoxon test (C).
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4.4.4 Strong enrichment of IGH3-33 and IGHV3-21 gene segments in PFCSP-reactive
memory B cells

To assess the gene usage following Pf RAS immunization, | analyzed the variable heavy
(IGHV) gene usage in PfCSP-reactive MBCs and compared to plasmablasts or previously
published total memory B cells from healthy volunteers 2. IGHV3 gene family was strongly
enriched in PfCSP-reactive MBCs compared to plasmablasts or memory B cells from healthy
volunteers (Figure 14A). Gene segments analyses revealed that IGHV3 gene enrichment in
PfCSP-reactive MBCs was predominantly driven by IGHV3-33 and IGHV3-21 gene segments in
most volunteers (Figure 14B; supplementary Figure 3A). IGHV3-33 gene segments were mostly
paired with IGKV1-5, a gene combination that is strongly associated with the central NANP repeat
reactivity 48198182 |n contrast, IGHV3-21 gene segments were mainly paired with the IGLV3-1 or
IGLV3-21 (Figure 14C; Supplementary Figure 3B), a gene combination not strongly associated
with PfCSP reactivity. The vast majority of IGHV3-33 and IGHV3-21 gene segments originated
from the non-expanded B cells (Figure 14D). Remarkably, while the IGHV3-33-encoded PfCSP
memory B cell Ig genes were dominated by B cells expressing IGHM genes, IGHV3-21-encoded
Ig genes were dominated by B cells expressing IGHG genes and carried higher mutation counts
(Figure 14E and 14F), suggesting the active participation of VH3-21 antibodies in the germinal
center response for affinity maturation. Collectively, these results show that repeated exposure to
Pf RAS induced PfCSP-reactiv