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Abstract

Autoimmune diseases affect 5- 8% of the global population and are known to occur
due to a misguided immune response towards the host, consequently affecting
several organs. Importantly, infections are considered key environmental triggers
of autoimmunity and contribute to the onset of autoimmune diseases, though this
idea remains controversial. In this research, | focus on malaria, a disease caused
by Plasmodium species, which has been linked to autoimmunity through the
induction of anti-self-antibodies, with higher levels of autoantibodies associated
with disease severity. By contrast, there is evidence suggesting that
autoantibodies play a crucial role in anti-malarial protection, with increased
autoantibodies shown to inhibit parasite growth. Thus, autoantibodies play a dual
role in protection and pathology. However, this raises a crucial question on
whether the induction of autoimmune antibodies during malaria increases

predisposition to autoimmune disease later in life.

Herein, anti-citrullinated protein autoantibodies (ACPA) commonly associated
with clinical diagnosis of rheumatoid arthritis and their corresponding native
peptides were first screened using ELISA in mice infected with the model pathogen
Plasmodium chabaudi. This approach was chosen to investigate whether
Plasmodium triggers ACPA production, providing insights into the potential link
between Plasmodium infections and autoimmunity. Subsequently, the impact of
heightened antibody responses to both the native and citrullinated peptides on
the development of a model of experimental arthritis in mice was assessed.
Extending the findings to humans, serum samples obtained from individuals
residing in areas with varying levels of malaria exposure were examined for the
presence of autoimmune markers using ELISA and protein microarray assays. This
was followed by assessing differential cellular immune phenotypes using flow

cytometry.

Interestingly, increased levels of antibody responses to both the native and
citrullinated peptides were observed in the P. chabaudi-infected mice with levels
comparable to those observed in a chronic experimental arthritis model. However,

despite the elevated autoantibodies, under the experimental conditions used in
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our study, infection-induced autoantibodies did not appear to influence the

outcome of either acute or chronic experimental arthritis in mice.

Furthermore, expanding our findings to adults and children residing in malaria-
endemic areas, | observed that individuals living in high malaria transmission areas
exhibited elevated antibody responses to both the native and citrullinated
peptides compared to those in low transmission areas. Interestingly, a similar
trend was observed in children, particularly children with uncomplicated and
severe malaria who had increased levels of autoantibodies compared to healthy
children. In addition, protein microarray data suggested that individuals from a
high malaria transmission area had an overall increase in autoimmune reactivity.
Notably, higher levels of antibodies against both the native and citrullinated

peptides were also associated with increased frequency of atypical B cells (CD27-

CD21°CD11c*T-bet*) and a reduction in the levels of FOXP3 regulatory T cells.

My research indicates that Plasmodium infection leads to a broad spectrum of
autoantibodies, including responses to both the native and citrullinated peptides
as well as extracellular antigens, mirroring a profile of increased autoantibodies
typically observed in autoimmune diseases. Moreover, in this study, | report the
presence of elevated antibody responses to these peptides in both Plasmodium
infected mice and humans residing in areas of high Plasmodium falciparum
transmission. Notably, the pre-existing autoantibody response to these peptides
from a single Plasmodium infection episode did not modulate susceptibility to
experimental autoimmune arthritis. Thus, the effect and role of chronic exposures
to P. falciparum infections on the risk of developing autoimmune diseases in

people living in endemic areas cannot be ruled out and should be determined.
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T-Box Expressed in T Cell

T Follicular Helper

T Helper 1

Tenascin C5 peptide

Regulator T Cell

Vimentin



1 Chapter 1- Introduction

1.1 Chapter overview

The overall aim of this thesis is to investigate the potential link between
autoimmunity and Plasmodium infections. While malaria, a disease caused by
Plasmodium species, has been linked to autoimmunity by the induction of anti-

self-antibodies, the role of the increased levels of autoantibodies remains unclear.

For instance, elevated levels of autoantibodies have been linked to severe malaria
3. including the association of specific autoantibodies with severe malaria
anaemia, acute kidney injury and post-discharged mortality 2#. However,
contrasting findings from a longitudinal study suggest that increased levels of
autoantibodies prior to a malaria season correlated with better clinical outcomes
>, Notably, this study further indicated that these autoantibodies were functional

with the ability to inhibit parasite growth in vitro °.

Together, these findings suggest that autoantibodies could play a critical role in
immune protection from malaria. However, the association of high levels of
autoantibodies with severe malaria is hard to interpret as it could either indicate
an epiphenomenon or a role in immunopathology. Nonetheless, their contribution
to the development of autoimmune diseases ¢8 and their role in conferring

protection in clinical malaria remains poorly understood and debatable.

The association between Plasmodium infections and autoimmunity is historical,
with classical evidence from experimental mouse models reporting that infection
with P. falciparum delays the onset of lupus-like autoimmune disease in mice °.
Additionally, evidence from observational studies conducted in humans at the
time also suggested that autoimmune diseases like SLE were relatively uncommon
in Nigerian hospitals '°, further supporting the hypothesis that increased parasitic
infections may be associated with a lower incidence of autoimmune diseases '°.
Nonetheless, recent evidence has challenged this idea, with reports of similar
autoimmune disease incidences in malaria-endemic areas to those reported in the

Western world 1113,
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My research, therefore, seeks to gain insights into the potential effect of increased
levels of autoantibodies in adults living with endemic exposure to the malaria
parasite, P. falciparum, and further explore the potential role of these
autoantibodies in conferring protection from malaria during the acute phase of

infection.

This chapter, therefore, will focus on a detailed literature review on autoimmune
disease occurrence, pathogenesis, and prevalence in sub-Saharan Africa. Next, |
will introduce the concept of the association between infection and
autoimmunity. This will then be followed by a general summary of Plasmodium
infections and an additional review of the literature on the link between malaria
and autoimmunity. Finally, | will outline the research justification and the

research hypothesis and define the key objectives of my PhD research.
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1.2 Types of autoimmune diseases causes and
consequences

Autoimmune diseases affect 5-8% of the world's population ' and are known to
occur due to a misguided immune response against the host, leading to damage in
various organs ', While the underlying causes of autoimmune diseases are
multifactorial, several factors such as genetic predisposition, infections,
environmental exposures and hormonal factors are known to contribute to the

aetiology of autoimmune diseases /.

Notably, the prevalence of some autoimmune diseases is higher in females than
in males, with a 10:1 ratio reported in SLE '8'° Additionally, ethnicity is
considered a significant factor in the manifestation of autoimmune diseases, with
certain conditions reported to occur at higher incidences in particular ethnic
groups. For example, SLE is considered to occur more frequently in people of

African ancestry compared to those of European ancestry 2021,

Another important feature of autoimmune disease is the presence of
autoantibodies, which are antibodies targeting self-antigens and often appearing
long before the clinical manifestations of disease 22. Autoantibodies serve not only
as diagnostic markers but are also essential for disease classification and correlate

with disease severity 23:24,

More than 80 different autoimmune diseases (AIDs) have been identified %> and are
further categorised depending on whether these self-reactive antibodies are
directed at an individual organ (organ specific) or the antibodies are directed
against a wide range of autoantigens that act throughout the body (systemic) 1626,
For example, organ-specific autoimmune diseases such as autoimmune thyroid
disease usually result explicitly in attacks on the thyroid gland ?’. On the other
hand, systemic autoimmune diseases are characterised by immune dysregulation
and immune-mediated damage of multiple organs 28 and include AIDs such as SLE,
Sjogren's syndrome, autoimmune haemolytic anaemia, multiple sclerosis, and

rheumatoid arthritis.

While the aetiology of AIDs is not clear, they are thought to occur through several

phases, involving first the initiation 2%; at this phase, no clinical symptoms are
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exhibited, and certain factors, such as genetic traits such as single gene mutations
(e.g., AIRE mutation) 3% and environmental triggers such as Epstein Barr virus and

smoking 3" are considered to trigger their onset.

Following initiation, the next phase occurs through self-perpetuated inflammation
and tissue damage 2% this involves a continuous cycle in which the immune system
mistakenly attacks the host antigens due to the occurrence of a dysregulated
immune system being triggered, initially in the secondary lymphoid organs and
then spreading to areas that have an abundance of the specific autoantigen 32,

most patients present with clinical disease in this second phase.

The last phase, which is resolution, occurs through the activation of inhibitory
pathways and a regulatory mechanism that helps limit the effector response; at
this phase, most patients tend to suffer from relapse and remitting disease as a
consequence of a defect in maintaining a balance between the effector
pathogenic responses and regulation 33. However, failure of the regulatory
mechanism to limit the pathogenic responses may result in chronic autoimmune

disease 34.

1.3 Mechanisms of immune tolerance

To avoid the occurrence of autoimmune disease, the immune system maintains a
delicate balance between effective immune responses towards foreign antigens
and immune tolerance towards self 3°. This complex process is mediated by two
mechanisms: central or peripheral 3¢, with the central mechanism initiated in the
thymus and bone marrow for T and B cells, respectively while the peripheral
tolerance occurs in the circulation. Furthermore, the loss of immune regulation
through this mechanism results in the presence of circulating autoreactive

lymphocytes 33. Here, | will detail the immune mechanism for both T and B cells.

1.3.1 T cell immune tolerance

Central tolerance for T cells occurs in the thymus, where the development of T
cell receptors (TCRs) involves the random rearrangement of V (Variable), D
(Diversity), and J (Joining) genes ¥, a process that is inherently error-prone, often

resulting in receptors that recognise self-antigen. While receptor diversity is key
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in preventing infections as the wide range of foreign peptide recognition depends
on the high receptor diversity of the patrolling immune cells, this mechanism also
increases the risk of producing immune cell receptors that react towards the host's
own peptides consequently resulting in autoimmune diseases 33363, Therefore, to
prevent potential damage to the host, the immune system has evolved
mechanisms to eliminate self-reactive lymphocytes within central lymphoid

organs 3840,

T cells undergo positive and negative selection in the thymus as part of this central
tolerance *. This process has recently been reviewed 38:3%: and occurs when T cell
precursors migrate to the thymus from the bone marrow and undergo
differentiation and maturation before selection 3. This selection process occurs
when thymocytes encounter self-peptides presented by major histocompatibility
complex (MHC) molecules, where the fate of thymocytes largely depends on the
degree of complementarity between their T-cell receptors (TCR) and the MHC
molecules presenting self-peptides. Thymocytes with TCRs that do not
complement the self-MHC/peptide complex then undergo "death by neglect,” a

form of spontaneous apoptosis “'.

While thymocytes whose TCRs are fully complementary to the MHC/peptide
complex are negatively selected through "clonal deletion” or “central tolerance,”
where they die by antigen-induced apoptosis “2. Conversely, thymocytes with TCRs
that recognise MHC molecules but not the cognate peptides are positively

selected, surviving and continuing development.

Furthermore, the MHC class determines their differentiation with the recognition
of MHC class I, resulting in CD8 lineage differentiation 43, while recognition of MHC

class Il results in CD4+ lineage differentiation 444,

Notably, this process is still imperfect, given a fraction of autoreactive T cells
escape central tolerance and enter the periphery. Peripheral tolerance
mechanisms provide additional ways of eliminating autoreactive lymphocytes
through mechanisms such as anergy, also referred to as hypo-responsiveness,
where T cells that recognise self-antigens in the absence of proper costimulatory

signals becoming non-functional #¢. Peripheral deletion is another mechanism,
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where autoreactive T cells are eliminated if they encounter their specific antigen
on inappropriate cells that either do not provide appropriate signals for T cell
activation or are not APCs 4. In addition, CD4+CD25*FOXP3* T regulatory (Treg)
cells are essential in keeping autoreactive T cells in check and preventing their
activation and autoreactive proliferation ¥ by dampening autoreactive T cells that
have evaded central elimination, as well as T cells that recognise self-antigens

due to molecular mimicry during infections “8.

1.3.2 B cell immune tolerance

B cells play a central role in initiating the onset of multiple autoimmune diseases,
including rheumatoid arthritis and SLE #°. The presence of autoantibodies and the
association between these autoantibodies and the pathogenesis of B cell-mediated
autoimmune diseases highlights the crucial role B cell tolerance plays in

preventing autoimmunity *°.

After immature B cells mature in the bone marrow, they express unique and
randomly generated B cell receptors (BCRs). This process is error-prone and results
in self-reactive naive B cells, potentially posing a risk of initiating an autoimmune
response. In order to prevent this, central tolerance mechanisms are triggered

and primarily involve processes such as clonal deletion, anergy, and BCR editing
36

Remarkably, if the BCR is bound to the self-antigen with high affinity, this B cell
undergoes ‘clonal deletion' ®' and is removed from the immune repertoire. If the

affinity is lower, the B cell might be inactivated or become anergic but not deleted
50,52

Moreover, approximately 20 per cent of immature B cells that are found to carry
a self-reactive receptor will undergo receptor editing to change their antigen-
binding specificity, sparing them from deletion. If editing does not occur, these
autoreactive B cells may undergo apoptosis >3. Thus, through the central tolerance

mechanisms, the frequency and functionality of autoreactive B cells are reduced.

In the peripheral tissues, a subset of B cells referred to as regulatory B (Breg) cells

are responsible for effectively maintaining peripheral tolerance by curtailing
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ongoing pathological immune responses and restoring immune homeostasis >*. This
is supported by evidence from multiple studies that consistently show Breg cells
can suppress pathology caused by detrimental inflammatory responses in the

context of autoimmunity 3.

1.4 Pathogenesis of autoimmune diseases

1.4.1 Role of autoantibodies in autoimmune diseases

Autoantibodies are frequently detected in healthy individuals, at a prevalence
ranging from 0.3% to 4.6% and up to 10% cumulatively °¢. Notably, the prevalence
of autoantibodies increases with age, plateauing around adolescence */. While
several autoantibodies, such as anti-nuclear and anti-smooth muscle antibodies
(ANA and ASMA, respectively), are common in healthy adults 8. Interestingly,
natural autoantibody responses, mainly IgM, have been suggested to play a role in

immunological homeostasis and protect against pathogens *°.

While it is well known that autoantibodies can contribute to autoimmune diseases,
their general presence is not predictive of a higher risk of developing autoimmune
disease?40.61 Therefore, the relationship between the presence of autoantibodies
in healthy individuals and the development of disease remains complex and not

fully understood.

Notably, autoantibodies in the serum serve as a crucial indicator of the
dysregulation of either central or peripheral tolerance mechanisms *°, where the
dysregulation allows for the maturation of B cells, producing autoantibodies and
their differentiation into plasma cells that secrete these antibodies 2. At the same
time, autoantibodies are established as significant drivers of autoimmune
diseases, with multiple mechanisms already established on how they contribute
to pathology . For example, pathogenic autoantibodies may exert direct toxic
effects through receptor stimulation, blocking neural transmission, altered

signalling, microthrombosis, cell lysis, neutrophil activation and inflammation 3.

Importantly, several factors are known to contribute to the pathogenicity of
autoantibodies. For example, studies in mouse models suggest that different 1gG

subclasses have varying degrees of pathogenic potential, with IgG2a and IgG2b
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being the most pathogenic in lupus nephritis owing to their ability to activate Fc

receptors and complement, respectively 4.

Autoantibody specificity is another crucial contributor to pathogenicity; in
particular, autoantibodies targeting cell surface or extracellular antigens tend to
be more pathogenic 9. Extracellular autoantibodies, binding to membrane
receptors and secreted molecules, are directly pathogenic, disrupting normal
protein function and contributing to disease onset shortly before diagnosis ©°. In
contrast, intracellular autoantibodies, which typically do not directly access their
targets, serve mainly as biomarkers of abnormal immune activity . Thus,
intracellular autoantibodies can be detected for years or even decades before
clinical symptoms arise, indicating a prolonged subclinical phase that may lead to

irreversible tissue damage .

Additionally, the type of autoantibody may also impact treatment. For instance,
autoimmune diseases that are driven by extracellular autoantibodies can often be
treated by targeted therapies such as rituximab, while autoimmune conditions
that involve intracellular autoantibodies may be more challenging to treat
because of the involvement of T-cell-mediated damage and other components of
the immune system . Lastly, the glycosylation pattern of I1gG autoantibodies can
influence their pathogenicity, with galactosyl glycoforms being more pathogenic

in some cases /.

Given the wide array of autoimmune diseases, in this chapter | will focus on the
pathogenesis of rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE),
as they both exemplify the complex interplay of autoantibodies and specific
immune responses likely to occur as a result of a dysregulated immune system and
more importantly, they are also known to occur as a result of the interplay

between infections and genetics.

1.4.2 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a multifactorial autoimmune disease characterised by
chronic inflammation and joint destruction . The aetiology of RA involves genetic
predisposition, environmental agents 9°72, and dysregulation of both the innate

and adaptive immune responses 73. Other aetiological factors, such as smoking,
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industrial pollutants and changes in the microbiota, can also affect the course of

RA onset 74.

RA affects approximately 58 million people globally 7>, with factors such as age
and sex influencing its prevalence. Notably, women aged over 60 years are six
times more likely to be affected than younger women 7¢. Furthermore, research
suggests that the genetic risk for RA accounts for about 15% of cases 7! and is
particularly associated with specific alleles on chromosome 6, such as HLA-DR1
and HLA-DRA4.

Environmental factors like viral infections (e.g. Epstein-Barr virus and parvovirus
B19); tobacco use 77; and other nonspecific triggers such as trauma and infections
also contribute to RA development. Smoking increases the risk of developing anti-
citrullinated protein autoantibodies (ACPA) 787° while Human Leukocyte Antigen
Shared Epitope (HLA-SE), is more closely linked to the progression toward
inflammatory arthritis 8. Anti-citrullinated protein antibodies (ACPA) are
autoantibodies that target a non-essential amino acid (citrulline) generated after
arginine is post-translationally modified by peptidylarginine deiminase (PAD)
enzymes 8. ACPA can be detected years before clinical signs of RA and serve as

specific early detection biomarkers 82,

The oral infectious agent Porphyromonas gingivalis is another significant
contributor to RA & as it induces citrullination by expressing its own PAD enzymes,
generating neo-antigens, that activate T cells resulting in the ACPA generation 84,
Moreover, P. gingivalis mediates inflammation through IL-17 signalling, thereby
promoting the erosion of bone and cartilage 8. This is evidenced by higher
frequencies of P. gingivalis observed in the oral microbiomes of ACPA-positive
individuals, suggesting its crucial role in RA onset #. Other infectious agents, such
as Aggregatibacter actinomycetemcomitans, are known to induce citrullination of
a wider array of antigens through the release of toxins that result in PAD
activation; these pathogens have been isolated in RA patients and are considered
a contributor to RA through these mechanisms 8. In contrast, Mycobacterium
tuberculosis has been shown to trigger the production of ACPA #. However, this
response occurs against both the native and citrullinated peptides and has not

been directly linked to the development of RA %,
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Although smoking and periodontitis are both associated with low levels of ACPA,
the pathogenesis of RA occurs in the presence of both HLA-SE and ACPA, leading
to more severe disease with more joint destruction 8", Notably, ACPAs can
activate myeloid cells and intensify joint inflammation, particularly when

combined with other pathogenic antibodies or additional triggers °2:93,

The earliest sign of immune dysregulation in RA is often the presence of circulating
ACPAs, which are frequently associated with elevated cytokine levels °' and can
be detected several years prior to the appearance of joint symptoms, suggesting
that the initial pathogenic mechanisms are likely to have occurred outside the

synovial compartment.

Importantly, the presence of both Rheumatoid Factor (RF) and ACPA % is
considered a hallmark feature of RA, with ACPA considered highly specific to RA
and is often associated with more aggressive disease %, evidenced by its
correlation with more joint and bone damage %. Moreover, several factors
contribute to ACPA's pathogenicity, such as they are primarily of I1gG and IgA
isotypes and, therefore, have undergone extensive affinity maturation in germinal
centres, resulting in high-affinity, highly N-glycosylated antibodies 7%, In
contrast, RF are mainly of the IgM isotype and have undergone a simpler
maturation process and, therefore, have limited glycosylation, impacting their

pathogenic role.

Together, several factors, including genetic susceptibility, environmental
triggers, and immune responses, possibly explain the complex mechanism

underlying the pathogenesis of RA.

1.4.3 Detection of anti-citrullinated protein antibodies (ACPA) in
Rheumatoid arthritis

The diagnostic role of ACPA is well established, with several detection assays
developed and widely used in the clinical diagnosis of RA, particularly the first
commercial detection methods was initially based on the detection of a single
cyclic citrullinated peptides (CCP1) produced by filaggrin . Subsequent

generations of these assays, such as CCP2 and CCP3, have been developed and are
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shown to significantly improve both the sensitivity and specificity of RA diagnosis
100,101 More recently, assays targeting non-cyclic citrullinated peptides (ACPA)
have also been developed, '9%21%4 providing a broader diagnostic accuracy by

detecting a wider spectrum of ACPA.

Intriguingly, while citrullinated peptides have been vital in RA diagnostics, a
recent study investigating rheumatoid arthritis-associated interstitial lung disease
(RA-ILD) demonstrates that the inclusion of anti-native protein antibodies,
alongside ACPAs, improves the prediction of RA-ILD '%. While these findings need
validation, they underscore the importance of incorporating both the native and
citrullinated peptides to improve the diagnostic accuracy and clinical outcome

predictions in RA.

1.4.4 Pathogenies of SLE

SLE primarily affects women and occurs as a result of the immune system
mistakenly targeting nearly all organs, further resulting in symptoms such as
arthritis, skin issues, blood disorders, and kidney damage '%. Notably, a higher
prevalence of SLE in the USA is reported in the African, Asian, Hispanic and Native

American populations, where higher mortalities have also been reported 107108,

The pathogenesis of SLE is complex and multifactorial, characterised by genetic
predisposition %°, immune dysregulation '"° and various environmental triggers
10,111 Furthermore, autoantibodies, particularly anti-double stranded DNA
(dsDNA), are a hallmark of SLE and may indicate an ongoing pathogenic process
% Interestingly, the complexity of SLE is further exemplified by the wide array of
autoantibodies detected in individuals with SLE, with over 200 distinct types
identified, targeting a wide variety of molecules, such as nucleic acids, lipids,
native proteins or proteins with post-translation modifications, organelles,

different cell types, plasma proteins, and tissues ''2.

Recent discoveries have also greatly improved our understanding of SLE
pathogenesis '3:1'4, For instance, more than 100 genetic variants associated with
immune signalling pathways have been identified using genome-wide association
studies '">. Among these, signal transducer and activator of transcription 4 (STAT4)

116 which encodes for a transcription factor involved in the interferon signalling
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pathway, has the strongest association with SLE. Additionally, the apolipoprotein
L1 gene ' is common in people of African ancestry and may increase

predisposition to more severe end-organ manifestations.

Moreover, the pathogenesis of SLE reflects a dysregulation of both the innate and
adaptive immune responses, which are further characterised by the involvement
of several immune cell types 8. Central to this, dysregulation is the impaired
clearance of cell debris resulting in a loss of self-tolerance, and dysregulated type

1 interferon pathways further contribute to chronic inflammation "8,

Renal injury is the most common and serious form of tissue damage in SLE, and it
often involves immune-complex deposition, inflammation and scarring in the
kidneys "1°. Moreover, apoptosis has been indicated in the pathogenies of SLE via
the release of autoantigens in apoptotic blebs '2%:12' which serve as a source of
nucleic acids, '?? resulting in the activation of immune cells. Thus, these
autoantigens can break immune tolerance, inducing autoimmunity by priming
autoreactive T cells '2. Notably, specific autoantibodies, including anti-dsDNA,
anti-blood cell, and anti-phospholipid antibodies, are directly related to SLE

injuries, including nephritis 124,
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1.5 Prevalence of autoimmune diseases in sub-Saharan
Africa

Although once considered rare in Africa '3, autoimmune diseases are now
increasingly reported at incidences similar to those in Western countries 12, For
instance, the prevalence estimates of RA in Africa from systematic analyses
conducted in 2010 reported an RA estimate of 0.42% '2>:126) which was comparable
to that in Southern Europe of 0.33% '?’. Moreover, recent evidence based on an
analysis of studies conducted between 1975 and 2014 estimates RA to occur at a

prevalence ranging from 0.06 to 3.4% (Figure 1-1) 128,

SLE, another autoimmune disease that's been understudied in Africa, was reported
to occur at a prevalence of 12.2 per 100,000 among South African blacks 2°, which

is comparable to the incidence of SLE in Brazil is 8.7 per 100,000.

Notably, while there is emerging evidence on RA and SLE prevalence, there is still
limited data on other autoimmune diseases '?°, which could mainly be attributed
to challenges in the diagnosis and treatment, consequently resulting in significant
underreporting 2. For example, extensive underreporting has been noted in
hospital-based versus population-based studies for RA in sub-Saharan Africa, with
a 6 to 10-fold reduction in hospital reports '%. Thus, although unsurprising, the
true incidence of autoimmune disease in sub-Saharan Africa may be masked and
could be considerably higher than currently inferred. Given this, there is an urgent
need for increased improved diagnostic capabilities and awareness of autoimmune

diseases in Africa 129,

Another important consideration is the selective pressure exerted by the
Plasmodium parasite, which not only shaped human genes related to immune
responses 39 but also resulted in the presence of several shared genetic variants
between malaria and SLE 713!, Therefore, it remains unclear whether infections
caused by the Plasmodium parasite can trigger autoimmune diseases in individuals
with autoimmune-susceptible genes. Particularly given that Plasmodium
infections are known to induce the production of autoantibodies commonly
associated with autoimmune conditions 8132133, Thus, the need for studies
investigating the potential link between Plasmodium induced autoantibodies and

autoimmune conditions like the current study.
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Figure 1-1: Age-standardised prevalence rate of RA (per 100,000), both sexes, 2017 by
country.

Reproduced with permission from the Global Burden of Disease Study (Institute for Health Metrics
and Evaluation, 2017), published in the Annals of the Rheumatic Diseases. University of Glasgow,
License #5874841184215. https://doi.org/10.1136/annrheumdis-2019-215920 7>

1.6 Infections and autoimmunity

A wide array of infections have been linked to the induction and pathogenesis of
autoimmune disease as outlined in (Figure 1-2) '7>134137_ However, it is well known
that infections alone are insufficient to cause autoimmunity and that a
combination of certain genetic traits and hormonal and environmental factors is
required 138139 Additionally, it is worth noting that the "high burden of infections"
from childhood, rather than a single pathogen, may be responsible for the

induction of autoimmune diseases '36.

Several mechanisms that contribute to an autoreactive immune response,
including molecular mimicry, bystander activation and epitope spreading, have
been elucidated 36138, For example, Parvovirus B19 and Epstein-Barr virus have
been associated with various autoimmune diseases through mechanisms such as

molecular mimicry, bystander activation and others 140,141,

Notably, during inflammatory infectious such as malaria and COVID-19, there is an
association between the clinical manifestation of the disease and the appearance
of autoantibodies, suggesting that the presence of autoantibodies in such patients

might contribute to pathology °.
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In the next section, | will focus my discussion on the link between Plasmodium

infections and autoimmunity, which is the subject of my thesis.

D
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Figure 1-2: Illustration of the interplay of infections and autoimmune diseases.

This diagram illustrates how certain infections are associated with the induction of autoimmune
diseases (orange circles), while other infections are known to ameliorate/prevent the development
of autoimmune diseases (green circles). Abbreviations: CJ, Campylobacter jejuni; CP, Chlamydia
pneumoniae; HiB, Haemophilus influenzae; HP, Helicobacter pylori; NG, Neisseria gonorrhoeae;
SP, Streptococcus pyogenes; RV, Rotavirus; TG, Toxoplasma gondii.

(Figure reproduced '3¢)

1.7 Overview of Plasmodium infections

In this and the following sections, | will discuss the literature on Plasmodium
infections and further provide evidence for an association between the complex

interplay between Plasmodium infections and autoimmunity.

In the unexposed individual, malaria is a life-threatening infectious disease caused
by the protozoan Plasmodium parasite. Despite the disease being curable and
preventable, the incidence of Plasmodium infections worldwide is estimated at
249 million cases, with 94% occurring in sub-Saharan Africa and approximately
608,000 deaths reported annually 2. Notably, the global incidence of malaria has
declined by 37% between 2000 and 2015 '43; however, progress in disease control
has recently stalled due to several factors such as increased insecticide resistance

in vector populations, the emergence of artemisinin-resistant parasites, and
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challenges related to inadequate funding and access to quality care 4145,
Nonetheless, with the recent rollout of the first to be approved malaria vaccine,
RTS, S, and now the approval for R21/Matrix M, there is renewed hope that
preventative vaccination will reduce malaria mortality by 30% '“. Nonetheless,
none of these vaccines have achieved the WHO efficacy target of 90%, and their
effectiveness at improving control will also depend on many other factors,

including the level of funding and implementation programmes.

More than 200 Plasmodium species are known to exist, but only five cause human
malaria: P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi '*’. Among
these, P. falciparum and P. vivax pose the most significant public health threats,
with P. falciparum being the most prevalent in sub-Saharan Africa and the
deadliest species, accounting for nearly all malaria mortality 8. In contrast, P.
vivax is associated with less severe disease and has the widest geographical
distribution . It is also worth noting that prior to the 1970s, P. falciparum
distribution was prevalent worldwide '%; however, through intensive insecticide
spraying and environmental engineering, it has been eradicated in Europe, which

currently only experiences imported cases of malaria .

1.8 Plasmodium life cycle

All five Plasmodium species that infect humans and mammals are transmitted by
mosquitoes of the genus Anopheles, whereas the transmission of parasites
infecting birds and reptiles is associated with a different mosquito genus 52
Plasmodium species life cycle is particularly complex, as the parasite alternates

between two different hosts and involves multiple stages (Figure 1-3).

The pre-erythrocytic liver stage, which is the first stage in the human host, begins
when an infected female mosquito injects an average of 10-100 sporozoites under
the dermis during a blood meal, along with saliva that has anticoagulant properties
153,154, The sporozoites are infective and motile at this stage, and this allows
approximately 70% of the sporozoites to enter the bloodstream and rapidly
migrate to the liver, invading the hepatocytes 4135 with the remaining 30%

invading the lymphatic vessels "¢,
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Once in the liver, the sporozoite invades the hepatocytes by traversing through
multiple hepatocytes and ultimately transitioning from an invasive to a productive
stage 57158 through the formation of a parasitophorous vacuole. Notably, this
marks the first phase of asexual reproduction known as schizogony, which

produces thousands of merozoites from a single sporozoite '°.

The released merozoites then invade RBC within 30-70 seconds, '¢° producing 8-
64 merozoites within 24-72 hours, depending upon the Plasmodium species '¢'. At
the same time, some merozoites undergo gametocytogenesis, producing male and
female gametocytes that circulate in the blood, thus increasing the chances of
transmission when the next mosquito takes a blood meal '%2. Male gametocytes
are then activated, leading to cell division and the production of eight motile
gametes within 15 minutes '®'. Following activation, a female gametocyte forms
a macrogamete, while male gametocytes produce eight motile microgametes.
These male and female gametes then fertilise to form the zygote that elongates
to become a motile ookinete that penetrates the midgut wall to form an oocyst

within 24 hours.

Hundreds to thousands of sporozoites then develop within each oocyst over the
next 10-15 days '9. The oocyst eventually bursts, releasing the sporozoites into
the mosquito’s body (haemocoel) %4165 where the circulating haemolymph carries

them to the salivary glands and awaits transmission during the next blood meal
166
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Figure 1-3: The life cycle of Plasmodium parasite (Image retrieved from Biorender)

1.9 Clinical manifestations of Plasmodium falciparum

The spectrum of clinical outcomes following Plasmodium falciparum exposure
ranges from asymptomatic infection, mild, self-limiting fever and flu-like
symptoms to severe complications, including cerebral malaria and severe anaemia
167 'While uncomplicated malaria is characterised by the presence of fever, chills,
headache, myalgia, nausea, vomiting, fatigue, anaemia and jaundice in the
absence of organ damage '%8. These cases, however, can progress quickly to more
severe complications such as cerebral malaria, renal impairment and pulmonary
issues 9. Importantly, the wide spectrum of clinical outcomes is influenced by
several factors, including the age and history of exposure to the parasite for the
host and variation of adhesive molecules expressed on blood-stage parasite 70171,
Our understanding of these complex interactions is crucial for predicting clinical

outcomes and developing effective interventions 72,
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1.10 Immunity to malaria

Immunity to Plasmodium falciparum requires a complex interplay between innate
and adaptive immunity 73, The oft-cited classical study by Cohen et al '7# provided
evidence of the crucial role of antibodies in controlling parasitaemia and malaria
symptoms. In this study, antibodies from immune adults were transferred to
children suffering from severe malaria, resulting in a significant reduction in
parasitaemia and alleviation of malaria symptoms. While this study provides strong
evidence for humoral immunity in malaria infection, our understanding of
immunity to P. falciparum remains limited due to the parasite's complex life cycle,
antigen diversity, and the fact that immunity is often acquired over time and

depends on the frequency of exposure 7>,

1.11 Adaptive immune response

1.11.1 Naturally acquired immunity (NAI)

Additional evidence for naturally acquired immunity (NAI) was demonstrated
through studies conducted in two regions of Java in Indonesia with varying malaria

intensity, where immunity was closely linked to ongoing exposure to the parasite
176

Known factors influencing NAI development include the intensity of Plasmodium
parasite transmission, age, frequency of exposure, host genetic factors, and
parasite genetic diversity '7¢. Furthermore, the frequency of exposure to
Plasmodium spp. is also essential for NAl development, as repeated infections can
gradually increase immunity '77-178, Genetic factors have also been shown to affect
susceptibility and variability in immune responses across human populations '7°.
In addition, reduced parasite diversity can also facilitate more rapid NAlI

development. Together, all these factors contribute to the dynamics of NAI.

1.11.2 Acquisition and maintenance of humoral immune
response

Antibodies play a vital role in conferring protection against malaria; this was first
demonstrated through the passive transfer of immunoglobulin G (IgG) from

immune adults to children with severe malaria, resulting in significantly reduced
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disease severity '74. Several immuno-epidemiological studies have supported this

key finding, linking antibodies to protection from clinical malaria episodes '77.

Importantly, malaria-specific antibodies mediate their function and limit the
growth of blood-stage parasites through various mechanisms, including blocking
erythrocyte invasion '8%.18" gpsonising infected erythrocytes via phagocytosis
180,182,183 = growth inhibition, '3, antibody-dependent cellular killing '8, and

promoting complement-mediated lysis'8.

Notably, immuno-epidemiological studies also indicate that antibody responses to
malaria are short-lived 8718 quickly diminishing without ongoing parasite
exposure. For instance, following an acute malaria episode, antibodies specific to
Plasmodium antigens can decline to very low or undetectable levels within months
or even weeks despite an initially strong response '®°. Moreover, children living in
areas of intense transmission have increased antibodies to numerous P. falciparum
antigens %011 but the breadth and intensity of this response decreases during
dry seasons when there is little malaria transmission. Thus, indicating that the
robust antibody response observed during peak transmission may be driven by

short-lived plasma cells.

Furthermore, the parasite antigens directly interact with B cells via the cysteine-
rich interdomain region 1 alpha (CIDRa), impacting the host B cell activating factor
(BAFF), thus hindering the development of long-lived memory B cells 2. While
studies emphasise the significance of antigenic variation and allelic diversity in
the immune response to Plasmodium falciparum '3 there is also evidence
suggesting that chronic exposure to the parasite induces alterations in B cell
responses that might be responsible for the immune evasion mechanisms of P.

falciparum %4,

1.11.3 B cells in P. falciparum infections

In the acute phase of malaria infections, naive B cells are stimulated and undergo
differentiation, leading to an increase in memory B cells "°> and atypical B cells
19%_However, the resulting polyclonal humoral response rarely reaches protective
threshold levels, and it is only after repeated exposures to the parasite that

individuals in malaria-endemic areas develop protective immunity 76,
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Several factors contribute to this suboptimal response, including the preferential
activation of Th1-polarised Tfh cells, which are less effective in assisting B cells,
thereby leading to inadequate antibody production '97:198  Atypical memory B
cells, which expand during chronic malaria exposure, exhibit diminished B cell
receptor signalling and reduced effector function '*°. Additionally, elevated
plasma BAFF (B-cell activating factor) levels during acute malaria may influence

B-cell differentiation and the maintenance of antibody levels 2%,

Moreover, certain parasite antigens have been identified to be critical for the
induction of hypergammaglobulinemia during malaria infection; for example, the
C1DR1a domain of the Plasmodium falciparum erythrocyte membrane protein 1
(PfEMP1) 201,202 " 3 major blood-stage antigen, and a significant virulence factor of
the parasite, is released in the bloodstream and preferentially activates and

expands memory B cells (MBCs).

Thus, the associations between hypergammaglobulinemia and autoimmunity in
malaria, as well as the appearance of autoantibodies characteristic of
autoimmune disease, support the idea that some parasite antigens may cross-
react 2% with human autoantigens, resulting in cross-reactive immune responses.
For example, serum from patients with systemic lupus erythematosus (SLE) and
no history of exposure to Plasmodium infection, was found to react with P.

falciparum antigens 294, suggesting a potential risk for autoimmune complications.

Therefore, it is necessary to characterise antigen-specific B cell responses against
malaria, which may give rise to targets for vaccine or therapeutic design that will

optimise efficacy and avoid autoimmune responses.

1.11.4 Atypical B cell production in Plasmodium infections

Atypical B cells are associated with autoimmune diseases, with their depletion
correlated with reduced autoantibody levels 29, However, given recent evidence,
these cells are now considered part of normal immune responses to infection and
vaccination 2%, Moreover, atypical B cells are a common phenomenon in malaria
infections 19, with higher levels associated with increased parasite exposure 297

and broader antibody responses and function 208,
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Unlike classical memory B cells, atypical B cells lack expression of CD21 and CD27
and have increased expression of CD11c, Tbet, CXCR3, and inhibitory markers such
as FCRL3 and FCRL5 29, This altered expression leads to reduced B cell receptor
signalling and decreased responsiveness, resulting in a diminished capacity to
become antibody-secreting cells 292", Consequently, atypical B cells are often

considered exhausted or unresponsive to stimulation.

Interestingly, conflicting evidence also suggests that atypical B cells from
individuals exposed to P. falciparum exhibit a strong response to high-affinity
membrane-associated antigens while displaying a markedly reduced response to
low-affinity antigens. Thus, limiting the activation of atypical B cells by low-

affinity antigens, such as autoantigens 2'2.

Notably, recent evidence sheds light and provides further clarification through the
indication that atypical B cells (CD21-CD27-) are present as three distinct subsets
with different functions?'3. One subset is anergic (non-responsive), with a high
activation threshold, high CD11c expression (+++), and no CD86 expression (-),
similar to atypical B cells in SLE. Another subset develops from memory B cells
and rapidly differentiates into antibody-secreting cells upon stimulation. This
activated subset exhibits high somatic hypermutation (+++), minimal CD11c
expression (+), and no CD86 expression (-). The third subset functions as an
antigen-presenting subset, requiring additional signals to mature into antibody-
secreting cells. It upregulates HLA and CD86, has high somatic hypermutation
(+++), and expresses CD11c (+++) and CD86 (+++) 2'3. These findings, therefore,
clarify the diverse roles of atypical B cells in immune responses and show that

their composition adapts to changing levels of pathogen exposure 213,

1.11.5 CD4+ T cells in P. falciparum infections

The role of CD4+ T cells in clinical malaria is well-established in both mouse
models and human malaria 2'4. During malaria infection, the immune response is
orchestrated by different subsets of CD4+ T cells, each playing distinct roles
against the Plasmodium parasite 2'>. CD4* T Helper 1 (Th1) cells, for example,
promote the production of interferon-gamma (IFNy), which is critical for

activating macrophages 2'® and enhancing CD8+ T cell cytotoxicity 27 necessary
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for the direct elimination of Plasmodium-infected erythrocytes in the

bloodstream.

Mature Tfh cells are characterised by the expression of the transcription factors
BCL-6, CXCR5 and PD1 2'8 which, upon infection, promote the maturation of
Plasmodium-specific germinal centres 2'8, Thus, the ability of T follicular helper
(Tfh) cells to generate a robust antibody response and establish long-term
immunity is crucial for protection from reinfection, particularly in regions where

repeated exposure to malaria is common 2'°,

Moreover, individuals in malaria-endemic areas consistently show an expansion of
Treg populations during blood-stage malaria, with lower Treg frequencies linked
to lower parasite loads and more favourable disease outcomes 2'%220, Importantly,
Tregs are vital in the malaria immune responses as they maintain immunologic
tolerance and prevent hyper-inflammatory responses that can lead to tissue

damage 221,

1.12 Possible link between Plasmodium infections and
autoimmunity

While the presence of autoantibodies following P. falciparum infection is known
1,568 - these autoantibodies have varied specificity, with some autoantibodies
targeting smooth muscle, single-stranded DNA, double-stranded DNA,
ribonucleoproteins (RNPs), as well as other autoantibodies targeting the brain
antigens such as dendrite 222, Immunoglobulin E Autoantibody to 14-3-3 € Protein
132’ and RBC 1,223.

Notably, unlike some viral and bacterial diseases, where a single infection
exposure confers lifelong protection, immunity to malaria is slow to acquire and
develops with repeated exposure to the parasite 7. The slow acquisition of
immunity has been associated with antigenic variation of the parasite 224 and
alterations in the B cell compartment '°2. Therefore, the frequent repeat P.
falciparum infections are known to gravely dysregulate the immune system, with
B cells overactivation and the production of autoantibodies, particularly with
evidence indicating that T-bet+ B cells, are linked to autoantibodies against

phosphatidylserine on erythrocytes 34



42

In addition to the B cell dysfunction, Plasmodium infection also impairs dendritic
cell function, contributing to immune dysregulation 225, For example, in vitro
studies using monocyte-derived DCs, when exposed to P. falciparum-infected red
blood cells, showed a marked decrease in the expression of crucial maturation
markers such as CD40, CD80, CD86, and CD83 226, |n addition, both in vitro and in
vivo studies have reported the presence of reduced expression of MHC on DC
exposed to infected red blood cells ?2’. Furthermore, there is evidence of reduced
expression of HLA-DR and CD86 on DCs from malaria-infected children, which

consequently affects their ability to process and present antigens 228229,

While neutrophils are essential for pathogen clearance during severe malaria, the
inflammatory response is known to lead to excessive tissue damage due to the
release of toxic granules and ROS 2%, In addition, neutrophils produce Neutrophil
Extracellular Traps (NETs) 23! that play a critical role in limiting Plasmodium
infections; however, they are also known to contribute to inflammation and tissue
damage 23':232, Notably, NETs and antinuclear antibodies have been observed in P.

falciparum-infected children, suggesting potential autoimmune mechanisms 233,

Collectively, this evidence suggests that Plasmodium infection significantly
disrupts the immune system, contributing to both B cell and dendritic cell
dysfunction, as well as promoting inflammatory responses through neutrophils,

potentially driving autoimmune processes.

1.13 Mechanism of autoantibodies production in
Plasmodium infection

Several mechanisms, such as molecular mimicry, bystander activation and epitope
spreading, have been implicated in autoantibody production 234. However, little is
known about the mechanisms that trigger autoantibody production during malaria

infection.

1.13.1 Molecular mimicry

Molecular mimicry is an immune evasion mechanism used by pathogens that

results in shared immunoreactive epitopes between the host and the parasite 234,
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This phenomenon was initially described using mouse models in Streptococcus
pyogenes, where the M protein, a virulence factor and host myosin were found to
be cross-reactive, potentially inducing rheumatic heart disease 23>. Moreover,
molecular mimicry is also linked to other autoimmune diseases like multiple

sclerosis (MS) 24 and Graves’ disease 23,

Molecular mimicry by P. falciparum has been documented in several studies. For
instance, the parasite's translationally controlled tumour protein (pfTCTP) has
been shown to mimic human histamine-releasing factor (HRF) 237. Similarly,
PfEMP1 is reported to contain similar domains to human proteins like vitronectin
238 Additionally, approximately 19 P. vivax proteins share sequence similarities
with human red blood cell proteins such as ankyrin, actin, and spectrin 23°, While
these similarities are based on sequence similarity, recent evidence indicates that
approximately 7% of P. falciparum proteins have structural similarities with human
proteins at the tertiary level, with about 44 potential mimicry interactions 293,
Thus, this high sequence and structural similarity between host and pathogen

increases the risk of autoimmune diseases in genetically susceptible individuals.

1.13.2 Bystander activation

Bystander activation is a process in which T cells are activated independently of
T cell receptor stimulation, typically through the binding of soluble and
membrane-bound particles to other receptors 20, P. falciparum has been shown
to induce CD4+ T cell activation and proliferation independently of pathogen load,
which can lead to tissue damage and severe disease, compared to P. vivax .
Additionally, the digestive vacuole of P. falciparum, released following parasite
rupture, has also been shown to activate complement on bystander cells,

contributing to malarial anaemia 242,

1.13.3 Epitope spreading

Epitope spreading refers to the process of expanding the range of epitopes
targeted by the immune system from the initial dominant and focused response
towards less prominent or hidden epitopes on the same protein 243, Although other
factors may initiate the induction of autoimmune diseases, epitope spreading

enables autoantigen presentation by APC, which activates autoreactive



44

lymphocytes 244, Moreover, evidence suggesting immune evasion by P. falciparum
through epitope spreading has been reported in studies on the thrombospondin-
related anonymous protein (TRAP) family, where immune responses were induced

to the entire length of TRAP protein, instead of specific immunodominant areas
245

1.13.4 B cell Polyclonal activation

Abnormal B cell responses are associated with autoimmune diseases such as SLE
246 Similarly, P. falciparum infection is known to induce polyclonal B cell
activation, resulting in the occurrence of hyper-gammaglobulinemia in malaria-
infected individuals 2°.292; a phenomenon mediated by the parasite's erythrocyte

membrane protein 1 (PfEMP1) CIDR1a domain 201202,

Additionally, parasite DNA has also been shown to activate T-bet+ B cells (atypical
B cells) through TLR9 and IFN-y signalling, contributing to severe malaria anaemia
3. These T-bet+ B cells have been shown to contribute to the pathophysiology of

malaria-induced anaemia through the production of antiphospholipid antibodies 3.

1.14 Role of Plasmodium induced autoantibodies in
inducing pathology

While Plasmodium infections are known to induce increased autoantibodies with
a wide range of specificity ¢2, their role in malaria pathogenesis, however,
remains unclear. Notably, high levels of anti-phosphatidylserine and anti-DNA
antibodies have been reported in children with severe malaria %8, and recent
studies suggest these autoantibodies could serve as potential biomarkers of
disease severity 24, Here, | will review the current literature on the association
between autoantibodies and malaria-related pathologies like anaemia, cerebral

malaria, and renal dysfunction.

The presence of increased autoantibodies in severe malaria anaemia suggests that
they could be important in the pathogenesis of severe malaria anaemia 223239,
Moreover, recent evidence from mouse models has elucidated molecular
mechanisms underlying the pathogenies of anaemia 3“. Specifically, antibodies to

phosphatidylserine (PS), which is highly expressed in RBCs, were found to increase
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the clearance of uninfected erythrocytes and contributed to anaemia in a mouse
model '3. |Interestingly, the production of these anti-phosphatidylserine
antibodies was also shown to be induced by Plasmodium DNA activating TLR9 and

IFN-y receptor signalling via T-bet+ B cells 34

While autoantibodies to erythrocyte surface antigens are present across malaria-
endemic areas 223:239:248,249  Ap inverse relationship between atypical B cell levels
and levels of haemoglobin exists, suggesting that atypical B cell expansion could
be driving increased autoantibodies and anaemia 4. Similar findings have been
reported for P. vivax-infected individuals, where higher autoantibody levels were

observed in anaemic compared to non-anaemic individuals 8223.239,

Cerebral malaria (CM), caused by P. falciparum parasites, is a neurovascular
syndrome that can result in decreased consciousness, coma, 2°° and seizures.
Moreover, cerebral malaria is known to account for about 90% of malaria deaths
and predominantly affects children in sub-Saharan Africa 2'. The sequestration of
infected RBCs within the brain microvasculature underlies cerebral malaria’s
pathogenesis 2. Notably, evidence of high levels of IgG autoantibodies to brain
antigens correlated with increased TNF-a levels and poor outcomes in cerebral
malaria '33. Thus, autoantibodies could be important in the pathogenesis of
cerebral malaria. In addition, higher levels of autoantibodies to voltage-gated
calcium channels have been reported in Kenyan children with cerebral malaria 2°2,
with recent evidence of the increased presence of pro-thrombotic autoantibodies
against platelet factor 4/polyanion has also been suggested as one of several
mechanisms that contribute to the development of CM 233, However, it remains
unclear whether these autoantibodies play a pathological role in cerebral malaria

or are simply a consequence of tissue damage.

Acute kidney injury (AKI) refers to a sudden and significant decline in kidney
function, which is a common complication in severe malaria 2>4. AKI occurs in
around 40% of severe P. falciparum infections, particularly affecting children and
adults in low-transmission areas 2°°. Several mechanisms for the induction of this
pathology have been proposed, including parasite sequestration, microvascular
obstruction, and intravascular hemolysis, which are known to amplify the

damaging effects of the host inflammatory response 234, Furthermore, recent
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studies have correlated high levels of anti-DNA antibodies with severe malaria,
specifically AKI, in children 2. Thus, these findings suggest an immune-mediated
pathway, similar to those observed in SLE nephritis, could be involved in malaria-

associated AKI, though further research is needed.

Overall, these data suggest that malaria-induced autoantibodies play a
pathological role in severe malaria. However, it remains unclear whether these
autoantibodies arise from severe tissue damage or actively contribute to the

development of severe disease.

1.15 Autoantibodies play a protective role against malaria
infection

Contrary to the common knowledge that autoantibodies are associated with
pathology, there is evidence indicating a protective role for autoantibodies in
malaria infection 8. Importantly, autoantibodies from patients with autoimmune
diseases like SLE have also shown reactivity against Plasmodium proteins and can

suppress P. falciparum growth in vitro, suggesting a protective effect 204,

Moreover, experimental evidence suggests a protective role for anti-DNA
antibodies in malaria, as their depletion has been associated with higher mortality
rates 2%, Additionally, studies have also shown that RF levels are negatively
correlated with age and parasitaemia in children from Cote d'lvoire %7, and
elevated levels of Immunoglobulin E autoantibody to 14-3-3 € protein have also
been reported in asymptomatic individuals compared to those with severe malaria
132 Further supporting this idea, higher levels of anti-self-antibodies have been
detected in children with asymptomatic malaria compared to those with mild

malaria 133.

Interestingly, ssDNA-binding IgM autoantibodies peak seven days post-infection,
and ssDNA-binding IgG autoantibodies peak at 14 days, indicating that these
antibodies are specifically elicited in response to infection 2%, suggesting that the

autoantibodies could be appearing as a consequence of infection.

However, while previous evidence was initially based on observational studies

conducted at a single point in time, a more robust and recent study measured
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autoantibody levels prior to a malaria season and correlated the levels to clinical
outcomes. This study found that higher antinuclear antibody (ANA) reactivity in
healthy children before a malaria season was associated with a reduced risk of
clinical malaria °. Notably, these autoantibodies bound to P. falciparum proteins
involved in erythrocyte invasion and blocked parasite growth in vitro 3, suggesting

they were functional and most likely mediating the parasite clearance.

Collectively, this provides evidence that autoantibodies are protective during
malaria infection. However, their role is still debatable, and well-designed studies

are necessary to clarify their function and potential benefits.

1.16 Effect of Plasmodium infection on the population’s
genetic susceptibility to autoimmunity

Plasmodium parasite is known to exert selective pressure on the human genome
to enhance survival against severe malaria, as evidenced by the extremely high
frequency of sickle-cell traits in areas of high malaria prevalence %8 and the
presence of very rare, highly protective, blood groups like Dantu 2°°. However,
while these genetic adaptations confer advantages in malaria resistance, they can
also lead to other consequences, such as sickle cell disease. Notably, certain
genetic variants that enhance immune responsiveness, and thus reduces
susceptibility to malaria such as FcyRIIB, may increase the risk of developing
autoimmune diseases 720, For example, mice deficient in FcyRIIB, a condition
that increases susceptibility to SLE, were found to be more protected against

experimental cerebral malaria 2¢'.

Additionally, TNF gene polymorphisms are associated with either susceptibility or
resistance to malaria, with specific mutations (e.g., TNF G-308A and TNF G-238A)
linked to severe malaria and high parasitaemia 262263, These same TNF
polymorphisms are also implicated in the development of SLE, indicating a

possible connection between malaria and autoimmune diseases 2¢4.

Interestingly, while RA in Europeans is linked to HLA-DR1 or HLA-DR4, there is
limited data on whether people of African descent acquire HLA gene
polymorphisms that offer protection or increase susceptibility due to malaria. For
instance, in West Africa, individuals with HLA Class | Bw53 and HLA Class Il
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DRB11302-DQB10501 were more protected from severe malaria 2. Conversely,
HLA-DR0401, which increases RA risk 26, has been associated with increased
malaria susceptibility 2¢7. This suggests that chronic Plasmodium infections may
have driven the selection of specific HLA genes in these populations resulting in

heightened susceptibility to autoimmune diseases.

Taken together, the likelihood of an increased reservoir of genetic risk factors
associated with autoimmune diseases in malaria-endemic regions and the lack of
reliable data on the true incidence of autoimmune diseases in sub-Saharan Africa
underscores the need to develop more robust studies to provide a clearer

understanding of this association.

1.17 Malaria murine models

Mouse models are extensively used to study malaria pathogenesis and immune
responses, leveraging various Plasmodium species to replicate different aspects
of human malaria 28, Although no single model perfectly replicates human
malaria, comparative transcriptomics indicates that P. yoelii 17XL infection most
closely mirrors the gene expression changes observed in severe human malaria
syndromes 2%°. Additionally, P. berghei ANKA infection in C57BL/6J mice is a
widely utilised model for severe malaria, as it mirrors many symptoms of human

cerebral malaria 26,

For my research, applying the Plasmodium chabaudi rodent malaria model
provides valuable insights into autoimmunity and immune regulation. Particularly
given that Plasmodium chabaudi model closely replicates many of the pathological
and immunological characteristics of human malaria infections,?’9 making it an
invaluable tool for advancing our understanding of the disease. For example, P.
chabaudi mirrors key features of P. falciparum, such as cyclical fever episodes,
immune response dynamics, and the development of anaemia; these similarities
provide critical insights into host-parasite interactions 20, Notably, P. chabaudi
induces chronic infections, making it helpful in studying anti-Plasmodium
immunity, a key aspect for my study 27°. Moreover, P. chabaudi has been reported
to reduce circulating immune complexes and improve histopathological changes

in various organs in lupus-prone mice %7, Together, these suggest that these
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parasites play a critical in modulating autoimmune responses, making them a

valuable model for studying autoimmunity in the context of infectious diseases.

1.17.1 Life cycle of P. chabaudi

The Plasmodium chabaudi life cycle, similar to P. falciparum, begins during a
blood meal when the mosquito injects sporozoites into the rodent host, which
migrate to the liver and infect liver cells. In the liver, they multiply and release
merozoites into the bloodstream, invading red blood cells and undergoing a 24-
hour replication cycle. The cells then burst, releasing more merozoites,

perpetuating the cycle 272,

Some merozoites then transform into gametocytes, which mosquitoes ingest
during subsequent blood meals, completing the life cycle 272, Notably, the life
cycle in P. chabaudi is tightly synchronised with the host's circadian rhythms,

which enhances the parasite's survival and transmission 272,

1.17.2 Drawbacks of the P. chabaudi model

While this model is useful, one of the key limitations is that sequestration of the
parasites occurs in the liver, ?3 rather than the brain as observed with severe
human malaria 2’4. Moreover, the circulating parasitaemia required to induce
pathogenic symptoms 270 in mice is much higher than in human infections, reducing
its translational applicability. Furthermore, mice exhibit hypothermia as a clinical

symptom, contrasting with the fever commonly associated with human malaria
275

1.18 Study justification

Although autoantibodies are common in individuals residing in malaria-endemic
areas, their role remains controversial 8. Additionally, Plasmodium infections are
known to drive the selection of genes that are protective against severe malaria,
but these same genes are associated with an increased risk of autoimmune disease
7. The mechanisms underlying this association still remain unclear. These findings,
therefore, raise important questions, such as whether Plasmodium infection could
increase predisposition to autoimmune disease, particularly given the lack of

reliable data on the prevalence of autoimmune disease in sub-Saharan Africa.
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Another key issue is understanding the potential benefits of these autoantibodies:
is there an advantage to increased autoimmunity? While my research aims to
clarify this, a recent publication > released as | completed my PhD suggests that
increased autoimmunity, particularly before a malaria season, is predictive of
better clinical outcomes. However, this raises concerns about whether increased
autoimmunity might come at a price, especially since most autoimmune diseases
increase with age, and residents of malaria-endemic areas may be at genetic risk

for autoimmunity.

My study, therefore, seeks to address this research gap by employing mouse
models and established cohorts of individuals living in a malaria-endemic area in
Kilifi, Kenya. Using mouse models allowed for the investigation of the effect of
increased autoimmunity resulting from malaria infection on the development of
experimental arthritis. Moreover, these models were then used to study whether

autoimmunity could contribute to the pathogenicity of clinical malaria.

Extending these findings to humans, | used established cohorts of individuals living
in areas with different malaria transmission to investigate whether persistent
exposure to malaria causes autoimmunity. Furthermore, by examining cohorts of
children with varied clinical outcomes, specifically those with uncomplicated

versus severe malaria, | investigated the role of autoimmunity in acute infection.

1.19 Research hypothesis

| hypothesise that P. falciparum infection leads to the production of low-affinity
binding autoantibodies that play a protective role in acute malaria; however, this
might increase the risk of developing autoimmune disease later in life as

illustrated in (Figure 1-4).
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N P falciparum selects for
lb’ - > genes associated with
autoimmune disease

...................................... >
Increased frequency of Does this lead to increased
autoantibodies in individuals living predisposition of autoimmune disease
in malaria endemic area later on in life?

Could possibly be important

"&  during acute illness

Figure 1-4: Illustration of the research hypothesis.

Solid lines represent established relationships that have been confirmed by existing research, while
dashed lines indicate hypothesised associations that | proposed to investigate in this research.
Figure created with BioRender.com

1.20 Thesis study aims

1.20.1 Project aim and objectives

The aim of this project is to investigate the associations between Plasmodium
infections and autoimmune diseases using murine models of human RA and P.
chabaudi infection, and further screen for the presence of autoimmune markers

in individuals living in a malaria endemic area in Kenya.

1.20.1.1 Specific objectives
1.20.1.2 Murine Studies

1. To characterize ACPA responses, as well as antibody responses to

corresponding native peptides, during P. chabaudi infection.
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2. To investigate the effect of P. chabaudi-induced ACPA responses and
antibody responses to corresponding native peptides on the development

of experimental arthritis in mice.

3. To evaluate whether ACPA, as well as antibody responses to corresponding
native peptides elicited from an experimental arthritis model, confer
protection against P. chabaudi infection.

1.20.1.3 Clinical Studies

1. To assess the prevalence of known autoimmune markers, including ACPA
and antibody responses to their corresponding native peptides, in adults

living in malaria-endemic regions.

2. To examine immunological phenotypic differences in individuals with
varying antibody responses to both citrullinated and corresponding native

peptides in malaria-endemic areas.

3. To investigate the presence and levels of ACPA and antibody responses to

corresponding native peptides in children with varied clinical outcomes.
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2 Chapter 2- Material and methods

This chapter is structured into two components: the first section outlines the
methods utilised in the application of animal models, while the second section
details the methods used in analysing human samples from individuals living in a

malaria endemic area in Kilifi, Kenya.

2.1 Section 1: Animal section

2.1.1Animals

Seven- to eight-week-old male mice C57BL/6 were purchased from Envigo (UK),
and OT-Il TCR transgenic mice, genetically engineered to express CD4+ T cells
specific to chicken OVA 323-339 (OT-Il TCR), within the context of MHC Il molecule
I-AP 276 were bred in-house for this research. All the mice were maintained in a
specific pathogen free facility at the University of Glasgow, with all experiments
performed under UK home office licence PP9595420 and approved by the local

ethics committee.

2.1.2 P. chabaudi infections

Plasmodium chabaudi AS parasites (acquired from a collaborators lab in
Edinburgh) were maintained as frozen stabilate, in liquid nitrogen and
subsequently thawed and passaged by infecting one mouse via intraperitoneal
(i.p.) injection. Once a parasitaemia of 5-10% was reached the passage mouse was
euthanised by terminal anaesthesia, and blood was harvested via cardiac bleed.
1X10"3 parasitised red blood cells (pRBCs) resuspended in PBS were then injected

i.p. for all P. chabaudi infection experiments.

In some experiments, to eliminate chronic infections, 20 mg/kg of chloroquine
diphosphate salt (Sigma-Aldrich, Poole, UK) was administered subcutaneously (s.c)
277,278 Naive controls were included in all experiments and throughout the
infection period the mice were monitored daily for changes in weight and any

signs of distress, while adhering to the limits outlined in the licence.
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2.1.3 Assessment of parasitaemia

Parasitaemia in the infected mice was monitored using blood smears, which were
prepared by pricking the mouse tail vein and placing a drop of blood on a
microscope slide and allowing it to dry for 30 seconds. The blood smears were
then fixed using 100% methanol (ThermoFisher) for 30 seconds and initially stained
with Hemacolor® Rapid staining of blood smear (Sigma-Aldrich) for 7 seconds,
followed by immediate rinsing in tap water, which was followed by a 30-second
dip in Giemsa stain (Sigma-Aldrich) #° and a final rinse with tap water. The slides
were then allowed to dry, and immersion oil was applied on the slide for
parasitaemia assessment using bright-field microscopy with a 100x objective.
Parasite count was determined by calculating the percentage of infected red

blood cells relative to the total observed red blood cells 289,

2.1.4 Assessment of autoantibody kinetics following P. chabaudi
infection

In this study, | included a group of naive mice (n=6), and two groups of mice
infected with P. chabaudi parasite (n=6), as illustrated in (Figure 2-1). In the P.
chabaudi groups, one group was treated with chloroquine on day 15 to model an
acute infection, while the other group was left untreated to model chronic
infections. Tail bleeds were collected periodically over 63 days for the assessment

of autoantibodies using ELISA.
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Figure 2-1: P. chabaudi infection study timeline for the assessment of autoantibodies kinetics.

Illustration of P. chabaudi infection timeline, where C57BL/6 male mice were infected with P.
chabaudi parasite; one group of mice (n=6) was chloroquine treated on day 15 while the other was
left untreated (n=6), naive were also included (n=6). Tail bleeds were taken periodically for ELISA
over a 63-day period for assessment of autoantibody kinetics. The mice were then culled on day
63 and blood was harvested by cardiac puncture spleen and liver was harvested for flow cytometry
and PCR assays respectively.
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2.1.5 Inhibition of peptidyl arginine deiminase (PAD) enzymes
in P. chabaudi infected mice using BB-Cl-amidine

Two groups of mice (N=16) were infected with P. chabaudi to investigate the
effect of inhibiting peptidylarginine deiminase (PAD) enzymes. One group (n=8)
was treated daily with BB-Cl-Amidine (Cayman chemical, #17079), a pan-PAD
inhibitor that blocks all PAD isoforms activity, while the other group (n=8) received
the vehicle control (1% DMSO in PBS), as outlined in (Figure 2-2). BB-Cl-amidine a
pan-peptidylarginine deiminase (PAD) inhibitor 28!, was administered
intraperitoneally at a dosage of 1 mg/kg/day %' dissolved in 1% DMSO in PBS at 10
mL/kg.

Additionally, two naive control groups were included (n=8), one treated with the
drug and the other with the vehicle. During the infection period blood was drawn
on day 7 for ELISA and tail pricks were taken daily to determine parasitaemia.
Mice were also weighed daily and culled on day 14 where blood was harvested for
ELISA.

P chabaudi infection

(1X 10%5)/
Uninfected controls Treatment >
) BB-CL-Amidine/
“\ Vehicle )
8 & Mouse culled and
(__“ blood harvested by
S __J cardiac puncture
Days O 3 7 14

T
Created in BioRender.com bio

Tail prick for parasitemia

Figure 2-2: lllustration of the P. chabaudi infection and PAD inhibition study timeline

C57BL/6 male mice (n=8) were infected with 1 x 10"5 P. chabaudi-infected RBCs; one group of
mice was treated with BB-Cl-Amidine, while the other group was left untreated. Naive mice were
also included as controls. Tail bleeds were taken on day 7 for ELISA while tail pricks were taken
daily to determine parasitemia. Daily measurement for weights were also taken and on day 14
mice were culled and blood harvested.
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2.1.6 P. chabaudi infection followed by induction of acute
experimental arthritis (AEA)

Mice were first infected with P. chabaudi, followed by the induction of AEA as
outlined in (Figure 2-3) as previously described %82, For this experiment, the mice
were divided into groups (n=8). The following steps were carried out to induce
acute experimental arthritis: (a) Harvesting OTII T cells from TCR transgenic mice,
(b) Differentiating these T cells into a Th1 phenotype, (c) Preparation of OVA
antigen and HAO antigen and (d) Subsequent adoptive transfer of the OTII T cells.

2.1.6.1 Harvesting of OTII T cells

Spleens and lymph nodes were harvested from OTIl TCR transgenic mice. Single-
cell suspensions were separately prepared from both spleen and lymph node by
gently mashing and passing through a cell strainer using the 2 mL BD PlastiPak™
Luer Slip Syringe without Needle (Fischer Scientific), followed by rinsing with PBS
buffer. The cells were then transferred into a 50 mL centrifuge tube (Corning®)
and centrifuged at 400x g for 6 minutes. For the spleen-derived single-cell
suspension, an additional step was performed to eliminate red blood cells.
Specifically, 5 mL of red blood cell lysis buffer (eBioscience) was added and
incubated for 5 minutes on ice. The cells were then rinsed in 5 mL PBS, centrifuged
for 5 minutes at 4°C at 400x g, and counted using a hemocytometer. CD4+ T cells
were then isolated using the MACS negative selection (Miltenyi CD4+ Isolation Kit,
#130-104-454) according to the protocol. The resulting positive fraction was

retained and utilised as antigen-presenting cells.

2.1.6.2T cell differentiation into a Th1 phenotype

Differentiation of T cells into a Th1 phenotype was done as previously described
283, APCs from the positive fraction were treated with mitomycin C (50 pg/mL)
and incubated for 1 hour at 37°C, followed by subsequent washing and counting.
Th1 polarisation was induced by culturing the isolated CD4+ T cells with mitomycin
C-treated antigen-presenting cells in a 1:1 ratio in the presence of OVA323-339
(Sigma), interleukin-12 (IL-12: PeproTech), and anti-IL-4 monoclonal antibody
(R&D Systems). The cells were then cultured in 75 cm? vented flasks (Corning),
maintained at a tilt, and incubated at 37°C with 5% CO2 for 72 hours. Following
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this incubation period, the percentage of Th1-polarised cells was determined using

flow cytometry analysis.

2.1.6.3 Preparation of OVA antigen and HAO antigen

The OVA antigen (Code OAC - Worthington Biochemicals) was prepared as
previously described by 82284 by dissolving tissue culture grade OVA at a final
concentration of 1 pg/pL in complete Freund’s adjuvant (CFA). Specifically, the
emulsion was generated by quickly mixing the OVA in PBS with CFA using a 1 mL
syringe (Fisher Scientific) and the presence of a stable pellet without observable

oily waves upon immersion in water or PBS confirmed its readiness.

Following the preparation of the OVA antigen, heat aggregated OVA (HAO) was
generated as previously described 28, Briefly, chicken ovalbumin (Sigma), was
initially diluted in PBS to achieve a concentration of 20 mg/mL, followed by
incubation at 100°C for 2 hours in 1.5 mL centrifuge tubes, each containing 200
puL volume. Following this, centrifugation at 17,000x g for 5 minutes was
performed, and the supernatant was carefully aspirated. The resulting pellet
underwent resuspension in 500 pL of PBS, and this centrifugation-aspiration cycle
was repeated to ensure optimal purification; the final pellet was resuspended in

200 pL of PBS, which was then stored frozen.

For subsequent experiments, the required aliquots were thawed and thoroughly
mixed in 1800 pL of PBS in GentleMACS c-tubes (Miltenyi Biotec) using a Miltenyi
GentleMACS dissociator (program HAP), a customised program. The samples
underwent multiple runs on the dissociator until optimal dissociation was
guaranteed. The resulting mixture was then passed through a 26-gauge (26G)

needle, ready for injection.

2.1.6.4 Adoptive transfer of OTIl TCR transgenic CD4+ T cells to induce acute
experimental arthritis (AEA)

2x10"6 Th1-polarised OTII TCR transgenic CD4+ T cells were transferred to
C57BL/6 mice 8 via subcutaneous injection. One day following the transfer of
OTll TCR transgenic CD4+ T cells, these mice also received a subcutaneous

injection of 100 pg OVA emulsified in CFA. After ten days, these mice were footpad
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challenged with 50 pL containing 100 pg of heat aggregated OVA (HAO) or PBS as

control and sacrificed a few days later 282,286,

Induction of AEA

P, chabaudi Chloroguine Immunised
infection ((1X 105) ‘ Treatment OVA+CFA Mouse culled
N\
/‘ﬁ 1
‘ . _ fL J-‘
Dwe 0 15 - 50 51 61 8 "

| |

OTII -Transfer HAO /Challenge

Figure 2-3: lllustration of prior P. chabaudi infection + acute experimental arthritis model.

In this model, male C57BL/6 mice were initially infected with P. chabaudi before the induction of
AEA. This procedure involved several steps: first, OTII T cells were isolated from transgenic mice,
followed by induction of a Th1 phenotype in CD4+ T cells. Subsequently, the Th1-polarised CD4+
T cells were transferred into recipient mice and the next day, OVA antigen was prepared and
administered to the mice. Ten days after, the mice underwent a footpad challenge with HAO or
PBS to initiate breach of tolerance and induction of experimental arthritis before being sacrificed
a few days after the challenge. During the study period tail bleeds were taken periodically for
assessment of autoantibodies kinetics using ELISA.

2.1.7P. chabaudi infection followed by induction of chronic
experimental arthritis (CEA)

The induction of chronic experimental arthritis (CEA) is a two-step process
involving the initial induction of acute experimental arthritis (AEA) as described
earlier (section 2.1.6.1-2.1.6.4). After AEA was induced, mice were infected with
P. chabaudi on day 20, followed by the induction of CEA on day 41, as illustrated
in (Figure 2-4).

To induce CEA, mice previously immunised and challenged with heat aggregated
OVA antigen (HAO) underwent a rechallenge with HAO, as outlined by 28,
Specifically, 30 days after the initial HAO challenge, the mice received a local
subcutaneous injection of 50 pL containing 100 pg of HAO in Freund's incomplete
adjuvant (IFA), administered on the same foot that was initially challenged with

HAO. Control animals received a 50 pL injection of PBS alone.
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Additionally, one of group in the P. chabaudi-infected mice were treated with 20
mg/kg of chloroquine diphosphate salt (Sigma-Aldrich, Poole, UK) administered

subcutaneously (s.c.).

Immunised Infection with Chloroquine Mouse culled
OVA+CFA P chabaudi Treatment
N\

Days -1 0 10 21 35&36 40 47 63

Adoptive Challenged 2" Challenge with
transfer with HAO /PBS HAO +IFA/ PBS/IFA

Figure 2-4: Induction of Chronic Experimental Arthritis (CEA) following P. chabaudi Infection

The induction of chronic experimental arthritis (CEA) is a two-step process involving the initial
induction of acute experimental arthritis (AEA). OTIl T cells were isolated from transgenic mice
and induced to differentiate into a Th1 phenotype. These Th1-polarised CD4+ T cells were then
transferred into recipient C57BL/6 mice (n=8) and one day later, OVA antigen was prepared and
administered to the mice. Ten days post-immunisation with the OVA antigen, the mice underwent
a footpad challenge using either heat aggregated OVA antigen (HAO) or PBS. This was then followed
by P. chabaudi infection 3 weeks later and treated with chloroquine on days 35 and 36. To induce
CEA, mice previously immunised and challenged with (HAO) underwent a rechallenge with HAO
thirty days after the initial HAO challenge. Specifically, mice received a local subcutaneous
injection of 50 pL containing 100 pg of HAO in Freund's incomplete adjuvant (IFA), administered
in the same foot initially challenged with HAO. The control group received a 50 yL injection of PBS
alone. The mice were then culled on day 63.
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2.1.8 Induction of chronic experimental arthritis (CEA) prior to P.
chabaudi infection

Induction of CEA model was performed as described above this was then followed

by P. chabaudi infection as illustrated in (Figure 2-5).

Immunised P chabaudi Mouse culled
OVA+CFA
N
g\ [ I ]
- _ /- J-..

Days -1 0 10 21 ” 40 47 65

Adoptive Challenged 2" Challenge with
transfer with HAO /PBS HAO +IFA/ PBS/IFA

Figure 2-5: Chronic Experimental Arthritis Model (CEA) followed by P. chabaudi Infection at
day 47.

This figure illustrates the induction of CEA followed by P. chabaudi infection on day 47. Initially,
the AEA was induced, as described previously. Subsequently, a CEA model was initiated. To induce
CEA, mice previously immunised and challenged with (HAO) underwent a rechallenge with HAO
thirty days after the initial HAO challenge. Specifically, mice received a local subcutaneous
injection of 50 pL containing 100 pg of HAO in Freund's incomplete adjuvant (IFA), administered
in the same foot initially challenged with HAO. The control group received a 50 pL injection of PBS
alone. P. chabaudi infection was then done on day 55 following induction of CEA.

2.1.9 Assessment of arthritis in the AEA and CEA experimental
arthritis.

The assessment of arthritis in both AEA and CEA experimental models involved
daily monitoring of mice for any signs of arthritis. Disease progression, including
observation for erythema, swelling, or loss of function, was evaluated as detailed
by 286, Signs of arthritis in each paw were assessed on scale from 0 to 4, indicating
ascending severity: 0 = no reaction; 1 = mild, with definite redness and swelling
of the ankle/wrist or apparent redness and swelling limited to individual digits,
regardless of the number of affected digits; 2 = moderate to severe redness and
swelling of the ankle/wrist; 3 = redness and swelling of the entire paw, including
digits; and 4 = maximally inflamed limb with involvement of multiple joints 27,
Paw thickness, serving as a measure of swelling, was assessed in millimetres using

dial callipers (Kroeplin, Munich, Germany) 288,
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2.1.10 Archived serum samples from a (CEA) model

Samples previously collected from a chronic experimental arthritis (CEA)
experiment conducted by (Shaima Mazin Jawad Al Khabouri) (a previous PhD
student in the lab) %4 with timepoints at days 42 and 48 archived at -80°C were
used for ELISA.

2.1.11 Tissue isolation and sample processing

Spleens and lymph nodes were harvested at the end of the experiment, and single-
cell suspensions were prepared as described above (section 2.1.6.1). The samples

were then ready for staining for flow cytometry.

2.1.11.1 Flow Cytometry

Single-cell suspensions obtained from the spleen and lymph nodes were prepared
and stained with a cocktail of conjugated antibodies see (Table 2-1), diluted at
1:200, and incubated for 20 minutes at 4°C. To differentiate the live cells from
dead cells, staining of dead cells was done using the fixable viability dye eFluor
506 (ThermoFisher) for 20 minutes at 4°C. The samples were then fixed with 2%
PFA washed and resuspended in FACS buffer (PBS/2% FCS/2 mM EDTA). The
samples were then acquired using BD LSR Fortessa and analysed using FlowJo

software version 10.8.1.



Table 2-1: B and T flow cytometry cell staining panel
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Marker Fluorochrome Clone Company

GL7 Alexa Fluor 488 GL7 BioLegend
CDh44 PerCP Cy5.5 IM7 eBioscience
CD19 APC eBIO1D3 eBioscience
CDé62L APC-eFluor 780 MEL-14 eBioscience
CD11c PE-Dazzle N418 BioLegend
CD278 (ICOS) PE-Cy7 C398.4A BioLegend
FAS(CD95) PE Jo2 BD Biosciences
B220 eFluor 450 RA3-6B2 eBioscience
CD279(PD1) BV711 29F.1A12 BioLegend

CD3 BV785 17A2 BioLegend
CD4+ BUV395 GK1.5 BD Biosciences
Viability eFluor 506 eBioscience
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2.1.12 ELISA for the detection of antibody responses to native
and citrullinated peptides

Following the end of each experiment, mice were humanely euthanised via
terminal anaesthesia followed by cervical dislocation. Blood samples were then
collected via cardiac puncture. Subsequently, these blood samples underwent two
rounds of centrifugation at 17,000x g for ten minutes, and the plasma was
harvested and promptly frozen. ELISA, as previously described 28, was used to
detect and quantify antibodies to well-characterised native peptides and their
corresponding citrullinated peptides (Table 2-2). Briefly, 96-well plates (Costar)
were coated with 50 pL/well of 10 pg/mL peptide in bicarbonate buffer. The
plates were washed three times using PBS/0.05% Tween 20 (PBST) (Sigma-Aldrich),
followed by blocking with 100 pL of 5% BSA/ PBST at room temperature for 2 hours
(hr). Murine plasma samples were diluted at 1/20 in 50 pL of 0.1% BSA/ PBST
overnight. After the incubation, the plates were washed three times with PBS
0.05% Tween 20, followed by incubation with horseradish peroxidase-conjugated
rabbit anti-mouse murine I1gG at room temperature for 1.5 hr. This was then
followed by further washing using PBST and incubation with 100 pL of O-
Phenylenediamine Dihydrochloride (OPD) at a final concentration of 0.4 mg/mL
(Sigma). The plates were then stopped with 50 pL of 2 M H2SO4, and absorbance

was read at 492 nm using a Tecan Sunrise plate reader (Tecan).

A standard curve was established by titrating mouse 1gG to quantify antibody titers
in ng/mL for all samples. Additionally, where the standard curve was not
available, antibody levels were reported as fold changes relative to a positive
control. The fold change was determined by normalising the absorbance (OD) of
each test sample to that of the positive control, thus allowing for relative

comparisons of antibody levels without absolute quantification.
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2.1.13 Native (un-citrullinated) and citrullinated peptide

Native peptides and their corresponding citrullinated peptides were bought from
Pepceuticals (UK). These proteins studied in here are highly conserved between
mice and humans, thus allowing for reliable cross-species comparisons in this

research 290-293,

Table 2-2: Human Native (Un-citrullinated) and Citrullinated Peptides

Native (Un-citrullinated) Citrullinated

Fibrinogenb (FIBb) cFIB b (fibrinogenb)
(CNEEGFFSARGHRPLDKKC) (CNEEGFFSA-cit-GHRPLDKKC)
Tenascin C5 peptide (TNC5) CcTNC5 (tenascin-C5 peptide)
(CEMKLRPSNFRNLEGRRKR) (CEMKL-cit-PSNF-cit-NLEG-cit-cit-KRC)
Vimentin (VIM) cVim (Vimentin)
CKIHAREIFDSRGNPTVEC CKIHA-cit-EIFDS-cit-GNPTVEC
Alpha-enolase

REP (CVYATRSSAVRLRSSVPC) CEP (CVYAT-cit-SSAV-cit-L-cit-SSVPC)

2.1.14 PCR for the detection of P. chabaudi parasite

DNA was extracted using (Qiagen DNA extraction kit) from 10 uL of blood taken
from the tail bleeds of all the mice. For PCR, primers targeting the conserved 185
rRNA were developed. Specifically, FWD 5’ CCTAACATGGCTTTGACGGG 3’ and RVS
5’GTGCCCTTCCGTCAATTCTT 3’ primers were used to detect the presence of P.
chabaudi parasite using (Biorad $S1000 Thermal Cycler). PCR products were
resolved on 1% agarose gel electrophoresis, stained with SYBR™ Safe DNA Gel Stain

and visualised on a GelDoc system (BioRad, Hertfordshire, UK).

2.1.15 Bioinformatics: Sequence analysis

To identify sequence similarity between P. falciparum and human proteins,
specifically Tenascin-C, Fibrinogen, Vimentin, and Enolase, BLASTp was used to
align each of the protein sequences obtained from UniProt to Plasmodium
sequences from the PlasmoDB database. The sequences for the human proteins
were retrieved from UniProt and aligned against the P. falciparum proteome in
PlasmoDB to determine potential homology and functional similarities. The

alignment parameters were set to default values according to blastp parameters
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on NCBI website %429, Additionally, to explore the potential presence of
peptidylarginine deiminase (PAD) enzymes within the P. falciparum genome,
sequences of human PAD isoforms (PAD1-6) were also retrieved from UniProt and

aligned against the P. falciparum proteome available in PlasmoDB.

2.1.16 Sample size calculation

Using G*Power software version 3.1.9.6. power calculations were performed and
based on previous preliminary studies | estimated that 6 mice per group would
provide 80% power to detect significant differences («<0.05) for the P. chabuadi
infection studies, while for the experimental arthritis mouse models, inferring
from previous pilot studies, | estimated 8 mice per group will provide 80% power

to detect significant differences (a<0.05).

2.1.17 Statistical analysis

Data generated were analysed using Prism software version 9.0 (GraphPad).
Variations between groups were assessed using one-way ANOVA followed by
appropriate post hoc tests, including Tukey’s multiple comparisons test or
Dunnett’s test, as indicated in the figure legends. For non-parametric data, the
Mann-Whitney U test or Kruskal-Wallis test was used. In all figures, significance is
denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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2.2 Section 2: Human section

2.2.1 Human cohort studies

This section details the methods and materials utilised to analyse clinical samples
obtained from individuals residing in a malaria-endemic area in Kenya. Expanding
upon findings from the mouse studies, | extended the research by utilising
archived historical samples at the KEMRI-Wellcome Research Programme, Kilifi,

Kenya.

2.2.2 Ethical approval

Approval for participation in these cohort studies was granted by the Kenya
Medical Research Institute Ethics Review Committee ref:(KEMRI/SERU/CMR-
C/022/3149) and the research was conducted adhering to the principles outlined
in the Declaration of Helsinki. Specifically, this involved obtaining informed
consent from participants in their local language before any study procedures.
Written informed consent for participation in this study was provided by the

parents of the children involved.

2.2.3 Children cohorts - study design and participants.

To gain insights into the role of autoantibodies produced following Plasmodium
infections, | utilised well-established children's cohort at the KEMRI Wellcome
Trust in Kilifi, Kenya. Specifically, two distinct children's cohorts were employed:
the Kilifi County Hospital admissions cohort, which included children hospitalised
for severe forms of malaria, and the Systems Immunology Cohorts (SIMs) cohort,
which enabled the collection of longitudinal samples from children under weekly
surveillance for uncomplicated malaria in malaria-endemic areas. Further details

about each of these cohorts will be described below.

2.2.3.1 Kilifi County Hospital admissions cohort

This study comprises a retrospective cohort investigation involving children
residing within the Kilifi Health and Demographic Surveillance System (KHDSS)
study area and were admitted to Kilifi County Hospital between January 2018 and

December 2018. The hospital has established a regular clinical surveillance system
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wherein trained clinicians evaluate children upon admission and discharge.
Laboratory tests that involved a complete blood count, malaria blood film, and
blood culture were performed on children admitted to the hospital. Following
these procedures, samples obtained from this surveillance system are archived
and stored at -80°C.

This study's inclusion criteria were children under 14 years admitted with severe
malaria. Severe malaria was defined as admission to a hospital with detectable
parasites by microscopy and the presence of at least one of the following

symptoms:

e Cerebral malaria (defined as a Blantyre coma score of <3)
e Severe malaria anaemia (defined as a haemoglobin concentration of less
than five g/dL)

e Respiratory distress (defined as deep breathing as assessed by a clinician).

Additionally, given that asymptomatic parasitaemia is common in malaria-
endemic regions and clinical features of severe malaria may overlap with other
common causes of admission, therefore a parasite threshold was incorporated to
enhance specificity, where the inclusion criteria were restricted to parasitaemia

above 2500 parasites/pL 2%.

2.2.3.2 Systems immunology cohorts (SIMs)

The study participants were recruited from a community-based cohort in Junju
and Ngerenya villages along Kenya's coastal region 2°7:2%, These cohorts aim to
evaluate malaria immunity in children by continuously monitoring them from birth
to a maximum of 15 years. Participants undergo weekly malaria surveillance,
yearly cross-sectional bleeds, and active clinical surveillance. Junju experiences
moderate to high P. falciparum transmission, while Ngerenya has seen a

significant reduction in malaria incidences since 2005 to very low 2%,

Notably, P. falciparum episodes are typically diagnosed during weekly active
surveillance conducted by a field worker in the same village as the child. During
these visits, the field worker records auxiliary body temperature and recent fever

history. If a child is febrile, a blood sample is collected for a Plasmodium
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falciparum specific rapid diagnostic test (RDT) and blood smears. Clinical malaria
episodes are identified by a body temperature exceeding 37.5°C and 2,500
parasites per microliter of blood. Additionally, an annual cross-sectional survey
precedes Kilifi's main malaria transmission season. During these surveys, 5 mL of
venous blood is collected for immunological studies, and blood smears are
performed to determine cross-sectional Plasmodium falciparum densities and

prevalence.

2.2.4 Adult cohorts - Study design and participants
2.2.4.1Cross-sectional Adult Bleed Adult Samples

In this study, | included individuals aged 18-60 living in a malaria-endemic area in
Kilifi, Kenya. These participants were part of an ongoing annual cross-sectional
bleed conducted in two villages, Ngerenya and Junju, which are approximately 20
km apart. Junju, located on the southern side, experiences continuous moderate
to high malaria transmission, with Plasmodium falciparum prevalence of 30%
during the dry period (January to May), increasing to 70% during the high
transmission seasons (May to August and October to December). In contrast,
Plasmodium falciparum transmission has significantly diminished in Ngerenya
since 2005. In 1998, Ngerenya had a parasite prevalence of 40% and a transmission
intensity of 10 infective bites per person per year. However, since 2005,

transmission has dropped to negligible or very low levels in this village 2%° .

2.2.5 ELISA for detection of antibody responses to the native and
citrullinated peptides

ELISA, as previously described ?*° was used to detect and quantify antibodies to
four well-characterised native peptides and their corresponding citrullinated
peptides (Table 2-2). Briefly, 96-well plates (Costar) were coated with 50 uL/well
of 12.5 ug/mL in coating buffer (Carbonate-Bicarbonate Buffer -Sigma). The plates
were washed three times using PBS/0.05% Tween (Sigma), followed by blocking
with 5% BSA/PBS at room temperature for 2 hours (hr). Human plasma samples
(archived and stored at -80°C) were retrieved from -80°C and left to thaw, diluted
at 1/50, and incubated overnight. After the incubation, the plates were washed
three times with PBS 0.05% Tween (Sigma), followed by incubation with

horseradish peroxidase-conjugated rabbit anti-mouse murine ELISA and rabbit
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anti-human 1gG diluted at 1/5000 (Dako), at room temperature for 1.5 hr. This
was then followed by further washing using PBS 0.05% Tween (Sigma) and
incubation with 100 pl of O-Phenylenediamine Dihydrochloride (OPD) at a final
concentration of 0.4 mg/mL (Sigma). The plates were then stopped with 50 ul of
2 M H2S04, and absorbance was read at 492 nm using a microplate reader. A
standard curve was prepared to determine the relative antibody titres in arbitrary

units for all the samples.

2.2.6 Schizont ELISA

The antibody response to the schizont extract was determined as previously
described 300301 Schizont extract from Plasmodium falciparum 3D7 strain was
prepared and coated on high absorbance ELISA plates (Costar) in coating buffer
(Carbonate-Bicarbonate Buffer -Sigma-Aldrich). Briefly, 96-well plates (Costar)
were coated with 100 uL/well of schizont extract diluted 1:10,000 in the coating
buffer and incubated overnight at 4°C. Following this, the plates were then
washed three times using PBS/0.05% Tween (Sigma), followed by blocking with
200 uL of 5% BSA/PBS at room temperature for 2 hours. Plasma from human
samples was diluted at 1:1000 in 1% BSA/PBS and added to the plates, followed
by incubation overnight at 4°C. In addition, malaria immune globulin (MIG)
generated from a pool of plasma samples from individuals residing in an area of
high malaria transmission was titrated on each plate, serving both as a positive
control and providing values for a standard curve to convert optical density (OD)
readings into concentration. Following incubation, the plates were washed three
times with PBS/0.05% Tween (Sigma), followed by incubation with horseradish
peroxidase-conjugated rabbit anti-mouse and rabbit anti-human IgG, diluted
1:5000 (Dako), at room temperature for 1.5 hours. The plates were then washed
six times with PBS/0.05% Tween (Sigma) and incubated with 100 pL of O-
Phenylenediamine Dihydrochloride (OPD) at a final concentration of 0.4 mg/mL
(Sigma). The reaction was then stopped with 50 pL of 2 M H2504, and the

absorbance read at 492 nm using Tecan Sunrise plate reader (Tecan).
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2.2.7 Flow cytometry
2.2.7.1 B cell extracellular staining

Frozen Peripheral Blood Mononuclear Cells (PBMCs) were thawed in a 37°C water
bath until pea-sized ice crystals remained. In a biosafety cabinet, 1 mL of pre-
warmed RPMI 1640, supplemented with Penicillin/Streptomycin, L-Glutamine, and
Fetal Calf Plasma (FCS), was gently added dropwise to the thawed cells. The cells
were then transferred to a 15 mL tube with 10 mL of the RPMI media followed by
centrifugation at 440x g for 7 minutes. Following this, the cells were washed once
with RPMI buffer and rested at 37°C for 2 hours before undergoing two additional
washes with 10 mL RPMI buffer followed with centrifugation at 440x g for 7
minutes. After washing, cell viability was assessed using trypan blue staining. With
a minimum of 1 million cells per sample surface stained using an antibody mix
primarily targeting B cells (Table 2-3) in the dark for 30 minutes. Subsequently,
the cells were washed twice in FACS buffer (PBS + 2 mM EDTA + 2% FBS) and stained
with a viability dye at a 1/1000 dilution for 15 minutes at room temperature in
the dark.

2.2.7.2 B cell intracellular staining

For intracellular staining of T-bet and FCRL5, B cells were initially stained for
surface markers as described above. Subsequently, cells were fixed and
permeabilised using the FoP3 buffer staining kit as per the manufacturer’s
instructions (Thermo Fisher Scientific). After washing, cells were stained with the
respective antibodies (Table 2-4) for 30 minutes at room temperature, followed
by another round of washing before acquisition on a 5-laser BD LSR Fortessa flow
cytometer. Gating was performed using FlowJo software version 10.4.2. (FlowJo
LLC, Ashland, OR, USA).



Table 2-3 : B cell extracellular flow cytometry cell staining panel
Marker Fluorochrome Clone Dilution Company
CD19 APC R700 HIB19 1/40 BD
IgD BVv421 1A6-2 1/40 BD
CD10 APC HI10a 1/20 BiolLegend
CD20 BV711 2H7 1/40 BioLegend
CD21 FITC BU32 1/40 BioLegend
CD27 BV650 0323 1/20 BiolLegend
CD14 BV605 M5E2 1/20 BioLegend
CD11c BV786 BLY6 1/20 BD
Viability BV510 1:1000 BD

Table 2-4: B cell intracellular flow cytometry cell staining panel
Marker Fluorochrome | Clone Dilution Company
FCRL5 PE 509F6 1/20 BioLegend
TBET PE-Cy7 4B10 1/20 BioLegend
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2.2.7.3 T cell extracellular flow cytometry staining

Frozen Peripheral Blood Mononuclear Cells (PBMCs) were thawed in a 37°C water
bath until pea-sized ice crystals remained and processed as described above. A
minimum of 1 million cells per sample underwent surface staining using an
antibody mix primarily targeting T cells, as outlined in (Table 2-5). After staining,
the cells were washed twice in FACS buffer (PBS + 2mM EDTA + 2% FBS) and treated
with a viability dye at a 1/1000 dilution for 15 minutes at room temperature in
the dark.

2.2.7.4 Intracellular staining of T cells

For intracellular staining of FOXP3, cells were initially surface stained as described
in section 2.2.7.1. Subsequently, the cells were fixed and permeabilised using the
FOXP3 Fix/Perm staining kit (eBiosciences) following the manufacturer's
instructions. After washing, the cells were stained with antibodies (Table 2-6) for
30 minutes at room temperature in the dark, followed by another round of washing
before acquisition on a 5-laser BD LSRFortessa flow cytometer. Gating was

performed using FlowJo software version 10.4.2. (FlowJo LLC, Ashland, OR, USA).



Table 2-5: T cell extracellular flow cytometry cell staining panel
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Marker Fluorochrome Clone Dilution Company
CD20 FITC 2H7 1/40 BioLegend
CD14 FITC M5E2, 1/20 BioLegend
CD19 FITC HIB19 1/20 BioLegend
CD4+ PerCP/Cyanine 5.5 RPA-T4 1/40 BioLegend
CD3 BV605 OKT3 1/20 BioLegend
CD45RA BV650 HI100 1/20 BioLegend
CD25 BV786 M-A251 1/40 BioLegend
Viability BV510 1/1000 BD
Table 2-6: T cell intracellular flow cytometry cell staining panel.

Marker Fluorochrome Clone Dilution Company
FOXP3 AF647 206D 1/20 BioLegend
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2.2.8 Autoantibody profiling using the OmicsArray

Antibody responses to known autoantigens were analysed using the OmicsArray™
Antigen Microarray Profiling Services by GeneCopoeia (Rockville, Md). The plasma
samples were initially pre-processed through digestion with DNASE | enzyme, with
a 30-minute incubation period. Following this step, slides were carefully
assembled onto the hybridisation cassette and sealed using 16-well silicone
gaskets to create leak-proof individual wells. 100 pyL of wash buffer was then
added to each array, followed by shaking at 0.181x g for 5 minutes using VWR®
high-speed microplate shake. After incubation, the wash buffer was discarded
using a pipette, and then the slides were incubated with 100 pL of block buffer at
room temperature for 1 hour on a shaker. Following the blocking process, the
slides were washed twice with PBST (100 pL for each well), with each wash step

lasting 5 minutes on the shaker.

The plasma samples initially digested with DNASE | were further processed by
adding 90 uL PBST into each digested plasma sample or control. These samples
were added to each well on the slide (100 pL) and incubated at room temperature
for 1 hour on the shaker. After sample incubation, arrays were washed with PBST,
followed by blocking buffer, and then PBST once more, each with a 5-minute
incubation on the shaker. Following the washing steps, anti-human 1gG (Cy3-
conjugated) antibodies (diluted 1:1000 in PBST) and Cy5 anti-human IgM (diluted
1:1000 in PBST) were added and incubated at room temperature for 1 hour in a
shaker. Following the incubation, arrays were washed with 100 puL PBST (3x) per
well, with a 5-minute incubation for each wash. The slides were carefully
disassembled from the hybridisation cassettes, rinsed with 45 mL of PBS (2x) with
a 5-minute incubation on the shaker, and finally with 45 mL of nuclease-free water
(2x), each for 5 minutes with incubation on the shaker per wash. The slides were
dried by centrifugation at 300x g for 5 minutes using a combiSlide adapter

(Eppendorf).

2.2.9 Acquisition of array images and subsequent data processing

For array image capture and data processing, fluorescent signals were acquired
using the GenePix 4300A microarray scanner. The 532 nm channel was used to

scan Cy3 fluorescence, allowing the detection of IgG and the 647 nm channel was
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used for Cy5, allowing the detection of IgM. Raw data, including foreground,
background signals and the signal-to-noise ratio (SNR), were obtained by

extracting the fluorescent signals using GenePix™Pro v7.0 software.

2.2.10 Statistical analysis for protein microarray data

Data generated using the protein microarray assay was analysed using protGear
v1.3.31, 302 a pre-processing suite integrated into R v4.3.1 and allows for
background correction, quantification of within-sample variation, normalisation,

and batch correction that is specific for protein microarray.
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3 Chapter 3- Characterisation of anti-citrullinated
protein antibodies (ACPA) and corresponding
native protein antibodies following P. chabaudi
infection in a murine model

3.1 Introduction

Autoimmune disease incidence is on the rise, with a global prevalence of 12.5 %
worldwide 393304 and a greater fraction of this increase is attributed to
environmental exposures and other lifestyle changes 3%4. While the induction of
autoimmune disease is driven by the complex interaction of genetics and
environmental factors 3%, the aetiology of most autoimmune diseases is still

considered to be either "complex” or "multifactorial”.

Importantly, infections which are considered environmental factors have been
implicated in the pathogenesis of autoimmunity 3¢, with several pathogens, such
as viruses, bacteria, and parasites, including HIV, tuberculosis, and malaria,
reported to trigger autoimmunity 36138  Additionally, it is well-known that
infections such as malaria and COVID-19 that induce an acute inflammatory
response often results in elevated levels of autoantibodies targeting diverse host
antigens, including nucleic acids, membrane proteins, carbohydrates, as well as
phospholipids ¢3%, While some of these infection-induced autoantibodies are
known, the role that they play in infection-induced pathogenesis is only beginning

to be elucidated.

Malaria, a disease caused by Plasmodium species, was linked to autoimmunity by
the induction of anti-self-antibodies, and the presence of anti-self-antibodies was
associated with increased disease severity in children 2253, Importantly, while
antibodies elicited following Plasmodium infections are essential for protection
from clinical malaria, a phenomenon that was first demonstrated by the seminal
experiments of S. Cohen 74 intriguingly, only a small fraction of antibodies
produced in P. falciparum infections recognise parasite antigens; some of these
antibodies target host antigens, while others produce polyreactive antibodies 3.
Moreover, while the presence of autoantibodies during Plasmodium infections is a
well-known phenomenon, the association between malaria and autoimmune

disease was first observed by Greenwood %'° through historical studies, reported
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that systemic lupus erythematosus (SLE) was rarer in Nigeria and further proposed
10 that parasitic infections might possibly provide some degree of protection

against SLE.

Furthermore, experimental data from mice also supported this idea, with mice
infected with P. yoeli observed to be protected from severe autoimmune nephritis
(the hallmark of SLE), in both the SLE-prone NZB/NZW mice ° or FcyR2B-deficient
mice 26'. Although both the epidemiological studies and experimental evidence
suggest that Plasmodium infections are able to modulate the immune system to
alleviate autoimmune severity, there is a need to give consideration to the fact
that the true incidence of autoimmune disease in sub-Saharan Africa has remained
debatable, with the current evidence suggesting that autoimmune diseases could
be occurring at similar prevalence rate to those reported in more developed
countries . Thus, necessitating the need to revisit this association between

malaria and autoimmunity.

Rheumatoid arthritis (RA), like SLE, is an autoimmune disease that occurs as a
result of a complex interplay between genetic predisposition and environmental
triggers and is driven by continuous inflammation affecting peripheral joints,
leading to swelling, stiffness, pain, and progressive joint destruction 3%, An
essential feature of RA is the formation and presence of autoantibodies against
modified antigens known to occur through the conversion of peptidyl arginine to

peptidyl citrulline, which is referred to as citrullination 3%,

This process is catalysed by Peptidylarginine deiminase (PAD) enzymes which play
a critical role of catalysing the citrullination of arginine residues, converting them
into citrulline, a modification linked to autoantibody production in inflammatory
conditions 3%, In humans these enzymes are encoded by five genes (PAD1-PAD4
and PAD6) located on chromosome 1 3''. While, in mice, these enzymes are
encoded by four genes (Padi1, Padi2, Padi3, and Padi4), located on chromosome
4 311'

Interestingly, citrullination targets several proteins such as type Il collagen,
fibrinogen, a-enolase, filaggrin, histones, and vimentin 3'2, and is considered a

normal physiological process involved in numerous biological functions such as
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brain development and cell death; it is however, been reported to be
overrepresented in inflammation-related diseases such as RA, multiple sclerosis,
and Alzheimer's disease 3'3. While citrullination is a normal response at
inflammation sites, anti-citrullinated antibodies, which precede the onset of
symptoms in RA and are associated with poor outcomes and joint destruction,
serve as RA diagnostic markers, and it's detected in two-thirds of patients with a
specificity of 98% 3'4. Several of these citrullinated peptides, including fibrinogen,
vimentin, enolase, type Il collagen, and tenascin C, are recognised in RA and are

crucial in the diagnoses of clinical RA 3>,

Thus, in this chapter, using mouse models, | investigate whether antibody
responses to the native and citrullinated peptide antigens that are relevant to the
diagnosis of RA occur in the setting of Plasmodium infections. In addition, | use a
chronic Plasmodium infection to gain insights into the kinetics of autoantibody
production, using P. chabaudi infection (a mouse Plasmodium parasite that closely

resembles the human P. falciparum).

3.1.1 Study rationale

The rationale for examining the presence of anti-citrullinated protein antibodies
(ACPA) and corresponding native protein antibodies in P. chabaudi-infected mice
was twofold: first, our laboratory had access to an experimental arthritis mouse
model already established 282; second, ACPA is an important diagnostic biomarker
for RA used in a clinical setting 3'4. Furthermore, the broader aim of the project
was to evaluate whether elevated production of autoantibodies as a consequence
of Plasmodium infections would lead to increased susceptibility to autoimmune
disease later in life. Thus, applying a pre-existing RA mouse model in our
laboratory aligned with the overall goal of this project of testing the hypothesis
that infectious diseases such as malaria might contribute to the triggering or

exacerbation of autoimmune responses such as rheumatoid arthritis.

Thus, here | report the induction of antibody responses to the native and
citrullinated peptide antigens, in the context of Plasmodium infection by a rodent
malaria parasite, P. chabaudi. While previous research has demonstrated that
Plasmodium infection does induce autoantibody production, the production of

antibody responses to the native and citrullinated peptide antigens in Plasmodium
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infections is yet to be studied. Thus, the research presented here adds new
knowledge and improves our understanding of antibody responses to the native
and citrullinated peptide antigens production in Plasmodium infections, therefore
providing further insights into the kinetics of antibody responses to the native and
citrullinated peptide antigens and immunological triggers of autoimmunity,

particularly the contribution of environmental triggers.

3.1.2 Chapter aims and summary

This chapter aims to investigate the complex interplay between Plasmodium
infection and autoantibody production. First, | compared the levels of ACPA and
corresponding native protein antibodies between an acute P. chabaudi infection
model (Figure 3-1) and mice in the chronic experimental arthritis (CEA) model
group (Figure 3-2). Next, | investigated the kinetics of antibody responses against
both the native and citrullinated antigens during a chronic P. chabaudi infection.
Lastly, | assessed whether the production of these autoantibodies was specific to
Plasmodium infections and further explored the potential mechanisms underlying
their production, including the role of PAD enzymes through PAD inhibition

studies.
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3.2 Results

3.2.1 Establishing assays to detect ACPA and corresponding native
protein antibodies

To establish whether P. chabaudi infection elicited the production of ACPA and
corresponding native protein antibodies, | conducted a series of experiments using
female mice. Initially, the mice were infected with P. chabaudi, and chloroquine-
treated 5 days later as depicted in (Figure 3-1). Unfortunately, due to the mice
developing severe anaemia, the mice had to be euthanised early in the
experiments for humane reasons. Additionally, given that ACPA production is
associated with rheumatoid arthritis (RA), | next investigated if the levels of
antibody responses to both the native and citrullinated peptides induced in the P.
chabaudi infection model would be comparable to those produced in acute
experimental arthritis (AEA) and chronic experimental arthritis (CEA) mouse

model.

Therefore, | set up ELISA assays using samples from the acute P. chabaudi infection
model and archived serum samples detailed in (section 2.1.10) from mice from an
"acute” and "chronic” experimental arthritis model of RA (EA), outlined in (Figure
3-2). The samples from the RA model were initially part of research conducted by
a previous PhD student in our lab (Shaima Mazin Jawad Al Khabouri) 284, ELISA
assays 2% were then performed to assess immune responses to both the native and
citrullinated Tenascin-C5 peptide (c-TNC5) and Fibrinogen (c-FIB) in the P.

chabaudi group and the mice in the experimental arthritis groups.

These results indicated that mice infected with acute P. chabaudi elicited
comparable levels of antibody responses to both the native and citrullinated
peptides, similar to the responses observed in both the "acute” and "chronic”

experimental arthritis groups (Figure 3-3 A-H).
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Figure 3-1: Acute P. chabaudi infection model - Initial timepoint for assay establishment.
This figure illustrates the initial stages of establishing the acute P. chabaudi experimental
protocol. 6- 8-week-old female mice (n=5 per group) were injected intraperitoneal (I.P.) with
100 pL of 1x10"6 P. chabaudi infected RBC and parasitaemia was monitored daily by thin blood
smears stained with Giemsa’s stain. Mice were then treated with 20 mg/kg of Chloroquine
diphosphate salt (Sigma-Aldrich, Poole, UK) I.P. 5 days post infection to clear the infection. The
mice were then left to rest for four days, following which they were placed under terminal
anaesthesia; blood was drawn by cardiac puncture and used for further experiments. Image
created with BioRender.com
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Figure 3-2: Experimental outline of the “acute” or "chronic” experimental arthritis model in
mice.

To induce either the "acute" or "chronic” experimental arthritis in mice, OTIl T cells were first
isolated from transgenic mice and were subsequently induced to differentiate into a Th1
phenotype. These Th1-polarised CD4+ T cells were transferred into recipient C57BL/6 mice (n=5).
One day following the transfer, OVA antigen was prepared and administered to the mice, and ten
days post-immunisation with the OVA antigen, the mice were subjected to a footpad challenge
using either heat aggregated OVA antigen (HAO) or PBS. Mice in the AEA groups were culled four
days later. For the CEA group, mice that had been previously immunised and challenged with HAO
were rechallenged with HAO 30 days later through subcutaneous injection of 50 pyL containing 100
pg of HAO in incomplete Freund's adjuvant (IFA) into the same foot that had initially been
challenged. The control group received a 50 pL injection of PBS alone. A tail bleed was performed
on day 42 to collect serum samples, and the mice were euthanised 5 days later. Image created
with BioRender.com
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Figure 3-3: Increased autoantibody responses to both citrullinated and corresponding native

peptides following P. chabaudi infection.

Female C57BL/6 mice, ages 6-8 weeks, were infected with P. chabaudi and culled nine days later.
Serum samples were obtained from the P. chabaudi-infected mice (P.C) (blue) as well as from
mice in the experimental arthritis group, including the “Acute EA” (pink), “Chronic EA D42”
(purple) and “Chronic EA D48” (brown). ELISA was then performed to determine the IgG levels
against the citrullinated and native forms of tenascin C5 peptide (panels A and B), fibrinogen
(panels C and D), vimentin peptide (panels E and F) and a-enolase (panels G and H). Graphs
represent mean values with standard error of the mean (SEM). A one-way ANOVA with Dunnett’s
multiple comparisons test was performed (* p <0.05, **p<0.005, ***p<0.0005).
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3.2.2 Induction of varying levels of cFIB/FIB and cTNC5/TNC5
autoantibodies in mice infected with P. chabaudi

Next, having established that P. chabaudi infection induced the production of
antibody responses to the native and citrullinated peptide antigens, | set up
experiments to understand the kinetics of these autoantibodies during chronic P.
chabaudi infection. | therefore set up a time course experiment using three groups
of mice: naive control mice (n=6) and two groups of mice that were infected (n=6)
with P. chabaudi. While one group of the infected mice was treated with
chloroquine to model an acute infection, the other group was left untreated to
model chronic infections as outlined in the experimental outline (Figure 3-4 A).
Tail bleeds were then taken periodically over 63 days, and ELISA was used to
determine the levels of antibodies to two native peptides, Tenascin C5 peptide
(TNC5) and Fibrinogen (FIB), and their corresponding citrullinated peptides
(cTNC5 and cFIB). Parasitaemia was also monitored using Giemsa staining over this
time course. Antibodies to cTNC5/TNC5 and cFIB/FIB peptides were observed to
peak at week 2 (Figure 3-4 B-E), one week following the peak parasitaemia of 20-
35% observed between days 7-9 (Figure 3-4 F): which was then followed by a
decline in the level of autoantibodies. Notably, the levels of antibody responses
to the native and citrullinated peptide antigens observed at the later time points
were still higher than the baseline levels observed in the naive group. Thus, our
results show that peak antibody responses to the native and citrullinated peptide
antigens production is driven by parasite presence, and that they persist at low
levels post-parasite clearance, providing valuable insights into when and how

these autoantibodies are produced.
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Figure 3-4: Autoantibody kinetics following P. chabaudi infection in treated and untreated
malaria-infected mice.

A.) P. chabaudi infection model for the autoantibody kinetics. 7-8-week C57BL/6 male mice (n=6)
were infected with 1 X 10”5 P. chabaudi infected RBC; one group of mice was chloroquine treated
while the other was left untreated, and naive mice were also included as control. Tail bleeds were
taken periodically for ELISA and over a 63-day period, as highlighted by the various time points on
the outline. A time-course of the autoantibody response to cTNC5 and cFIB and the corresponding
native peptides TNC5 and FIB was determined using ELISA in the infected chloroquine treated
(green), infected+ untreated mice (pink) and in the naive mice (blue). (B) Anti-cFIB. (C) Anti-Fib,
(D) Anti-cTNC5, (E) Anti-TNC5 autoantibody response. The levels of parasitaemia were also
determined using microscopy over the course of the infection. (F) Percentage parasitaemia over a
several days with arrow indicating timepoint for chloroquine treatment. Graphs show the mean
with SEM, Tukey’s multiple comparisons test was performed (* p <0.05, **p<0.005, ***p<0.0005).



87

3.2.3 Persistent B and T Cell activation following infection with P.
chabaudi at day 63

The exact mechanism driving the break of self-tolerance against citrullinated
antigens remains unknown; however, there is recent evidence suggesting that
ACPA immune response in RA are first initiated by a 'hit’ of low-level ACPA
production resulting from either genetic or environmental factors, which is then
followed by a 'second hit' of increased arthritogenic factors leading to higher ACPA
levels and a more mature inflammatory autoimmune response 3. While the
presence of antibody responses to the native and citrullinated peptide antigens
has now only been reported in the context of Plasmodium infections in this study,
the production of other autoantibodies induced by Plasmodium infections has
been linked to various mechanisms such as molecular mimicry, bystander
activation, epitope spreading or B-cell hyperactivation 8. Here, | evaluate
potential immune mechanisms influencing the production of antibody responses
to the native and citrullinated peptide antigens in mice infected with P. chabaudi.
The aim was to identify changes in the proportions of immune cells correlated
with the increased levels of these autoantibodies at the end of 63 days, when the
parasites are all cleared, but the levels of antibody responses to the native and
citrullinated peptide antigens, though produced at lower levels, are still higher

than the naive.

| conducted experiments to evaluate changes in humoral immune responses.
Specifically, | assessed the activation status of CD4+ T cells and germinal centre
B cells at 63 days post-infection. T follicular helper (Tfh) cells are known for their
crucial role in promoting antibody production by activating B cells within the
germinal centres and thus, are important in generating high-affinity, class-
switched antibodies necessary for effective pathogen defence 3. Activated CD4+
T cells were therefore identified using specific markers (Figure 3-5). Herein,
increased CD44+ CD4+ T cells and PD1+ ICOS+ CD4+ T cells were elevated in the
treated and untreated P. chabaudi experimental groups compared to the naive
group (Figure 3-6 A-B). Notably, given that Plasmodium infections have been
linked to immune perturbations 92, particularly B cell dysregulation, | next

focused on germinal centre B cells. A significant increase in the percentage of
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germinal centre B cells was observed in the P. chabaudi-infected experimental

groups compared to the naive group (Figure 3-6 C).

In addition, the percentage of atypical B cells reported to be associated with
chronic complications in malaria, HIV and autoimmunity 3'8 were also assessed in
both the treated and untreated mice after P. chabaudi infection (Figure 3-6 D)
and a higher percentage CD11c B cells were observed in both treated and
untreated mice infected with P. chabaudi. These findings further suggest that P.
chabaudi induces an enhanced humoral immune response during Plasmodium
infections, with the activation of CD4+ T cells resulting in an increase in germinal

centre B cells and the presence of atypical B cells.
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Figure 3-5: Gating strategy to identify activated CD4+ T cells and B cells from spleen of
infected mice.

lllustrates the flow cytometry gating strategy for identifying activated CD4+ T cells and B cells from
the spleens of infected mice. Initially, splenocytes were isolated and stained according to methods
detailed in the method section. Activated CD4+ T cells were identified by gating on lymphocytes,
single cells, and live cells, followed by the selection of CD3+ CD19- cells and the CD4+ marker.
CD4+ T cells were then identified based on the CD44 (CD44hi) and CD62L markers, along with other
markers such as ICOS and PD-1. For B cells, after gating on lymphocytes, single, and live cells, |
isolated CD3- CD19+ cells. Germinal centre B cells were further identified within the CD19+ B220+
population using GL7 and FAS markers, and an additional marker, CD11c, was also used to identify
CD11c B cells.
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Figure 3-6: Persisting T and B cells activation status following parasite clearance.

Mice were infected with P. chabaudi; one group was chloroquine treated while the other group
was left untreated. Spleen was harvested 63 days post-infection for flow cytometry analysis. A.)
Bar chart showing the percentage of CD44+ CD4+ T cells. B.) Percentage of PD1+ ICOS+ CD4+ T
cells C.) Percentage of GL7+ FAS+ B cells D). Percentage of CD11c B cells from the spleen of
chloroquine treated (green), untreated(pink), and (Blue) naive mice. Statistical analysis one-way
ANOVA with Dunnett’'s multiple comparisons test ns: not significant * p-value of < 0.05; **: p<0.01.
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3.2.4 Increased activation of B and T cells on day 7 post- P.
chabaudi infection: A timepoint associated with peak
antibody responses to the native and citrullinated peptide
antigens

To further understand the immune profile associated with increased antibody
responses to the native and citrullinated peptide antigens , specifically at week
2. | set up an experiment where mice were infected with P. chabaudi and culled
7 days post infection (Figure 3-7 A). The spleens were harvested, and flow
cytometry was performed. This timepoint was important as it aligned with the
peak parasitemia (Figure 3-4 F) and the anticipated peak in the levels of
antibodies to the native and citrullinated peptide antigens at the two-week point
(Figure 3-4 B-E). This approach was based on the understanding that both the
germinal centre reaction and T cell response would precede the elevated antibody
responses to the native and citrullinated peptide antigens observed in the second

week.

At this time point mice in the P. chabaudi group showed increased levels of CD44HI
CD4+ T cells and ICOS+PD1+ CD4+ T cells (Figure 3-7 B-C) compared to the naive.
A similar trend was also observed with both cells germinal centre B cells and the
CD11c B cells (Figure 3-7 D-E). These findings, therefore, underscore the
significant immune activation induced by P. chabaudi infection, that correlated
with the critical period of increased antibody responses to the native and

citrullinated peptide antigens.
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Figure 3-7: Increased B and T cell activation at 7 days post-infection.

C57BL/6 male mice, aged 7-8 weeks (n=6), were infected with 1X 10"5 P. chabaudi parasites; a
control group of naive mice was also included in the study. Seven days following P. chabaudi
infection, terminal anaesthesia was performed, blood was drawn via cardiac puncture for
subsequent experiments, and spleens were harvested for flow cytometry analysis. The data is
presented as bar charts: B) the percentage of CD44+ CD4+ T cells, C) the percentage of PD1+ CD4+
T cells, D) the percentage of GL7+ FAS+ B cells, and E) the percentage of CD11c B cells. The
immune cell populations were compared between P. chabaudi -infected mice (pink) and naive
mice (blue), with statistical significance determined using unpaired T tests. * p-value of < 0.05;
**: p<0.01.
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3.2.5 P. chabaudi is not detected by PCR 63 days post infection.

To confirm that the persistent production of antibody responses to the native and
citrullinated peptide antigens at later stages (day 63) wasn't a result of the
continued parasite presence, | performed PCR assays to evaluate the levels of the
parasite in the mice on day 7 an early point expected to show parasite presence
and on day 63, a later stage. As expected, | observed the presence of parasites by
PCR on day 7 post infection (Figure 3-8 A). However, by day 63, all mice, including
both those infected with P. chabaudi and treated with chloroquine and those
infected but untreated, showed no presence of P. chabaudi in the blood, as
indicated in (Figure 3-8 B).

A. 7 days post infection

L 12 3 45 6 7 8 9 10 11 12 P W

*  Uninfected

e P.chabaudi

e P. chabaudi + chloroquine
* N = Negative control

*  P=Positive control

* W= no-template control

B. 63 days post infection

L1 2 3 4 7 8 9 101112 13151617 18 N P P W

Figure 3-8: Agarose gel electrophoresis (1% agarose) of PCR amplified products using P.
chabaudi specific PCR primer sets.

Agarose gel electrophoresis (1% agarose) was used to analyse PCR products amplified using P.
chabaudi specific primers. Samples were obtained from experimental mice at two distinct post-
infection time points: day 7 (early) and day 63 (late). Gel lanes are color-coded to represent
different experimental groups: blue (naive), (pink) infected + untreated mice; and green (infected
mice + chloroquine treatment). Other controls included 'n’ for negative, 'p’ for positive, and 'w' for
non-template controls. A molecular weight ladder, with 100 base pair increments, was used to
estimate the size of the PCR products.
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3.2.6 P. chabaudi and Trypanosoma brucei induce elevated levels
of antibody responses to the native and citrullinated peptide
antigens

Next, | aimed to expand our understanding of how P. chabaudi infections, in
comparison to other infections, trigger the production of antibody responses to
both native and citrullinated peptides. Serum was obtained from mice infected
with P. chabaudi, Escherichia coli, influenza A Vvirus, Clostridium difficile,
and Trypanosoma brucei was analysed for autoantibodies targeting native and

citrullinated peptides of Tenascin C5, Fibrinogen, and « -enolase.

The samples were generously provided by our collaborators: E. coli samples were
collected after a 4-day infection period (Dr. Gillian Douce’s Lab); influenza A virus
samples were obtained after a 2-week experiment (Dr. Megan Macleod’s Lab); C.
difficile samples were collected following a 40-day experiment (Dr. Gillian
Douce’s Lab); T. brucei samples were collected on days 9 and 12 post-infection
(Prof. Annette MacLeod’s Lab); and Plasmodium and naive samples were obtained
from a 14 day experiment. The timing of these samples was dictated by the
respective collaborators’ experimental design and the availability of samples from
their studies. All mice were housed and maintained in a specific-pathogen-free
facility at the University of Glasgow. All experiments were conducted under the
authority of a UK Home Office license and were approved by the local ethical

review committee, ensuring adherence to institutional guidelines.

Interestingly, | found that mice infected with P. chabaudi and T. brucei had
significantly higher levels of antibody responses to the native and citrullinated
peptide antigens in relation to those infected with the other pathogens (Figure
3-9 A-F). This suggests that P. chabaudi infections and T. brucei infections, both
eukaryotic pathogens with complex life cycles, have a more substantial impact on
triggering autoantibody production than the other infections and certain
mechanisms unique to these pathogens could be driving the production of these

autoantibodies.
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Figure 3-9: P. chabaudi and Trypanosoma brucei induces elevated levels of antibodies against
native and citrullinated peptides compared to other infections.

Serum samples were obtained from collaborative laboratories that conducted research on mice
infected with various pathogens, including influenza virus, E. coli, Clostridium difficile,
Trypanosoma brucei, as well as naive and P. chabaudi-infected mice from my study. The ELISA
method was employed to quantify IgG autoantibody responses to both the citrullinated and their
respective native peptides: cFIB and FIB in panels (A and B), cTNC5 and TNC5 in panels (C and D),
and CEP and REP in panels (E and F). Statistical analysis was performed using one-way ANOVA with
Dunnett's multiple comparisons test, comparing all groups to the P. chabaudi group. ns: not
significant * p-value of < 0.05; **: p<0.01.
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3.2.7 Impact of drug-induced PAD inhibition on the production of
antibodies against native and citrullinated peptides in P.
chabaudi-infected mice

Next, given the established role of peptidylarginine deiminase (PAD) enzymes in
the citrullination of proteins and their association with autoantibody production
310 35 well as the known impact of PAD4 on neutrophil trafficking in malaria 3'°. |
investigated whether PAD enzyme activity contributes to the generation of

antibodies against native and citrullinated peptides during P. chabaudi infection.

Specifically, BB-Cl-Amidine, a pan-PAD inhibitor 2! that irreversibly inhibits PAD1-
PAD4 was employed in this study. Notably, it has previously been used effectively
in mouse models to reduce neutrophil extracellular trap (NET) formation without
impairing reactive oxygen species (ROS) production ') thus highlighting its

potential to modulate PAD activity without disrupting essential immune functions.

To test this in the context of Plasmodium infections, mice were infected with P.
chabaudi and drug treated daily from day 3 post infection with BB-Cl-Amidine to
inhibit the PAD enzyme activity as outlined in (Figure 3-10 A). While one group of
mice received treatment with BB-Cl-Amidine, the other P. chabaudi infected
group received the vehicle. Additionally, two naive control groups were included,
one treated with the drug and the other with the vehicle. Blood was drawn on day
7 for ELISA during the infection period, and tail pricks were taken daily to
determine parasitemia. Mice were also weighed daily and culled on day 14, with
blood harvested for ELISA.

Using serum collected on days 7 and 14, ELISA was performed. On day 7 (Figure
3-10 B-J), no significant differences were observed between the drug-treated
group and the infected vehicle group. However, by day 14 (Figure 3-11 A-H), cFIB
levels were seen to be significantly elevated in the infected vehicle compared to
the infected drug treated group, suggesting that the drug had some subtle effects,

but these were not enough to completely inhibit PAD activity.

Parasitaemia and weight loss were also compared between the two groups;

however, the drug did not appear to have any significant impact on parasitaemia
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(Figure 3-12 A) or weight loss (Figure 3-12 B). Lastly, a search for PAD enzyme
homologues was conducted in the Plasmodium database using the human PAD1-6
protein sequences derived from UniProt. As indicated in the (Table 3-1) this data

did not indicate the presence of any PAD homologous sequences.
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Figure 3-10: No significant difference in autoantibody levels was observed on day 7 between
the infected mice and drug-treated groups compared to the infected control groups.

(A) P. chabaudi infection model for PAD4 inhibition. C57BL/6 male mice (n=8) were infected with
1 x 10"5 P. chabaudi-infected RBCs; one group of mice was treated with BB-Cl-Amidine, while the
other group was left untreated. Naive mice were also included as controls. Tail bleeds were taken
on day 7 for ELISA while tail pricks were taken daily to determine parasitaemia. Autoantibody
responses to citrullinated and corresponding native peptides were determined using ELISA in the
following groups: naive + vehicle (black), naive + drug (grey), infected + vehicle (brown), and
infected + drug-treated (red) mice. (B) Anti-cTNC5, (C) Anti-TNC5, (D) Anti-cVIM, (E) Anti-VIM, (F)
Anti-CEP, (G) Anti-REP, (H) Anti-cFIB, and (l) Anti-FIB autoantibody responses. Graphs show the
mean with SEM. One-way ANOVA with Tukey’s multiple comparisons test was performed (*p < 0.05,
**p < 0.005, ***p < 0.0005).
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Figure 3-11: Increased cFIB levels were observed on day 14 in the infected + vehicle mice
compared to the infected + drug treated group.

Autoantibody responses to citrullinated and corresponding native peptides were determined using
ELISA in the following groups: naive + vehicle (black), naive + drug (grey), infected + vehicle
(brown), and infected + drug-treated (red) mice. (A) Anti-cTNC5, (B) Anti-TNC5, (C) Anti-cVIM, (D)
Anti-VIM, (E) Anti-CEP, (F) Anti-REP, (G) Anti-cFIB, and (H) Anti-FIB autoantibody responses. The
mice’s weights and parasitaemia levels were also monitored throughout the infection period.
Graphs show the mean with SEM. One way ANOVA with Tukey’s multiple comparisons test was
performed (*p < 0.05, **p < 0.005, ***p < 0.0005).
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Figure 3-12: PAD inhibition has no influence on the development of clinical P.chabaudi
infection

Two groups of mice were infected with 1 x 10”5 P. chabaudi-infected RBCs; one group of mice was
treated with BB-Cl-Amidine, while the other group was left untreated. Naive mice were also
included as controls. Tail pricks were taken daily to determine parasitaemia and weights
measurements were taken daily. A.) Change in weight shown as percentage of initial weight (B.)
percentage parasitaemia over several days. Graphs show the mean with SEM.
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Table 3-1: Human PAD sequence search for PAD Homologues in the Plasmodium Proteome

Database
GenelD Organisms | Score | E-value | Product description Search
Weight
Plasmodium 0.021E0 | Plasmodium exported protein | 0
PF3D7_1002000.1 falciparum | 37 (hyp2), unknown function
3D7
Plasmodium 0.2E0 ubiquitin carboxyl-terminal 0
PCHAS_0725000.1 chabaudi 33.9 hydrolase 13, putative
chabaudi 0
Plasmodium 0.55E0 0
PF3D7 1465800.1 falciparum | 32.7 dynein beta chain, putative
B 3D7
Plasmodium conserved Plasmodium
PCHAS_1011900. 1 chabaudi 30.8 | 2.4E0 X . 0
. protein, unknown function
chabaudi
PCHAS_1450500.1 Plasmodium . .
chabaudi 30.4 2.7E0 aspar{:\gme/aspartate rich 0
chabaudi protein, putative
PF3D7_1327300.1 Plasmodium subpellicular microtubule
falciparum | 30.4 | 2.6EQ pe 0
3D7 protein 3
PCHAS_0900051.1 Plasmodium reticulocyte binding protein
chabaudi 30 4.2E0 . !
chabaudi putative 0
PCHAS_0415100.1 Plasmodium | 30.8 | 0.84E0 | CS domain-containing protein, | 0
chabaudi putative
chabaudi
PF3D7-0615600.1 Plasmodium | 28.5 | 6.2E0 zinc finger protein, putative 0
falciparum
3D7
PCHAS_0919700.1 Plasmodium | 31.6 | 0.57E0 | RAP protein, putative 0
chabaudi
chabaudi
PF3D7-1132500.1 Plasmodium | 28.1 8.2E0 Amino acid transporter, 0
falciparum putative
3D7
PF3D7-0611600.1 Plasmodium | 27.7 | 8.6E0 Basal complex transmembrane | 0
falciparum protein 1
3D7
PCHAS_0212800.1 Plasmodium | 28.5 | 5E0 AP2 domain transcription 0
chabaudi factor AP2-L, putative
chabaudi
PCHAS_0315200.1 Plasmodium | 28.5 | 4.2E0 Vacuolar protein sorting- 0
chabaudi associated protein 45,
chabaudi putative
Plasmodium 6.1E0 . . 0
PCHAS_1035100.1 | chabaudi | 28.1 AP2 domain transcription
. factor AP2-G2, putative
chabaudi
PCHAS_1239800.1 Plasmodium | 31.2 | 1.2E0 50S ribosomal protein L12, 0
chabaudi apicoplast, putative
chabaudi
PCHAS_1213200.1 Plasmodium | 29.6 | 5.3E0 Plasmodium chabaudi 0
chabaudi chabaudi
chabaudi merozoite surface protein

MSA180, putative
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Plasmodium | 29.3 | 6EQ glutamate synthase (NADH),

PF3D7_1435300.1 falciparum putative
3D7

PCHAS_0403600.1 Plasmodium | 28.9 | 7.9E0 inner membrane complex
chabaudi protein 1e, putative
chabaudi

PCHAS_1010400.1 Plasmodium | 28.9 | 9.4E0 glutamate synthase (NADH),
chabaudi putative
chabaudi

PCHAS_1366300.1 Plasmodium | 28.5 | 3.7E0 conserved Plasmodium
chabaudi protein, unknown function

chabaudi
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3.3 Discussion

Here, | demonstrate that acute P. chabaudi infection induces the production of
antibody responses to both the native and citrullinated peptide antigens at levels
similar to those found in mice in the CEA group. Moreover, using a chronic P.
chabaudi infection model, | further demonstrate that the levels of these
autoantibodies peak in the second week of infection and decline as the infection
resolves but remain at levels higher than those in uninfected controls at 63 days
post-infection. These findings thus provide evidence that P. chabaudi infection
induces the generation of antibody responses to the native and citrullinated

peptide antigens.

In this study, | examined antibody responses to citrullinated and corresponding
native peptides in acute Plasmodium chabaudi infection and compared the
responses to those of mice in the experimental arthritis group. Increased antibody
responses to citrullinated and native peptides were observed in both the P.
chabaudi-infected mice and CEA groups. While antibody responses to the native
and citrullinated peptide antigens have not previously been reported in the
context of Plasmodium infections, existing research links Plasmodium infection to

an increase in autoantibodies in mice and human malaria 1.223,248,256

Notably, other infections that trigger increased ACPA production, such as the
bacterial pathogen Porphyromonas gingivalis, have been associated with the
pathogenesis of RA due to its ability to induce citrullination, particularly given
that P. gingivalis has its own PAD enzymes, a key factor implicated in the disease's
pathology 3%°. However, sequence analysis of the P. chabaudi proteome indicates
a lack of homologous PAD enzymes, suggesting that the observed autoantibody
responses are likely driven by host immune mechanisms rather than the pathogen
itself.

Importantly, antibody responses to native and citrullinated peptides have also
been observed in other infections, such as tuberculosis (TB), without evidence of
RA development 8%, Given these observations, ACPA presence in infections may,
therefore, reflect a broader immune activation with an altered immune system.
Intriguingly, a recent study reported that the inclusion of antibodies targeting

citrullinated and corresponding native peptides enhanced the diagnostic accuracy
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of rheumatoid arthritis associated interstitial lung disease RA-ILD 1%, While these
observations suggest a key role of ACPA and antibody responses to native peptides
in the diagnosis of RA, this also raises important questions about how infection-
induced ACPA production and corresponding native peptide recognition might
contribute to breach in self-tolerance mechanisms, a phenomenon that should be

explored in future studies.

Next, | examined the Kkinetics of antibodies directed against native and
citrullinated peptide antigens in a chronic P. chabaudi infection. Mice infected
with P. chabaudi had peak levels of autoantibodies at week 2, and these
autoantibodies seemed to decline with most of the parasites cleared by day 14.
Thus, this suggests that parasite infection drives the production of antibodies
directed against native and citrullinated peptide antigens. However, despite
parasite clearance, the levels of these autoantibodies were maintained at levels
above the naive controls. Similarly, peak autoantibodies that target host un-
infected RBC have been reported in mice infected with Plasmodium yoelii 17XNL,
with the levels declining with parasite clearance '. Additionally, similar studies
using the P. chabaudi infection model have also reported increased IgG
autoantibodies to nuclear antigens that remained elevated for at least two weeks
after the parasite was cleared, suggesting a sustained immune response even post-

infection 321,

Given the peak levels of antibodies directed against both the native and
citrullinated peptide antigens are observed at week two and sustained levels are
maintained following parasite clearance, | next examined the immune cell
phenotype, particularly CD4+ T cells and germinal centre B cells correlating with
these time points. On days 7- and 63-days post-infection, | report increased CD4+
T cell activation, with CD44HI and PD1+ICOS + CD4+ T cells elevated. As expected,
| see increased germinal centre (GC) B cell activation on day 7 and prolonged
expansion of the GC 63 days post-infection. Similar findings using a P. chabaudi
model reported sustained GC B cells 60 days post-infection 322, Although these
findings suggest a non-impaired immune response, it is well known that malaria
induces a significant polyclonal B cell response, especially in the acute phase of
the infection 323:324, Notably, the presence of sustained production of antibodies

against native and citrullinated peptides in P. chabaudi has not been reported
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previously, and whether their production at this time point is associated with the

polyclonal B cell overactivation still needs to be studied.

In addition, given the presence of atypical B cells (CD21°CD27-CD11c*T-bet") in
the context of chronic infection and autoimmune disease, | also assayed for B cells
expressing CD11c marker. Herein, | report an increase in B cells expressing CD11c
in the malaria-infected mice compared to the naive. It is well noted that chronic
infections with Plasmodium is associated with an impaired B cell response, leading
to the accumulation of atypical B cells 2':3'8, Importantly, there is evidence
demonstrating that atypical B cells expressing FCRL5, and T-bet are associated
with the production of autoantibodies that target uninfected RBC 3. However,
given the scope of this study, | could not ascertain if the increase in these CD11c

B cells were directly associated with the production of ACPA.

Next, to establish if the presence of antibodies against native and citrullinated
peptide antigens was unique to Plasmodium infections, | compared the levels of
these antibodies generated during P. chabaudi infection with those associated
with other inflammatory infections, including E. coli, influenza, Clostridium
difficile, P. chabaudi, and T. brucei. While the levels of these autoantibodies were
lower in the other infections, both mice infected with P. chabaudi and T. brucei
displayed significantly higher levels of antibodies against native and citrullinated
peptides than those infected with other pathogens, suggesting that P. chabaudi
and Trypanosoma brucei infections have a more substantial impact on triggering
autoantibody production than other infections. However, it is important to
acknowledge that the timing of sample collection may have influenced these
findings. The samples were pre-collected, with E. coli and C. difficile samples
obtained at 4- and 40-days post-infection, respectively, influenza A virus samples
collected at 2 weeks, T. brucei at 9 and 12 days, and P. chabaudi during the
second week of infection. While these time points reflect sample availability
based on our collaborators predesigned experiments, the variability in sampling
timing across infections could contribute to observed differences. Similarly,
antibodies against native and citrullinated peptides have also been detected in
patients with active pulmonary Tuberculosis 8%, Porphyromonas gingivalis 3%5:326,
Aggregatibacter actinomycetemcomitans 8. While the bacterial pathogens named

above are linked to production of such antibodies, it is important to note the
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bacteria tested in this study did not seem to induce high levels, suggesting that
unique, pathogen-specific mechanisms may be involved in the induction of

antibodies against native and citrullinated peptides.

While the mechanisms that trigger ACPA production in infections are not fully
described, | hypothesized that neutrophils could be key players as they express
PAD4 and release them during netosis 32/, moreover PAD4 polymorphism are
associated with RA 328329 To explore the role of PAD enzymes in this process, |
examined the effect of PAD inhibition on antibody production. My findings indicate
that inhibition of PAD using BB-Cl-Amidine did not seem to have an impact on the
production of antibodies against native and citrullinated peptide antigens, with
similar levels of these autoantibodies observed in mice infected and treated with
the drug and mice that were infected and not treated. However, an exception to
this trend was cFIB, which was significantly decreased in the P. chabaudi drug
treated group compared to the P. chabaudi vehicle group on day 14. This suggests
that while PAD inhibition using BB-Cl-Amidine wasn't effective, using PAD-
deficient mouse models might provide more pronounced results. Notably, PAD4
inhibition has been shown to alter liver pathology, with markedly reduced
pathology and neutrophil trafficking 3'°, which may explain the reduced cFIB levels

observed in the PAD-inhibited mice.

Moreover, PAD4 inhibition did not appear to affect the overall course of infection,
as both mouse weight (a clinical feature) and parasitemia levels were not
significantly different between the vehicle-treated and drug-treated groups.
Similar observations have been reported in other studies 3'°. Thus, PAD4 inhibition
may have more subtle effects on antibodies against native and citrullinated
peptide antigens production and immune response during infection rather than

directly influencing the course of the disease.

Taken together, the interplay between infections such as Plasmodium, ACPA
production, and immune activation provides possible underlying mechanisms that
could contribute to the breakdown of self-tolerance, with implications for
understanding autoimmune disease pathogenesis. Furthermore, these findings
indicate the complexity of the immune response elicited during P. chabaudi
infection and the need for a better understanding of infections in the context of

autoimmunity.
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4 Chapter 4- Assessment of the impact of P.
chabaudi induced elevated antibody responses
to both the native and citrullinated peptides on
experimental arthritis development

4.1 Introduction

This chapter discusses the role of antibodies against native and citrullinated
peptides that are generated during P. chabaudi infection in mice. Specifically, |
aim to understand whether the increased antibodies against native and
citrullinated peptides would exacerbate or inhibit the development of
experimental arthritis. Additionally, | also explore the role of elevated responses
to both the native and citrullinated peptides on the development and progression

of Plasmodium infection.

While the aetiology of RA is poorly understood, several risk factors are known to
be associated with RA, such as age, gender (female) and environmental factors
such as exposure to silica, smoking and infectious agents 7%33°, For example,
pathogens such as bacteria, parasites and viruses, through the initiation of
mechanisms such as epitope spreading and molecular mimicry, can trigger an
autoimmune response 33!, Furthermore, increasing evidence from both clinical and
pre-clinical studies implicate infections such as Porphyromonas gingivalis 332334
Proteus mirabilis 33°, Epstein Barr virus 3% and Mycoplasma 33 as critical

contributors to RA pathogenesis.

Although the association between Plasmodium infections and RA is long-standing,
with classical studies reporting on the suppression of Freund’s adjuvant arthritis
in rats by Plasmodium parasites 338, recent studies continue to support these
findings. For example, mice infected with P. yoelii at four weeks following the
induction of collagen-induced arthritis (CIA) developed milder arthritis, indicating
that the parasite conferred some protective effect 33°. However, despite current
evidence indicating that Plasmodium infections do not exacerbate or worsen
symptoms of experimental arthritis but rather play a role in protection, data from
these same studies suggest that the protective effect depends on the parasite
species and the timing of the infection. Specifically, one study 33° found that

infection with P. yoelii at four weeks but not at one week conferred protection,
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while previous studies by Greenwood 338 noted that only infections with P. yoelii,
but not P. berghei ANKA, resulted in milder arthritis, thus suggesting that specific

immune mechanisms are induced at these time points and by these species.

Thus, given my findings on the increased P. chabaudi-induced antibody responses
to both the native and citrullinated peptides and considering the association of
ACPA with severe RA and its strong predictive value for increased joint damage
340 exploring the role of Plasmodium induced antibodies against native and
citrullinated peptides in the pathogenesis of RA was essential. Furthermore,
evidence from a current study shows that the transfer of monoclonal ACPA from
RA patients into mice resulted in pain-like behaviour and bone loss, which was
further demonstrated to occur in a peptidylarginine deiminase-4 dependent
manner 341, Similarly, monoclonal antibodies specific to citrullinated fibrinogen
derived from patients, and a well-known ACPA when transferred in mice, resulted
in increased arthritis 3103342, thus, necessitating the need for further
investigation into the effect of Plasmodium induced antibodies against native and

citrullinated peptides on the development of experimental arthritis in mice.

Therefore, in this study, in addition to the P. chabaudi infection model, |
employed an antigen-induced arthritis model 28228 that results in transient
arthritis through the transfer of OVA-specific Th1 CD4+ T cells, followed by
immunisation with OVA/CFA and subsequently challenged with heat aggregated
OVA. The application of this model was important not only as it was established
in the lab, but it is also known to mimic the clinical and pathological features of
human RA, such as breach of tolerance to self-antigens, synovial hyperplasia,

cellular infiltration and cartilage erosion 282,286

4.1.1 Study Rationale

In clinical RA, the presence of ACPA is a predictor and a risk factor for joint
destruction 192343 ; therefore, while my findings suggest an increase in antibody
responses to both the native and citrullinated peptides in mice infected with P.
chabaudi, it was necessary to understand the potential impacts of P. chabaudi-
induced antibodies against native and citrullinated peptides with a focus on the
development of experimental arthritis (EA). Thus, using both the Acute

experimental arthritis (AEA) and Chronic experimental arthritis (CEA) mouse
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model, two infection time points were explored; first, | investigated if prior P.
chabaudi infection impacted the development of AEA. This time point was critical
as it best represented what would occur in real life, where individuals living in a
malaria endemic area are first exposed to Plasmodium infections and aligned with
the overall project hypothesis. Next, using an established CEA mouse model 28¢ |
explored the second timepoint where AEA was first induced, followed by P.
chabaudi infection, with subsequent induction of CEA model. This sequence of
experiments was strategically selected to assess the impact of the timing of the
infection, particularly whether P. chabaudi-induced elevated antibody responses

to both the native and citrullinated peptides will influence the progression of CEA.

Lastly, given the controversial role of autoantibodies, some studies suggest their
importance in conferring protection 2%4; in contrast, high levels of anti-
phosphatidylserine and anti-DNA antibodies were reported in children with severe
malaria 24. |, therefore, investigated if the presence of autoantibodies
particularly of elevated levels to both the native and citrullinated peptides would
contribute to protection against clinical symptoms of malaria. This aim aligned
with our working hypothesis that Plasmodium infections induce the production of
low-affinity binding autoantibodies that play a protective role in acute malaria-

induced illness.

4.1.2 Chapter Aims

This chapter has two main aims: first, to investigate the impact of P. chabaudi-
induced antibody responses to both the native and citrullinated peptides on the
development experimental arthritis using both the acute (AEA) and chronic (CEA)
experimental arthritis models in mice. Secondly, explore whether elevated levels
of antibody responses to both the native and citrullinated peptides, generated
through the induction of CEA, will confer protection during the acute phase of
Plasmodium infection in mice by assessing its effects on parasitemia,

inflammation, and associated tissue pathology.
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4.2 Results

4.2.1 Prior infection with P. chabaudi does not affect the
development of acute experimental arthritis (AEA)

To investigate the impact of the increased levels of P. chabaudi induced antibody
responses to both the native and citrullinated peptides on the development of
AEA, | combined the P. chabaudi infection model with the AEA mouse model as
outlined (Figure 4-1). Additionally, several experimental groups were also
included, as described in (Table 4-1). Among these groups, | particularly included
chloroquine treated controls to ensure that the observed results were
attributable to the experimental conditions only rather than chloroquine’s known

immunomodulatory effects in RA 344,345,

Following induction of acute experimental arthritis, paw measurements and
clinical scores were taken daily as outlined in the protocol 34. As expected, the
greatest increase in paw measurement and clinical score were seen on day 2 in
the AEA group (Figure 4-2 A, B), confirming that the model had worked as
expected. Notably, increased paw measurement was observed in the AEA, Chloro-
AEA, and P.C+ Chl+ AEA groups; however, no significant differences were observed
between mice that had prior Plasmodium infection and those that didn’t,
suggesting that prior infection with P. chabaudi does not affect the development
of AEA, which was in contrast to our research hypothesis that the increase in
antibody responses to both the native and citrullinated peptides would exacerbate
the development of arthritis. Notably, | did not observe any significant impact of
chloroquine treatment on the development of acute experimental arthritis. Next,
| analysed the kinetics of antibody responses to both native and citrullinated
peptides to assess their levels prior to the induction of AEA. Consistent with my
previous observations in chapter 3, mice infected with P. chabaudi prior to the
induction of AEA showed an initial increase in antibody responses to both native
and citrullinated peptides, which decreased as the infection cleared (Figure 4-2
C-F). Notably, subsequent induction of AEA following infection with P. chabaudi
did not result in further increases in the levels of these autoantibodies in the P.C
+Chl + AEA.
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Lastly, | investigated whether antibody responses to both the native and
citrullinated peptides following P. chabaudi infection were specific or a
consequence of a broader, non-specific antibody response. An anti-OVA ELISA was
therefore conducted across all experimental groups, and as expected, elevated
anti-OVA antibody responses were observed in the AEA, Chloro-AEA, and P.C +Chl
+AEA groups (Figure 4-2 G). This observation was expected as the induction of AEA
involved immunisation with OVA antigen and followed by subsequent challenge

with heat aggregated OVA as detailed in the methods sections (Chapter 2).

In contrast, no anti-OVA responses were detected in the P. chabaudi-only group
at this timepoint, suggesting that P. chabaudi infection does not induce a
generalised polyclonal antibody response. While this finding supports the
specificity of increased antibody responses to both the native and citrullinated
peptides, further confirmation would be required. For example, investigating
earlier timepoints of P. chabaudi infection during active infection, as well as use
of additional approaches, such as affinity purification or antigen-specific assays,
would further confirm whether the observed ACPA levels are exclusively targeted

against citrullinated autoantigens.

Table 4-1: Experimental groups

Group Type Treatment

Naive Control No treatment

Naive + chloroquine Control Chloroquine treatment at D15

P. chabaudi + chloroquine Control P. chabaudi infection followed by

(P.C + Chl) chloroquine treatment at D15

P. chabaudi + Chloroquine + AEA | Experimental group | P. chabaudi infection followed by

(P.C+ Chl+ AEA) chloroquine treatment (D15) and
induction of AEA

Chloroquine + AEA Experimental group | Induction of chloroquine treatment

(ChL + AEA) Experimental Arthrits.

Acute Experimental Arthritis Experimental group | Induction of Acute Experimental

(AEA) Arthritis
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Figure 4-1: lllustration of the experimental outline for P. chabaudi infection and subsequent

induction of AEA.

In this experiment, C57BL/6 mice (n=8) were initially infected with 1 X 10”5 parasitised RBCs.
Fifteen days post-infection, the mice were treated with chloroquine. Subsequently, AEA was
induced as outlined in Section 2.222 (Methods Section). Briefly, OTIl CD4+ T cells were isolated
from transgenic mice and induced to differentiate into Th1 phenotype. These Th1-polarised CD4+
T cells were then transferred into the P. chabaudi -infected mice and one day following the
transfer, the mice were immunised with the OVA antigen, which was then followed by a footpad
challenge using either heat aggregated OVA antigen (HAO) or PBS ten days later. Created in

BioRender. Kimathi, R. (2024) BioRender.com/c71k02.
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Figure 4-2: Prior infection with P. chabaudi does not affect the development of acute
experimental arthritis (AEA) in mice.

Following the induction of Acute Experimental Arthritis (AEA) in mice, paw thickness and clinical
scores were measured daily. A.) Graph showing the mean +/- SEM left hind paw thickness in mm
B.) Graph showing the mean +/- SEM left hind paw clinical score. Blood samples were taken
periodically for ELISA, with the key study timepoints denoted by a red arrow for the P. chabaudi
infection and a grey arrow for the induction of AEA. C.) and D.) Graphs represent the autoantibody
responses to cTNC5 and its native peptide TNC5, while E.) and F.) represent responses to cFIB and
the native peptide FIB. G.) Represents the antibody responses to the OVA antigen determined by
titration of serum by ELISA. Statistical analysis was performed using one-way ANOVA with Tukey's
multiple comparisons test, with significance indicated as ns (not significant), *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. indicated key comparisons made between the P.C+Chl+AEA and Chol-
AEA group.

4.2.2 Increased CD11c B cells in the spleen of P.C +Chl + AEA
group compared to the AEA group

Next, using flow cytometry | evaluated B and T cell phenotypes in the spleen using
the gating strategy illustrated (Figure 4-3). This was crucial, especially considering
the use of the OVA experimental arthritis model, which is initiated and maintained
by Th1 CD4+ T cells 22 and additionally, given that Plasmodium infections are

known to alter the immune system 347,
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I, therefore, began by examining the activation status of CD4+ T cells, by assessing
the expression of CD44 and CD62L on CD4+ T cells. A significant increase in
effector T cells (CD4+ CD44HI, CD62L-) ( Figure 4-4 A) was observed in the (P.C+
Chl+ AEA) group compared to naive controls, while memory T cells (CD4+ CD44+
CD62L+) were notably higher in the P.C group (Figure 4-4 B), with no significant
differences between the (P.C+ Chl+ AEA) and (Chl + AEA) groups.

Next, | examined CD4+ T cells expressing PD1+ICOS+, which were increased in
several groups, including AEA, Chloro-AEA, P.C+Chl+AEA, and P.C, with no
significant differences between the P.C+Chl+AEA and Chl+ AEA groups (Figure 4-4
C). Similarly, | also evaluated B cells expressing FAS+GL7+, which represent
germinal centre B cells, notably, the percentage of germinal centre B cells
mirrored the patterns seen in PD1+ICOS+ CD4+ T cells (Figure 4-4 D).

Interestingly, CD11c B cells, which are often reported in chronic infections and
autoimmune diseases were markedly increased in the P.C+Chl+AEA group
compared to the AEA group (Figure 4-4 E), marking the only key difference
observed between mice that had a prior P. chabaudi infection followed by
induction of AEA.
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Figure 4-3: Gating strategy to identify activated CD4+ T cells and B cells

Illustrates the flow cytometry gating strategy for identifying activated CD4+ T cells and B cells
from the spleens of infected mice. Initially, splenocytes were isolated and stained according to
methods detailed in the method section. Activated CD4+ T cells were identified by gating on
lymphocytes, single cells, and live cells, followed by the selection of CD3+ CD19- cells and the
CD4+ marker. CD4+ T cells were then identified based on the CD44 (CD44hi) and CD62L markers,
along with other markers such as ICOS and PD-1. For B cells, after gating on lymphocytes, single,
and live cells, | isolated CD3- CD19+ cells. Germinal centre B cells were further identified within
the CD19+ B220+ population using GL7 and FAS markers, and an additional marker, CD11c, was
also used to identify CD11c B cell.
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Figure 4-4: Increased CD11c B cells in the spleens of the P.C +Chl +AEA group compared to

the Chl +AEA group

Spleen was harvested from all the experimental groups for flow cytometry. A.) Bar chart showing
the percentage of effector T cells with mean +-SD (CD44+ CD4+ T cells.) B.) Percentage of memory
CD4+ T cells (CD44+ CD62L+ CD4+ T cells) C.) Percentage of PD1+ CD CD4+ T cells D.) Percentage
of GL7+ FAS+ B cells E). Percentage of CD11c B cells from the spleen of from the spleen of all the
mice in the experimental groups. Statistical analysis one-way ANOVA with Tukey’s multiple
comparisons test comparisons test (ns: not significant * p-value of < 0.05; **: p<0.01).
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4.2.3Prior P. chabaudi infection doesn’t impact the development
of chronic experimental arthritis (CEA) model

Using the AEA model, | have shown that prior infection with P. chabaudi does not
alter the course of the development of experimental arthritis in mice. However,
given that the AEA model is a milder form of experimental arthritis model, | took
advantage of an existing chronic experimental arthritis (CEA) model in our
laboratory %8¢, particularly given that the CEA model is more applicable to human
RA, as it results in a more aggressive form of disease with both an increased
inflammatory response and extensive cartilage destruction in comparison to the
AEA model %8¢,

Moreover, other studies have also reported on the impact of Plasmodium infection
on the collagen-induced arthritis (CIA) model, which is a more aggressive form of
experimental arthritis 34, Notably, in one particular study the timing of
Plasmodium infection was deemed crucial in the development of CIA 337
specifically, infection with P. yoelii at four weeks rather than at one week prior
to induction of CIA appeared to be protective and resulted in a milder form of
arthritis 33, Thus, given the significance of the use of a more aggressive
experimental arthritis model and the impact of timing of infection, therefore in
my study, | aimed to investigate the impact of prior infection of P. chabaudi on
the development of CEA. Notably, this study was complex and involved several
key steps, with the initial induction of AEA as outlined in (Figure 4-5), followed by
P. chabaudi infection three weeks later and subsequent induction of CEA, several

experimental groups were also included, as detailed in Table 4-2.

The development of CEA was assessed by daily measurements of paw thickness
and clinical score. While increased paw measurements and clinical scores were
observed across CEA, Chl+ CEA, and P.C+ Chl+ CEA, P.C.+ CEA groups (Figure 4-6
A-B), no differences were observed between mice that had prior infection with P.
chabaudi suggesting that prior P. chabaudi infection did not alter the development
of the CEA model.
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Additionally, antibody responses to both the native and citrullinated peptides
were also measured following P. chabaudi infection, particularly just before CEA
induction. Notably, while P. chabaudi-infected mice exhibited increased antibody
responses to both the native and citrullinated peptides (Figure 4-6 C-F), this did
not exacerbate the development of CEA.

Immunised Infection with Chloroquine Mouse culled
OVA+CFA P chabaudi Treatment
N\

Days -1 0 10 21 35&36 40 47 63

Adoptive Challenged 2" Challenge with
transfer with HAO /PBS HAO +IFA/ PBS/IFA

Figure 4-5: An outline of the experimental design that involved infection with P. chabaudi at
three weeks and subsequent induction of CEA.

To induce CEA in mice, OTII T cells were isolated from transgenic mice and induced to differentiate
into a Th1 phenotype. These Th1-polarised CD4+ T cells were then transferred into recipient
C57BL/6 mice (n=8), and one day later, OVA antigen was prepared and administered to the mice.
Ten days post-immunisation with the OVA antigen, the mice underwent a footpad challenge using
either heat aggregated OVA antigen (HAO) or PBS. This was then followed by P. chabaudi infection
three weeks later and treated with chloroquine on days 35 and 36. This was followed by
subcutaneous injection of 50 pL containing 100 pg of HAO in Freund's incomplete adjuvant (IFA)
into the same foot, while the control group received a 50 pl injection of PBS alone. The mice were
then culled on day 62.



Table 4-2: Experimental groups
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Group Type Treatment

Naive Control No treatment

P.C + Chl Control Mice infected with P. chabaudi
followed by chloroquine treatment

CEA Experimental group Induction of chronic experimental

arthritis (CEA)

P.C+ Chl+ CEA

Experimental group

Mice infected with P. chabaudi
followed by chloroquine treatment
and induction of CEA

P.C+CEA

Experimental group

Mice infected with P. chabaudi,

followed by induction of CEA

without chloroquine treatment
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Figure 4-6: Prior P. chabaudi infection doesn’t impact the development of chronic
experimental arthritis (CEA) Model.

Following the induction of Chronic Experimental Arthritis (CEA) in mice, paw thickness and clinical
scores were measured daily. A.) Graph showing the mean +/- SEM of left hind paw thickness in mm
B.) Graph showing the mean +/- SEM of left hind paw clinical score. Blood samples were taken
periodically for ELISA. The study timeline is delineated by arrows: red for when mice were infected
with P. chabaudi infection, and black for CEA induction. Autoantibody responses to cTNC5 and
cFIB, as well as their corresponding native peptides TNC5 and FIB, were evaluated using ELISA.

C.) and D.) Graphs represent the autoantibody responses to cTNC5 and its native peptide TNC5,
while E.) and F.) Represent responses to cFIB and the native peptide FIB. Statistical analysis was
performed using one-way ANOVA with Tukey's multiple comparisons test, with significance levels

marked as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Key comparisons indicated were made
between the P.C+Chl+CEA and CEA group.



123

4.2.4 Increased activation of germinal centre B and T cells in the
spleen of P. chabaudi CEA.

Next, | evaluated the activation status of B and T cells in the popliteal lymph node
and the spleen, | will first discuss the data from the lymph node. Specifically, |
examined the expression of CD44 and CDé62L on these cells across all groups to
identify effector T cells (CD4+ CD44HI, CD62L-) and memory T cells (CD4+ CD44+
CD62L+). No significant differences were observed in effector CD4+ T cells
(CD44HI, CD62L-) across the groups (Figure 4-7 A); however, memory CD4+ T cells
(CD44+ CD62L+) (Figure 4-7 B); showed a notable increase in the P.C+Chl+CEA

group compared to the P.C+Chl group alone.

Next, | analysed PD1+ICOS+ CD4+ T cells these markers were used to identify T
follicular helper (Tfh) cells, which play an important role in promoting the
production of high-affinity, class-switched antibodies by driving B cell responses
within germinal centres, crucial for effective immune defence 3'ce 3'7. These
cells were significantly increased in the P.C+Chl group only compared to CEA and
P.C+ Chl+CEA (Figure 4-7 C). Additionally, | also assessed B cells expressing
FAS+GL7+ markers to identify germinal centre B cells. An increase in germinal
centre B cells was observed only in the P.C+Chl+CEA group compared to the naive
group (Figure 4-7 D). In addition, the percentage of atypical B cells a sub-set of B
cells identified by CD11c marker were also assessed. No significant differences in

CD11c B cells were observed across all the groups (Figure 4-7 E).

Notably, flow cytometry was also performed on the spleen, a crucial lymphoid
organ in mounting immune responses against Plasmodium infections. An increased
percentage of effector T cells in the P.C+Chl +CEA group compared to the CEA and
naive groups was observed (Figure 4-8 A). ICOS+ PD1+ CD4+ T cells were also higher
in the P.C+Chl+CEA than in all other experimental groups (Figure 4-8 C), and a
similar trend was observed with germinal centre and CD11c B cells (Figure 4-8 D-
E).

Overall, an activated immune phenotype was observed in the spleen compared to
the lymph node, with increased levels of PD1+ICOS+ CD4+ T cells, germinal centre

B cells, and CD11c B cells in the P.C+Chl +CEA group compared to the CEA groups.



A. LN: Effector T cells
40+
S 30 v
Ou
;=
3 S 20- i
(g -
S q0q e
0- . ‘
Naive P.C+ CEA P.C+ P.C+
Chl ChI+CEA CEA

C.

% ICOS+ PDI+ CD4
T cells

% CD11C B cells

LN: PD1+ ICOS+ T cells

15 I

i

Naive P.C+ CEA
chl

P.C+ P.C+
ChI+CEA CEA

LN: CD11c B cells

8-
-
6
4+ [
2- ﬁ
04 . s
Naive P.C+ CEA P.C+ P.C+
-2- Chl Chl+CEA CEA

% CD44+ CD62L+

%Germinal Centre

CD4 T cells

B. LN: Memory T cells

D.

20-

-—
i

-
2

Naive P.C+ CEA
Chl

P.C+ P.C+
Chi+CEA CEA

LN: Germinal Centre B cells

P.C+ P.C+
ChI+CEA CEA

Naive P.C+ CEA
chl

Figure 4-7: No significant differences in B and T cell activation in the lymph node
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Following infection with P. chabaudi, and the subsequent induction of CEA as outlined in Figure 4-
5. Cells were obtained from the left popliteal lymph node and flow cytometry was performed. A.)
Bar chart showing the percentage of effector T cells (CD44+ CD4+ T cells.) B.) Percentage of
memory CD4+ T cells (CD44+ CD62L+ CD4+ T cells) C.) Percentage of PD1+ CD4+ T cells D.)
Percentage of GL7+ FAS+ B cells E). Percentage of CD11c B cells from the left popliteal lymph node
in all the experimental groups. Statistical analysis was performed using one-way ANOVA with
Tukey’s multiple comparisons test comparisons test (* p-value of < 0.05; **: p<0.01).



A.

o
o
i

»
o

% CD44+
CD4 T cells

-
o
1

o

% ICOS+ PDI+ CD4
T cells
N
o

o

w
o
1

N
o
1

Effector T cells

[=2]
o
1

H
o
1

T
Naive

T
P.C+

Chl

T T T
Chi+ PC+ PC+
CEA ChI+CEA CEA

PD1+ ICOS+ T cells

ulull

N
o
)

% CD11c B Cells

3]

o

Figure 4-8: Increased activation of both germinal centre B and T cells in the spleen of P.

N
o
L

-
3]
L

-
o
L

Naive

P.C+
Chl

Chl+ P.C+ P.C+
CEA ChI+CEA CEA

Chl

chabaudi CEA group.

CD11c B cells
KKKk - I
Kk I
Nalive P.(I2+ CII1I+ P.é+ P.(I2+

CEA ChI+CEA CEA

B.

15+

1 -
RO
. -
-E-
i -
.
a
T

=Y
o

% CD44+ CD62L+
CD4 T cells
(3]

Memory T cells

Qo

N
o
y

% Germinal
Centre B Cells

o

o

-
o
1

N
o
L

T T T T
Naive P.C+ Chi+ P.C+ PC+
Chl CEA ChI+CEA CEA

. Germinal Centre B cells

| e |
o
e

b L) 5 Ll <o
: = A
Y T T T T
Naive P.C+ Chl+ PC+ P.C+
Chl CEA ChI+CEA CEA

125

Following infection with P. chabaudi, and subsequent induction of CEA as outlined in Figure 4-4
Cells were obtained from the spleen and flow cytometry was performed. A.) Bar chart showing the
percentage of effector T cells (CD44HI CD4+ T cells.) B.) Percentage of memory CD4+ T cells (CD44+
CD62L+ CD4+ T cells) C.) Percentage of PD1+ ICOS+ CD4+ T cells D.) Percentage of germinal centre
B cells E). Percentage of CD11c B cells from the spleen of all the mice in the experimental groups.
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test
comparisons test (ns: not significant * p-value of < 0.05; **: p<0.01).
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4,2.5P. chabaudi infection and pathology is not ameliorated by
increased antibody responses to native and citrullinated
peptides

In the sections above, | have examined the impact of P. chabaudi infection on the
development and progression of experimental arthritis, with the focus of
determining whether the heightened production of antibodies against native and
citrullinated peptides exacerbates arthritis. While these antibodies do not seem
to play a crucial role in the development of both AEA and CEA, it is vital to explore
whether they play a key role in protection, particularly given evidence of the role
of autoimmunity in clinical malaria protection °. Thus, it was crucial to explore
and set up experiments that would shed light on the potential protective role of
these antibodies in the acute phase of Plasmodium infection. This approach
therefore aims to provide a deeper understanding of the dual role of these

antibodies in both experimental arthritis and Plasmodium infection contexts.

As detailed above, the role of Plasmodium induced autoantibodies is
controversial, with several studies suggesting that they play a protective role
204,307, specifically, autoantibodies have been shown to have an inhibitory effect
of on parasite growth in vitro >2%4, while other studies also report the potential

contribution of autoantibodies to the severity of the disease '222,

To gain insights into the role of antibodies against native and citrullinated
peptides in, | tested the hypothesis that autoantibodies produced during
Plasmodium infection could be significant in conferring protection from the
disease. Herein, | induced chronic experimental arthritis in mice to stimulate the
production of antibodies to native and citrullinated peptides and subsequently
infected the mice with P. chabaudi to observe the impact of these autoantibodies
on disease progression as outlined in (Figure 4-9 A). Appropriate controls, such as

P.C and naive groups, were also included.

At day 49, prior to P. chabaudi infection, increased levels of autoantibodies above
the naive were observed for some of the peptides tested (Figure 4-9 B-E), with P.
chabaudi infection resulting in a further increase in the levels of antibodies to
native and citrullinated peptides. However, no differences in parasitaemia or

weight loss between the CEA+ P.C and P.C groups were observed (Figure 4-9 F-G).



127

Therefore, my findings suggest that while elevated antibodies to both native and
citrullinated peptides are produced during Plasmodium infection, they may not

necessarily provide protection against the disease or substantially impact
pathology.
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Figure 4-9: Prior experimental arthritis does not ameliorate P. chabaudi infection or
pathology.

Experimental arthritis was induced in a group of naive male C57BL/6 mice followed by infection
with P. chabaudi (PC+EA group), while another group of mice, were only infected with P. chabaudi
(P.C). Appropriate naive controls were included. Mice were weighed daily and parasitaemia was
determined daily via tail bleed. (A) An outline of the experimental design. Tail bleeds were taken
periodically for ELISA over a 65-day period with the red arrow indicating when the P. chabaudi
infection was performed. A time-course of the autoantibody response to cTNC5 and cFIB and the
corresponding native peptides TNC5 and FIB was determined using ELISA (B) Anti-cFIB. (C) Anti-
Fib, (D) Anti- cTNC5, (E) Anti-TNC5 autoantibody response. The levels of parasitaemia and weight
were also determined over the course of the infection. (F) parasitaemia (percentage of infected
red blood cells) and (G.) Percentage change in weight in the P. chabaudi infected mice. Graphs

show mean with SEM, with Tukey’s multiple comparisons test ns: not significant * p-value of <
0.05; **: p<0.01.
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4.3 Discussion

While the presence of ACPA is a key feature of rheumatoid arthritis (RA) and has
been shown to be associated with aggressive bone and joint destruction 192, the
role of Plasmodium-induced antibodies against native and citrullinated peptides
has not been explored. Particularly given that presence of these autoantibodies
in the context of Plasmodium infections has only now been reported in this thesis
(ref chapter 3). In this chapter, |, therefore, discuss the impact of heightened
antibodies to both native and citrullinated peptides on the development of both
the AEA and the CEA models and further investigate whether increased levels of
these antibodies could confer protection during acute Plasmodium infection in

mice.

To investigate the impact of Plasmodium infections on the development of
experimental arthritis, | took advantage of the two experimental arthritis models
available in our lab. In the first experiment, mice were infected with Plasmodium
chabaudi prior to the induction of AEA, which resulted in increased antibodies to
both native and citrullinated peptides levels Figure 4-2; however, these did not
result in any significant effect on acute experimental arthritis progression, as the
experimental groups AEA, Chloro-AEA, and P.C+Chl+AEA groups had similar clinical

scores and paw measurements.

Next, | explored a second approach, which involved prior infection with P.
chabaudi followed by subsequent induction of the CEA. This model is known to
result in more aggressive arthritis, and its features mimic the human RA; thus,
would provide a platform to gain insights into the role of antibodies to both native
and citrullinated peptides using a more chronic model. While increased levels of
these autoantibodies were observed as a consequence of Plasmodium infection,
prior to induction of CEA (Figure 4-6), all mice developed arthritis irrespective of
prior P. chabaudi infection, without any significant differences across the key
groups (P.C+CEA groups and CEA). Therefore, these data suggest that although the
levels of antibodies to both native and citrullinated peptides were increased in
the (P.C+CEA groups) compared to the CEA, this didn’t alter the progression of
CEA. One possible explanation is that the ACPA levels induced by P. chabaudi
infection did not exceed a critical threshold needed to impact disease progression.

Particularly, given that, the antibody responses to citrullinated peptides may have
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been comparable to those against native peptides, failing to drive a stronger
autoimmune response. Additionally, this data contrast evidence from several
studies; for example, treating mice with anti-citrullinated vimentin has been
shown to induce bone loss 34°; additionally, monoclonal antibodies derived from
human RA, when injected into mice, has been shown to induce pain-like
behaviour, bone loss, and inflammation, mimicking pre-clinical RA 34!, Conversely,
there is also evidence suggesting that recombinant ACPA ameliorates disease

symptoms 3°0, indicating that the role of ACPA is unclear.

Notably, Plasmodium infections have been shown to confer protection against
experimental arthritis in mice %33%; however, this protective effect appears to vary
depending on the arthritis model used, the timing of arthritis induction relative
to the timing of Plasmodium infection 33°, and Plasmodium species-specific 338339

which possibly explains variation in the findings reported in my study.

B and T cell phenotypes were also examined, and a significant increase in CD11c
B cells in the P.C+ AEA group compared to the AEA group were observed.
Additionally, the second experimental outline where mice were infected with P.
chabaudi followed by induction of (CEA), the P.C+CEA group exhibited an overall
increased immune activation with higher levels of germinal centre B cells, CD11c
B cells, and PD1+ICOS+CD4+ T cells compared to the CEA group. These pronounced
differences in immune activation between the AEA and the CEA could be
attributed to the use of a CEA model in the second experimental outline which is
more chronic and severe. Additionally, and consistent with my findings, increased
CD11c B cells which | also observed have previously been associated with the
production of autoantibodies that target uninfected RBC 3#. However, given the
scope of this study, my results indicated a correlation between the increase in
CD11c B cells and the production of antibodies to both native and citrullinated

peptides, but causation could not be established.

Lastly, while there is evidence supporting the role of autoantibodies in conferring
protection from Plasmodium infections, specifically, higher levels of anti-self-
antibody levels detected in children with asymptomatic malaria compared to
those with mild symptomatic malaria 3*'. Increased antibodies to both native and
citrullinated peptides , prior to infection with P. chabaudi, did not alter the

clinical disease progression or pathology, suggesting that while Plasmodium-
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induced antibody responses to these peptides are present, they may not be crucial

in providing protection.

In conclusion, these findings suggest that while Plasmodium infections induce
elevated antibody responses to both native and citrullinated peptides, these
antibodies do not affect the development of experimental arthritis, nor do they
confer protection against clinical malaria. However, further research is needed to
understand the complex interplay between the generation of these autoantibodies
and Plasmodium infections. For example, future research could focus on the use
passive transfer studies of specific monoclonal ACPA to evaluate their role in
development of experimental arthritis and further determine the threshold above
the native that would results in development of experimental arthritis.
Importantly, to gain insights into the role of P. chabaudi induced antibody
responses to both native and citrullinated peptides in conferring protection
against Plasmodium infections, future studies could also employ the use of in vitro
assays, such as growth inhibition assays, to further shed light on their protective

effects against the Plasmodium parasite.
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5 Chapter 5- Investigating the association between
Plasmodium falciparum infections/disease
severity and autoimmunity using samples from
individuals residing in an endemic area in Kenya.

5.1 Introduction

Having reported on the induction of increased antibody responses to both native
and citrullinated peptides in mice infected with P. chabaudi in chapters 3 and 4,
| extended my investigations to human malaria using historical samples, initially
collected for malaria immunology studies at KEMRI Wellcome Trust Research
Programme in Kilfi, Kenya (KWTRP), to determine whether P. falciparum exposure
and severe malaria are associated with increased autoimmune antibodies. These
analyses involved samples from both adult and children cohort participants from
Junju and Ngerenya in Kilifi County, Kenya. Importantly, while these two villages
are only about 20 kilometres apart, they experience differential malaria
transmission levels; with Junju experiencing moderate to high levels of P.
falciparum exposure, while Ngerenya has seen a drastic reduction in P. falciparum
exposure from 40% in 1998 to between very little and nil since 2000 2°. The
variability in malaria transmission between the two cohorts made them suitable
for measuring correlations between levels of P. falciparum exposure and

autoantibody levels.

Notably, P. falciparum transmission in Kilifi is seasonal with two distinct seasons
annually: the primary season runs from May to July and coincides with the long
rains, while the second season takes place in November, aligning with the short
rains 2%, The adult samples used in this study were collected in 2017 and 2018
during an annual cross-sectional bleed in March, corresponding to a period of very

low P. falciparum transmission.

In addition to the adult samples, | also used samples from children to determine
the presence of autoantibodies in uncomplicated (mild) and severe malaria cases.
The uncomplicated malaria cases came from Junju (SIMs) (moderate to high P.
falciparum transmission), and the severe cases were from a hospital admission
cohort. Samples from uninfected children from Ngerenya (very low transmission)

were used as healthy uninfected controls.
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In this chapter, through the application of the above samples | seek to further
explore the association between malaria and autoimmunity. Although the
presence of autoantibodies is a common feature of Plasmodium infections
6,132,239.2499 " the association between malaria infection and autoimmunity is still
considered complex, with specific autoantibodies, such as anti-
phosphatidylserine, associated with severe malaria anaemia as they recognise
uninfected RBC, thus promoting their clearance '. In contrast, there is new
evidence suggesting that increased autoantibodies in children before a malaria
season has been associated with better clinical malaria outcomes 2204 thus
indicating that autoantibodies elicited during Plasmodium infections could be

playing a dual role of protection and pathology.

Moreover, to add to the complexity of this association between Plasmodium
infections and autoimmunity, chronic Plasmodium infections are known to drive
the selection of certain genetic traits that increase susceptibility to autoimmune
diseases such as systemic lupus erythematosus (SLE) 7. For example, data from
experimental studies indicate that genetic susceptibility to SLE appears to protect
against cerebral malaria in mice 2¢', while, at the same time, evidence from
population studies indicates the presence of increased frequencies of specific
variants of genes such as FcyRIIB in individuals of African ancestry as well as
patients with SLE 7-2¢0, Thus, suggesting that malaria could be driving the presence

of genes that are associated with SLE 7-12,

Given the complex interactions between Plasmodium infections and autoimmune
diseases there is need to better understand the association between Plasmodium
infections and autoimmunity particularly by conducting studies in malaria endemic
areas. Herein, | will focus on the presence of specific autoantibodies, such as such
as antibodies to both native and citrullinated peptides, first observed in P.
chabaudi infected mice as described in chapters 3 and 4. Furthermore, extending
these findings to a clinical setting is crucial, particularly given that ACPA is also a

key biomarker in the clinical diagnosis of RA 332,

To investigate this further, | take advantage of well-established adult and
children’s cohorts in Kilifi, Kenya with each cohort playing a distinct role in

addressing the different aims of the study.
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First using the adult samples, | establish the presence of antibodies to both native
and citrullinated peptides in individuals exposed to Plasmodium infections. In
addition, | phenotyped B and T lymphocytes in these adults’ cohort to identify

immune cells that could be linked to the production of these autoantibodies.

Second, to further enhance our understanding of the association between
Plasmodium infections and autoimmunity, | also apply the use of the GeneCopoeia
autoantigen protein microarray platform to screen a wider more comprehensive
array of autoimmune markers. Thus, providing a clearer picture of whether
chronic exposure to Plasmodium infection is associated with increased frequencies

of autoantibodies similar to those observed in autoimmune diseases.

Lastly, aligning with my research hypothesis, where | hypothesised that increased
autoantibodies could be playing an important role in the acute phase of the
infection. | utilised samples from children with varied malaria outcomes.
Specifically, | used a cohort of children residing in the same community, that is,
Junju and Ngerenya, with varied malaria outcomes, that included, healthy
children, children with uncomplicated malaria, and children with severe malaria
to investigate the potential association of increased antibodies to both native and
citrullinated peptides with the varied clinical outcome. Importantly, the rationale
for using the child cohort is supported by the recent evidence of the association
between increased autoimmunity and enhanced protection from severe malaria >,

due to the functional ability of the autoantibodies to inhibit parasite growth >.
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5.1.1Research Hypothesis

| hypothesise that P. falciparum infection leads to the production of low-affinity
binding autoantibodies that play a protective role in acute malaria; however, this

might increase the risk of developing autoimmune disease later in life.

i P falciparum selects for
N S genes associated with
autoimmune disease

v

...................................... >
Increased frequency of Does this lead to increased
autoantibodies in individuals living predisposition of autoimmune disease
in malaria endemic area later on in life?

Could possibly be important
"&  during acute illness

Figure 5-1: Illustration of the research hypothesis.

Solid lines represent established relationships that have been confirmed by existing research, while
dashed lines indicate hypothesised associations that | proposed to investigate in this research.
Figure Created with BioRender.com

5.1.2 Chapter Aims

1. To assess the prevalence of known autoimmune markers, including ACPA
and antibody responses to their corresponding native peptides, in adults

living in malaria-endemic regions.

2. Examine immunological phenotypic differences in individuals residing in a
malaria-endemic areas with varied antibody responses to both the native

and citrullinated peptides.
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3. Investigate the presence of antibody responses to both the native and

citrullinated peptides in children with varied clinical outcomes.
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5.2 Results

5.2.1Description of adult cross-sectional bleed study cohorts
(2017 -2018)

For this research | used samples from a cross-sectional adult bleed, which is
conducted yearly in two villages Junju and Ngerenya in Kilifi, Kenya. The total
number of samples included in the study was 224, with the samples used drawn
from two years, 2017 (n=71) and 2018 (n=153). The available epidemiological data

included the participants’ age and gender, as summarised in (Table 5-1).

Table 5-1: Description of adult samples cross-sectional study year 2017 and 2018

Location Gender Age range Year_ Year_ Total samples
(Yrs) 2017 2018
F M (n=71) | (n=153)
Junju 69 33 18-60 36 66 102
Ngerenya 69 53 17-69 35 87 122

5.2.2 Increased antibody responses to native and citrullinated
peptides in adults living in high P. falciparum transmission
(Junju)

To first demonstrate differences in the levels of P. falciparum exposure in the
adult test samples, | used a P. falciparum parasite lysate (schizont extract) ELISA
to assess the level of anti-parasite antibodies. Samples from Swedish donors with
no prior exposure to Plasmodium parasite were included as negative controls. As
expected, individuals from Junju exhibited significantly higher levels of antibodies
to the P. falciparum extract compared to those from Ngerenya and the Swedish
controls (Figure 5-2). Next, with the parasite exposure levels established in both
cohorts, | proceeded to test for the presence of antibody responses to native and

citrullinated peptides across the Junju and Ngerenya cohorts.

Interestingly, using ELISA increased levels of antibodies against citrullinated
peptides (cTNC5, cFIB, CEP) and their corresponding native peptides (TNC5, FIB,
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REP,) were observed in adults from Junju compared to those from Ngerenya,
suggesting that Plasmodium infection might drive the production of elevated
levels of antibodies to both the native and citrullinated peptides (Figure 5-3 A-F).
Notably, cVIM was the only peptide whose antibody levels were similar between
the two groups; however, antibody response to the native peptide VIM were

increased in Junju compared to Ngerenya (Figure 5-3 G-H).

Moreover, the responses to citrullinated peptides seem to closely mirror the
responses to the corresponding native peptides, such that adults with high
responses to citrullinated peptides also tended to have high responses to native
peptides, as shown in (Figure 5-4). Specifically, high Pearson’s correlations were
observed between cFIB and FIB (r = 0.76), cVIM and VIM (r = 0.63), CEP and REP (r
= 0.51), and cTNC5 and TNC5 (r = 0.48). These correlations, therefore, suggest a
strong association between responses to the native and citrullinated peptides,
indicating that the immune response to the native peptides may precede those of
citrullinated peptides or vice versa, however, further studies maybe required to

establish the sequence of the immune responses.
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Figure 5-2: Significantly, higher levels of anti-schizont IgG antibody levels in Junju compared
to Ngerenya.

Parasite exposure levels were measured using an anti-P. falciparum parasite lysate IgG ELISA
(N=224). Comparisons of IgG antibody levels were made between samples individuals residing in
Junju, Ngerenya, and a few malaria-naive controls (Swedish control). Kruskal-Wallis test followed
by Dunn's test for multiple comparisons were performed, with error bars representing the median
with interquartile range (*- p<0.05, **=<0.01, ***=<0.001).
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Figure 5-3: Significantly elevated levels of antibodies to native and citrullinated peptides
responses in individuals from Junju

Antibody responses to citrullinated and corresponding native peptides were assessed in two adult
cohorts from Junju and Ngerenya using ELISA. As represented using scatter plots as follows, cTNC5
and TNC5 in panels (A and B), cFIB and FIB in panels (C and D), CEP and REP in panels (E and F),
and cVIM and VIM in panels (G and H). Error bars represent the median with interquartile range.
Statistical analysis was performed using Mann-Whitney test. Statistical significance indicated: *
p<0.05, ** p<0.01, *** p<0.001.
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Figure 5-4: Antibody responses to citrullinated and native peptides were highly correlated.

A Pearson correlation matrix was used to visualise the correlation between citrullinated and

native peptides ELISA data with the colour scale bar representing the correlation range, from 0.2
to 1, with red indicating a high correlation.

5.2.3 Gender and parasite exposure influence autoantibodies

While my data suggested that parasite exposure plays a role in shaping antibody
responses to native and citrullinated peptides, | further analysed whether other
factors such as age, sex, and schizont exposure (another marker of parasite
exposure) impacted the levels of these autoantibodies. The correlation plots
(Figure 5-5 A- D) indicated that being male and having higher parasite exposure
were key contributors to increased autoantibodies levels. Specifically,
representative plots for CEP, REP, and TNC5 (Figure 5-5 B, C, D) suggest that sex
and parasite exposure influence autoantibody levels. However, for cTNC5 (Figure
5-5 A), these variables did not appear to have a significant effect. (see

Supplementary Figure 7-1 for additional plots for cVIM, VIM, and cFIB, FIB
responses).
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Figure 5-5: Sex and exposure to the parasite observed to influence antibody responses to
both the native and citrullinated peptides.

Pearson correlation analysis was performed on log-transformed values, with correlation plots for
age (left), schizont (parasite exposure) (middle), and boxplots for gender (right). Panel A)
represents graphs for cTNC5, B) for TNC5, C) for CEP, and D) for REP. Pearson’s correlation
coefficient is shown along with significance levels: ns (not significant), * p<0.05, ** p<0.01, ***
p<0.001.

5.2.4 Selection of samples for flow cytometry and protein
microarray assays

Next, it was essential to be precise and objective in the selection of the adult
samples for a more detailed and comprehensive analyses in the next set of
experiments, which included flow cytometry and protein microarray platform, a
high-throughput assay that allowed the screening of 120 autoantigens as outlined
the experimental workflow (Figure 5-6). To identify the most suitable samples for
the subsequent experiments, antibody responses to native and citrullinated
peptides data for each antigen were first normalised by scaling, and the total

antibody response for each individual was established and used to stratify the
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individuals into high, medium, and low autoantibody responder groups using
quantiles (Figure 5-7). This stratification was crucial for ensuring that subsequent
analyses could effectively compare immune responses across these distinct

groups.

Kenya Protein microarray

Slide Format

256 spots
120 antigens
8 controls

196 Igh

Kilifi County 1T . .

Moderate Cohort with
malaria varied
transmission autoimmune
setting profile
(Ngerenya)
o O [ [ ]
High Screen for Phenotyped
malaria ACPA Band T
transmission cells
setting

(Junju)

M -3

Figure 5-6: Experimental plan for identifying adults with varied antibody responses to native
and citrullinated peptides for subsequent assays

This figure outlines the experimental approach for identifying adults with varying levels of
antibody responses to native and citrullinated peptides in a malaria-endemic region. Adults with
varying antibody responses were then selected for subsequent experiments, that included flow
cytometry and protein microarray experiments.
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Figure 5-7: Identification of adults with varied antibody responses to native and citrullinated
peptides for further analysis

Using ELISA antibody response data for native and citrullinated peptides were first normalised
using scaling, and the total antibody response for each individual was established. The data were
then stratified into high, medium, and low antibody responders based on total antibody levels
using quantiles. These groups were selected for further experiments.

5.2.5 Differential B cell populations associated with varying levels of
antibody responses to native and citrullinated peptides

Given that Plasmodium infections are known to cause significant alterations in the
B cell compartment, particularly with the expansion of atypical B cells'9619%:209 it
was crucial to examine B cells within the context of antibody responses to the
native and citrullinated peptides. After stratifying the samples into high, medium,
and low antibody responders, | next phenotyped B cells from a total of 39 adults,
which included (n=22) individuals with high autoantibody responses and (n=17) low
autoantibody responses. The selection of these samples was made with the aim of
identifying any differential alterations in the immune cell profiles between

individuals with high compared to those with lower auto-antibody levels.

First, using established B cell markers, | phenotyped the various B cell subsets as
outlined in the gating strategy (Figure 5-8). Increased levels of activated memory
B cells (CD21- CD27+) (Figure 5-9B) were observed in the high responders
compared to the low responders. However, no significant differences were

observed in the levels of resting B cells between the two groups (Figure 5-9 C).
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Moreover, atypical B cells that are CD11c are commonly elevated in malaria-
infected individuals; while their role remains unclear, there is evidence suggesting
they may be associated with the production of anti-phosphatidylserine antibodies
and are further involved in the development of severe malaria anaemia3. In this
study, CD11c atypical B cells were also observed to be increased in the high
responders compared to the low responders (Figure 5-9 D). With both CD11c T-
bet+ B cells and CD21-T-bet+ B cells significantly elevated in the high responders

compared to the low responders (Figure 5-9 F-G).

In contrast, naive B cells were more abundant in the low responders (Figure 5-10
A), while switched memory B cells were elevated in the high responders compared
to the low responders (Figure 5-10 B). Although the findings from my research
suggest that the observed increased levels of activated memory B cells and
increased levels of atypical B cells linked to Plasmodium infections may influence
generation of antibody responses to native and citrullinated peptides, further
research is needed to clarify the role of atypical B cells as these observations may

be largely due to the effects of chronic Plasmodium infection.



5 146

FSC-H

::‘FSA:M LA b LI\/E/‘DEAD !

CDh21
. Thet _

D27

Tbet
%3
i
= 7 <

Figure 5-8: Gating strategy for B cells phenotyping and quantification of activated memory B
cells, and atypical B cells that are CD11c.

Lymphocytes were gated based on FSC-A vs. SSC-A, followed by single-cell discrimination (FSC-H
vs. FSC-A) to exclude doublets. Viable cells were identified using LIVE/DEAD staining. CD19+ CD20+
B cells were selected, and subsets were gated for memory B cells (CD21+ CD27+), activated
memory B cells (CD21- CD27+), double-negative memory B cells/atypical B cells (CD21- CD27-),
and (CD21- T-bet+). CD11c atypical B cells were further gated within the atypical B cell
population.
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Figure 5-9: Increased frequencies of activated memory B cells and atypical B cells (Tbet+
CD11c) in the high antibody responders compared to the low antibody responders.

(A) Representative plots showing gating of B cells based on CD21 and CD27 markers in the low and
high antibody responders. The percentage of the various B cells subsets were then plotted and as
shown(B) Graph showing the percentage of activated memory B cells, (C) Graph showing the
percentage of memory B cells, (D) Graph showing the percentage of double-negative atypical B
cells, (E) Graph showing the percentage of CD11c B cells, (F) Graph showing the percentage of
CD11c Thet+ B cells, and (G) Graph showing the percentage of CD21- Tbet+ B cells. Statistical
comparisons were performed using unpaired t-test, with error bars representing the mean + SEM.
Statistical significance is indicated as follows: * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001.
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Figure 5-10: Increased frequencies of naive B Cells in the low responders group.

(A) Graph showing comparisons of the percentage of naive B cells (IgD+ CD27- B cells), and (B)
graph showing the percentage of switched memory B cells (IgD- CD27+ B cells). Statistical
comparisons were performed using unpaired t-tests, with error bars representing the mean + SEM.
Statistical significance is indicated as follows: * p<0.05, *** p<0.001.
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5.2.6 The percentage of CD25+ FOXP3+ CD4+ T (regulatory T
cells) cells were increased in the low responders group

Using flow cytometry, | also phenotyped a subset of regulatory T cells (CD25+
FOXP3+ CD4+ T cells), which are known to play a crucial role in mediating self-
tolerance, thus preventing autoimmunity and maintaining immune homeostasis
333, Using the gating strategy outlined in (Figure 5-11), | identified the proportion
of CD25+ FOXP3+ CD4+ T cells. Interestingly, a comparison of the proportion of
these cells in the high versus low responders revealed increased levels of CD25+
FOXP3+ CD4+ T cells in the low responders group compared to the high antibody
responders’ group (Figure 5-12 B).

In conclusion, our findings suggest that the increased regulatory T-cell levels in
the low antibody responders’ group possibly leads to a more effective suppression
of autoreactive immune responses, resulting in lower autoantibody levels.
However, further mechanistic studies are needed to fully understand this

association.
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Figure 5-11: Gating strategy for T cells phenotyping and quantification.

Lymphocytes were identified using FSC-A vs. SSC-A, followed by single-cell discrimination with
FSC-H vs. FSC-A to exclude doublets. Viable cells were then gated on using LIVE/DEAD staining,
and CD3+ T cells were identified. CD4+ helper T cells were further gated, with subsets classified
as naive (CD45RA+), effector/memory (CD45RA-), and regulatory T cells (CD25+ FOXP3+) within
the effector/memory population.
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Figure 5-12: Increased frequencies of regulatory FOXP3+ CD25+ CD4+ T cells in the low

antibody responders.

(A) Representative plots showing CD25 and FOXP3 markers in the low and high antibody responder
groups. B) Graph showing the percentage of CD4+ that are CD25+FOXP3+ (regulatory T cells).
Statistical comparisons were performed using Mann-Whitney test, with error bars representing the
mean = SEM. Statistical significance is indicated as follows: * p<0.05, ** p<0.01, *** p<0.001, and

**** p<0.0001.
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5.2.7 Protein microarray data cleaning and analysis pathway

A total of 127 samples from adults were selected for the protein microarray assay
based on the criteria of whether they were high or low antibody responders, as
shown in (Figure 5-6). These samples were then carried forward for further
screening using the protein microarray platform, a high-throughput assay that
allowed the screening of 120 autoantigens in a single well, as illustrated in (Figure
5-13 A). Furthermore, given the complexity and multi-dimensional nature of the
data generated, robust data processing was essential to ensure high-quality

results.

This was achieved by applying a protein microarray data processing suite,
protGear, which includes a range of statistical functions organised within an R
package, as outlined in (Figure 5-13 A) 302, The first step in the process was
background correction, which removes unwanted signals from sources other than
the sample 34, Notably, the protein microarray readout is the median
fluorescence intensity (MFI) of the foreground, which also includes background
intensity (unwanted signals). To determine the most appropriate background
correction method, | plotted the foreground MFI against the background MFI
(Figure 5-13 B) that served as a diagnostic plot essential in providing information
for selecting the appropriate background correction method. For my dataset the
lower foreground MFI values showed low background signals, while the higher
foreground MFI values displayed a broader range of background levels suggesting
variability in the background values thus, local background correction was

applied.

Next, to normalise the data, an essential step that reduces the mean-variance
dependence commonly seen in protein microarray data, which can obscure true
biological variability, especially given the wide range of readouts, | first averaged
the duplicates and applied the Variance Stabilisation Normalisation (VSN) method.
This approach was particularly suited for my data, as shown in (Figure 5-14 A-B)
because it handled negative values more effectively than traditional log

transformation 3%,

Lastly, since the samples were processed on different days, batch correction was

necessary; this was done using the ComBat function from the SVA package, which
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successfully minimised day-to-day variations, as demonstrated in (Figure 5-14 C-
D).

Lastly, following data cleaning a total of 112 samples were carried forward for
downstream analysis and visualisation. Precisely, the additional data cleaning
processes involved the removal of duplicates and control samples, including
blanks, Swedish sample, and a pooled serum from hyperreactive individuals from
high malaria endemic regions, which served as the negative and positive controls

respectively and had been included in each slide.
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Figure 5-13: Data cleaning and quality control processes for protein microarray data performed
by the application of the ProtGear.

A) An outline of the data acquisition and processing pipeline (protGear) used for the analysis. B)
Scatter plot showing background MFI vs foreground MFI, serves as a diagnostic plot essential in
providing information for selecting the appropriate background correction method.
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Figure 5-14: Data normalisation and batch correction processes for protein microarray data
performed by the application of the ProtGear.

Following data cleaning, normalisation was performed using the VSN package in ProtGear, and
batch correction was applied using the ComBat function from the SVA package. (A) and (B) show
scatter plots of the data before and after normalisation, while (C) and (D) present boxplots of the
data before and after batch correction, accounting for day-to-day variation.

5.2.8Broad autoimmune responses in individuals chronically
exposed to Plasmodium infections.

To generate a heatmap, the batch corrected raw data was first ranked, with the
lowest value in each sample being assigned a rank of 1. Next malaria exposure
data was integrated in the heatmap by arranging the ranked matrix based on
schizont response levels which was grouped into ‘High', ‘Medium’, ‘Low', and 'No
Exposure’ categories. The heatmap was then generated with these annotations,
with row clustering disabled to preserve the order of malaria exposure, while
column clustering remained enabled to reveal patterns across variables, as shown
in (Figure 5-15 A-B).
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Notably, both IgM and IgG responses (Figure 5-5A-B)to the panel of autoantigens
exhibited significant variation between individuals. While some individuals
appeared relatively more responsive to a broader range of antigens, as indicated
by the red circles, others displayed comparatively lower reactivity. However, it is
important to note that these observations are based on ranked data, thus
reflecting relative differences between individuals rather than absolute levels of
response. Notably, a response here is referring to the ranked individual antibody

levels.

Next, the batch corrected normalised data by VSN as described in (section 5.2.7)
was matched with epidemiological data, including age, gender, and schizont
antibody responses (Plasmodium parasite exposure). Both 1gG and IgM responses
were visualised using Principal Component Analysis (PCA) plots, as shown in
(Figure 5-16 A-C) and (Figure 5-17 A-C), respectively. Although the heatmap
indicated variability between the samples, this variability could not be explained
by age, gender, or malaria exposure, as demonstrated in the PCA plots (Figure
5-16 A-C) and (Figure 5-17 A-C).

Furthermore, a comprehensive approach to data analysis was taken, by applying
a Limma (Linear Models for Microarray Data). Limma is a widely used tool for
analysing high-dimensional biological data, such as gene expression or protein
levels and works by fitting a linear model to each protein (autoantigen) to
estimate differences in immune response across groups. Additionally, the method
also applies an empirical Bayes approach to stabilise variance estimates, making
the analysis more reliable, especially when sample sizes are small. The log fold
change (logFC) was calculated to determine how much higher or lower protein
levels were between groups, P-values and adjusted p-values (q-values) were used
to assess the significance of these differences, accounting for multiple

comparisons.

However, even after adjusting the p-values, no significant associations were found
between the antibody responses (IgG and IgM) and the variables of interest (age,
gender, or schizont response), see Supplementary (Table 7-1, Table 7-2, Table
7-3, Table 7-4).
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Figure 5-15: A wide array of autoantigen responses observed in malaria-exposed individuals

A total of 127 samples were profiled for both IgG and IgM autoantibodies to 120 autoantigens
(GeneCopoeia). Following data cleaning, 112 samples were ranked and sorted by total overall
responses, then visualised using heat maps: A) IgM, B) IgG. Red circles highlight individuals with
higher reactivity to a broader range of antigens. The scale bar represents the range of rank scores,
and the key indicates exposure to the parasite.
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Figure 5-16: Lack of association between IgG autoantibody levels and available epidemiological
data.

PCA plots were generated from 112 samples using the batch-corrected, normalised protein
microarray data. The plots were labelled based on available epidemiological data: A) by parasite
exposure grouped into tertiles, B) by gender, and C) by age. These analyses assess the potential
associations between IgG autoantibody responses and epidemiological variables.
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Figure 5-17: Lack of association between IgM autoantibody levels and available epidemiological
data.

PCA plots were generated from 112 samples using the batch-corrected, normalised protein
microarray data. The plots were labelled based on available epidemiological data: A) by parasite
exposure grouped into tertiles, B) by gender, and C) by age. These analyses assess the potential
associations between IgM autoantibody responses and epidemiological variables.



5 161

5.2.9 Identification of the top 20 autoantigens binding
autoantibodies from adults with high P. falciparum exposure

Next, to identify the autoantigens from the protein microarray that most
frequently bound their cognate autoantibodies from individuals with high P.
falciparum exposure. First, the raw data was ranked based on MFI (mean
fluorescent intensity) as previously described above in (section 5.2.8). The
heatmap was then rearranged such that the rows represented autoantigens,
ranked by their total immune response across all samples, from highest to lowest
and columns represented individual samples grouped and ordered according to

their malaria exposure categories (high, medium, low, and no exposure).

Although this ranking of the autoantigens by the total response allowed for the
identification of autoantigens with the strongest responses, no specific
autoimmune patterns were associated with exposure to P. falciparum parasites
(Figure 5-18). However, an overall varied reaction to the autoantigens was

observed, as highlighted in the heatmap for I1gG (Figure 5-18).

The top 20 autoantigens eliciting the strongest responses were identified and
listed in ( Table 5-2), with, responses to common antigens such as EBNA1 (Epstein-

Barr Nuclear Antigen 1) and LPS (lipopolysaccharide) serving as controls.

Amongst the top 20 autoantigens, responses to extracellular antigens like
Calprotectin and Elastin and nuclear antigens like CENP-B, PCNA, and Ro/SSA were
observed as the common autoantigens that bound their cognate antibodies. In
addition, anti-phosphatidylserine antibodies, were also observed, an observation
that was consistent with other studies, particularly given that anti-
phosphatidylserine antibodies have previously been linked to the development of
malaria-associated anaemia by targeting uninfected red blood cells and promoting

their clearance 4.

Interestingly, responses to hemocyanin, an arthropod antigen used as a control for
non-specific immune reactivity, were also observed. A similar profile of immune
response patterns was seen with IgM responses, as shown in (Figure 5-19) and
(Table 5-3). Overall, my findings show that chronic exposure to Plasmodium

infection is associated with a wide range of autoantigen reactivity, indicating a
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highly diverse and potentially dysregulated immune response profile in these

individuals possibly due to chronic exposure to the parasite.
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Table 5-2: Top 20 autoantigens IgG
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Figure 5-18: Top 20 autoantigens frequently observed bound to specific IgG autoantibodies
from individuals with high exposure to P. falciparum

A total of 127 samples were profiled for both IgG and IgM autoantibodies against 120 autoantigens
(GeneCopoeia). After data cleaning, 112 samples were carried forward for further analysis. The
data was then ranked based on the total response for each autoantigen, and a heatmap was
generated, displaying the autoantigens in order of their total response. Those with the highest
overall response appear in ascending order: A) The heatmap represents IgG responses with a focus
on identifying the autoantigens. The scale bar represents the range of rank scores, and the key
indicates the level of parasite exposure. B) represents a table listing the top 20 autoantigens with
the highest overall responses categorised by antigen type.
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Table 5-3: Top 20 autoantigens IgM
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Figure 5-19: Top 20 autoantigens frequently observed bound to specific IgM autoantibodies
from individuals with high exposure to P. falciparum

A total of 127 samples were profiled for both I1gG and IgM autoantibodies against 120 autoantigens
(GeneCopoeia). After data cleaning, 112 samples were used for further analysis. The data was then
ranked based on the total response for each autoantigen, and a heatmap was generated, displaying
the autoantigens in order of their total response. Those with the highest overall response appear
in ascending order: A) IgM. The scale bar represents the range of rank scores, and the key indicates
the level of parasite exposure. B) represents a table listing the top 20 autoantigens with the highest
overall responses categorised by antigen type.
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5.2.10 Increased antibody responses to native and citrullinated
peptides in children with severe and uncomplicated malaria

In this section, | will shift focus to the last aim of this research, which is to
investigate whether the production of antibodies to native and citrullinated
peptides is present and is associated with varied clinical outcomes, with key
comparison being between healthy controls, Vs uncomplicated malaria Vs severe

malaria in children.

Herein unlike the previous sections the samples analysed were from children.
Specifically, | used samples from the hospital cohort (severe malaria), Junju
cohort (uncomplicated malaria) and Ngerenya cohort (uninfected healthy
controls). The rational for using this cohorts, is driven by the controversial role of
autoantibodies in Plasmodium infections, where elevated autoantibody levels
have been associated with severe malaria outcomes 224 and at the same time
there is evidence of these autoantibodies playing a crucial role in conferring

protection against clinical malaria 132,

5.2.10.1 Cohorts’ demographics
5.2.10.2 First Cohort: Severe Malaria cases from hospital admissions

The first cohort comprised children with severe malaria, including those diagnosed
with severe malaria anaemia and cerebral malaria. These children were
hospitalised at the Kilifi County Hospital with confirmed malaria and admitted to
the High Dependency Unit (HDU) for intensive monitoring. Severe P. falciparum
malaria was defined according to the WHO criteria, which includes any of the
following: cerebral malaria (Blantyre coma score of <3), severe malaria anaemia
(hemoglobin concentration less than 5 g/dL), or other severe clinical

syndromes33¢,

5.2.10.3 Second Cohort: uncomplicated malaria cases from Junju

The second cohort involved children from the Junju cohort, a group under
continuous weekly active surveillance for uncomplicated malaria (SIMs cohort).
These children, residing in a rural subsistence farming villages on the Kenyan

coast, were followed from birth and exit follow-up at 15 years of age. Junju, is a
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region of moderate malaria transmission intensity, with a P. falciparum parasite
prevalence of 30% during cross-sectional surveys conducted between January and

May.

Uncomplicated malaria episodes were defined by home visits where field workers
diagnosed malaria-related fevers characterised by an axillary temperature of
>37.5°C and a P. falciparum parasite density exceeding 2,500 parasites per
microliter of blood. For this study, | included samples from children with
uncomplicated malaria and healthy uninfected controls (parasite negative)

sampled from the cross-sectional bleed with demographics detailed on Table 5-4

5.2.11 Elevated levels of CEP, cFIB, Fib, and TNC5 in both
severe and uncomplicated malaria cases.

Increased levels of CEP, cFIB, Fib, and TNC5 were observed in both the severe and

uncomplicated malaria cases compared to healthy controls (Figure 5-20).

Table 5-4: Description of children samples 2018

Group Age (Yrs) | Sample Temperature | Parasite density
(size)
Health Controls (Uninfected | 2-9 20 35.7-37.1 0

from Ngerenya)

Uncomplicated malaria (SIMs | 0.5-9 51 35.4-38 2500-1648000
cohort) (ul)
Severe Malaria (Hospital 0.5-14 49 32.9- 39.7 2500- 999600(ul)

admissions)
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Figure 5-20: Increased antibody responses to native and citrullinated peptides in children with
severe and uncomplicated malaria

Antibody responses to citrullinated and corresponding native peptides were assessed in the three
groups: Healthy Controls (Ngerenya; uninfected), uncomplicated malaria (Junju), Severe malaria
(Hospital admissions) using ELISA. The responses for CEP and REP are shown in panels (A and B),
cFIB and FIB in panels (C). Statistical analysis was performed using a Kruskal- Wallis followed by
the Dunn’s multiple tests. Error bars represent the mean + SEM. Statistical significance is indicated
as follows: ns (not significant), * p<0.05, ** p<0.01, *** p<0.001.
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5.3 Discussion

One of the aims of this chapter was to analyse the frequency of autoimmune
antibodies in adults residing in Kilifi, Kenya, and further test the hypothesis that
chronic Plasmodium exposure increases the risk for autoimmunity later in life.
While the broader question of the possible contribution of chronic malaria
exposure to autoimmune responses cannot be fully answered here, this study

provides important insights that could be explored further.

Using mouse models (chapters 3 and 4), | demonstrated that Plasmodium
infections induce the production of antibodies to native and citrullinated peptides
332, Furthermore, extending these findings to humans with persistent exposure to
Plasmodium parasites, | observed elevated antibodies to native and citrullinated
peptides in individuals from Junju, a moderate to high P. falciparum transmission
area, compared to those from Ngerenya, a low P. falciparum transmission area.
Additionally, the correlation of these antibody levels with sex and parasite
exposure further suggest that chronic Plasmodium exposure may drive their

production.

Notably, the presence of antibodies to native and citrullinated peptides has not
been extensively reported in the context of malaria, however, reports of other
infections driving their production has been observed in periodontal infections.
For  example, Porphyromonas  gingivalis 3% and  Actinobacillus
actinomycetemcomitans 333 are infections that are positively associated with ACPA
IgG levels. In addition, other factors like smoking 78 and exposure to silica 38 are
well-known triggers of citrullinated peptide production and, consequently, ACPA.
However, while my research highlights the presence of antibodies to native and
citrullinated peptides following Plasmodium infections further studies are
required to understand if ACPA generated in the context of Plasmodium infections

are pathogenic and drive the development of RA.

One potential mechanism driving ACPA production in RA is the presence of
neutrophil extracellular traps (NETs), which release citrullinated antigens known
to promote ACPA 3%, therefore, in the context of Plasmodium infections NET

formation could also be linked to ACPA production. Moreover, this idea is further
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supported by the presence of elevated circulating ANAs and NETS in children with
uncomplicated malaria 233. Interestingly, recent evidence also shows that
extracellular heme, a byproduct of Plasmodium infection, can trigger NET
formation, however, this has been shown to occur independent of the PAD4 system
and thus does not provide evidence of citrullination suggesting other mechanism
could be triggering antibody production against native and citrullinated peptides

production 231,

Next, given that Plasmodium infections are known to disrupt B cell compartments,
leading to an increased proportion of atypical memory B cells expressing
exhaustion markers 207,209.318,360 | assessed frequencies of several B cell
phenotypes between the high and low antibody in the adult groups. Notably, an
overall increase in activated B cells was observed in the high responders’ group,
indicating recent parasite infection. These findings are supported by Sundlings et
al ", who reported that activated memory B cells remained elevated three
months post malaria exposure. Moreover, an increase in atypical B cells that were
T-bet+ and CD11c was observed in the high responders group compared to the low
responders, a phenomenon previously associated with increased anti-

phosphatidylserine antibodies in both mice and human studies 4.

Thus, this observation raises important questions about the role of atypical B cells
in malaria, which remains debatable. Interestingly, recent research has provided
new insights by indicating that atypical B cells may exist in three distinct
functional states, each with different roles in immune responses 2'3. Thus, the
presence of these atypical B cells in individuals with high antibody response levels
suggests that they may play a role in their production, however, additional studies
are necessary to determine whether these cells are indeed dysfunctional and

contributing to the production of these antibodies.

In contrast to the observations made with the B cells, regulatory T cells (CD4+
FOXP3+, CD25+) were decreased in individuals with high levels of antibodies
against native and citrullinated peptides compared to those with low levels,
suggesting a potential regulatory effect of these T cells on the production of these
autoantibodies. This is consistent with previous studies that have shown that Tregs

decline in children with chronic exposure to malaria in high-transmission areas,
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indicating that frequent Plasmodium exposure may alter regulatory immune
responses 361362 Qverall, these findings underscore the intricate relationship
between malaria, immune dysregulation, and the potential development of

autoimmunity.

Importantly, while the overarching goal of this study was to establish whether
increased frequencies of autoantibodies would increase predisposition to
autoimmune disease later in life, this research reports the presence of a wide
array of autoantibodies, with certain individuals having broad reactivity to all
antigens and minimal responses in others; however, the key variables, age,

gender, or parasite exposure, were not linked to the variability.

This observation was likely attributable to the sample selection criteria, as most
individuals included in the protein microarray analysis were selected based on
their high antibody response levels against native and citrullinated peptide, with
most of these individuals residing in Junju. Therefore, very few samples from
individuals with little or no exposure to Plasmodium were included in the analysis.
Additionally, age did not seem to influence the autoantibody levels in adults,
findings that were consistent with previous studies that reported that the
correlation between age and autoantibody levels increase with age but tends to

plateau during adolescence *’.

Presence of high autoantibody levels against CRP, and a broad range of nuclear
and extracellular antigens were also observed, alongside nonspecific responses to
hemocyanin, suggesting potential immune dysregulation and hyperactivation.
While similar findings of increased autoantibodies to extracellular and nuclear
antigens have been reported previously, these studies were conducted on a
smaller scale, screening a limited number of autoantigens 23%248.249,363,364 |
contrast, this research screened a broader array of 120 autoantigens associated
with various autoimmune diseases in adults, providing a more comprehensive view
of the potential immune dysregulation occurring. Notably, a similar array was also

recently used, but the focus was on children >.

Intriguingly, almost half of the screened autoantigens showed high reactivity,

while the other half did not, indicating that immune-specific mechanisms may be
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influencing these responses. One possible explanation for this pattern is molecular
mimicry, particularly given that a recent study found approximately 7% of parasite
antigens resemble host proteins 2%3; for example, certain studies have reported on
sequence similarity between P. vivax and human spectrin and as a consequence
resulted in elevated levels of anti-spectrin antibodies 223. For example, P.
falciparum enolase and aldolase share structural or sequence similarities with
their human counterparts, potentially leading to cross-reactive immune responses
365 | Such mimicry could disrupt immune tolerance, triggering the production of
antibodies that target both parasite-derived and host antigens. Thus, this
resemblance could be driving some of the elevated autoantibody responses

observed in the study.

Lastly, it was crucial to investigate the presence of elevated antibody response
against native and citrullinated peptide in children, particularly given the
controversial role of autoantibodies in Plasmodium infections. While previous
research has suggested that autoantibodies in malaria could play a dual role,
contributing to both protection and pathology 204223239 more recent studies have
added new insights. As | neared the completion of my PhD, a new study indicated
that increased high levels of antinuclear antibodies ANA might confer protection
in children against clinical malaria. Importantly, these autoantibodies were found

to be functional, exhibiting growth-inhibitory activity °.

However, the findings of my research contrast with that study, specifically given
that increased antibody levels against native and citrullinated peptides were
observed in children with both severe and uncomplicated malaria cases.
Additionally, higher fibrinogen (Fib) antibody levels were mostly observed in

children with severe cases.

This finding thus suggests a possible link between the production of antibodies
against native and citrullinated peptides and parasite infections, with the
potential for the native and citrullinated fibrinogen (cFib) antibodies to serve as
biomarkers for severe malaria; nevertheless, larger studies are necessary for

validation of this observations.
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Notably, the differences in outcomes between my research and the recent study
that provided evidence of increased autoimmunity and protection from severe
malaria > could also be attributed to differences in study design, particularly
because my research assessed antibody levels against native and citrullinated
peptides at a single point in time, while the other study followed children over
different malaria seasons, thus capturing a more dynamic immune response.
Moreover, my study was focussed on screening for responses to specific antigens
while this other study was more focussed on screening a group of broadly related
antigens (ANA). Together, these findings suggest that the variety of autoantibodies

elicited during malaria may have diverse, context-dependent roles.

In summary, this study reports that antibodies against native and citrullinated
peptides are present in chronically malaria-exposed individuals. Although,
antibodies against citrullinated peptides (ACPA) are specific for rheumatoid
arthritis, it is not known whether their presence in the context of malaria is due
to a breakdown in immune tolerance mechanisms due to chronic inflammation
driven by Plasmodium infections. Furthermore, the presence of a wide array of
autoantigen responses observed in this study indicate a shift towards increased
autoreactivity in chronically malaria exposed adults, whether these
autoantibodies are pathogenic and result in autoimmune diseases needs to be
studied further.
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6 Chapter 6 - Overall summary, general discussion
and conclusions

6.1 Overview

The association between Plasmodium infections and autoimmune diseases has a
historical basis, with observational studies carried out in West Africa by
Greenwood et. al. in the 1970s, who noted that autoimmune conditions were rarer
in sub-Saharan Africa '°. Over the years, with the application of new technology,
greater awareness of autoimmune diseases and research advancements, we now
have a far better understanding than we did decades ago, at the time of
Greenwood‘s report 393304 For instance, the true incidence of autoimmune
diseases in sub-Saharan Africa wasn't apparent then but it is becoming more
evident, with recent studies suggesting that their prevalence has been
underestimated historically %1212 Notably, the prevalence of rheumatoid
arthritis is now considered to occur at 0.36%, a prevalence rate similar to that in
high income countries 7>. Similarly, the incidence of SLE is now estimated to occur
at a prevalence of 1% in certain countries in sub-Saharan Africa ''. Collectively,
the reports above challenge the previously held idea that idea: that autoimmune

diseases are rare in sub-Saharan Africa.

Interestingly, certain genetic traits linked to a predisposition to autoimmune
disease, such as the FCYRII alleles driven by P. falciparum infections, have been
reported in sub-Saharan Africa 720, Additionally, recent evidence suggests that
increased levels of pre- malaria season autoantibodies, may be protective against
malaria in children during the ensuing season . While this finding suggests a
beneficial role for increased levels of autoantibodies in the context of malaria, it
raises questions about the long-term consequences of chronic autoantibody
production as a result of persistent P. falciparum infections. For example, does
the presence of these autoantibodies increase the risk for the development of
autoimmune diseases, and particularly in individuals with pre-existing genetic risk

factors for autoimmune diseases?

Therefore, the overarching goal of my research was to examine the complex
interplay between Plasmodium infections and the potential of developing

autoimmune diseases. Thus, to answer these research questions, | applied the use
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of both mouse models for malaria and RA, as well as human samples from
individuals residing in malaria-endemic areas, to comprehensively measure
correlations between Plasmodium parasite infections and levels of autoantibodies.
Notably, the broader objectives of this research cannot be fully addressed within
the scope of a PhD., as it would require a prolonged longitudinal cohort study
following up individuals for decades. However, the data presented herein provides
new knowledge that enhances our understanding of the complex relationship
between Plasmodium infections and autoimmunity, particularly with the novel
findings of the presence of antibodies against native and citrullinated peptides in

chronically exposed malaria individuals.

6.2 Summary of the key findings

6.2.1Increased levels of antibodies to native and citrullinated
peptides, in individuals residing in a malaria endemic area

While infections, including Epstein-Barr virus (EBV) 31141336366 have been
implicated in the induction of autoimmune diseases, the association between
Plasmodium infections and autoimmunity has been an ongoing debate. In this
study, | observed that mice infected with P. chabaudi exhibited elevated levels of
antibodies against native and citrullinated peptides, comparable to those seen in
the chronic experimental arthritis (CEA) mice (chapter 3), suggesting that
Plasmodium infection can equally induce an autoimmune response. Furthermore,
other infections, such as Porphyromonas gingivalis (implicated in periodontal
disease), have previously been linked to the production of these antibodies 83:87.357
and the induction of experimental arthritis. However, the presence of antibodies
against native and citrullinated peptides in the context of Plasmodium infections

represents a novel and unique finding of my research within this thesis.

Building on these results, | assessed the levels of these autoantibodies in
individuals living in high versus low malaria transmission areas in Kilifi, Kenya and
found significantly higher levels of antibodies against native and citrullinated
peptides in individuals living in high malaria-endemic area (chapter 5), suggesting
that chronic Plasmodium infections drive their generation. While the presence of
antibodies against native and citrullinated peptides has not been reported in the

context of Plasmodium infection in humans previously, other infections such as
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Mycobacterium tuberculosis 3¢7, Porphyromonas gingivalis 37-38 have been

reported to induce the production of these autoantibodies.

Importantly, while ACPA is crucial for diagnoses of RA 3'¢ presence of antibodies
against native and citrullinated peptides in individuals exposed to Plasmodium
raises important questions. For example, the presence of these autoantibodies in
malaria-endemic populations may imply a link between chronic infection and
potential autoimmune risk in the future. Moreover, smoking, a known factor
influencing ACPA levels, is rare in this community, the use of firewood for cooking
might be an important consideration influencing their production. Thus, this
environmental factor could complicate the ability to definitively establish a
relationship between Plasmodium exposure and production of antibodies against
native and citrullinated peptides. Despite this, the consistency of the findings
between the mouse and human data further strengthens the uniqueness and

significance of this findings.

Following the observation of increased levels of antibodies against native and
citrullinated peptides, | assessed the impact of P. chabaudi infection on acute and
chronic experimental arthritis development. Notably, Plasmodium infection did
not seem to significantly affect the development of experimental arthritis. While
this observation contradicts our hypothesis, it's important to consider that the
mice were only subjected to a single infection in comparison to individuals in
malaria-endemic regions, where prolonged antigenic stimulation may lead to more

pronounced and possibly pathogenic levels of ACPA over time.

In addition, interactions between P. chabaudi-induced antibodies against native
and citrullinated peptides and genetic predispositions, such as HLA haplotypes,
which are associated with a significantly increased risk of RA, are most likely to
play a considerable role in the induction of an autoimmune response and
autoantibody formation in humans 3'¢. Importantly, while my data indicates that
Plasmodium infections can stimulate the production of antibodies against native
and citrullinated peptides, the role of these autoantibodies in the context of

human infection remains to be determined.
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6.2.2 Broader spectrum of autoantibody profiles observed besides
antibody responses to native and citrullinated peptides

In addition to antibody responses to native and citrullinated peptides, | assessed
autoantibody profiles against 120 autoantigens commonly used as biomarkers in
various autoimmune diseases using a protein microarray assay. This approach
allowed me to explore whether adults with varying levels of these antibodies also
exhibited differences in their broader autoantibody profiles. Among the 112
individuals screened, | observed a wide range of autoantibody reactivity, with
some individuals exhibiting a strong reactivity to nearly all 120 autoantigens, while
others showed little to no reactivity to any of them. Importantly, although there
was variability across the samples, this observation could not be explained by
known factors such as levels of parasite exposure, age, or gender, indicating that

genetic or environmental factors may influence individual responses.

Although my data does not show an association between increased autoantibody
levels and parasite exposure, this may be due to the fact that the samples used
for the microarray were predominantly from Junju, a region with high Plasmodium
infection transmission. As a result, | lacked an adequate comparison group of
individuals not exposed to Plasmodium infections. It is worth noting that the initial
screening for antibody responses to native and citrullinated peptides, included
samples from both the high-transmission area (Junju) and the low-transmission
area (Ngerenya); however, the low-transmission samples were excluded from the
protein microarray analysis, as selection for the microarray assay was based on
either high or medium levels of antibodies against native and citrullinated
peptides. Therefore, the inclusion of matched samples from areas with no
Plasmodium falciparum transmission would have provided a clearer understanding

of the specific autoimmune responses driven by parasite exposure.

Additionally, several highly reactive autoantibodies, such as those targeting C-
reactive protein (CRP), were detected in these cohorts, as well as autoantibodies
against various extracellular antigens. While my findings of increased reactivity to
a broad panel of autoantigens were consistent with other studies 10248369 3 key
difference is my study screened a more comprehensive panel of autoantigens.
Notable this autoantibody responses were similar to patients with systemic lupus

(SLE), 379374 in which a wider autoantibody reactivity is very common, however,
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it's challenging to conclude whether or not these was an indication of an on-going

autoimmune disease or simply reflected a dysregulated immune system.

Interestingly, all participants exhibited a high response to EBN (Epstein-Barr
Nuclear Antigen), indicating previous exposure to Epstein-Barr virus (EBV).
Therefore, given that EBV has been implicated as a trigger for autoimmune
diseases 337> future experiments should consider screening for the presence of
this virus to further investigate the interplay of the EBV and Plasmodium infections

and the combined contribution to immune dysregulation.

Lastly, this research highlights a link between Plasmodium infection and the
induction of antibody responses to native and citrullinated peptides, supported by
the strong evidence from both experimental and human studies. However, the
implications of these findings in the field of autoimmune diseases still remain
unclear. Further studies are therefore required to explore the long-term effects
of chronic Plasmodium exposure on immune function and whether the observed
autoantibodies are pathogenic %798 or simply a byproduct of immune activation in
response to chronic infection. Moreover, the exact contributions of other factors,
such as genetic and environmental factors, including smoking and other
contributory HLA haplotypes 7880111 to these immune responses must be
understood to better explain this complex association of Plasmodium infection

and autoimmunity.

6.2.3 Elevated antibody levels against native and citrullinated
peptides linked to increased atypical B cells and reduced T
regulatory cells

Notably, as previously reported, chronic immune stimulation by repeated
infections can lead to sustained activation of immune cells, such as B and T cells
194209 resulting in a dysregulated immune system with the production of

autoantibodies 16,8,249,369

In addition, maintaining a proper balance between regulatory and effector
mechanisms of the immune system is essential to preventing autoimmune
diseases. In this study, | report an increased proportion numbers of regulatory T

cells in participants with low antibody levels against native and citrullinated
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peptides compared to the high responders’ group, further demonstrating that
chronic infections such as malaria can disrupt this balance by attenuating
regulatory T cell function 36237, Moreover, the hyperstimulation of the immune
system might be mediated through several mechanisms, such as chronic
inflammation, molecular mimicry, bystander activation, or epitope spreading 8.
Thus, characterising such mechanisms could help understand how chronic

Plasmodium exposure increases predisposition to autoimmunity.

| also report an increase in atypical B cells in the high responders. The presence
of atypical B cells is a well-documented phenomenon in chronic infections 207-
209,318,377,378 ' including malaria, but their association with high antibody responders
raise important questions. In the context of Plasmodium infections, atypical B
cells have been associated with the production of anti-phosphatidylserine
antibodies #. Similarly, in my study, while high antibody levels against native and
citrullinated peptides were correlated with the presence of atypical B cells, it
remains unclear whether these cells are directly responsible for their production.
Moreover, recent evidence suggests that atypical B cells exist as three distinct
subsets of atypical B cells in chronically exposed individuals. One subset is anergic
(non-responsive), with a high activation threshold, similar to atypical B cells found
in systemic lupus erythematosus (SLE); another subset develops from memory B
cells and rapidly differentiates into antibody-secreting cells after stimulation,
while the third subset requires an additional signal to fully mature into antibody-
secreting cells?'3. Thus, raises the question of whether the atypical B cells
observed in high responders are of the non-responsive subset, potentially

contributing to immune dysregulation in this context.

Interestingly, non-specific autoantibodies were also observed in this study, for
example hemocyanin, a foreign antigen found in arthropods 37?, bound antibodies
from the human plasma, suggesting that some of the observed immune reactivity
might be non-specific. The fact that hemocyanin is not naturally present in
humans yet there was a specific signal indicates the possibility that chronic
infections may drive an overactive or dysregulated immune system, where the
body reacts to both specific and non-specific antigens. Thus, it highlights the

complexity of immune responses in individuals exposed to Plasmodium over
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prolonged periods and raises important questions about the balance between

protective immunity and the risk of developing autoimmunity.

6.2.4 Elevated antibody levels against native and citrullinated
peptides in children with severe and uncomplicated malaria

Herein, | report increased levels of antibody levels against native and citrullinated
peptides in children with severe malaria and uncomplicated malaria compared to
healthy children. This is consistent with other studies that have reported evidence
of increased autoantibodies correlated with severe malaria anaemia and acute
kidney injury and thus suggests that these autoantibodies could be pathogenic '-3.
In addition, anti-phosphatidylserine antibodies have been detected in children
with severe malaria, and their role in enhancing the clearance of uninfected red

blood cells '3 is well known.

By contrast, the role of autoantibodies in conferring protection has been indicated
in several studies; specifically, in one study, increased levels of ANA before a
malaria season were protective . Moreover, these autoantibodies were also shown
to be functional with the ability to inhibit parasite growth. Therefore, while my
data and several other data suggest a pathogenic role for autoantibodies, there is
need to study the kinetics of antibody levels against native and citrullinated
peptides, and further gain insights into when they are produced, and whether they

decline with parasite resolution.

6.2.5 Potential mechanism inducing antibody production against
native and citrullinated peptides

Lastly, | next explored the potential mechanisms behind generation of antibody
production against native and citrullinated peptides, such as molecular mimicry,
which has previously been linked to the production of specific autoantibodies 8203,
By analysing specific sequence similarity between the host's native peptide (e.g.,
fibrinogen, enolase, vimentin, and tenascin) and P. falciparum sequences, no
significant matches were found, suggesting that molecular mimicry is not the

primary mechanism behind their production in this context.
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Additionally, given the crucial role of PAD enzymes, in citrullination 39380 | also
examined whether PAD activity was responsible for antibody production against
native and citrullinated peptides in the context of Plasmodium infection. This was
tested by administering a pan-PAD inhibitor targeting PAD1-PAD4 to P. chabaudi-
infected mice and assessing its impact on autoantibody production. While the
levels of most antibody responses against native and citrullinated peptides were
unaffected, the decreased levels of cFIB antibody in the PAD-inhibited group
compared to the control suggest that PAD enzymes contribute to the production
of antibodies against citrullinated fibrinogen (cFIB). However, the inhibition
achieved was insufficient to alter the levels of other antibodies targeting native
or citrullinated peptides. Thus, these findings underscore the need for further
validation through experimental studies using PAD knockout mice to fully

elucidate the role of PAD enzymes in this process.

6.3 Conclusion

Although the presence of antibodies against native and citrullinated peptides and
other autoantibodies indicates an ongoing autoimmune response, it does not
necessarily mean that this leads to the development of clinical autoimmune
disease 3%, Particularly given that autoimmune disease development is considered
multifactorial, arising from genetic predispositions, environmental factors, and
the complex immune system dynamics 37,3238 For example, genetic
predispositions such as specific HLA haplotypes might increase an individual’s
susceptibility to developing autoimmune disease in the presence of environmental
triggers such as infections and smoking, which might exacerbate this risk by

inducing molecular changes in immune cells that break up immune tolerance 3¢ .

Therefore, in the context of Plasmodium exposure, it is essential to clarify how
exposure to Plasmodium infections (an environmental trigger) interacts with
genetic traits; for example, are RA-susceptible individuals at an increased risk for
developing RA when chronically exposed to malaria due to the synergistic effects
of genetic predisposition and immune hyperactivation? Moreover, does the
protective genetic traits that evolved in malaria-endemic regions to reduce the
risk of malaria traits some of which are linked to autoimmune disease
susceptibility, increase the risk of autoimmunity in the presence of

chronic Plasmodium infection 7.
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Therefore, while my research, provides new insights into the complex interplay of
chronic exposure to Plasmodium and autoimmune disease, a multifaceted
approach is needed to fully understand this relationship, which can be achieved
through long-term cohort studies incorporating genetics, environmental, and
immunological factors are more likely to shed light on the contribution of

chronic Plasmodium exposure to autoimmune disease development.

6.3.1 Outstanding questions

Importantly several questions stem from this study such as follows:

e Could the criteria for diagnosis of Rheumatoid Arthritis (RA) in malaria-
endemic areas need revisiting, considering this data suggests that
antibodies against native and citrullinated peptides might reflect a
response to chronic Plasmodium exposure rather than RA-specific

pathology?

e Furthermore, while recent research indicates that increased
autoantibodies, particularly, might offer some protection against clinical
malaria >. One of key question is what is the cost of autoimmunity,
particularly are the autoantibodies produced in response to Plasmodium
infections pathological, and if so, what are the long-term consequences of

chronic autoantibody production?

6.3.2 Study limitations and future directions

Although, this study enhances our understanding of the association between
Plasmodium infections and autoimmunity, it has limitations. For instance, the
inclusion of matched samples from areas with no malaria transmission would have
given a clearer picture of the specific immune response driven by parasite

exposure, particularly for the protein microarray data.

Another limitation stems from the lack of sufficient data on the incidence and
prevalence of autoimmune disease Africa, especially in malaria-endemic regions
11,12,129  Therefore, future studies are needed to determine the prevalence of

autoimmune diseases in these populations, which will enhance and improve our
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understanding of the impact of increased autoimmunity following prolonged
Plasmodium exposure. Importantly, as healthcare facilities improve in sub-
Saharan and autoimmune conditions are becoming increasingly well-recognised,
therefore the clinical thresholds of autoantibodies that predict increased
susceptibility to autoimmune diseases in individuals exposed to Plasmodium need
to be defined.

Moreover, future research directions should also include a more detailed analysis
of whether these autoantibodies are pathogenic by investigating their
glycosylation patterns, as glycosylation influences the pathogenicity of
autoantibodies, such as ACPA 7%, Importantly, characterising the genetic traits
of individuals with an overall increased autoimmune reactivity compared to
individuals with less hyper-reactivity reactivity to the autoantigens but with
similar parasite exposure levels will provide further insights into potential

mechanism influencing autoantibody production in some individuals.

Therefore, the application of a more holistic approach to determining whether
the autoantibodies identified in individuals chronically exposed to Plasmodium
infections are pathological and further understanding the genetic and molecular
mechanisms driving their production will greatly improve our understanding of the
complex interplay between chronic exposure to Plasmodium infection and
autoimmune disease. Additionally, the application of mouse models could provide
additional insights into the role of ACPA through the application of passive transfer

studies.
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7 Appendices

7.1 Supplementary figures and tables for Chapter 5

A AgE vs conc_cFIB (Iog-lransiormed) Schizont vs conc_cFIB (Iog-transformed) Sex vs conc_cFIB (\og—translormed)
) . R=-0173 ° . R=0.287 P |
P =0.009 P=0 "
5 . * Y . : . e

=
£, @, ’ e
5 2,
GI 9 d
2 o
5
8 6
6
.
20 30 40 50 60 70 25 50 75 F M
Age (Years) schizant Sex
Age vs conc_FIB (log-transformed) Schizont vs conc_FIB (log-transformed) Sex vs conc_FIB (log-transformed)
B : R=-0.058 R=0512 [
. 10
* " *  P=0391 *t " P=0
El . g .
L L LI
. . A
@8
[ @
o [
| 8
5 8
3

40 50 60 70 25
Age (Years)

SCIH izont

Sex



Age vs conc_cVIM (\og-trans!mmed)
} R=-0.07
C. . P =0.298

Log(conc_cVIM)

conc_cVIM

Schizont vs conc_cVIM (log-transformed)
. R =0.046
P=0.498

9 .

0 50 60 ]
Age (Years)

Age vs conc_VIM (log-transformed)

50
schizont

Schizont vs conc_VIM (log-transformed)

conc_cVIM

184

Sex vs conc_cVIM (log-transformed)

1

Sex

s 3 R=-0.016 ) - R=0.134 _—
9 P=0817 * P =0.045
D. .. L. .
. % . .
: o
s . .
s . H =,
EI ., . . ) > >
5 acn .o .
. e K 0
st eotee o - B
N 1
T .
KRN
: Algle {\‘ears)l“. SE‘;I:;ZOM

Sex

Figure 7-1: Sex and exposure to the parasite were observed to influence the levels of
antibodies against native and citrullinated peptides

Pearson correlation analysis was performed on log-transformed values, with correlation plots for
age (left), schizont (parasite exposure) (middle), and boxplots for gender (right). Panel A)
represents graphs for cFIB, B) for FIB, C) for cVIM, and D) for VIM. Pearson’s correlation coefficient
is shown along with significance levels: ns (not significant), * p<0.05, ** p<0.01, *** p<0.001.
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Table 7-1: Log2 Fold Change and Adjusted P-Values for Differential IgG Expression Across
120 Autoantigens in Females vs. Males

ID log2fold p p.adj
LC1 -0.473376979785237 0.0382333193076223 1
Jo-1 -0.419250050891613 0.0482178324523463 1
CRP -0.348962348402304 0.06360099367562 1

Thyroglobulin

-0.389292169424906

0.0794121584223788

SRP54 -0.408802857105217 0.0810185400626866 1
B-actin -0.377810744311103 0.084116632429482 1
TPO -0.336489264136002 0.0996365248812595 1
Vitronectin -0.347239958544048 0.101734966331987 1

Prothrombin protein

-0.377176156233878

0.102966558502898

CENP-A -0.317823513171089 0.114397051076782 1
ComplementC1q -0.269201115409949 0.140631848543803 1
AQP4 -0.307190443195674 0.144840517700825 1
PL-7 -0.296320319796129 0.159146163070243 1
dsDNA -0.26651020600481 0.180036051774004 1
Collagen V -0.257137574851605 0.19595990771303 1
Myosin -0.248819055965016 0.200930952890323 1
COL17A1 -0.278367330148853 0.201811516227641 1

Ro SSA 60Kda

-0.250242660492899

0.205114034307033

Neuropilin-1

-0.287993659918437

0.205244036804374

Chondroitin Sulfate

-0.29247652695092

0.213062772992645

LPS

0.247822124016474

0.216398735251592

Complement C3 C3a

-0.271318768560223

0.229775442736577
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Collagen IV

-0.246701573437437

0.24016898314096

5100

-0.254475409294569

0.240589894830211

CENP-B

-0.241538957265854

0.247050559137489

AGTR

-0.216878113215345

0.249314981666493

Calprotectin

-0.251115818964894

0.249692679107952

Scl-70 Topoisomerasel

-0.235577537363154

0.252903877126333

Elastin

0.265008270357766

0.254657245652602

SP100

-0.267148132790665

0.26086682075516

KUP70P80

-0.247905164337721

0.265880374948493

Phosphatidyl-serine PS

-0.25842112278849

0.268321227072097

Alpha-actinine

0.207114760315476

0.272297096715158

Alpha Fodrin

-0.242094142196966

0.28170675338742

Collagen VI

-0.211050928325152

0.2841942832886

Muscarinic receptor

-0.228005683620231

0.284456941146429

Vimentin

-0.226603908641365

0.294538772184508

IL-15

-0.230829361587188

0.298003618162791

PCNA

-0.259644218308436

0.299621348103642

TNF-a

-0.211027073521421

0.321860625705971

B2 glycoprotein1

-0.185115545952696

0.326668132969116

LaSS B

-0.193087572323575

0.328160888466982

Factor H

-0.193478590661456

0.344851937260851

GP2

-0.196920725184701

0.345305784477146

ssDNA

-0.16087715481314

0.347485310604292

CD4+

-0.207295012328903

0.370339138650741
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U1-snRNPC

-0.180381265367612

0.37329807064374

GP210

-0.194025487703431

0.391782728221294

U1-snRNP6870

-0.19616359745561

0.394322421247153

Fibrinogen IV

-0.173252405282176

0.403756841661268

Hemocyanin

-0.158141461522982

0.41939900824691

U1-snRNPA

-0.192625390316576

0.419951280423549

GDF-15

-0.183042681848774

0.426396732582734

MPO

-0.156742909068121

0.434060335744764

Ro SSA 52Kda

-0.132632880111539

0.449513933497456

Amyloid

-0.149594414712298

0.450839008054024

Fibrinogen S

-0.154004254890908

0.457768972353312

M2

-0.163911794702341

0.46851231181072

IL-12

-0.16395783646815

0.479379599306648

TTG

-0.153052480147078

0.486245725218045

BPI

-0.173838066759496

0.490539624426952

PMScl-75

-0.15920820745388

0.496341693763934

Aggrecan

-0.138570443791691

0.507251413849042

GM-CSF

-0.155358840850026

0.515204291493237

Core Histone

-0.152627869665447

0.516381331784008

PM Scl 100

-0.144239022962861

0.528641534090084

GBM

-0.137486713904411

0.531471371814486

Sphingomyelin

-0.132907225241116

0.532259238494835

Factor D

-0.118302700442335

0.57536438565098

Cardolipin

-0.124870467305382

0.593780471257631
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Insulin

-0.105046610119306

0.611141335946022

IFN-A1

-0.116189393472916

0.630619495242775

HistoneH3

0.105051129014935

0.635675327356719

Myosin heavylight
chain

0.0971748972383536

0.645069069869325

Ribophosphoprotein
PO

0.0872600962515565

0.645860478736036

Histone H2A

0.10895986691679

0.649899460514166

RiboPhosphoprotein
P1

-0.0837763875679464

0.651737969750752

B2-microglobulin

-0.0949322219002689

0.666166292145586

HistoneH1

0.107013256536827

0.666537851759436

SmD

-0.0932510878492719

0.669038039165256

IFN-L2

-0.104160699646663

0.669051726386727

IFN-r

-0.0943582907537243

0.684750906014641

Heparin

0.103087331637975

0.688204713288138

TIF1gama

-0.0826123519526948

0.702979023054471

Mi-2

-0.0710066244612476

0.71594251441285

ssRNA

-0.0830423969251254

0.716933953975285

HistoneH2B

-0.0864741930922839

0.722420189570862

TWEAK

-0.0842650625734179

0.72281721403852

GAD65GAD2

-0.0726531960993447

0.723690564933208

FactorB

-0.0735280149176841

0.729964638037165

SmRNP

0.0769839405591298

0.732754477440579

Nucleosome antigen

-0.0746861613205315

0.734778711512027

EBNA1

-0.0627554134017623

0.739030696971041
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Factor P

-0.073652249018979

0.739119776898745

PR3

-0.0744133615445942

0.747763436381627

Collagen Il

-0.0744889457090595

0.74985851266268

Fibronectin

-0.0679444840254784

0.749987415548704

Collagen Il

-0.0754409862674849

0.750167556711902

TGF-B1

-0.0694827714174945

0.751790307215876

PL-12

-0.0683121646016925

0.753186595771389

Nucleolin

-0.0588390783341227

0.764681686228652

RiboPhosphoprotein
P2

-0.0628337454595235

0.766783902932675

MDA5

0.0460761631531889

0.82510613874587

Myelinbasicprotein
MBP

-0.0493382331373044

0.83341769149972

A2

0.0515163835640285

0.837139332045743

IFN-E

-0.0384529375171753

0.861186822165022

Sm

-0.0374290561708472

0.865408022043157

Collagen |

-0.0354026341950106

0.869471204102284

U1-snRNPBB

-0.0352373001486206

0.871718211748508

Nupé62

0.0336250052818064

0.873232195778254

CD8

0.0380224427622945

0.874991053624786

Intrinsic Factor IF

-0.0344393531067027

0.874999694350823

Troponin-I

-0.0296607487056456

0.89603075762009

Mitochondrial antigen

-0.0236133967893362

0.912266891000922

Proteoglycan

-0.0223208012039129

0.926391512249747

Factor |

-0.0193866265322264

0.934662824919711
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Histone H4

0.0181626704619618

0.939706192006962

Heparan Sulphate

-0.0147132233460139

0.948697748570388

IFN-B

-0.00840748745311986

0.971095251939573

Laminin

0.000497077171984151

0.998310236144528

Table 7-2: Log2 Fold Change and Adjusted P-Values for Differential IgM Expression Across
120 Autoantigens in Females vs. Males

ID log2fold p p.adj
LaSSB -0.461417532544243 0.0498008799882577 | 1
Myosin -0.432060487331539 0.065442771363441 1

Myelin basic protein
MBP

-0.45045097645107

0.0667994765043786

Laminin

-0.435134085682469

0.068005407804148

B2 microglobulin

-0.439346476212923

0.0687299596383047

Fibrinogen S -0.431224843862462 0.0691918472962255 | 1
Fibrinogen IV -0.430735832980142 0.0694147868933382 | 1
IFNA1 -0.433752179602369 0.0726556378667983 | 1
CD8 -0.434317154092147 0.0737921552920724 | 1
IFNE -0.408683861469296 0.0778121895517261 | 1
Jo1 -0.408017049217743 0.0782170735916159 | 1
Elastin -0.422382344722418 0.0805628937812234 | 1
GP2 -0.408958383757379 0.08064298919286 1
Collagen IV -0.4140809405998 0.080865933691554 | 1
EBNA1 -0.390179627722052 0.0907255484650838 | 1

CD4+

-0.382151222629253

0.0933653865485963
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IL15

-0.391935261266646

0.0941120490147971

Calprotectin

-0.387768838922128

0.0983434992778137

AQP4

-0.391573689047546

0.099284438849442

Phosphatidylserine PS

-0.379152325667117

0.0993498876805231

GAD65GAD2 -0.381369114383503 0.101002867587606
CENPA -0.389956319975248 0.101327640868378
Factor H -0.385958087890015 0.10453738862889

Hemocyanin -0.36124045565365 0.104709766563816
TNFa -0.372325207362605 0.104727132954389
Collagen VI -0.383947855128345 0.104903252330262
LC1 -0.390007391844129 0.105731800938155
IL12 -0.381587014630992 0.108727705736834
dsDNA -0.373196261857976 0.110729702108452

Ro SSA 60Kda

-0.36717408361886

0.118373103523709

Vimentin -0.381085961949182 0.118778108662225
SRP54 -0.37808692987709 0.121721142613716
Neuropilin1 -0.355886685473326 0.129950935596274
Bactin -0.359231573144469 0.130147894379351

B2 glycoprotein1

-0.357518636926077

0.132390392926406

M2 -0.366673524274786 0.134062992645018
MDA5 -0.355820488579678 0.136692063555879
BPI -0.354288603960642 0.138111662012408
Factor | -0.338330643829952 0.13932080578293

KU P70 P80

-0.351613895565354

0.141316431736927




192

Vitronectin

-0.339554610666824

0.149546317291894

Complement C1q

-0.334069230558852

0.149835757445524

Thyroglobulin

-0.339457245531208

0.151548920181493

TTG

-0.337405650401631

0.153130166141182

GDF 15

-0.334876755354745

0.153336677899444

U1 snRN PA

-0.352037915322077

0.155694209187041

PCNA

-0.331740687690071

0.156502564317248

IFNB

-0.325675523280926

0.161883155896413

Factor B

-0.324468815295027

0.162866688521612

Mitochondrial antigen

-0.336821534084628

0.164394020820606

PL7

-0.326690148976524

0.166394946975228

Muscarinic receptor

-0.318226517257393

0.168828596508924

Core Histone

-0.333334472200354

0.170054700900354

GP210

-0.317842136113728

0.177757187847302

Mi2

-0.316248912574873

0.187890915820741

SmD

-0.309219981149253

0.190240905787486

Nucleolin

-0.301408680254901

0.195574499330815

1A2

-0.318160158951243

0.198849405934039

CRP

-0.273376522547083

0.200399100127316

Alpha Fodrin

-0.319912820826269

0.20190114841451

Complement C3 C3a

-0.300176179218157

0.202945270276231

IFN r

-0.290040564569799

0.209092287984758

GBM

-0.306170204607818

0.217305925922487

Scl70 Topoisomerasel

-0.294477690050667

0.218027164186047
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PL12

-0.295828435284229

0.218115083260151

IFNL2

-0.296147890581527

0.22014388521306

TPO

-0.297801146570978

0.220943764884389

U1snRNP6870

-0.289502406769237

0.22384333247267

HistoneH2B

-0.292855825407265

0.224663132313269

ssDNA

-0.281508253092622

0.226717723949624

GMCSF

-0.2801136645289

0.238054127153631

S100

-0.262009025479487

0.240866690619694

MPO

-0.259286903559159

0.261707693310599

Collagen 1lI

-0.261392339319374

0.26244538013795

Heparan Sulphate

-0.242339037313244

0.275137204707547

RoSSA52Kda

-0.258900771928383

0.277924549970019

PMScl100

-0.266281868894334

0.289115287124152

HistoneH2A

-0.232137445351438

0.323264801439995

TWEAK

-0.226763412791111

0.326257038995195

TIF1gama

-0.242072287626301

0.328673758507227

COL17A1

-0.225756222244964

0.346704863944998

Troponinl

-0.234924671054896

0.347186942455353

Sm

-0.214293967219318

0.349209108595756

PMScl75

-0.227272238819161

0.352030112852869

U1snRNPC

-0.217524402832628

0.354083617533954

Factor D

-0.203946113275725

0.365057692267868

Collagen V

-0.193638639780107

0.378766570494614

Prothrombin protein

-0.211635332162637

0.384043942711982
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Aggrecan

-0.196261817751928

0.387808422463992

Cardolipin

-0.209135377492569

0.388591306074193

HistoneH3

-0.198445820815851

0.408059387319649

Amyloid

-0.172327663258223

0.417812298126505

SP100

-0.199027154706325

0.419668377487825

Insulin

-0.172303024619704

0.444544640632704

Alphaactinine

0.156231828632602

0.446972200890482

Heparin

-0.180577713541679

0.451566301390613

Fibronectin

-0.157797607227986

0.486924416500693

PR3

-0.159478937326047

0.495541791467628

Proteoglycan

-0.152126171927867

0.511342350152491

Nup62

-0.146675678461615

0.522674653042128

AGTR

-0.147988708321688

0.53296113130476

Intrinsic Factor IF

-0.132638615021578

0.535768168009448

Ribo Phosphoprotein
PO

-0.126233289308254

0.559011224322034

Ribo Phosphoprotein
P1

-0.123013125910166

0.568316962665422

Collagen |

-0.124302786188473

0.574768592696692

SmRNP

-0.121659747191175

0.583877044719197

Collagen Il

-0.125776490155346

0.584945500409592

Ribo Phosphoprotein
P2

-0.119642004853888

0.613603880917694

CENPB

-0.112550870058496

0.627744053113859

U1sn RNPBB

-0.113526007985881

0.630779749437358

LPS

-0.115772597122217

0.637580550351676
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Factor P -0.103693233946587 0.650413528851018 | 1
Histone H1 -0.0965007661440498 | 0.672235563436975 | 1
SSRNA -0.0896679586476101 | 0.701941761748331 1
Histone H4 -0.0867356615701458 | 0.720760462153605 | 1

Myosinheavy light
chain

0.0651212903776003

0.77215109401188

Chondroitin Sulfate

-0.0624938079051586

0.7792165615131

Sphingomyelin

-0.0618298690009271

0.785082784432038

TGFB1

0.00679315002770044

0.976003426357902

Nucleosome antigen

0.000671882738921216

0.997629950577537

Table 7-3: Log2 Fold Change and Adjusted P-Values for Differential IgG Expression Across
120 Autoantigens Based on Schizont Levels

ID

log2fold

P

p.adj

Core Histone

0.751666291166045

0.0705130908812977

1

IFN-E

0.700099346805829

0.0904977477378341

IFN-B

0.66997702437651

0.10781879334436

RiboPhosphoprotein
P2

-0.624627278287742

0.128523785303498

Heparin

0.6260907688644

0.132208644501981

B2-microglobulin

0.606220880779482

0.14292393905733

Laminin 0.598471343612643 0.151657332657447 1
COL17A1 -0.577700035521751 0.164766747248766 1
CD8 0.560890247762254 0.183239713128155 1
Hemocyanin 0.535894440530326 0.187891793101834 1

Fibrinogen S

0.535178590534756

0.190715469916727
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SmRNP

0.535036538301947

0.193951128511554

Sphingomyelin

0.525632929540716

0.200690874581501

Sm

0.499487103416065

0.221580137959722

TGF-B1

0.498824348006287

0.225469513783431

Histone H1

0.507598269576503

0.230666821463797

Nucleosome antigen

0.491302954215993

0.232243891777936

Factor |

0.491329740638999

0.234225419866645

Proteoglycan

0.494229454544803

0.237072689640611

AGTR

0.476447218081022

0.241669098438147

ssRNA

0.486433732881653

0.244847931940262

Elastin

0.472970597200441

0.251658875739595

GDF-15

0.476549181073504

0.253365586353145

Collagen Il

0.474489974390851

0.255563531513452

Myelin basic protein
MBP

0.475440062454806

0.257589314061601

U1-snRNPC

0.46217296050785

0.262548197527058

Histone H2A

0.466965703852492

0.266296085379866

Histone H2B

0.465737149656575

0.268576815824855

Complement C1q

0.439802692810305

0.277794779991863

Factor P

0.446356498174316

0.278677784982

Vitronectin

0.44583928696326

0.279615141007869

Collagen IV

0.438978485497777

0.284283621084963

CD4+

0.433108322686165

0.294254096667874

Aggrecan

0.424758623075263

0.301394005794703

Insulin

0.42562475025545

0.301779863801971
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RoSSA52Kda

0.41813612200498

0.302191996454443

Complement C3 C3a

0.421671680228058

0.309217187816583

Factor B

0.414110890094157

0.312813660690339

Collagen |

0.403742492263122

0.325041280876971

Troponin-I

-0.401467759123666

0.329971398760098

GAD65GAD2

0.394594025957283

0.335606528568468

Fibrinogen IV

0.391325624616435

0.343565697960615

Intrinsic Factor IF

0.383553853835513

0.357265239922073

U1-snRNPBB

0.380683031656116

0.359768375870375

Collagen Il

0.363668712354197

0.380330878697016

Scl-70 Topoisomerasel

0.359059018508864

0.382197975966867

Muscarinic receptor

0.355422683579875

0.385443938894869

Phosphatidyl-serine PS

0.35332939237238

0.392473698855586

GP2

0.348126333750717

0.39429273989011

Histone H3

0.352203239521329

0.396057572787021

LPS

0.342458179668399

0.399872801746563

GP210

0.344022707046255

0.403671880115724

Histone H4

0.348310938218432

0.406052082647412

Factor H

0.341474956761419

0.407174915162368

Chondroitin Sulfate

-0.346250102214839

0.409394457390897

Myosin heavylight
chain

0.338308556560305

0.41162300504257

PMScl-75

0.321838573466536

0.434974151063357

IFN-L2

0.327301318388909

0.440059266586406

MDA5

-0.314707437096117

0.440897179105812




198

Nup62

0.3123397590351

0.448509346183919

MPO

0.310318149196279

0.449113205202103

CENP-B

-0.301099519177202

0.461929707909833

Amyloid

0.291318551729398

0.473568051602452

Alpha-actinine

-0.278197719619058

0.491158398539909

IFN-r

0.286269127350501

0.491766743440059

Heparan Sulphate

0.278643932320928

0.501904251962297

B2glycoprotein1

0.266549266233029

0.51243903703836

B-actin 0.271487915122349 0.513666888940622
CENP-A 0.26261710865939 0.519811348151998
PL-12 0.265292807071059 0.521776027923

Calprotectin

0.258506523871819

0.533804331869931

U1-snRNP6870

0.254724423390025

0.539624948208358

SmD 0.250631444960269 0.543014801584964
GBM 0.25173224820114 0.54448890696223
Nucleolin 0.245670416202822 0.546877786578624

RiboPhospho protein
P1

0.244826154670755

0.546957302361923

Collagen VI

0.240405803161927

0.559693250720741

PR3

0.243695687767565

0.559774525630296

EBNA1

0.235902571878014

0.561497581579268

Alpha Fodrin

0.237358659554475

0.568547945211272

Collagen V

0.223858977821849

0.584642954944695

IL-15

0.225413699151382

0.58624603049636

Cardolipin

0.225300176952817

0.589227182498349
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RiboPhospho protein
PO

0.221832618623676

0.590377387954384

TIF1gama 0.217144267420034 0.596880025833111
Myosin 0.209486721219272 0.607524646587673
dsDNA 0.208706476242058 0.609904865547755

Prothrombin protein

0.211233639250555

0.609918014103302

BPI

-0.20986408964629

0.618708393181123

A2

0.184060768480385

0.659020779555495

SRP54

0.168138936436378

0.687616515852521

TTG

-0.164357417343902

0.689044712148979

PMScl100

0.166218574110711

0.691680212470815

LaSSB

0.162805093387162

0.693048716099673

GM-CSF

0.160322236365507

0.701372840515422

AQP4

0.158066263578073

0.701935336728644

LC1

-0.154236768803468

0.709796029131827

Mi-2

0.126396198772503

0.758024695829657

TNF-a

0.124594918876446

0.761417734544981

CRP

0.109480654151509

0.788237709751597

ssDNA

0.108404829295946

0.788437096780873

KUP70P80

0.110703317837793

0.789547301199434

Vimentin

0.104541892207682

0.800822424262217

RoSSA60Kda

0.101361967825339

0.806273190935099

Thyroglobulin

-0.0976749765229889

0.813629393240647

IL-12

0.0930193367609042

0.823764992814288

TPO

0.0897793451564338

0.826003152946102
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Jo-1 0.0863605834327869 | 0.834765738162782 1
PL-7 0.0781701288158189 | 0.85035837932188 1
IFN-A1 0.0782693173768139 | 0.851088914088518 1
M2 0.0742350536505904 | 0.858352971271812 1
S100 0.0714526391105353 | 0.861185579935116 1
PCNA 0.0671374398454704 | 0.871448960211712 1
Factor D -0.0600747291990482 | 0.883490425012068 1

Mitochondrial antigen

-0.0431328630573367

0.917081963354884 1

Neuropilin-1 0.023569088822746 0.954669335707447 1
TWEAK -0.0162217783436555 | 0.969038603133166 1
SP100 0.0158705349916675 | 0.96979969693745 1
U1-snRNPA -0.014166894143513 | 0.97302115383584 1
Fibronectin 0.0133784834598971 | 0.97416031526447 1

Table 7-4: Log2 Fold Change and Adjusted P-Values for Differential IgM Expression Across
120 Autoantigens Based on Schizont Levels

ID log2fold p p.adj
Amyloid 0.614606495457576 0.093801067280287 1
Heparin 0.575733265218709 0.116477847949606 1

B2microglobulin

0.570681734144965

0.119717141185871

Elastin

0.55328703088503

0.131413800189261

Factorl

0.531648719494915

0.147178546892146

U1snRNPC

0.524512051685147

0.152683562954549
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sSRNA

0.521033115097805

0.155423302209887

U1snRNP6870

0.512530888784646

0.162275941031137

Troponinl

0.5099396834704

0.164409106865618

TGFB1

0.506695203232937

0.167109776967553

Factor H

0.50392121671176

0.169445144323299

Nucleosome antigen

0.485274050780039

0.185782912733985

IFNB

0.469883212217766

0.200122643929838

Heparan Sulphate

0.461496285159818

0.208269178776346

TPO

0.447124745758926

0.222783166546207

Muscarinic receptor

0.446244095153944

0.223695528809417

Thyroglobulin

0.435343877215077

0.235210088621718

Vitronectin

0.433773512945515

0.236902941408234

Core Histone

0.428841785619056

0.242275294828937

HistoneH2B

0.409512611213135

0.264155566921771

Fibrinogen IV

0.408935782819331

0.264828830563876

MPO

0.405146655727202

0.269280835666167

Sm

0.403940709136884

0.270708471471947

AGTR

0.403112816524895

0.271691554851615

IFN r

0.402125930679559

0.272866627016349

Factor B

0.401149515812025

0.27403264956248
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TNF a

0.390487191326159

0.286987164996725

IFN E

0.382194858920864

0.297343722792048

Scl70 Topoisomerasel

0.380476840443662

0.299520283053187

Miz

0.37326145355904

0.308777322784321

Ribo Phosphoprotein PO

0.365571966124609

0.31884875935842

GAD65 GAD2

0.364507988736799

0.320259079307178

Fibrinogen S

0.354763020673365

0.33336568511256

Nup62

0.354259102524035

0.334052722738617

GP210

0.34035694585979

0.353366368339461

U1snRNPA

0.339833555067389

0.354107027208267

EBNA1

0.333426689532058

0.363252876766816

Calprotectin

0.330805218834895

0.367037299922164

TIF1gama

0.33029943073354

0.367770288001492

1A2

0.327579849282953

0.371727122435548

Laminin

0.322178004453654

0.379664466249654

CD4+

0.319775065584909

0.383228543043129

U1snRNPBB

0.317451960767728

0.386693629729247

SmRNP

0.315070537004624

0.390265485460269

SRP54

0.312219752265345

0.394567610699099

Complement C1q

0.311808928116951

0.395189943644632
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B2 glycoprotein 1

0.310680921919003

0.396901742696098

Complement C3 C3a

0.309635550481228

0.398492128742737

COL17A1

0.308783790113606

0.399790797086306

Histone H1

0.305290450943497

0.405143627089237

PR3

0.305111926460942

0.405418325651675

PL12

0.304087074928087

0.406997434667392

Collagen IV

0.300443735679915

0.412640797940872

CD8

0.295611972462112

0.420196103327496

Sphingomyelin

0.295218182115252

0.4208154257435

RiboPhosphoprotein P2

0.292637986187043

0.424886598366415

GP2

0.290680490417824

0.427990540831732

CENPA

0.288824354836384

0.430945919586885

Ro SSA 52Kda

0.288146887273329

0.432027540841866

GDF15

0.282539097483932

0.441040956783031

TWEAK

0.281829000892906

0.442189936493795

Collagen VI

0.280290363920427

0.444685415109329

GMCSF

0.280054539531042

0.445068602126407

HistoneH2A

0.279006454920391

0.446773893842552

AQP4

0.275012451498868

0.45330634348242

IFNL2

0.274653982267105

0.453895268688611
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Hemocyanin

0.273415816208498

0.455932755400041

Alpha Fodrin

0.270346665512599

0.461005378521692

Ribo Phosphoprotein P1

0.267120792605105

0.466370875001051

Vimentin

0.265701497468928

0.468742485818543

Myosin

0.262046140789539

0.474881137029856

PMScl75

0.25530107370595

0.486323515014055

PMScl 100

0.252244706534094

0.491557039734592

Mitochondrial antigen

0.248284835230066

0.498382396926804

Myelin basic protein MBP

0.24717425729227

0.500305637570603

Factor P

0.246879732112023

0.500816340716584

LaSSB

0.244116026075469

0.505622009619366

MDA5

0.243346928882888

0.506963660659362

SmD

0.240620218014074

0.51173530650615

KU P70 P80

0.237904274878482

0.51651131522882

dsDNA

0.237104903893435

0.517921405384366

BPI

0.23698334790342

0.518136004466108

IL12

0.230487229124968

0.529671019597789

Nucleolin

0.228395332555512

0.533413158767825

Alpha actinine

-0.228086082937075

0.533967499497989

Ro SSA 60Kda

0.227464895469524

0.535081878565821
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M2

0.225742588950722

0.53817773256396

Intrinsic Factor IF

0.222903043347976

0.543301386191297

Chondroitin Sulfate

0.22143747455385

0.545955319661612

ssDNA

0.219129557865832

0.550147616978899

HistoneH3

0.214441463371067

0.558712005161574

Bactin

0.21377120873581

0.559941725624534

GBM

0.213592016629837

0.560270712795329

IFNA1

0.206730977390006

0.572937184816466

Prothrombin protein

0.204484928156107

0.577113053954921

PCNA

0.204017447238729

0.577983997817583

Cardolipin

0.200154322793862

0.585204788886448

S100

0.196770290744035

0.59156432287192

Fibronectin

0.193502327042048

0.597735708452392

TTG

0.187999229467826

0.608193604057929

Insulin

0.160667843737276

0.661294942190085

LC1

0.155064030805399

0.672408123990779

Aggrecan

0.151327375987448

0.679858638996215

SP100

0.149827630662975

0.682857848907612

CRP

0.147277697320808

0.687968733614063

Myosin heavylight chain

0.146140229993426

0.690253207075279
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Neuropilin1 0.146131604584109 0.690270541048499
Histone H4 0.142047323026337 0.698496595550813
IL15 0.126500779641839 0.730126435866895
Factor D -0.117433744760554 0.748791985670797
PL7 0.1149907763248 0.75384693355233

Jo1 0.114599681948574 0.75465716646574

Collagen | 0.106640783010485 0.771203196161864
Collagen Il 0.105291878137196 0.774018063308201
Collagen 1lI 0.104273991635369 0.776144139882058
Proteoglycan 0.0921872356808964 0.801514109994882

Phosphatidylserine PS

0.073941959278111

0.840202255392472

LPS

0.0543023942113837

0.882280277693573

CENPB

0.0226466325966515

0.950757139321153

Collagen Vv

0.0155987565358349

0.966070714935325
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