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Abstract

An efficacious malaria vaccine will be a necessary tool for malaria eradication, however current
vaccine candidates have only demonstrated a moderate level of short-term efficacy. Additionally,
these vaccines often display reduced immunogenicity and efficacy in the malaria-exposed target
populations compared with the malaria-naive populations in which they are initially tested.
Reduced vaccine immunogenicity in malaria-exposed populations may affect vaccines for diseases
other than malaria. The 2014-2016 Ebola outbreak in West Africa highlighted the need to produce
effective vaccines against emerging infectious diseases. Many of the outbreak pathogens for
which such vaccines are being developed have geographical distributions that overlap with areas
of malaria transmission. Therefore being able to effectively vaccinate malaria-exposed individuals
is a key requirement for this new generation of vaccines. This thesis aims to characterise the
immunogenicity of candidate malaria and Ebola vaccines in detail and explores potential
mechanisms of reduced immunogenicity in malaria-exposed populations. Experiments
demonstrated that concomitant administration of viral vectored and VLP-based malaria vaccines
caused a Thl-skewed cytokine response that was associated with reduced antibody titres and
efficacy, similar to the immunosuppressive effect of acute malaria infection. Humoral, but not
cellular, responses to malaria and Ebola vaccines were reduced in malaria-exposed adults and
children but not in infants. Although this reduction was associated with malaria exposure in some
cases, it was clear that other factors were involved. Further experiments revealed a role for
cytomegalovirus infection in the reduction of vaccine immunogenicity in both malaria-naive and
malaria-exposed young adults. Overall this thesis highlights the importance of understanding what

impacts immunogenicity in order to optimise vaccines for the target populations.
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Introduction

1.1. Vaccine Immunology

Several of the earliest successful vaccines were developed empirically using whole killed
pathogen, live-attenuated pathogen or a related species (e.g. Mycobacterium bovis bacille
Calmette—Guérin [BCG] against tuberculosis [TB], vaccinia virus against smallpox). However,
many of the diseases that we do not yet have efficacious vaccines for are more complex and
require a more rational approach in order to design an effective vaccine [1]. A key aspect of
rational vaccine design is a thorough understanding of the human immune system, how target
pathogens interact with the immune system and how vaccines work to induce protective

responses.

The human immune system has traditionally been divided into two branches: innate and
adaptive. There is extensive overlap and interplay between these systems and their integrated

function is essential for effective responses against many of the pathogens humans encounter.

1.1.1. Innate immunity

The innate immune system plays a central role in the control of many infectious and
inflammatory processes. Innate immunity is characterised by fast-acting responses that serve to
clear infection and activate an adaptive immune response. The innate immune system consists

of both cellular (macrophages, dendritic cells [DCs], mast cells, eosinophils, natural killer [NK]



cells, neutrophils and NK T cells) and humoral components (the complement system, LPS binding

protein [LBP], C-reactive protein [CRP], antimicrobial peptides [AMP]).

1.1.1.1. Sensing infection

A central feature of innate immunity is the ability to mount a rapid response using a limited
number of invariant germline-encoded receptors to target conserved microbial components.
There are three main recognition strategies used by the innate immune system to sense
infection. The first is the sensing of microbial non-self by pattern-recognition receptors (PRRs)
that detect common microbial sequences known as pathogen-associated molecular patterns
(PAMPs) [2]. PRRs such as Toll-like receptors (TLRs) are families of receptors that each recognise
distinct repertoires of conserved microbial molecules. (reviewed in [3]). This allows the innate
immune system to discriminate between groups of pathogens and induce an appropriate
cascade of effector responses. The TLR family consists of 10 members (TLR1-TLR10) in humans
and 12 (TLR1-TLR9, TLR11-TLR13) in mice. TLR1, 2, 4, 5, 6 and 10 are expressed on the cell
surface, while TLR3, 7, 8, 9, 11, 12 and 13 are expressed in the endosomal compartment [4].
Intracellular TLRs recognise nucleic acids derived from bacteria and viruses, in addition to self-
nucleic acids in autoimmune conditions and molecules from intracellular bacteria and parasites.
In particular Plasmodium-derived GPl anchors are detected by TLR2/MyD88, triggering
production of proinflammatory cytokines IL-1 and TNFa. TLR4 and TLR9 have also been
implicated in the recognition of Plasmodium [5]. However, most of this knowledge is derived

from in vitro experiments and mouse models of P. berghei infection.



The importance of this system is illustrated by the immunodeficiency phenotypes caused by
genetic defects which result in recurrent invasive infections caused by a narrow spectrum of
pathogens. For example, deficiency of the signal transduction adaptor MYD88 results in
recurrent infections with pyogenic gram positive bacteria including Streptococcus pneumoniae
[6]. Polymorphisms in these receptors or components in their signalling pathways are also
associated with differential susceptibility for particular infections. For example, polymorphisms
in the adaptor molecule MAL/TIRAP (which mediates signalling through TLR1, 2, 4 and 6) have
been associated with susceptibility to TB, malaria and pneumococcal disease [7]. Signalling
through PRRs ultimately results in the production of active interleukin 1B (IL-1B) and IL-18,

which mediate downstream inflammatory responses.

The second recognition strategy is the detection of endogenous danger signals or danger-
associated molecular patterns (DAMPs) [8-11]. DAMPs are cell-derived molecules such as heat
shock proteins (HSPs), uric acid and adenosine triphosphate (ATP). The presence of these
molecules signal cell damage, either in the presence or absence of inflammation, and triggers an
immune response. Detection of DAMPs by their receptors (which include TLRs) activates
signalling pathways that induce effector functions. Depending on the pathway stimulated,
DAMPs may induce the production of proinflammatory cytokines that exacerbate inflammation
or induce cell survival signals and inhibit apoptosis. This system is highly regulated and inhibitory

receptors such as CD24 and Siglec-10 limit DAMP-mediated inflammation [12].

The final recognition strategy is the detection of “missing self” through inhibitory receptors that
signal when their ligands are downregulated on cells as a consequence of infection. This is most
clearly demonstrated by NK cells, which express an array of activating and inhibitory receptors.
Infected cells are able to process pathogen-derived proteins and present peptides on MHC class
| molecules on the cell surface. Peptide-MHC complexes can then be recognised and killed by

CD8* T cells in the adaptive immune response [13]. For this reason, many viruses have evolved



immune evasion mechanisms that enable them to downregulate MHC class | from the cell
surface and evade detection by CD8" T cells [14]. To counteract this, NK cells are able to
recognise “missing self”, attacking cells that do not express sufficient levels of MHC class |
molecules [15,16]. In humans this is achieved by two classes of MHC-specific inhibitory receptors:
the KIR Ig-like receptors [17-20] and the CD94/NKG2A lectin-like inhibitory receptor [21,22]. It is
likely that a combination of missing inhibitory signals and the presence of activating signals

triggers NK cell effector functions [23].

1.1.1.2. Innate effector mechanisms
When a pathogen has been detected by the mechanisms discussed above, a cascade of events
occurs and innate effector mechanisms are activated to clear or control infection until a robust

adaptive immune response has developed.

Macrophages circulating the body are able to recognise extracellular pathogens through cell
surface receptors as described above. Upon pathogen recognition macrophages are activated to
produce cytokines and chemokines which initiate local inflammation and attract other
leukocytes from the circulation to the inflammation site. Local inflammation can also be
triggered by activation of the complement system, which consists of around 25 proteins
circulating in inactive forms. Activation of complement can occur independently of the adaptive
immune system by the alternative and lectin activation pathways when complement
components bind directly to the pathogen surface and multimerise to form a membrane attack
complex (MAC) [24]. The MAC forms a pore in the pathogen membrane causing lysis and cell
death. Binding of complement components to the pathogen surface also opsonizes the
pathogen, increasing susceptibility to phagocytosis. Phagocytosis is the engulfment of
microorganisms, foreign particles and cell debris by phagocytes such as macrophages and
neutrophils. Phagocytosed objects are then killed and digested by enzymes within

phagolysosomes. Reactive oxygen species (ROS) and nitric oxide (NO) are also produced in



phagolysosomes as part of the “respiratory burst” [25]. The importance of the respiratory burst
is illustrated by chronic granulomatous disease (CGD), which occurs as a result of defects in this
system and causes susceptibility to recurrent bacterial and fungal infections [26]. NK cells are
another important effector within innate immunity, playing key roles in defence against viral
infections and tumour surveillance in particular [27,28]. As discussed briefly above, NK cells
express an array of activating and inhibitory receptors. NK cells become activated through a
combination of recognition of viral antigens by activating receptors and downregulation of
inhibitory receptor ligands (such as MHC class I). Once activated, NK cells are capable of contact-
dependent killing of target cells through the use of cytotoxic proteins (perforin, granzymes), Fas
ligand and membrane-bound or secreted cytokines [29-31]. NK cells also produce cytokines such
as IFNy that further induce or regulate immune effector mechanisms [32]. The important role of
NK cells within the immune system is best illustrated by patients with NK cell deficiencies, who
suffer from a particular susceptibility to herpesvirus infections (particularly varicella zoster virus
[VZV], cytomegalovirus [CMV], Epstein-Barr virus [EBV] and herpes simplex virus [HSV]) as well

as other viral infections [33].

1.1.1.3. Integration with the adaptive immune system

A further crucial role for the innate immune system is to initiate an adaptive immune response.
Inflammatory cytokines induced as part of the innate immune response can potentiate an
adaptive immune response. Chemokines aid migration of leukocytes, including antigen
presenting cells (APCs) to the site of inflammation. Professional APCs such as DCs are a key
bridge between innate and adaptive immunity, stimulating T cells to respond to antigen [34].
DCs are able to load antigenic peptides onto either MHC class | or Il molecules, allowing

presentation to both CD4* and CD8* T cells [35].

Immature DCs in the periphery efficiently take up antigen. Exposure to PAMPs or DAMPs, as

discussed above, results in DC activation and upregulation of costimulatory ligands on the DC



surface. T cell receptor recognition of peptide-MHC complexes on the DC surface provides the
first signal for T cell activation. The second signal or co-stimulation (e.g. through CD28 on T cells
and CD80 or CD86 on DCs), is necessary for T cell activation. In absence of this signal or in the
presence of a co-inhibitory second signal (e.g. through CTLA-4 on T cells and CD80 or CD86 on
DCs) T cells become unresponsive. The third signal (cytokines produced by the DC) determines
the type of CD4* T cell that will develop — for example Th1, Th2 or Treg. Different PAMP and
DAMPs appear to polarise DCs to produce different cytokines and thereby instruct the type of
adaptive response that will develop [36]. Additionally, different DC subsets recognise and
respond to different stimulants in different ways [37]. Two major subsets of DCs exist in the
blood: myeloid DCs (mDCs) and plasmacytoid (pDCs). Plasmacytoid DCs express high levels of
TLR7 and TLR9, which transduce signals from viral nucleic acids. This subset has a variable ability
to polarise CD4* T cells towards Thl or Th2 depending on the context. Myeloid DCs include
CD1c* and CD141* subsets. CD141* mDCs recognise viral nucleic acids through TLR3 and 8,
resulting in the production of TNFa, CXCL10 and IFNA. This subset also has an enhanced ability to
cross-present antigen to CD8" T cells. CD1c* DCs express a wide range of TLRs and respond to
stimulants such as LPS, flagellin and poly(IC), resulting in production of TNFa, IL-8 and IL-10. This
subset can also produce IL-12 and IL-23, implying that they may be involved in both Thl and

Th17 sensitisation.

Antigen presentation is mediated by MHC class | molecules on most cell types and MHC class I
molecules found on a subset of cells, including professional APCs. MHC class | molecules present
endogenously derived peptides that are typically 8-10 amino acids long to CD8* T cells. MHC
class Il molecules present exogenously derived peptides of 11-30 amino acids long to CD4* T
cells [38]. Exogenously derived peptides can also be presented on MHC class | through cross-
presentation and endogenously derived peptides can be presented on MHC class Il through

autophagy and non-autophagic pathways.



1.1.2. Adaptive immunity

Although the innate immune system is effective at clearing many pathogens, it is restricted by
the limited range of germline-encoded receptors. As these receptors recognise molecular
patterns that have been conserved over the course of evolution, many pathogens have evolved
to either conceal or change these molecules and evade recognition. The adaptive immune
system, characterised by an enormous selection of somatically-recombined receptors, is able to
specifically detect each unique antigen and is therefore equipped to respond to diverse and
evolving threats. The hallmark feature of the adaptive immune system is the generation of

immunological memory, enabling more rapid and robust responses on secondary encounter.

1.1.2.1. Cell-mediated immunity

Cell-mediated immunity is an important defence against intracellular pathogens and cancers in
particular. The key effectors in this arm of the adaptive immune system are CD8"* cytotoxic T
lymphoctyes (CTLs). Naive CTLs are activated in secondary lymphoid organs (SLOs) by APCs,
which present antigens on MHC class | molecules either through direct infection or cross-

presentation [39].

The T cell receptor (TCR) is a member of the Ig superfamily and consists of a heterodimer
formed of a and B chains (predominantly) or y and & chains (around 5% of human T cells). Each
of these chains contains a variable and a constant region. The variable region of each chain
contains three complementarity-determining regions (CDRs) which are responsible for antigen

recognition. TCR diversity is generated by somatic recombination of V(D)J gene segments [40].

After antigen recognition, CTLs undergo multiple rounds of replication, resulting in huge
numbers of antigen-specific CTLs [41,42]. Antigen-induced CD8* T cell responses are
heterogeneous and consist of short-lived effector cells (SLECs) and memory precursor effector
cells (MPECs) [43,44]. IL-2 signalling delivered shortly after infection determines the fate of CD8*

T cells: IL-2 promotes SLEC development whilst if IL-2 is reduced or absent CD8* T cells have



reduced effector functions and preferentially develop into MPECs [45]. Activated CTLs
upregulate inflammatory chemokine receptor CXCR3, aiding their migration into inflamed
peripheral tissues [46]. CD8" T cells continue to interact with APCs and CD4" Th cells at the site of
inflammation. Recognition of a target cell (infected cells displaying cognate peptide-MHCI
combinations) initiates CTL-mediated cell killing. CTL killing mechanisms include perforin, which
forms a pore in the target cell membrane, granzyme, which degrades cellular proteins causing
apoptosis, and Fas ligand, which initiates Fas-mediated apoptosis in cells expressing Fas [47].

Each of these mechanisms enables CTLs to kill infected cells and contain infection.

Another key role for CD8* T cells is cytokine production, predominantly IFNy, which has multiple
functions. IFNy upregulates components of the MHCI and MHCII antigen presentation pathway,
increasing the quantity and diversity of peptides presented for CD8" and CD4* T cell recognition
respectively. Additionally, IFNy upregulates chemokines such as CXCL10 that attract more
leukocytes to the inflamed tissue and further skews immune responses towards a Thl

phenotype [48].

Formation of memory is crucial aspect of cell-mediated immunity. Memory T cells can be
broadly divided into central (Tcw, CD45RA'CCR7*) or effector (Tem, CDA5RA'CCR7) memory
subsets, which have different tissue homing, proliferation capacity and effector functions [49].
Tem are able to immediately exert effector functions upon reactivation whilst Tcw mediate
reactive memory, proliferating and differentiating into effector cells in response to antigen
stimulation. More recently, the role of tissue-resident subsets (Trm) in responses to vaccination

and infection has begun to be elucidated [50,51].

An experimental model conceived by Sallusto and Lanzavecchia explained how different
memory populations could result from the selective survival of effector cells and intermediates
generated in the primary response [52]. This model proposes that the differentiation stateof a T

cell clone is determined by the duration of antigen and cytokine stimulation a T cell, which is



partly determined by the TCR affinity. T cell clones with high affinity TCRs will outcompete those
with lower affinity TCRs for limited resources such as cytokines, antigen and DC help, and
therefore receive stimulation for a longer duration. Additionally, polarisation of the T helper
response towards Th1l is determined by the availability of IL-12 produced by recently stimulated
DCs [52]. Pathogens and adjuvants differ in their ability to induce IL-12 production by DCs.
Conditions that elicit high concentrations of IL=12 result in a Thl-polarised response, while

those that do not induce IL-12 or induce IL-4 result in a Th2-polarised response.

1.1.2.2. Humoral immunity

The clonally diverse B cell receptor (BCR) is formed by combinatorial gene rearrangements in the
Ig loci. V, D and J gene segments are rearranged in the heavy (H) chain locus whist V and J gene
segments are rearranged in the light (L) chain locus [53]. The BCR is composed of two Ig H chains
and two Ig L chains forming two antigen binding sites unique to that B cell clone. BCRs serve the
critical roles of signal transduction and internalization of antigen for processing and presentation
to Th cells. Antibodies are the secreted form of the BCR and consist of a fragment antigen-
binding (Fab) region containing two antigen binding sites and a fragment crystallisable (Fc)
region involved in effector functions through binding of Fc receptors (FcRs, Figure 1.1). In
humans there are five different isotypes defined by the type of H chain used: IgD, I1gM, IgG, IgA
and IgE. Each of these isotypes has different effector functions determined by which FcRs they
bind. Human IgG can be one of four isotypes (1gG1, 1gG2, 1gG3 and 1gG4), and IgA can be IgAl or

IgA2. Each of these subclasses also have different properties and effector functions (Table 1.1).
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Figure 1.1. Antibody structure

Antibody structure consisting of two identical heavy chains and two identical light chains linked
by disulphide bonds. The class of antibody is determined by the heavy chain used: u (IgM), vy
(IgG), a (IgA), € (IgE) or 6 (IgD), whilst light chains may be A or k. Additionally there are four
subtypes of IgG (IgG1,2, 3 and 4) depending on the y chain used. The light chains consist of a
variable domain (V.) and a constant domain (C.), while heavy chains are formed from a variable
domain (V) and three (IgD, 1gG, IgA) or four (IgM and IgE) constant domains (Cy). The variable
domains of both the heavy and light chains form the antigen binding sites whilst effector
functions are mediated through the Fc region. The flexible hinge region is present in IgG, IgD and
IgA but not in IgM or IgE.

Image own work, modified from Anypodetos https://commons.wikimedia.org/wiki/File:Antibody_with_CDRs.svg, CC
BY.
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Table 1.1. Antibody classes and effector functions

Immunoglobulin type IgM IgD IgG1l | 1gG2 | 1gG3 | IgG4 IgA IgE
Physical properties
Heavy chain U 6 Y Y Y Y a €
Molecular weight (kDa) 970 184 146 146 165 146 160 188
Serum concentration 1.5 0.03 9 3 1 0.5 2 5x10°
(mg/mL)
Half-life in serum (days) 10 3 21 20 7 21 6 2
Anatomic Distribution
Transport across epithelium + - - - - - +++ -
Transport across placenta - - +++ + ++ + - -
Diffusion into extravascular sites + - +++ +++ +++ +++ ++ +

Functional activity

Neutralisation + - ++ ++ ++ ++ ++ .
Opsonisation - - +++ * ++ + + R
Sensitisation for killing by NK - - ++ - ++ - - i
cells
Sensitisation of mast cells - - + - + - - +++
Complement activation +++ - ++ + +++ - + -

Table adapted from [54] Figures 2-28 and 2-29.* IgG2 acts as an opsonin in the presence of one genetic variant of the
phagocyte FcR which occurs in around 50% of Caucasions. The propoerties of IgA1 and IgA2 are similar and included
under IgA.

B cells develop in the bone marrow and undergo further maturation and activation within SLOs.
B cell activation begins when cognate antigen binds to the BCR. B cell activation by foreign
proteins is primarily a T cell-dependent process, although B cells can be activated in a T cell-
independent manner. Antigen binding to the BCR initiates BCR signalling and endocytosis of the
antigen-BCR complex. Antigen is processed and presented as peptides on MHC class Il molecules
to CD4* Th cells that were activated by the same antigen. After TCR-peptide/MHCII binding, Th
(often T follicular helper cells [Tfh]) provide essential help to B cells for this process in the form
of cytokine production (IL-4, IL-21) and the expression of costimulatory molecules (CD40L, ICOS)

[55].

There are several distinct phenotypes of Th cells based on the expression of particular

transcription factors and the cytokines produced. Th2 cells, defined by the expression of
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transcription factor GATA3 and production of IL-4, IL-5 and IL-6, effectively help B cells,
promoting secretion of IgG, IgM and IgA. In contrast, Th1 cells, driven by the transcription factor
T-bet, predominantly produce IL-2 and IFNy and provide less effective help to B cells for
antibody production but were involved in killing bacteria within macrophages in mouse models
[56]. Th17 cells express RORyt, produce IL-17 and induce neutrophils to clear Candida spp.,
helminths and some bacterial species [57]. The regulatory subset, Treg, express FOXP3 and play
a crucial role in regulating inflammation and inhibiting self-reactive Th cells [58]. The most recent
additions include Th9 and Th22 cells which produce IL-9 and IL-22 respectively and have multiple
roles that are still being elucidated [59,60]. The development of these different subsets of Th
cells is directed by the tissue microenvironment. The precise composition of cytokines present
during a response is likely the result of a number of factors including the type of infecting
microorganism, host genetics, previous immune history, dose of antigen and route of
immunisation, all of which may therefore shape the type of Th that develops. In turn, the type of

Th cell that a B cell interacts with can determine the isotype of antibody produced [61].

B cells proliferate and may undergo Ig class-switching, differentiating into plasmablasts that
produce IgM in extrafollicular responses. However, activated B cells may also enter a lymphoid
follicle and form a germinal centre (GC) response. Durable, high-affinity 1gG is generated in these
GC reactions, during which B cells undergo class-switching, somatic hypermutation, and
differentiation into memory B cells and long-lived plasma cells. Tfh expressing CD4, CXCR5, ICOS
and the transcription factor Bcl-6 provide help to GC B cells during this process and are key to
the selection of high affinity clones that drive affinity maturation [62]. GC Tfh can leave the GC
and develop into resting memory Tfh. Memory Tfh exist mainly within the SLOs and bone
marrow but can recirculate in the blood [63,64]. These circulating PD1*CXCR5*CD45RA™ CD4* T
cells appear to be a peripheral counterpart of conventional lymphoid resident Tfh, potentially
representing GC responses, and are a useful tool for human studies, in which lymphoid tissue is
rarely available for analysis [63,65,66]. Circulating T follicular helper cells (cTfh) are also
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heterogeneous and may be further defined by expression of chemokine receptors CXCR3 and
CCR6: Th17-like (cTfh17) CXCR3°CCR6*, double-positive CXCR3*CCR6*, Thl-like (cTfhl)
CXCR3*CCR67, and Th2-like (cTfh2) CXCR3 CCR6™. These subsets have been associated with
varying degrees of helper activity in different contexts [67]. In particular, CXCR3™ Tfh have been
associated with the production of broadly neutralizing antibodies against HIV [68] and Tfh17
induced by rVSV-ZEBOV vaccination were associated with antibody responses against Ebola [69].
Therefore, the type of cTfh induced by vaccination may be an indicator of the quality of the GC
reaction and subsequently produced antibodies. Additionally, it has been proposed that these
memory Tfh may retain their phenotype on reactivation [62]. If this is the case, then the context
in which an antigen is originally seen (e.g. the cytokine microenvironment) could shape the
efficiency and effector functions of secondary responses. This has broad implications for vaccine
development and particularly for malaria vaccines, as the infant immune system may be
repeatedly exposed to an antigen in the context of natural infection prior to vaccination with the

same antigen.

Long-lived responses are critical for the success of most vaccines in order to achieve long-term
herd immunity and durable individual protection. A longitudinal study conducted over 26 years
demonstrated that antibody responses against viral antigens from live infections were extremely
stable with estimated half-lives of 50 years for VZV and greater than 200 years for other viruses
such as measles and mumps [70]. Responses to protein antigens from non-replicating sources,
such as diphtheria and tetanus, were shorter-lived but still had estimated half-lives of 11-19
years. Long-lived plasma cells (LLPCs) in the bone marrow are predominantly responsible for the
durable production of these antibody responses [71]. Persistent antigen may play a role in the
generation of humoral immunity in chronic immune reactions, maintaining memory B cells
(MBC) and inducing differentiation into short-lived plasmablasts [72]. However, this is not
required for the long-term maintenance of humoral memory [73,74]. Pre-existing antibodies
secreted by LLPCs, or “constitutive humoral memory”, is an important first line of defence
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against reinfection but MBC enable an anamnestic response on antigen re-encounter that forms
a “reactive humoral memory” [75,76]. MBC persist after an initial antigen challenge and may
persist for decades in the absence of antigen [70,77]. On antigen re-encounter these cells are
able to rapidly proliferate and may either differentiate into plasmablasts to produce antibody or
re-enter a GC reaction and undergo further rounds of affinity maturation, supported by memory

Tfh.

There are different phenotypes of MBC; IgG+ MBC preferentially differentiate into plasmablasts,
whilst IgM+ MBC proliferate more and enter GC reactions [78]. However, MBC expressing each
different Ig subclass and isotype may also have different roles [79]. Additionally, in a similar way
to Th phenotypes, distinct B cell phenotypes may be induced depending on the antigen,

infection or immunisation route, dose or adjuvant used [80]. Classical MBC express the co-

stimulatory molecules CD21 and CD27. However cD217'°CD27" exhausted or atypical MBCs have

been described in a number of chronic infections such as HIV [81] and hepatitis C [82], as well as
in malaria-exposed individuals [83-85]. These MBC have been shown to have a reduced ability to
proliferate and differentiate into antibody-secreting cells and may contribute to the slow

generation of humoral immunity to malaria [86] and poor humoral immunity against HIV [81].

1.2. Malaria

1.2.1. Global health impact: the need for a vaccine

In 2016 there were 216 million cases and 446,000 deaths from malaria. Around 90% of cases and
deaths occur in sub-Saharan Africa, predominantly in children under 5 years old. Malaria is a
global burden reported in 91 countries and affecting nearly half the world’s population (Figure
1.2 [87]). However, of the 91 countries reporting malaria transmission, 15 (all in sub-Saharan

Africa except India) carried 80% of the global malaria burden [87]. In addition to the huge toll on
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lives and health within Africa, malaria also has major impacts on the economic productivity of

endemic areas [88].

[ 21 cases [ Certified malaria free since year 2000
[ Zero cases in 2016 [ No malaria
T Zero cases (23 years) I Not applicable

Figure 1.2. Populations at risk from malaria

Countries with indigenous cases of malaria cases in 2000 and their status by 2016. Countries in
red are those which had indigenous malaria cases in 2016. Countries in blue have not reported
an indigenous malaria case for at least three years and can apply to the WHO for certification of
malaria-free status.

Image source: WHO world malaria report 2017 [87].

Malaria is a vector-borne tropical disease caused by protozoan parasites of the genus
Plasmodium transmitted by female Anopheles spp. mosquitoes. Five species are known to
regularly cause disease in humans: P. falciparum, P. vivax, P. ovale, P. malariae, and occasionally
P. knowlsei. However, the majority of infections are caused by P. falciparum and P. vivax, both of
which can cause severe disease. P. falciparum can cause severe disease in the form of cerebral
malaria, severe anaemia, and pregnancy associated malaria. P. vivax can lay dormant as
hypnozoites in the liver and cause recurrent bouts of malaria. The vast majority of cases in sub-
Saharan Africa are caused by P. falciparum (99% in 2016). P. vivax incidence in sub-Saharan
Africa is low because the majority of the population are negative for Duffy antigen, inhibiting P.
vivax entry into red blood cells (RBC). It was previously thought that Duffy negative individuals

could not be infected with P. vivax. However, more recently P. vivax infections have been
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identified in Duffy negative individuals, although these are generally low-level asymptomatic
parasitaemias (reviewed in [89]). However, outside of Africa, P. vivax is the predominant cause

of malaria.

Over the last couple of decades there have been significant reductions in malaria incidence and
mortality — there were 262 million cases in 2000 and nearly one million deaths [90].This was
largely due to vector control efforts, (particularly the use of insecticide-treated bed nets),
seasonal chemoprophylaxis and artemisinin-based combination therapy (ACT) for effective
treatment [91]. However, most recently progress towards malaria elimination has stalled and the
latest WHO malaria report indicated that malaria incidence increased by 5 million cases from
2015 and the number of deaths remained constant. Changes in malaria incidence in different
countries are shown in Figure 1.3. It should be noted that despite this recent stagnation, the

majority of these countries still have significantly lower malaria incidences than in the year 2000.
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Figure 1.3. Global changes in malaria incidence

Changes in malaria incidence (confirmed cases) between 2015 and 2016. Map includes data for
countries with indigenous malaria cases in 2000. Countries in grey had less than 1 case/1000
population at risk in 2016. “Increased”: increase in incidence greater than >1/1000 population at
risk (living in areas with malaria transmission). “Decreased”: decrease in incidence > 1/1000
population at risk. “Remained the same”: change in incidence was <1/1000 but >-1/1000
population at risk.
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Image own work, data sourced from WHO world malaria report 2017 [87] and Global Health Observatory data
repository [92]

This stall in the reduction of malaria is thought to have occurred partly due to a reduction in the
per capita funding in 34 out of 41 high-burden countries [87]. Other factors challenging the
continued success of malaria elimination programmes include the spread of antimicrobial
resistance (and particularly the danger of artemisinin resistance spreading out from the Greater
Mekong subregion [93]), insecticide resistance (resistance to pyrethroids used in ITNs is present
in 81% of malaria endemic countries [87]) and climate change causing unpredictable changes in
transmission patterns [94]. With all of these challenges, an effective malaria vaccine is an

essential part of achieving malaria elimination goals [95].

1.2.2. Lifecycle

The complexity of Plasmodium spp. lifecycles is one reason why after over 30 years of research
and development, there is still no licensed malaria vaccine. This thesis focuses on humoral
immunity to vaccines against P. falciparum and vaccine immunogenicity in malaria-exposed
African countries. Therefore, the stages of the malaria lifecycle are outlined below with

particular reference to P. falciparum (summarised in Figure 1.4).
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Figure 1.4. Plasmodium Lifecycle

Plasmodium spp. parasites are transmitted via a female Anopheles mosquito host (left) to a
human host (right) during a blood meal. Some sporozoites remain in the dermis, others end up
in the draining lymph node, whilst the rest travel in the bloodstream to the liver. Sporozoites
invade liver cells, where they develop and replicate to form merozoites. After around seven days
merozoites exit liver cells and enter the bloodstream, where they invade red blood cells (RBC)
and begin the asexual reproductive stage. The replication cycle of the merozoites within RBCs
lasts 36—72 hours (dependent on the Plasmodium species). Merozoites released from RBCs can
invade other RBCs and continue to replicate, or may differentiate into gametocytes.
Gametocytes concentrate in skin capillaries and can be taken up by a mosquito during a blood
meal. Sexual reproductive stages occur within the mosquito midgut, resulting in formation of a
motile ookinete, which embeds in the midgut epithelium forming an oocyst. Oocysts undergo
cycles of replication to form sporozoites, which migrate to the salivary glands, ready to initiate a
new infection at the next blood meal. Figure and legend adapted from [96].

1.2.2.1. Pre-erythrocytic stage

Sporozoites are injected into the host dermis along with the anticoagulants and the anaesthetic
that mosquitoes inject prior to taking a blood meal. Infected mosquitoes have been shown to
carry around 800-1000 sporozoites [97]. However, this varies widely and mosquitoes have been
observed to carry as many as 40,000 sporozoites [97]. Tens to hundreds of sporozoites may be
transferred per infectious bite, although these studies were mostly conducted using P. berghei

infections of mice [98-101]. Recent work has demonstrated that sporozoites remain within the
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dermis for between one and three hours after inoculation [102,103]. Sporozoites are highly
motile and able to move by gliding motility and cell traversal. A proportion of these sporozoites
will leave the dermis through a blood vessel [99,103], whilst others remain in the skin and around
20% end up in the draining lymph nodes, where they initiate an adaptive immune response
[104]. Sporozoites in the bloodstream are rapidly carried to the liver, where they traverse the
sinusoidal endothelial cells to access the liver parenchyma. Sporozoites traverse through
multiple hepatocytes before arresting in one and entering the next stage of development within
a parasitophorous vacuole [105,106]. Further development and multiple rounds of asexual
replication result in the formation of thousands of merozoites, which are released into the

circulation within merosomes between 7-10 days after infection [107].

1.2.2.2. Erythrocytic stage

Once free in the circulation merozoites invade RBC in a dynamic process that only takes two
minutes [108]. Merozoites undergo multiple rounds of schizogeny within the RBC to form 10-30
new merozoites [109]. Merozoite egress occurs when the schizont ruptures the RBC and each
new merozoite can then go on to infect a new RBC. This cycle of invasion, shizogeny and rupture
occurs every 48 hours in P. falciparum infection and is responsible for the cyclical fevers and

anaemia associated with the clinical presentation of malaria.

1.2.2.3. Sexual stage

Merozoites may also undergo sexual differentiation into gametocytes within RBC, which are
transmitted to the mosquito host during a blood meal. The signals inducing this developmental
pathway are still unclear but gametocyte production is increased by factors that negatively
impact asexual multiplication such as drug treatment [110,111] or high parasitaemia [112].
Additionally, parasite-derived extracellular vesicles from infected RBC may be a mechanism of
guorum sensing and can trigger gametocytogenesis [113]. Final maturation of the gametocytes

and sexual reproduction occurs within the mosquito midgut, forming a zygote. The zygote
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develops into a motile ookinete, which embeds into the midgut epithelium, where it forms an
oocyst. Sporozoites develop within the oocyst and upon rupture, migrate to the salivary glands,

where they are able to continue the lifecycle when the mosquito takes its next blood meal.

1.2.3. Pathogenesis

The pre-erythrocytic stage of infection is clinically silent. Clinical symptoms occur in synchrony
with rupture of infected RBCs and release of parasite debris such as the malaria pigment
haemozoin (HZ). Common malaria symptoms are mostly non-specific and include fever, chills,
rigors, headache, fatigue, muscle aches and nausea. Severe malaria is complex and affects many
different tissues. Some of the more severe manifestations of malaria, thought to be primarily
due to low oxygen delivery are: severe respiratory distress, metabolic acidosis, cerebral malaria,
hypoglycaemia, renal failure and pulmonary oedema [114]. Additionally P. falciparum infection
during pregnancy (particularly in primigravidae) can cause preterm birth, foetal growth
restriction, low birth weight and congenital malaria [115]. Oxygen restriction is mainly caused by
the sequestration of infected RBC, which express adhesion molecules such as PfEMP1, which
binds ICAM-1 and CD36 expressed on endothelial cells. This interaction between the parasite
and host results in sequestration of infected RBC in the microvasculature of organs and an
obstruction of blood flow [116]. The mechanisms causing these severe clinical manifestations are
complex and not fully elucidated. However, it is thought that much of the pathology is caused by

the immune response to infection [117].

1.2.4. Immunopathology

Severe malaria is characterised by high circulating levels of inflammatory cytokines, including
TNFa, IL-1 and IL-6, and low levels of anti-inflammatory cytokines such as IL-10 [118-120]. TNFa,
IL-1 and IL-6 are endogenous pyrogens and induce an inflammatory cascade [121]. IFNy also
plays a clear role in pathogenesis as mice deficient in IFNy receptor do not develop cerebral

malaria [122]. Equally in humans higher IFNy levels have been correlated with increased disease
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severity [123,124]. Cerebral malaria is uncommon in very young children with little malaria
exposure but occurs after a number of infections [125]. It has been suggested that this may be
due to priming of malaria-specific T cells in early life, leading to excessive IFNy production on
reinfection [126]. However, there is a clear role for proinflammatory cytokines and NO in the
clearance of parasitaemia [127]. Similarly, IFNy also plays an essential role in the clearance of
infection and PBMC from Gabonese children with mild malaria were more efficient IFNy
producers in response to parasite-derived peptides than PBMC from children with severe
malaria [128]. Naturally acquired clinical immunity may be dependent on a fine balance between
the production of proinflammatory cytokines for parasite clearance and immunoregulation to

avoid tissue pathology [117].

1.2.5. Naturally acquired immunity

In stably endemic regions the risk of severe disease and death from malaria is highest in young
children and declines rapidly such that severe malaria is rare in adults [129]. However,
susceptibility to clinical malaria episodes falls at a much slower rate and although febrile
episodes are less common in adulthood, risk of infection continues throughout life.
Asymptomatic parasitaemia appears to be a common occurrence and there is no evidence for
the development of sterile immunity [130]. The decline in disease severity occurs in parallel with

the development of a broad antibody repertoire against an array of P. falciparum antigens [131].

The precise immunological mechanisms that provide naturally acquired immunity (NAI) are still
unclear [132]. However, there is a large body of evidence supporting a role for antibody against
antigens expressed in the erythrocytic stages. For example, naturally infected children were
observed to control parasitaemia after passive transfer of antibody from semi-immune adults
[133-135]. Antibody may help clear parasitaemia through multiple mechanisms including
inhibition of RBC invasion, inhibition of cytoadherence by infected RBC and antibody-dependent

cytotoxicity [136-139]. In addition to IgG, which is most often focused on, IgM may play a role in
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protection against infection. IgM-specific for galactose-alpha-1,3-galactose (a-gal), probably
raised against commensal bacteria, cross-reacts with an epitope also found on Plasmodium spp.
sporozoites (most likely acquired from mosquito derived proteins) [140]. Levels of a-gal-specific
IgM have been correlated with protection from malaria infection in humans [141]. This is part of

a developing understanding of the role of the microbiota in protection from malaria [142].

It is likely that the slow nature of NAI development is partly due to the antigenic diversity of P.
falciparum [143]. The parasite-encoded variant surface antigens (VSA) presented on the infected
RBC surface are thought to be key antibody targets but are highly variable [144]. The most well-
characterised, PfEMP1, is encoded by around 60 var genes which undergo frequent non-
homologous recombination and can therefore change even within the course of an infection
[145]. The presence of strain-specific differences and clonally variable surface antigens means
that a diverse repertoire of antibodies may be required to effectively clear an infection, which
could explain why clinical immunity is only gradually acquired after multiple infections. The
importance of antibodies against these antigens has been demonstrated in a number of studies
in which antibodies against different groups of var gene products have been differentially

associated with susceptibility to severe malaria [146,147].

Cellular defences also play a role in defence against malaria: IFNy produced by NK and T cells
activates macrophages to produce NO and can also inhibit intrahepatocyte growth [148]. CD8* T
cells can recognise infected hepatocytes through parasite-derived peptides presented on MHC
class | molecules at the cell surface and mediate direct cell killing through release of granzymes
and perforin or via FasL [149]. Low level antibody and T cell responses against pre-erythrocytic
antigens such as circumsporozoite protein (CSP) and thrombospondin-related adhesion protein
(TRAP) have been observed in naturally exposed individuals [150]. It has been suggested that
CSP-specific MBCs induced by natural exposure may play a role in NAI [151]. Additionally,

cytokine responses against liver-stage antigen 1 (LSA-1) have been associated with parasite
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clearance and protection from clinical malaria [152]. IFNy, CD8* T cells and antibodies against
sporozoites have all been shown to be protective [153]. A recent study observed that IFNy
responses to blood-stage antigens were common and associated with recent malaria exposure
but not protection from subsequent infection [154]. In contrast, although responses to pre-
erythrocytic antigens were uncommon, they were not associated with exposure and were
associated with protection from subsequent infection. However, other studies suggest that
responses against the pre-erythrocytic stages have little involvement with the development of

NAI [155,156] and may instead be an indicator of exposure level [157].

The development of malaria immunity is balanced against immunopathology and immune
regulation [117]. In this model, primary malaria infections in infants induce low levels of IFNy and
TNFa, which clear infection with minimal symptoms. However, malaria-specific T cells primed
during the initial infection produce much higher amounts of IFNy and TNFa in subsequent
infections, increasing the risk of severe malaria. Further infections induce anti-parasite
responses that effectively reduce the parasite load, reducing pathology and allowing the
development of effective antibody responses. Additionally, a switch in the predominant T cell
phenotype from IFNy-producing Thl cells to IL-10/TGFB-producing regulatory T cells (Treg),

allows a reduction in parasite load without excessive production of inflammatory mediators.

1.2.6. Malaria-related immunosuppression

Although polymorphism and antigenic variation are a likely cause for the slow acquisition of NAI,
there is considerable evidence that malaria infection suppresses the host immune response in
favour of parasite survival [158-163]. Immunosuppression in individuals repeatedly infected with
malaria may be advantageous to the host (by limiting tissue damage caused by excessive

immune responses) in addition to being a parasite mechanism of immune evasion.

There is a body of evidence demonstrating that blood-stage infection inhibits the formation of

efficient memory responses against pre-erythrocytic infection. In one study proliferative T cell
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responses to malaria antigens were reduced in all malaria patients regardless of disease severity
or parasite density [164]. This immune unresponsiveness persisted for four weeks after
treatment in nearly 40% of the patients. Suppression of responses to non-malaria antigens was
also observed, but only in patients with moderately severe or cerebral malaria. The observed
reduction in antigen responsiveness was associated with a loss of both Th and Treg cells from
circulation [164]. In another study, P. falciparum-specific T cell responses were reduced in
patients acutely infected with P. falciparum compared with uninfected semi-immune controls
and these responses were short-lived [165]. During longer infections, there was no evidence of P.
falciparum-specific T cells responses. In these cases, there was also a change in the composition
of the T cells in circulation, with a decreased CD4:CD8 ratio. However, in acute infections, this
was caused by a reduction in CD4* T cells, whilst in chronic infections this was caused by an
increase in circulating CD8" T cells. These findings suggest that patients acutely or recently
infected with malaria may respond differently to vaccination than malaria-naive individuals and

should be a factor considered in the design of Phase Il and Phase lll clinical vaccine trials.

1.2.6.1. Association between malaria infection and increased susceptibility to bacterial
infection

Malaria-related immunosuppression may have broader consequences as several studies have
suggested that humoral responses to unrelated antigens may also be suppressed by malaria
infection [158-160]. Reduced antibody responses to tetanus vaccination were observed in
malaria-exposed children in The Gambia compared with those that received malaria
chemoprophylaxis [158]. This was followed up by later work which demonstrated reduced
humoral immune responses to Salmonella typhi and tetanus vaccines in children with
concurrent malaria [159]. Children with acute malaria infections also had reduced responses to
meningococcal vaccine and these responses remained impaired even when vaccination occurred
one month after resolution of infection [160]. The finding that suppression may remain after

resolution of infection and can impact not only the development of immunity against malaria
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but also responses to heterologous antigens highlights the potential clinical impact of malaria-

associated immunosuppression.

The broader impact of malaria infection on the immune system has also been illustrated by the
association between malaria infection and a higher incidence of other infectious diseases. A
higher incidence of intercurrent bacterial infections was reported in children with repeat malaria
infections in the 1970’s [159]. However, more recent work has provided evidence of a direct
causal relationship between malaria infection and increased susceptibility to bacterial disease
[166]. In the first part of this study bacteraemia was observed less frequently in patients with
sickle cell trait (HbAS), which is protective for malaria. In the second part of this study, a
longitudinal analysis showed that bacteraemia incidence decreased in parallel with decreasing
malaria incidence in coastal Kenya. This association is also apparent in regions where malaria
has been eliminated or substantially reduced (e.g. Sri Lanka and Bioko Island, Equatorial Guinea).
In these regions malaria elimination or reduction led to much greater reductions in mortality
than predicted from estimates of malaria-related deaths [167,168]. This relationship has also
been demonstrated by the use of insecticide treated nets (ITNs), which had a greater than
expected impact on child mortality [169]. The precise mechanisms linking malaria and bacterial
infection are unclear and are likely multifactorial. However, there is a growing body of evidence
describing mechanisms by which malaria infection modulates the immune response in ways that

are detrimental to the development of protective immune responses.

1.2.6.2. Disruption of T and B cell responses to pre-erythrocytic (PE) malaria

Malaria infection can be a highly inflammatory process and T cells that are chronically activated
during chronic or repeated bouts of infection can become anergic [170] or functionally
exhausted [171]. Plasmodium may directly exert an effect on CD4 and CD8 T cells through the
activation of checkpoint inhibitors PDL1, LAG2 and CTLA3 [172]. Several other studies have also

indicated a direct role for blood-stage infection on inhibiting the immune response against liver-
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stage parasites [161,163]. In addition to cell-mediated killing of infected hepatocytes, antibodies
against PE antigens can block hepatocyte infection in vitro and in vivo and could be a useful
defence against malaria [173-175]. However, PE antigen-specific antibodies are slow to develop
and found at low levels in malaria-endemic settings [176]. This may be explained by the ability of
blood-stage infection to directly impair responses against the PE stage and could benefit the
parasite by leaving the host susceptible to the next infection. Within a highly malaria-exposed
population, this benefits the parasite by increasing the likelihood of establishing infection within
the next human host. However, in addition to impeding ongoing responses, Plasmodium has also
been shown to alter previously established responses [163]. Keitany et al/ demonstrated that
blood-stage infection altered the quality of CSP-specific MBCs in mice, directly impairing
responses to secondary infection. The CSP-specific B cell responses underwent premature
contraction and the formation of splenic LLPCs was disrupted. The aberrant GC response that
occurred in mice infected with wild-type Plasmodium yoelii but not in those infected with the
attenuated form, resulted in the formation of CSP-specific MBCs with significantly lower CD73
and CD80 (markers of T cell interaction) expression and these cells primarily expressed
unswitched BCRs [163]. Similarly, blood-stage infection in mice has also been shown to deplete
pre-established heterologous LLPCs and MBCs, resulting in the loss of antibody responses and

increased susceptibility to infections other than malaria too [177-179].

1.2.6.3. Impaired DC function

Another mechanism by which Plasmodium can either directly or indirectly modulate host
immune responses is through modulation of DC function. DCs serve as a critical bridge between
innate and adaptive responses, presenting antigens to T cells and producing cytokines that
influence the type of response that develops [36]. Depending on the type of interaction and the
signals received, T cells can either be primed or tolerised by interacting with DCs. DC-T cell
interactions require multiple signals, with the first being presentation of antigen on MCHII

(signal 1) and the second being co-stimulatory signals (signal 2).
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There is evidence that malaria-related immunosuppression is directly associated with impaired
DC-T interactions. During malaria infection signal 1 is intact, whilst signal 2 may be compromised
[180]. Presentation of antigen in the absence of signal 2 can result in tolerance as a mechanism
of preventing autoimmunity and inappropriate inflammatory responses. However, it appears
that Plasmodium is able to co-opt this function to prevent effective anti-Plasmodium immune
responses and enhance its survival. There is also evidence that P. falciparum infection inhibits
DC maturation, resulting in a shift from IL-12 towards IL-10 production [161]. Parasitised RBCs
have been shown to directly bind immature DCs (through interaction between PfEMP-1 on the
iRBC and CD36 or CD51 on DCs). This interaction inhibits DC maturation and is associated with

the reduced IL-12, increased IL-10 and inability to prime effective T cell responses [181].

Other work in mice and humans has suggested that DCs are activated by malaria infection
[182,183]. However, these activated DCs have an unusual phenotype characterised by the
upregulation of costimulatory molecules and production of chemokines and cytokines that are
not usually produced during inflammatory responses [183]. P. falciparum-activated DCs prime
antigen-specific CD4" T cells to become Thl effectors that although involved in targeting
intracellular pathogens are not optimal for antibody responses [183]. Direct modulation of DCs
by parasite products has also been demonstrated. A Plasmodium-encoded cytokine directly
suppresses T cell immunity [184]. This Plasmodium orthologue of macrophage inhibitory factor
(MIF) enhances inflammatory cytokine production and induces antigen-experienced CD4* T cells
to develop into SLECs rather than memory precursors. These SLEC CD4* T cells were more
susceptible to apoptosis. Plasmodium MIF (PMIF) binds the host MIF receptor (CD74) on APCs
and enhances TNFa and IL-12 production. Although this enhances APC activation, it results in
Thl-skewed CD4* T cells producing IFNy. High levels of both IL-12 and IFNy can interfere with
memory T cell formation by preferentially inducing SLEC responses [185]. In a study of the most
advanced malaria vaccine candidate, RTS,S, protected individuals had more IL-2-producing CSP-
specific CD4* T cells [186]. In mice, the presence of PMIF results in a reduction in the frequency
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of IL-2-producing CD4* T cells [184]. In contrast, there was an increase in the frequency of IFNy-
and TNFa-producing CD4* T cells, which also expressed the Th1 transcription factor T-bet. The
study by Sun et al also demonstrated a direct effect on protective immunity: T cells activated in
the presence of PMIF conferred a lower degree of protection to mice challenged with P. berghei.
Direct interaction between this parasite-derived cytokine orthologue and host DCs is able to
skew T cell responses towards a Thl phenotype and preferentially elicit SLECs at the expense of
the formation of long-lived protective memory T cells. Additionally, P. falciparum-activated DCs
have been shown to have similar transcriptional profiles to DCs activated by several viral
vaccines [183]. This is interesting because it may have implications for the design of multi-stage
targeting regimens utilising T cell-inducing viral-vectored vaccines and antibody inducing virus-

like particles (VLPs).

1.2.6.4. Haemozoin

Haemozoin (HZ) is a haeme polymer produced by intraerythrocytic Plasmodium as a non-toxic
form for storing toxic host haeme after haemoglobin catabolism [187]. HZ accumulates in
macrophages, other leukocytes and a wide range of tissues throughout the body [188]. HZ may
be able to activate immune responses through binding to TLR9 [189] possibly in combination
with other Plasmodium DNA [190]. DCs exposed to HZ rapidly accumulate pigment, rendering
them functionally impaired with reduced LPS-responsiveness and a failure to induce efficient T
cell responses [180]. This process is sufficient to cause this effect (in absence of anti-
inflammatory cytokines and other mechanisms) as transfer of antigen-pulsed HZ loaded DCs into
naive, uninfected recipient mice resulted in a similar failure of DCs to interact efficiently with T
cells. Additionally, HZ-treated DCs fail to upregulate costimulatory molecules in response to TLR
stimulation and CD40 ligation [180]. Additionally, deposition of HZ within the bone marrow may
have long-term consequences on both bone structure and immune responses (described in

more detail in Chapter 1.2.6.9).
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1.2.6.5. Atypical MBCs

Hyporesponsive MBCs were first described in chronic HIV infections [81]. HIV-associated atypical
MBCs were CD27°CD21%, expressed FcRL4 and failed to proliferate in response to BCR cross-
linking, therefore they were described as “exhausted”. Other chronic infections, including
hepatitis C and TB also drive the expansion of atypical MBCs and this may play a role in the
inability to clear infection [191,192]. These cells are characterised by low expression of co-
stimulatory receptors CD21 and CD27 (expressed by classical MBCs) and expression of markers
not usually associated with MBCs such as T-bet and inhibitory FcRLs. An expansion of a similar
subset is observed in malaria-exposed individuals [83]. Although one study suggested that these
cells may be functional, producing neutralising P. falciparum-specific antibodies [193], this study
did not directly detect antibody secretion from atypical MBC and more recent studies suggest
these cells are poor antibody producers [86,194]. However, this may also reflect heterogeneity
within the subset and atypical MBCs from individuals living in different malaria transmission
settings may have different functional capacities [195]. This subset, which only represented 3-5%
of peripheral B cells in malaria-naive adults in the USA, expanded to 50% of circulating B cells
within individuals chronically exposed to malaria [86]. These cells were hyporesponsive to BCR
stimulation exhibiting reduced proliferation, diminished cytokine secretion and impaired ability
to produce antibodies [195]. Atypical MBCs from malaria-exposed individuals have a distinct
transcriptional profile to classical or activated MBCs [86] and an overlap in gene expression
pattern with the exhausted MBCs observed in HIV [194]. However, in the case of chronic malaria
exposure, these cells expressed FcRL5 rather than FcRL4 indicating the heterogeneity of these
cells in different disease processes. Heterogeneity of atypical MBCs was also apparent within
individuals, with some expressing FCRL5 and others not. Atypical MBCs that were FcRL5* were
significantly more deficient in the ability to secrete antibody in response to BCR crosslinking

than FcRL5™ atypical MBCs. A longitudinal analysis in Malian children showed a correlation
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between the incidence of febrile malaria and the expansion of T-bet" CXCR3* atypical MBCs
[196]. The level of T-bet expression was inversely correlated with BCR signalling and was driven
by the Thl cytokine environment. The lifespan of these cell types and possibility for long-term
skewed immunity in individuals with chronic malaria exposure is unclear. However, atypical
MBCs in HIV can persist for months after clearance of viraemia by anti-retroviral treatment and

full normalisation of the MBC compartment can take years [81].

1.2.6.6. CXCR3* cTfh

Circulating Tfh are also skewed towards a Thl phenotype (express T-bet and CXCR3, produce
IFNy) by malaria [197]. Co-culture studies demonstrated that these cells provided less help for B
cell isotype switching, proliferation and differentiation into antibody secreting cells than CXCR3"
cTfh (which most closely resemble bona fide GC Tfh [68]) [197]. They also provided less help to
MBCs for differentiation into plasmablasts and were not associated with malaria-specific
antibody responses. This less efficient Tfh phenotype is driven by malaria-induced Th1l
inflammatory cytokines [197,198]. The chemokine ligands for CXCR3 (CXCL9, CXCL10, CXCL11) are
induced by IFNy and produced by neutrophils and inflammatory monocytes in the periphery
[199]. During infection of CXCL10 knockout mice with P. berghei, CXCR3* Th and Tfh accumulate
in the spleen and enhance responses to infection [200]. Therefore the inefficient development of
Plasmodium-specific antibody responses may also be driven by a temporal and spatial effect of
the Th/Tfh cells induced in infection being drawn away from GC reactions in the SLOs towards
peripheral sites of inflammation. In addition, malaria infection has been shown to cause GC
disfunction and disrupt splenic architecture, which will also impair efficient T-B interactions and

result in suboptimal antibody responses [162,163,198].

1.2.6.7. Tregs
Tregs utilise two key mechanisms to control immune responses: IL-10-mediated inhibition and

CTLA-4-mediated repression of co-stimulation by APCs. An increased ratio of Treg:Th has been
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observed in some studies [165] but not in others [164]. The role of Tregs in malaria is also unclear
as some studies have indicated a role in suppressing protective responses [201,202] whilst others
have shown Tregs to enhance protection [203]. Treg expansion during malaria infection has been
associated with higher parasite densities and was shown to interfere with normal Tfh-B cell
interactions [201]. The reason for the discrepancies between these studies may due to the
temporally different roles of Tregs during malaria infection. Early in infection Tregs may play a
protective role but later on disrupt the formation of protective humoral immune responses

[202].

1.2.6.8. Effect of asymptomatic parasitaemia

Although NAI develops eventually after many years of repeat infections, semi-immune adults
still often carry a large burden of “asymptomatic” parasitaemia. Using data taken from a number
of cross-sectional studies of parasitaemia in malaria-endemic regions, around 5% of individuals
in low-transmission areas had asymptomatic parasitaemia, whereas this could be over 50% in
high transmission areas [204]. Asymptomatic infections have been observed to persist in the
absence of new infections after 13 months [205] and in a malaria-endemic region, untreated
asymptomatic infections had a mean duration of 194 days [206]. In areas of low transmission,
this persistence of asymptomatic parasitaemia over the dry season aids the parasite by
providing a reservoir to reseed transmission when mosquito populations rise again in the
following rainy season [207]. Asymptomatic infections may also provide a tool for gametocyte
transmission as asymptomatic infections are more likely to have gametocytes and gametocyte
carriers were found to be more attractive to mosquitoes, increasing the likelihood of
transmission in these individuals [208]. However, although these infections have vastly reduced
inflammation compared with infection in children and malaria-naive adults, there is emerging
evidence that these infections are not truly asymptomatic and likely have a significant impact on
the host, including chronic anaemia, increased incidence of bacterial coinfection and cognitive
impairment [209].
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1.2.6.9. Chronic impacts of malaria

One recent study demonstrated that HZ deposition in the bone results in chronic bone loss and
is a significant cause of long-term “hidden” pathologies caused by repeated malaria infections
[210]. Engulfment of HZ and other malaria products by osteoclasts in the bone marrow elicits a
strong proinflammatory response (IL-6, IL-1a, IL-1B, TNFa). Prolonged inflammation in the bone
marrow can cause inflammatory osteoporosis by increasing osteoclast activity. Persistence of HZ
in these niches can result in sustained inflammation that causes chronic bone loss and growth
retardation [211]. Additionally, prolonged immune activation driven by chronic immune
activation may increase the risk of lymphoma formation [212] and enhanced telomere
degradation has been described in birds chronically infected with Plasmodium spp. [213]. This
suggests that malaria has many previously unappreciated impacts on chronically exposed

individuals that include both immune modulation and changes in tissue homeostasis.

There is a growing body of evidence demonstrating how blood-stage infection is able to inhibit
effective adaptive immune responses and memory formation. The potential clinical impacts of
this phenomenon are beginning to be understood. As blood-stage infection can impair the
development of immune responses against pre-erythrocytic antigens, this has a clear impact for
the immunogenicity of malaria vaccines in malaria-exposed populations. However, it is also clear
that malaria infection can impact heterogeneous responses and therefore may impact the
immunogenicity of other vaccines in these populations. The impact of malaria exposure on the

immunogenicity of both malaria and Ebola vaccination is the central focus of this thesis.

1.2.7. Vaccines for malaria

Despite control measures such as ITNs, seasonal chemoprophylaxis and ACT, which have had a
significant impact on malaria incidence, an efficacious vaccine is likely a necessary tool for

malaria elimination; it has been estimated that only in areas with the lowest levels of
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transmission (fewer than three infective bites per person per year) could malaria be eliminated

through a combination of current control methods [214].

As protective responses induced naturally take many years of repeated infection to develop, it is
likely that an effective vaccine response will differ from NAI. Additionally, NAI only provides
protection against clinical disease and semi-immune individuals often carry a high burden of
parasitaemia asymptomatically [204]. Although these infections are clinically silent, there is
emerging evidence that they may have a higher impact than previously appreciated [209]. For
these reasons, development of candidate malaria vaccines has not solely focused on the
erythrocytic stage. Vaccines are being developed against sporozoites, liver-stage, blood-stage
and sexual stages of the parasite and a combination approach may be required to achieve high-
level efficacy [215,216]. Therefore a successful vaccine or vaccine regimen against malaria will
likely need to induce both CD8* T cell responses against the intracellular hepatocyte infection as

well as CD4* and B cell responses against the erythrocytic and sporozoite forms [217].

Since the first attempt to vaccinate humans against malaria using formalin-inactivated P. vivax-
infected RBC in 1946 [218], there have been over 200 clinical trials and many more pre-clinical
trials of vaccines against P. vivax or P. falciparum (listed by clinicaltrials.gov [219]). Despite this
significant effort, there is still no licensed malaria vaccine. The updated Malaria Vaccine
Technology Roadmap [220] provides a goal of the development of a vaccine which achieves 75%
efficacy over a two year period. However the original goal targeted for 2015 of a vaccine that
provides over 50% efficacy lasting more than one year has still not been achieved. Current
vaccination strategies, key antigen targets at each stage of the parasite lifecycle and clinical

progress of key vaccine candidates are summarised below.

1.2.7.1. Whole sporozoite vaccines
Whole sporozoite vaccines use sporozoites that are modified in some way or given with drug

cover to prevent development of blood-stage infection. Therefore, vaccinees experience only
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the clinically silent stage of infection whilst raising an immune response against sporozoites that
protects against wild-type sporozoite challenge. Radiation attenuated sporozoites (RAS) was
one of the first malaria vaccine methods to be tested and was able to provide >90% protection
in humans [221,222]. A major drawback of this method was the requirement for over 1000

mosquito bites to achieve protection [222].

A key advancement was the aseptic isolation of RAS which could then be cryopreserved and
delivered by intravenous (IV) injection (PfSPZ vaccine) [174]. In non-human primate (NHP)
models protection induced by PfSPZ vaccination was mediated by liver-resident CD8* T cells
against CSP [223]. This vaccination strategy has provided a high level of sterile protection against
homologous CHMI in malaria-naive adults. Sterile protection was observed in 64% (9/14) of
individuals given three doses of 9.0x10° sporozoites at eight-week intervals and challenged with
the same strain 19 weeks later [224]. Additionally 83% (5/6) of individuals were sterilely
protected from a repeat challenge with a heterologous strain 33 weeks after the last PfSPZ dose.
Heterologous protection was also demonstrated by an initial challenge at 3 weeks after the last
PfSPZ dose but was not durable, with only 10% (1/10) of individuals protected against
heterologous CHMI 24 weeks after the last dose [225]. PfSPZ has been shown to be deliverable
and safe in Malian adults and there was evidence of significant protection with only 66% (27/41)
of vaccinees developing malaria in the following malaria season compared with 93% (37/40) of

unvaccinated controls [226].

However, it appears that malaria-exposed adults may be hyporesponsive to this vaccination
strategy as anti-CSP IgG titres were significantly lower in Mali and Equatorial Guinea compared
with the US [226,227]. Unfortunately comparison of immunogenicity and efficacy of this strategy
with alternative vaccines is difficult due to the different doses, regimens, efficacy endpoints and

statistical analyses used. Difficulties with this vaccination strategy include the requirement for a
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liquid nitrogen cold chain, difficulties with IV delivery in young infants, particularly in resource-

poor settings and the need for aseptic mosquito dissection in specialised insectaries.

An alternative whole sporozoite strategy is the delivery of wild-type sporozoites by mosquito
bites under chloroquine cover, allowing full liver-stage development but killing the parasites
upon entry into the circulation and preventing the development of blood-stage infection. The
first human study of this method in 2009 used administration of chloroquine for 13 weeks,
during which volunteers received three “doses” of 12-15 infectious mosquito bites at one-month
intervals. This regimen provided 100% (10/10) sterile protection against homologous CHMI eight
weeks later [228]. This regimen also provides durable protection, with 67% (4/6 volunteers
sterilely protected against homologous CHMI after two years [229]. However, this requires mass
drug administration which may be difficult to implement and could effectively be achieved by
seasonal chemoprophylaxis alone. Additionally, concurrent infections in vaccinees within
endemic areas could interfere with administered mosquito bites and there is a possibility of
breakthrough infection. As with PfSPZ, protection against heterologous CHMI was limited [230].
A third strategy is the use of genetically attenuated parasites (GAP) which also arrest
development in the liver-stage [231]. Again, breakthrough infections are a potential problem
with this method [232]. However, recent evaluation of GAP with three mutations did not cause
breakthrough infections, was safe and immunogenic [233]. Phase Il trials to assess efficacy of

these vaccines are ongoing.

1.2.7.2. Subparticle sporozoite vaccines

Whilst briefly in the skin and bloodstream, sporozoites are a target for humoral immunity.
Antibodies against the main sporozoite surface protein, CSP may provide protection by inhibiting
gliding motility, cell traversal and hepatocyte invasion [234,235]. However, due to the short
window of opportunity, very high levels of circulating anti-CSP-specific 1gG may be needed to

induce sterilising immunity. The most developed subparticle sporozoite vaccine is RTS,S/ASO1.
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RTS,S is a VLP formed of the 18 copies of the NANP repeat region and a portion of the C-terminal
domain of PfCSP fused to the hepatitis B surface antigen (HBsAg) in a 1:4 ratio [236]. This is
formulated with GlaxoSmithKline’s (GSK’s) proprietary liposomal-based ASO1 adjuvant system.
This vaccine has demonstrated significant efficacy in a Phase Ill study of infants but this
protection was short-lived and will likely require a yearly booster dose to maintain protection
[237]. In infants aged 5-17 months, a 0-1-2 month schedule had an efficacy of 43.6% over the
initial year but this was reduced to 16.8% over four years [238]. This vaccine has received a
positive opinion from the European regulatory authorities and WHO have recommended large-
scale pilot implementations of the three dose regimen with a fourth booster dose at month 20
[239]. High antibody titres against the NANP repeats from CSP are associated with protection
[240] but CD4* T cells may also have a role [241]. However, a full mechanism explaining
protection remains to be elucidated. Clinical testing has also begun on a similar VLP vaccine,
R21, which consists of a single subunit without the excess HBsAg [242]. It is hoped that the
increased ratio of PfCSP to HBsAg may lead to improved anti-NANP IgG titres compared with
RTS,S. Clinical trials are being conducted to test R21 formulated with Matrix-M or AS01B
adjuvants. In mice, adjuvanted R21 induced high titres of NANP-specific IgG, even at low doses
[242]. High levels of sterile protection against P. berghei challenge were observed and efficacy

could be increased by co-administration with viral-vectored vaccines [242].

1.2.7.3. Liver-stage vaccines

Liver-stage vaccines aim to induce potent CD8* T cell responses against parasite antigens
expressed on the surface of infected hepatocytes. Viral vector and DNA vaccines both work by
delivering a gene sequence to the host cell, which is then transcribed and translated into a
protein product and can be processed and presented to immune cells on MHC molecules. DNA
vaccines initially showed promise in mice [243] but had much lower immunogenicity in humans
[244]. Boosting a DNA prime with a viral vectored vaccine enhanced immunogenicity and
provided partial protection against CHMI in malaria-naive adults [245-247]. However, more
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recent work has focused on heterologous prime-boost with adenovirus and poxvirus vectors.
These regimens have been tested against a wide range of diseases including Ebola [248],
hepatitis C [249], TB [250], influenza [251], and malaria [252] and have good safety profiles. The
use of chimpanzee adenoviruses (ChAd) instead of human adenoviruses avoids the problem that
many people have pre-existing neutralising titres against human adenoviruses [253]. Although in
sub-Saharan Africa, pre-existing antibody titres against ChAd serotypes can also be high, no
association with vaccine responses or reactogenicity has been observed [254]. For malaria
vaccination, the leading candidate viral vector regimen uses ChAd serotype 63 (ChAd63) prime
and modified vaccinia virus Ankara (MVA) boost eight weeks later [252]. Both vectors express
the gene for P. falciparum thrombospondin related adhesion protein (TRAP) (a protein essential
for sporozoite motility and hepatocyte invasion [255]) fused to a multi-epitope (ME) string. The
ME string contains predominantly CD8* T cell epitopes from several malaria antigens including
LSA1, CSP and TRAP, in addition to some CD4" T cell and B cell epitopes [256]. This regimen is
safe and induces potent T cell and antibody responses [252]. Sterile protection was achieved by
this regimen in 21% (3/14) of individuals undergoing heterologous CHMI, with a further 36%
demonstrating a delay to parasitaemia [252]. Immunogenicity translated well into Kenyan adults
[257] and protection in Kenyans was high, with a 67% reduction in infection over eight weeks
[258]. However, no efficacy was observed in Senegal [259]. The UK and Kenyan efficacy trials
indicated a T cell correlate of protection, although anti-TRAP IgG may also contribute [260]. This
regimen was also safe and immunogenic in infants in Burkina Faso and The Gambia [261,262].
Efficacy results from a Phase Ilb study in infants in Burkina Faso are awaited. Work is also

ongoing to identify new liver-stage antigens that may confer higher levels of protection [263].

1.2.7.4. Blood-stage vaccines
Protection against blood-stage malaria is thought to be primarily mediated by antibodies that
target infected RBC or inhibit invasion into RBC [264]. Efforts have been focused on a few

merozoite antigens and this field has struggled to produce an efficacious vaccine. Induction of
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strain specific antibody and redundant invasion pathways have been particular problems [216].
Additionally in vitro studies have indicated that antibodies have less than one minute to block
invasion by merozoites [265] and therefore it is likely that exceptionally high circulating titres of
high affinity antibody would be required to successfully block invasion. Perhaps the most
promising candidate antigen to date is P. falciparum reticulocyte-binding homologue 5 (RH5).
Interaction between RH5 and basigin (CD147) is essential for RBC invasion [266]. RH5 is highly
conserved and antibody against it has been shown to inhibit in vitro all P. falciparum strains
tested so far [267,268]. Pre-clinical trials of protein RH5 vaccines have been successful in mice
and NHPs, in which protection was mediated by high titres of anti-RH5 antibody with growth
inhibitory activity [268,269]. Human vaccination against RH5 can induce high titres of neutralising
antibody [270] but there are currently no human efficacy data for an RH5-based vaccine. Various
different platforms based on RHS5, including viral vectored administration, protein-in-adjuvant

and VLPs are now being tested in humans.

1.2.7.5. Transmission blocking vaccines

Transmission blocking vaccines aim to block the sexual stage of malaria, which occurs within the
mosquito midgut. Vaccines against this stage induce antibodies in the human host, which kill
gametocytes or prevent their fusion to form ookinetes within the mosquito vector [271].
Although this does not protect the vaccinee from infection or clinical symptoms, in endemic
populations with high levels of asymptomatic carriers, transmission reduction could provide
protection through herd immunity [271]. A number of candidate antigens have been identified
from the gametocyte (Pfs48/45, Pfs230) and ookinete (Pfs25) surface and have performed well
in pre-clinical studies [272]. In initial clinical trials a high concentration of anti-Pfs25 antibody was
required for a 50% reduction in oocyst intensity [273] and the level required to impact

transmission in the field is still unclear [274,275].
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These initial efficacy results provide the malaria vaccine field with a platform on which to build.
No vaccine has yet demonstrated efficacy in the field that meets the goals initially outlined by
WHO for 2015. Vaccines that elicit significant levels of protection in the malaria-naive
populations they are first tested in are often found to have reduced immunogenicity and
efficacy in malaria-exposed populations. A better understanding of the immune responses
elicited by these vaccines, particularly within malaria-exposed individuals will likely be required

for further advances.

1.3. Ebola

The need to effectively vaccinate adults in malaria-exposed populations was dramatically
highlighted by the Ebola outbreak that occurred in West Africa in 2014-2016. In addition to
examining the impact of malaria exposure on the response to malaria vaccines, | have
investigated the impact on responses to non-malaria antigens. In late 2014 clinical testing of
Ebola vaccine candidates begun at the Jenner Institute. Candidate regimens were tested in nine
different clinical trials involving five different vaccines. In this thesis, with the focus on
examining what impacts vaccine immunogenicity in malaria-exposed populations, | report the
immunogenicity of a candidate Ebola vaccine regimen testing ChAd3-EBO-Z boosted one week
later with MVA-EBO-Z. The testing of this regimen almost simultaneously in the UK and Senegal
enabled a direct comparison of vaccine immunogenicity in UK and African populations and an

investigation into the effect of malaria exposure.

1.3.1. Ebola virus disease

Ebola virus disease (EVD) is a severe and often fatal disease caused by Filoviruses of the genus
Ebolavirus. Of the five officially identified species, Zaire ebolavirus (EBOV), Sudan ebolavirus
(SUDV) and Bundibugyo ebolavirus (BDBV) have caused EVD in humans [276]. The other species
are Reston ebolavirus (RESTV), which infects NHPs and pigs but has not caused symptomatic

human infection [277], and Tai Forest ebolavirus (TAFV) which has caused only one, moderately
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severe human infection [278]. Additionally, a sixth Ebolavirus species Bombali ebolavirus was
recently isolated from bats in Sierra Leone [279]. However, there is currently no direct evidence

that this has infected humans.

EVD causes an acute illness with initial symptoms that include fever, headache, sore throat,
weakness, abdominal pain and nausea. This is followed by diarrhoea, vomiting, symptoms of
impaired kidney and liver function, and in around 18-36% of cases, a haemorrhagic fever [276].
The average case fatality rate, which is highest for EBOV, is around 50% but has been as high as
80-90% past outbreaks [280,281]. The first documented cases occurred during simultaneous
outbreaks in Yambuku, Democratic Republic of Congo (DRC, then Zaire) [282] and Nzara, South
Sudan (then part of Sudan) in 1976 [283]. Since then, there have been over 20 EVD epidemics,
mostly caused by EBOV or SUDV. Evidence points to bats as a reservoir species [284,285], with
symptomatic infections identified in chimpanzees and duikers [286,287]. Transmission to humans
is thought to occur through contact with infected animals and can then occur from person to

person through contact with infectious body fluids [288].

1.3.2.2014-2016 epidemic

Prior to December 2013, there had been a total of 2344 cases and 1546 deaths from EVD across
DRC, Republic of Congo, Sudan, Gabon and Uganda [289]. These were mostly sporadic incidences
occurring in remote locations and transmission occurred between infected individuals and their
carers, family members and healthcare workers. The majority of these outbreaks involved less
than 100 cases with the largest occurring in Uganda in 2000-2001 (SUDV) and involving 425
cases and 224 deaths [289]. However an epidemic of unprecedented proportions occurred in
West Africa in 2014-2016 which saw 28,646 cases and 11,323 fatalities [290]. The index case is
now thought to have been an 18-month-old boy in Meliandou, Guinea at the end of December
2013, however it took until late March 2014 until the first cases were officially recognised. There

had never been a case of EVD in West Africa before and Guinea is 1700 miles from Gabon, the
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closest country to have previously reported EVD. The occurrence of the outbreak close to the
border between two other countries, Liberia and Sierra Leone, resulted in the spread of
infection to these countries in the first incidence of an EVD outbreak occurring across multiple
countries. Although the epidemic centred around Guinea, Sierra Leone and Liberia, cases were
also reported in Nigeria, Senegal and Mali. Outside of Africa, cases occurred in Europe and the
USA where healthcare workers were repatriated or infected travellers were incubating the virus.
In Spain and USA onward transmission to healthcare workers caring for infected patients also

occurred.

Aside from the international impact this outbreak was unique for a number of other reasons:
crucially, it was the first to spread from isolated rural areas to urban areas including the capital
cities of all three of the hardest-hit countries. Here, densely populated areas with poor
sanitation contributed to the spread and strain on already over-stretched healthcare resources.
The outbreak also took an enormous toll on healthcare workers (HCWs), with an incidence 100-
fold higher than the general population in the early stages of the outbreak. Overall, HCWs
accounted for 12% of cases, with a higher fatality rate — 58.2% compared with 39.5% in the
general population [290,291]. In regions where there were only one or two doctors per 100,000
people, every loss of a doctor or nurse considerably added to the strain on healthcare resources.
Finally, in August 2014 the outbreak was declared by WHO as a “public health emergency of
international concern”. This initiated an international response with deployment of HCWs, staff
from non-governmental organisations, laboratory staff and military personnel on a scale never
seen before. For example, the Center for Disease Control (CDC) deployed four times as many
staff during the outbreak than during the smallpox eradication campaign [290]. The international
reach of the outbreak also sparked an increased level of funding and effort into the research of
therapeutics and vaccines in a race against time to find something that could help end the

outbreak.
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1.3.3. Ebola therapeutics

Part of the reason for the high fatality rate of EVD is a lack of targeted treatments. Management
of fluid loss and rehydration is about all that could be done for patients in many of the Ebola
treatment units (ETUs). For patients treated in the USA and Europe, one-third received
mechanical ventilation and one-fifth received renal support [292]. The availability of resources to
provide this level of support for patients is likely the primary reason for the better clinical
outcomes observed (a mortality rate of 18.5%) [292]. A number of experimental therapies were
tested during the outbreak, initially on a compassionate basis and then in more organised
clinical trials. One of the most advanced at the time of the outbreak was a cocktail of anti-Ebola
monoclonal antibodies named ZMapp, which had previously performed well in NHPs [293].
ZMapp was tested in a clinical trial against the standard of care but only 72 patients out of the
200 planned could be recruited and although mortality was reduced with ZMapp (22% versus
37% in controls), this was not statistically significant [294]. Convalescent plasma from Ebola
survivors was also a possible strategy but showed no benefit in a trial in Guinea [295]. A number
of anti-viral agents such as Favipiravir were also tested. However, in the outbreak setting it was
not often possible for ethical and practical reasons to test therapeutics in randomised studies to

determine efficacy and therefore it is unclear how well these really worked [296,297].

1.3.4. Ebola vaccines

The Ebola virus has seven genes encoding several proteins: nucleoprotein (NP), viral protein 40
(VP40) polymerase cofactor VP35, transcription activator VP30, VP24, an RNA-dependent RNA-
polymerase and a glycoprotein (GP) [298]. GP is the single protein expressed on the surface of
the Ebola virion and plays an essential role in attachment, fusion and entry into host cells [299].
Therefore, GP is a key antigenic target for vaccines and has been the focus of most vaccine

research. A number of pre-clinical trials of different vaccines had taken place during the 1990s
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and early 2000’s. However, only four phase | clinical trials had been completed prior to the
2014-2016 outbreak [300]. The first Ebola vaccine trial in humans in 2003 was of a three-plasmid
DNA vaccine consisting of the genes for a transmembrane-mutated GP from EBOV and SUDV
and the EBOV NP [301]. Later trials attempted to enhance immune responses using a
recombinant adenovirus serotype 5 (rAd5) vector encoding the GP gene with a point mutation
[302]. However, immunity was decreased by pre-existing anti-Ad5 immunity. This sparked a
move towards development of viral vectored vaccines using less frequent human serotypes
(Ad26, Ad35) and chimpanzee adenoviruses (ChAd3, ChAd63). ChAd3 expressing either EBOV GP
alone (monovalent) or EBOV and SUDV GP (bivalent) demonstrated 100% efficacy against lethal
Ebola challenge in NHPs [303]. Additionally, durable protection was observed 10 months after
vaccination if ChAd3 was boosted with bivalent MVA [303]. At the time of the outbreak, the
ChAd3 vaccine was one of the most advanced candidates. A recombinant replication-competent
vesicular stomatitis virus (rvVSV)-based vaccine with EBOV GP replacing the VSV GP had also

progressed through pre-clinical testing and showed good efficacy in NHPs [304,305].

During the outbreak the enhanced funding and the acceleration of regulatory and ethical
reviews of trial protocols expedited clinical development of Ebola vaccine candidates. The two
leading vaccine candidates that entered Phase | clinical trials were the ChAd3-vectored vaccines
and the rVSV vaccine [300]. Monovalent and bivalent ChAd3 vaccines were tested in the US, UK
and other European countries [248,306,307] and later in Mali [308]. ChAd3 was also trialled in
combinations with Ad26- and MVA-vectored vaccines [248,309]. The MVA-vectored vaccine
initially tested (MVA-BN-Filo) was a quadrivalent vaccine encoding GPs from EBOV, SUDV and
Marburg virus, with NP from TAFV. A monovalent MVA-EBO-Z carrying just the EBOV GP insert
has since been developed and tested in clinical trials (clinical trials.gov: NCT02451891,
NCT02485912). A number of other novel Ebola vaccine candidates have also been developed

since the outbreak, including a new rAd5-based vaccine and a VLP-based vaccine [300,310].
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The WHO chose two vaccine candidates (ChAd3-EBO-Z and rVSVAG-ZEBOV-GP) to be tested
sequentially in a phase Ill ring vaccination study in Guinea. The rVSV vaccine was chosen to be
assessed first and by the time this was complete there were too few incidents remaining to
assess efficacy of a second candidate. Therefore, the only human efficacy of an Ebola vaccine
candidate to date is for rVSVAG-ZEBOV-GP. The rVSV vaccine demonstrated 100% short-term
protective efficacy in an open-label, cluster-randomised ring vaccination trial in Sierra Leone and
Guinea [311,312]. Although not yet licensed, rVSVAG-ZEBOV-GP has been granted Breakthrough
Therapy designation by the U.S. FDA and Priority Medicines status from the European Medicines
agency and is currently being used to support outbreak control in the DRC [313]. This vaccine has
now been tested in eight phase | and four phase II/Ill clinical trials involving around 17,000
subjects. In these studies it was moderately reactogenic but safe, immunogenic and provided at

least short-term efficacy [314].

Multiple trials have indicated that rVSVAG-ZEBOV-GP effectively induces Ebola GP-specific
antibodies [315-317] but T cell responses may be limited [318]. ChAd3 induced comparable
antibody titres, with neutralising activity, and these could be boosted by a dose of MVA, even if
given with a very short interval of just one week [248]. This vaccine regimen additionally induces
high levels of Ebola-specific T cells [248]. Immune correlates of protection have been difficult to
define and it is likely that both GP-specific antibodies and CD8* T cells play a role in protection
[319]. There is evidence for protection being mediated by vaccine-induced humoral immunity
from NHP studies [303,304]. Additionally in humans early and increasing IgG titres against Ebola
are associated with better survival rates [320,321].However, passive transfer of antibody in NHP
studies and human infection has not always had a protective effect suggesting other
components may also be involved [295,322]. Durable protection in particular has been associated
with CD8* T cells producing TNFa and IFNy [303]. Additionally CD8* T cell depletion studies in
macaques vaccinated with a rAd5 vaccine also demonstrated a clear role for CD8* T cells [323].
Transcriptomic analysis of survivors from the recent outbreak revealed CD8" T cell memory
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signature compared with those with fatal outcomes [324]. Although it appears likely that both T
cells and antibody play a role in protection more work is needed to better define immunological
correlates of protection in humans. It is also possible that correlates of protection are different
for different vaccines and that protection mediated by vaccine-induced immunity may well differ

from protective responses observed in survivors.

Although the outbreak was largely contained through community engagement, infection control
measures and effective contact tracing [289], the outbreak sparked an advance in vaccine
research and preparedness for outbreaks. However, the importance that these vaccines work
well in the populations that need them should not be forgotten. For Ebola and other emerging
infectious diseases such as Chikungunya and Zika, this means effectively vaccinating malaria-
exposed adults. One of the focuses of this thesis is the impact of malaria on vaccine responses
and the Ebola vaccine trials conducted in the UK and West Africa were an important opportunity

to gain insight into this.

1.4.CMV

During my research into the factors associated with reduced vaccine responses in African
cohorts compared with UK cohorts | discovered an association between cytomegalovirus (CMV)
serostatus and reduced immunogenicity of viral vectored vaccines in both UK and African
cohorts. Therefore, | provide here an overview of CMV and a summary of the literature

surrounding the impact of CMV on the immune system and associations with vaccine responses.

1.4.1. CMV epidemiology and pathogenesis

Human CMV is a betaherpesvirus which causes what is most often a mild or asymptomatic acute
infection followed by the establishment of life-long latency. The exact site of latency is unclear
but appears to be in cells of myeloid lineage [325]. It is thought that CMV can replicate

productively in a number of cell types and genomic viral DNA has been detected in
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monocytes/macrophages, lymphocytes, CD34* bone marrow cells, immature DCs and
endothelial cells [326]. Reactivation is usually asymptomatic in immunocompetent hosts but can
cause significant morbidity and mortality in immunocompromised hosts (e.g. AIDS and
transplant patients) in which it can cause retinitis, hepatitis, encepabhilitis and pneumonitis [327].
Transplacental transmission can result in congenital disorders including neuronal impairments,

growth retardation, jaundice [328].

CMV is transmitted in body fluids including breast milk, saliva and blood or transplacentally and
seroconversion often occurs in childhood [329]. CMV is highly prevalent: around 30-50% of
young adults in developed countries are seropositive and this increases with age to over 90% in
elderly adults [329]. In less developed countries CMV seroconversion occurs early in life and

almost all young adults are seropositive [330].

1.4.2. Immune responses to CMV

CMV is the largest of the human herpesviruses, containing a 235kb genome encoding around
165 genes [331]. A large portion of these genes are devoted to evading the human immune
system. A major immune evasion mechanism is the downregulation of MHC | to reduce antigen
presentation to CD8* T cells [332]. CMV achieves this through multiple mechanisms, including
proteins that block the generation or export of MHC I-peptide complexes [333-335]. CMV is also
able to hinder peptide presentation on MHC Il through a protein that targets MHC class Il DR-a
and DR-B to the proteasome for degradation [336]. The downregulation of these molecules
should make these cells a target for NK cell-mediated lysis through the recognition of “missing
self”. However, CMV also encodes factors to impede NK cell recognition, including the
expression of virus-encoded MHC class | homologues [337]. Additionally CMV encodes a protein
homologous to a host signal peptide that stabilises expression of the non-classical MHC |
molecule HLA-E on the cell surface [338]. Peptide-HLA-E is recognised by the inhibitory NK cell

receptor CD94/NKG2A and prevents NK-cell mediated lysis of infected cells [338]. CMV also
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encodes a number of other homologues that subvert the host immune system including
homologues of chemokines, chemokine receptors, FcRs, the immunosuppressive cytokine IL10

and anti-apoptotic proteins [339,340].

CMV’s extensive immune evasion arsenal aids the establishment of latency. However CMV
infection is not immunologically silent and significant CMV-specific antibody and T cell responses
are mounted [341]. While the immune response to CMV does not clear infection, it is clear that a
robust immune response is required to control infection [341]. CMV stimulates TLRs activating
signalling pathways in DCs and macrophages that result in the production of type 1 IFNs and the
subsequent activation of NK cells [342]. NK cells play a key role in the response to CMV. In mice,
NK cells are involved in the clearance of experimental murine CMV (MCMV) infection [343] and

there is also evidence that NK cells play a role in control of human CMV infection [344].

There are stark differences in NK cell phenotypes between CMV+ and CMV- individuals. CMV has
a wide tissue and cell tropism which includes bone marrow stromal cells. As this is a tissue
important for the generation and maintenance of NK cells, it is possible that latent CMV in the
bone marrow could modulate NK cell maturation and education [345]. CMV infection results in
the expansion of terminally differentiated NK cells and the increase in CD569™CD16'NKG2C* NK
cells has been well characterised [346-349]. NKG2C is an activating receptor for the non-classical
MHC class | HLA-E, which is stabilised at the surface of CMV-infected cells by a CMV-derived
signal peptide [350]. Therefore expansion of NKG2C* NK cells may be a host protective response
allowing NK cells to recognise and become activated by CMV-infected cells. These cells are long-
lived and have stable epigenetic imprints that resemble those in memory T cells [351]. NKG2C*
cells have a reduced cytokine responsiveness but those that are CD57 can be strongly boosted
by vaccination compared with those that are CD57* [352]. The mechanisms driving the expansion
of these cell subsets in CMV infection are still unclear. However, if CMV+ individuals have high

frequencies of these highly differentiated NK cells that are hyporesponsive to cytokines, this
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may mean that CMV+ individuals respond less well to vaccines relying on cytokine-driven

pathways.

There is a role for antibody in the effective response against CMV, mainly in restricting viral
dissemination and limiting disease severity [353]. However, T cells are thought to have the
predominant role in control of CMV infection [354]. In MCMV models depletion of CD8* T cells
resulted in the reactivation and dissemination of disease [355]. In humans CD8" T cells are also
important for control and this is clear from both bone marrow and solid organ transplant
patients, in which development of CMV-specific CTL responses is associated with control of CMV
viraemia and recovery from infection [356,357]. A huge proportion of the T cell repertoire is
committed to CMV: 10% of the circulating peripheral CD8" T cells may be CMV-specific in
healthy carriers and this increases with age with frequencies of around 40% observed in some
elderly individuals [358-360]. Frequencies as high as 70% of CD8* T cells have been reported

against just a single CMV epitope [361].

This dramatic inflation of CMV-specific T cells over time has been termed “memory inflation”
[362]. It is unclear exactly what drives CMV-associated memory inflation but antigen persistence
and chronic or repeated stimulation of CMV-specific T cells are thought to play a role [362].
However, recent studies have shown that the CMV-specific T cell pool undergoes continuous
expansions and contractions in the absence of detectable CMV [358,363]. These studies
suggested that the fluctuations in CMV-specific T cells may be due to a “bystander effect” of
infection, with immune activation providing heterologous stimulation. It is unclear why this may
occur uniquely to CMV-specific (and possibly EBV-specific) T cells. These inflated populations of
T cells display a terminally differentiated memory and possibly senescent phenotype
characterised by expression of CD57, killer cell lectin-like receptor G1 (KLRG1), re-expression of
CD45RA and downregulation of CD27 and CD28 [364]. Memory inflation also occurs within the

CD4"* T cell pool [365], which are also integral to the control of CMV infection [366,367]. Similar to
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the CD8* T cell responses, a large proportion of the CD4* T cell pool in CMV-infected individuals
is CMV-specific. Around 9% of the CD4" T cell pool may be CMV-specific [360] and frequencies up
as high as 40% have been reported [368]. Traditionally CD4* T cells were thought to have indirect
involvement in control of latent viruses through providing help for CD8" T cells killing and for
antibody production. However, studies have shown that CD4* T cells may gain a cytolytic

phenotype and directly kill CMV-infected cells [369,370].

1.4.3. CMV-associated reduction in vaccine responses

It has been suggested that the large expansion in CMV-specific T cells with age is a contributing
factor to immune senescence - the functional changes and dysregulation of the immune system
that occur with age and are associated with increased susceptibility to infection and poor
vaccine responses [371]. Immune senescence is characterised by a reduction in naive cells,
accumulation of memory T cells and a decline in immune responsiveness [372]. CMV
seropositivity has been included as part of an “immune risk phenotype” which predicted an
increased mortality rate in octogenarians [373-375]. Other parameters in the immune risk
phenotype included an inverted CD4":CD8" T cell ratio and increased proportion of highly
differentiated CD28°CD8" T cells, all of which may be driven by CMV [362]. Evidence suggests that
CMV and healthy ageing have distinct impacts on the immune system, particularly within the

CD4* T cell compartment [376].

This long-lasting imprint that CMV makes on the immune system may impact vaccine
responsiveness in CMV+ individuals. Most research in this area to date has focused on the
impaired responses to influenza vaccination in elderly individuals. However, this is a growing
field of research and there has been evidence of both negative and positive associations
between CMV and vaccine responses in different age groups and contexts. An inverse
correlation between CMV IgG titres and antibody responses to seasonal influenza vaccine was

reported in elderly individuals (>69 years) [377]. Individuals with higher CMV IgG titres in this
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study had significantly higher levels of NK cells, lower B cell frequencies, lower CD4" T cells,
increased CD8* T cells and a decreased CD4:CD8 ratio. Additionally, these individuals had
impaired T cell function with lower anti-CD3 responses measured by IFNy ELISpot but robust
CMV-specific T cell responses. This study provides evidence for an association between the
decline in vaccine responses in the elderly, the aging of the immune system and the intensity of
responses towards CMV. Latent CMV infection was also associated with poor memory CD4
responses to influenza A in another elderly cohort [378] and another study has indicated a faster
decline in antibody responses to diphtheria booster vaccination in CMV+ elderly individuals
[376]. However other studies have demonstrated no difference in vaccine responses between

CMV+ and CMV- elderly individuals [379,380].

The impact of CMV on vaccine responses in young adults and children is even less clear. Several
studies have indicated a negative impact of CMV on humoral responses to influenza vaccine in
young adults [381-383], while others have indicated a negligible or even positive impact
[384,385]. It has been suggested that these conflicting results could be due to differences in the
duration of CMV infection. In mouse models, early in infection there was a MCMV-induced
enhancement of anti-viral immunity whilst immunosenescence and hyporesponsiveness were
observed in chronic infection [384]. In young (Gambian) children CMV may be beneficial for
vaccine responses: CMV infection alone had no impact on responses but co-infection with CMV
and Epstein-Barr virus (EBV) enhanced antibody responses to meningococcal polysaccharide
vaccine and measles vaccine, countering the reduction that was observed in single EBV infection
[386]. In support of this, recent data from a Swedish birth cohort showed EBV but not CMV
carriage was associated with accelerated decay of antibody responses to measles vaccination
over the first 10 years of life [387]. Mechanisms driving these differences in vaccine responses in
CMV- and CMV+ individuals are also unclear. However, where potent cytokine-driven responses
are important for vaccine immunogenicity the impact of CMV may be clearer. In vitro NK cell
cytokine responses to previously encountered vaccine antigens including influenza and whole
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cell pertussis were impaired in CMV+ individuals [388,389]. Impaired NK cell IFNy responses to
exogenous cytokines in CMV+ individuals are well documented([388,390,391]. This may partly be
due to the reduced frequencies of less-differentiated CD56°" and CD569™CD57" NK cells in
CMV+ individuals as these are more responsive to cytokines than the expanded CD57* NK cells
[388,389]. Similarly, within the T cell subset, the expansion of terminally differentiated effectors
and reduction in less-differentiated CD27*CD28" T cell subsets may partly explain the reduction
in vaccine responses in some contexts. Additionally, inflationary memory CD4* T cells have been
shown to be IFNy-producing Th1 cells, which might explain the poor antibody-mediated immune

responses seen CMV+ individuals with high frequencies of these cells [392-394]

It is clear that CMV is associated with profound phenotypic differences in T cell and NK cell
populations, with a shift towards a terminally differentiated phenotype. Numerous studies
support a role of these cells, which may be hyporesponsive to antigenic stimulation and
functionally impaired, in immunosenescence. It is less clear what impact CMV carriage and the
expansion of these cell subsets might have on vaccine responses, particularly in young adults
and children. The impact of CMV on vaccine immunogenicity may well be context-specific:
different vaccines, adjuvants, age groups, genetic backgrounds and co-infections among other
factors may well determine whether CMV carriage has an impact and whether it is beneficial or
impeding. This may be a particularly important question when comparing vaccine
immunogenicity in cohorts from different populations with differing rates of CMV

seroprevalence, as is the case between the UK and most African countries [330,395].
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1.5. Thesis Aims and Outline

1.5.1. Aims

1. Evaluate the immunogenicity of a novel malaria vaccine strategy combining two
different vaccine platforms in humans: viral vectored vaccines ChAd63 and MVA with

the virus like particle vaccine RTS,S.

2. Optimise assays to measure antibody responses to vaccination in malaria-exposed

cohorts.

3. Investigate the reduction in vaccine immunogenicity in malaria-exposed cohorts.

4. Develop an assay based on activation-induced markers to detect antigen-specific T cell

responses to vaccination and assess the assay for use in clinical trials.

5. Use this assay to investigate the quantity and quality of the T cell response to viral-
vectored Ebola vaccines in malaria-naive and malaria-exposed populations. Additionally,
use this assay to investigate the association between CMV and reduced vaccine

responses.
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1.5.2. Outline

Chapter 2 describes the materials and methods used in these studies.

Chapter 3 investigates the reduction in humoral immunity and efficacy when ChAd63-ME-TRAP

and MVA-ME-TRAP are concomitantly administered with RTS,S/AS01B.

Chapter 4 describes the effect of antigen-independent antibody deposition in samples from
highly malaria-exposed individuals on ELISA results and optimises the assay to reduce false

positives caused by this phenomenon.

Chapter 5 assesses responses to vaccination in malaria-exposed populations and examines the

relationship between malaria exposure and reduced humoral responses to vaccination.

Chapter 6 Investigates the use of an assay based around activation-induced markers to detect

antigen-specific T cells in clinical trials.

Chapter 7 details the association between CMV seropositivity, T cell phenotypes and the
response to the Ebola vaccine candidates ChAd3-EBO-Z and MVA-EBO-Z in UK and Senegalese

cohorts.

Chapter 8 summarises the findings of this work and discusses implications and future directions.
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Materials and Methods

2.1. Materials

2.1.1. Reagents

Table 2.1 details all of the commercially available reagents used in this study, except from

antibodies used for flow cytometry, which are listed in individual tables for each panel.

Table 2.1. Commercially available reagents used in this study

Reagent/ Material Supplier Catalogue Number
15mL falcons Sarstedt 554502
175cm? cell culture flask Corning 431086

25cm? cell culture flask Corning 430639
4-nitro-phenyl-phosphate Sigma-Aldrich N2765-100TAB
50mL falcons Sarstedt 547254

5mL polypropylene FACS tubes Becton Dickinson 352063

5mL polystyrene FACS tubes with cell strainer cap | Becton Dickinson 352235

75cm? cell culture flask Corning 430641
96-well cell culture plate Corning 3595

96-well U-bottom plates Becton Dickinson 353077
96-well V-bottom plates Thermo Scientific 611V96
Anti-CD28 eBioscience 16-0289-81
Anti-CD49d eBioscience 16-0499-85
Anti-human 1gG-AlexaFluor488 Invitrogen A11013
Anti-human IgG-Alkaline Phosphatase (AP) Sigma-Aldrich A3187.5ML
Anti-human IgM-AlexaFluor594 Invitrogen A21216
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Reagent/ Material Supplier Catalogue Number
AQUA Live/Dead stain Invitrogen L34957

ARC beads Invitrogen A10346

BCIP/NBT development buffer Europa Bioproducts MO711A

BD Cytofix/cytoperm kit BD Biosciences 554714

Benzonase Millipore 70664

Blocker Casein in PBS Thermo Scientific 37528

Bovine Serum Albumin (BSA) Sigma-Aldrich A7906-100G
Brefeldin-A Invitrogen 00-4506-51
Brilliant stain buffer BD Biosciences 563794

Carbonate-bicarbonate tablets Sigma-Aldrich C3041-100CAP
Casyton OLS OMNI Life Science | 5651808
Chambered microscope slides Thermo Scientific C24779
ChonBlock™ blocking/sample dilution ELISA buffer | Chondrex 9068
ChonBlock™ detection antibody dilution buffer Chondrex 90681
CoolCell™ BioCision BCS-170
Cryovials Star lab E3110-6112
DAPI stain Sigma-Aldrich D9542-5MG
DEA buffer Thermo Scientific 34064
Dimethyl-sulfoxide (DMSO) Sigma-Aldrich D2650
Dulbecco's PBS (DPBS) Sigma-Aldrich D8537-500ML
Foetal Calf Serum (FCS) Gibco 10500-064
Fluoroshield mounting medium with DAPI Abcam ab104139
Goat anti-human IgA-AP Sigma-Aldrich A9669-1ML
Goat anti-human IgG-HRP ADI 10120

Goat anti-human IgM biotin Sigma-Aldrich B1265-2ML
Human cytomegalovirus IgG ELISA kit Abcam ab108724
IFNy SA-ALP antibody kits Mabtech 3420-25A
LEGENDplex Th cytokine assay Biolegend 740722
Leucosep tubes Fisher Scientific 15805547

L-Glutamine

Sigma-Aldrich

G7513-100ML

Lymphoprep

STEMCELL

Technologies

07851
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Reagent/ Material Supplier Catalogue Number
Monensin Invitrogen 00-4505-51
Mouse anti-human IgG1 Fc biotin Invitrogen MH1515
Mouse anti-human IgG2 biotin Invitrogen 05-3540
Mouse anti-human IgG3 biotin Invitrogen MH1031
Mouse anti-human IgG4 Fc biotin Invitrogen MH1542
Multiscreen IP ELISpot plates Millipore MAIPS4510
Nunc-Immuno MaxiSorp plates Thermo Scientific 442404
One-Comp beads eBioscience 01-1111-41
Paraformaldehyde (PFA) Alfa Aesar 43368
Penicillin-Streptomycin Sigma-Aldrich P0781-100ML
PHA InvivoGen inh-phap
Phosphate buffered saline (PBS) powder Sigma-Aldrich P2194
Phosphate buffered saline (PBS) tablets Sigma-Aldrich P4417-100TAB
Red blood cell lysis solution Qiagen 158904
RPMI-1640 medium Sigma-Aldrich R0883-500ML
Sodium azide (NaNs) Sigma-Aldrich 52002
Sodium thiocyanate Sigma-Aldrich 251410-500G
Staphylococcal enterotoxin B (SEB) Sigma-Aldrich 54881

Stop solution ADI 80100

TMB substrate ADI 80091

Trypan blue Gibco 15250061
Trypsin Gibco 12604-013
Tween-20 Sigma-Aldrich P7949-500ML

2.1.2. Solutions

RO medium: RPMI (Sigma) containing 1% sterile filtered Penicillin-Streptomycin (Sigma), 1% L-

Glutamine (Sigma).
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R10 medium: RPMI (Sigma) containing 1% sterile filtered Penicillin-Streptomycin, 1% L-
Glutamine and 10% heat-inactivated, sterile-filtered foetal calf serum, previously screened for

low reactivity (Labtech International)
FACS buffer: PBS containing 0.1% BSA and 0.01% sodium azide

ELISpot/ELISA coating buffer: Carbonate-bicarbonate tablets (Sigma, C3041) dissolved in PBS

(15mM Na»COs, 35mM NaHCOs, pH 9.3)

PBS/Tween (PBS/T): PBS (Sigma, P2194) with 0.5% Tween-20

2.1.3. Vaccines and adjuvants

2.1.3.1.RTS,S/AS01B

RTS,S/AS01B was developed and manufactured by GSK Vaccines. RTS,S consists of two proteins
RTS and S expressed in Saccharomyces cerevisiae. RTS is a polypeptide formed from a portion of
the CSP antigen from the P. falciparum strain NF54 fused to the amino terminal end of the
hepatitis B virus surface antigen (HBsAg). The other polypeptide is the HBsAg expressed alone.
RTS and S spontaneously assemble into mixed polymeric particulate structures, forming

hepatitis B viral-like particles. A ratio of RTS to S of 1:4 was required for particles to form.

AS01B is an adjuvant system containing two immunostimulants formulated with liposomes:
monophosphoryl lipid A (MPL, 50ug, produced by GSK) and Quillaja saponaria Molina, fraction

21 (QS-21, 50ug, licensed by GSK from Antigenics Inc).

2.1.3.2.R21/MM
The R21 vaccine is biosimilar to RTS,S, except that it is formed from a single CSP-HBsAg fusion
protein expressed in Pichia pastoris, which allowed particles to form in the absence of excess

HBsAg [242].
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Matrix-M is a saponin-based adjuvant developed by Novavax. It consists of two populations of
matrix particles formed by purified saponin from Q. saponaria Molina formulated with

cholesterol and phospholipid.

2.1.3.3. ChAd63-ME-TRAP

Chimpanzee adenovirus strain 63 (ChAd63) was isolated from a captivity-born chimpanzee at
the New lberia research facility (NIRC, University of Louisiana at Lafayette, New Iberia, LA).
Deletion of the E1 region of the viral genome rendered the virus replication deficient. Further
deletions of the viral genome were made in the E3 and E4 regions and Ad5E4orf6 was inserted
[396]. ChAd63-ME-TRAP was manufactured using HEK293 cells under good manufacturing
practice (GMP) conditions by the Oxford University Clinical Biomanufacturing Facility (CBF),

Churchill Hospital, Oxford.

The viral vector encodes for the insert ME-TRAP, which is a multiple epitope string (ME) fused to
the full sequence of the P. falciparum T9/96 pre-erythrocytic antigen thrombospondin-related
adhesion protein (TRAP). ME consists of cytotoxic T lymphocyte (CTL) epitopes from a variety of
potentially protective antigens and is included to ensure an immune response to the vaccine in
the majority of vaccinated individuals. These epitopes include 14 CD8* T cell epitopes and three
CD4* epitopes from tetanus toxoid, bacille Calmette-Guérin (BCG) and P. falciparum CSP,
(PfCSP), two B cell epitopes, (NANP) from PfCSP and the adhesion motif of TRAP (TRAP-AM). The
string also includes the H-2Kd pb9 epitope facilitating pre-clinical evaluation in BALB/c mice. The
ME-TRAP hybrid is a 2398 base-pair insert which encodes for a single polypeptide of 789 amino

acids [246].

2.1.3.4. MVA-ME-TRAP
Modified vaccinia virus Ankara (MVA) is a highly attenuated, replication-deficient strain of
vaccinia virus. This was produced by over 500 passages through chicken embryo fibroblast (CEF)

cells. The viral vector expresses the same ME-TRAP construct as described above for ChAd63-
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ME-TRAP. Clinical grade MVA-ME-TRAP was produced under GMP conditions by Impfstoffwerk

Dessau-Tornau GmbH, Rosslau, Germany.

2.1.3.5.ChAd3-EBO-Z

The ChAd serotype 3 (ChAd3) vectored vaccine is a replication-deficient ChAd expressing the
wild-type (WT) glycoprotein from the Mayinga strain of Ebola Zaire virus (EBO-Z). The drug
substance was manufactured at Advent (GSK), and the drug product was manufactured under
good manufacturing practice (GMP) conditions at the Vaccine Research Center Vaccine Pilot

Plant, under contract with the Vaccine Clinical Materials Program, Leidos Biomedical Research.

2.1.3.6. MVA-EBO-Z
The MVA-EBO-Z vaccine consists of a replication-deficient MVA expressing EBO-Z. The drug
substance was manufactured in the immortal avian cell line AGE1.CR.Pix. under GMP conditions

by Emergent BioSolutions, Gaithersburg, MD, USA.

2.1.3.7. MVA-BN®Filo

The MVA-BN® Filo vaccine was manufactured at IDT Biologika in Germany under contract FBS-
0044-009 with NIAID and Fisher BioServices. The vaccine is a multivalent recombinant MVA
(Modified Vaccinia virus Ankara, strain Bavarian Nordic [MVA-BN®]) encoding four filovirus
antigens: the surface glycoproteins of Marburg virus, Ebola virus and Sudan virus as well as the
nucleoprotein of Tai Forest Ebolavirus. MVA-BN® Filo was grown in primary chicken embryo
fibroblast cells under serum free conditions and formulated in trisbuffered saline at 4.4 x 108

TCID50 per 0.5 mL dose in single-dose vials.

2.2. Methods - Clinical studies

2.2.1. Summary of clinical trials

The studies in this thesis use PBMC and serum samples from Jenner Institute clinical vaccine

trials conducted in the UK and at trial sites across Africa. These are summarised in Table 2.2.
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Table 2.2. Summary of clinical trials
vp: viral particles, pfu: plaque forming unit

Study | Clinical | Population | Age group Vaccines Doses Regimen Thesis Publication
Code | phase (number enrolled) chapter
VAC40 | Phase | Kenyan 18-50 years (30) ChAd63-ME-TRAP | ChAd: 1x10%° or 5x10%° | 8 week prime-boost 4,5 [397,398]
Ib adult males and MVA-ME- vp, MVA: 2x108 pfu interval
TRAP
VAC41 | Phase | Gambian 18-50 years (16), 2- | ChAd63-ME-TRAP | ChAd: 1x10° or 5x10%° | 8 week prime-boost 4,5 Adults:
Ib adults and | 6 years (36) and MVA-ME- vp, MVA: 1x10% or interval [397,398]
children TRAP 2x10% pfu Children: [262]
VAC42 | Phase | Gambian 5-12 months (36), | ChAd63-ME-TRAP | ChAd: 1x10° or 5x10%° | 8 week prime-boost 4,5 [262]
Ib infants 10 weeks (36) and MVA-ME- vp, MVA: 1x108 pfu interval
TRAP
VAC43 | Phase | UK adults 18-50 years (42) ChAd63-ME-TRAP | ChAd: 5x10%° vp, Various regimens with | 3 [399]
la and MVA-ME- MVA: 2x108 pfu 4 and 8 week intervals
TRAP
VAC45 | Phase | UK adults 18-45 years (36) ChAd63-ME-TRAP | ChAds: 5x10%° vp, 8 week prime-boost 3,4,5 [260]
I/lla and MVA-ME- MVAs: 2x10% pfu interval
TRAP, ChAd63-
CSP and MVA-CSP
VAC46 | Phase | Kenyan 18-50 years (121) ChAd63-ME-TRAP | ChAd: 5x10° vp, 8 week prime-boost 4,5 [400]
b adult males and MVA-ME- MVA: 2x108 pfu interval
TRAP
VAC50 | Phase | Burkinabe | 5-17 months (30in | ChAd63-ME-TRAP | ChAd: 5x10%° vp, 8 week prime-boost 4,5 Phase I: [262]
I/1lb infants Phase | lead-in, 700 | and MVA-ME- MVA: 1x108 pfu interval Phase Il:
in Phase IIb) TRAP manuscript in
preparation
VAC53 | Phase | UK adults 18-50 years (31) R21 /Matrix-M 2,10 or 50pg R21 with | 3 doses at 4 week 5 Manuscript in
I/la or without 50ug intervals preparation
Matrix-M
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Study | Clinical | Population | Age group Vaccines Doses Regimen Thesis Publication
Code | phase (number enrolled) chapter
VAC55 | Phase | UK adults 18-50 years (48) RTS,S/AS01B, 50ug RTS,S/AS01B, 3 doses of 3 [401]
I/lla ChAd63-ME-TRAP | ChAd: 5x10° vp, RTS,S/ASO1B at 4
and MVA-ME- MVA: 2x108 pfu week intervals alone
TRAP or in with ChAd63-ME-
TRAP at week 2 and
MVA-ME-TRAP at
week 10
VAC59 | Phase UK adults 18-45 years (45) RTS,S/AS01B, 50ug RTS,S/ASO1B, 3 doses of 3 Manuscript
I/lla ChAd63-ME-TRAP | ChAd: 5x10%° vp, RTS,S/ASO1B at 4 accepted at
and MVA-ME- MVA: 2x108 pfu week intervals either NPJ Vaccines
TRAP alone or co-
administered with
ChAd63-ME-TRAP at
week 0 and MVA-ME-
TRAP at week 4 and
week 8
VAC60 | Phase | Burkinabe 18-45 years (13) R21 /Matrix-M 10ug R21 with 50ug 3 doses at 4 week 4,5 Manuscript in
Ib adults Matrix-M intervals preparation
EBLO1 | Phase | UK adults UK adults (60) ChAd3-EBO-Zand | ChAd: 1, 2.5 or 5x10%° | 3-10 week prime- 4 [248]
la MVA-BN-Filo vp, MVA: 1x10% or boost interval
1.5x108 pfu
EBLO4 | Phase UK adults 18-50 years (40) ChAd3-EBO-Z and | ChAd: 3.6x10% vp, Single dose of MVA or | 4,5,6,7 | Manuscriptin
la MVA-EBO-Z MVA: 1x10% or 1.5x10® | ChAd3-EBO-Z and preparation
pfu MVA-EBO-Zatalor4
week interval
EBLO6 | Phase | Senegalese | 18-50 years (40) ChAd3-EBO-Z and | ChAd: 3.6x10% vp, 1 week prime-boost 4,5,7 Manuscript in
Ib adults MVA-EBO-Z MVA: 1x108 pfu interval preparation




2.2.2.Vaccination

Volunteers for all UK studies were recruited and vaccinated at the CCVTM, Oxford, the NIHR
WTCRF, Southampton, the Surrey Clinical Research Centre, Guildford or the NIHR/Wellcome
Trust Imperial CRF in Hammersmith, London. All adult volunteers in the studies discussed in this
thesis received vaccinations via intramuscular (IM) injection into the deltoid muscle of arm.

Infant participants (under two years) received IM vaccinations in the anterolateral thigh.

2.2.3. Ethics and regulatory approval

All studies included in this thesis were conducted in accordance with International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use guidelines, good
clinical practice (GCP) and the Declaration of Helsinki (2008). UK studies were also performed in
accordance with the UK Genetically Modified Organisms Regulations (2000). Written informed
consent was provided by all volunteers or a responsible parent. Each study was approved by the
appropriate regulatory authorities and registered with ClinicalTrials.gov. Details are provided in
Table 2.3. For each study the Local Safety Committee provided oversight and GCP compliance
was independently monitored by the Clinical Trials and Research Governance Team of the

University of Oxford.
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Table 2.3. Clinical trial regulatory approvals

Study . . Local regulatory board .. .
code UK ethical committee (where trial is outside of the UK) ClinicalTrials.gov
VAC40 OXTREC 12-10 Kenya Medical Besearch I_nstltute National NCT01379430
Ethics Committee
VAC41 OXTREC 64-09 Medicines Board of The Gambia NCT01373879
VAC42 OXTREC 26-11 Medicines Board of The Gambia NCT01450293
NRES Committee South
VAC43 Central - Oxford A N/A NCT01364883
10/H0604/96
NRES Committee South
VAC45 Central - Oxford A N/A NCT01623557
12/5C/0037
VACA6 OXTREC 59-11 Kenya Medical Besearch I.nstltute National NCTO1666925
Ethics Committee
Ethics Committee for Health Research in
VAC50 OXTREC 41-12 Burkina Faso —CERS 2012-6-37 NCT01635647
NRES Committee South
VAC53 Central - Oxford A N/A NCT02572388
15/5C/0386
NRES Committee South
VAC55 Central - Oxford A N/A NCT01883609
13/5C/0208
NRES Committee South
VAC59 Central - Oxford A N/A NCT02252640
14/5C/0227
Ethics Committee for Health Research in
VAC60 OXTREC 36-15 Burkina Faso —CERS 2014-10-118 NCT02925403
EBLO1 OXREC A - 14/5C/1256 N/A NCT02240875
NRES Committee South
EBLO4 Central - Oxford A N/A NCT02451891
15/5C/0108
Senegal national research ethics committee:
EBLO6 OXTREC 27-15 C.N.E.R.S. Comité National d'Ethique pour la NCT02485912
Recherche en Santé. SEN15/19.

Ethical approval for the seroprevalence study included in this thesis

was provided by

the institutional review board of the Centre National de Recherche et de Formation sur le

Paludisme (Burkina Faso ChAd neutralising antibody seroprevalence study) [254].
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2.3. Methods - Controlled human malaria infection (CHMI)

CHMI studies were designed according to a consensus document produced by investigators from
the USMMVP, Sanaria, University of Maryland, University of Oxford, RUNMC, The Seattle
Biomedical Research Institute and the KEMRI-Wellcome Kilifi Research Programme for the
standardisation of design and conduct of P. falciparum sporozoite challenge trials. CHMI was
administered by mosquito bite according to an established standard operating procedure.
Mosquitoes from the Walter Reed Army Institute of Research (WRAIR), Maryland, USA, are
infected via a membrane feeder containing parasite material (fully sensitive 3D7 P. falciparum),
RBC and AB human serum. The blood products came from volunteers who were recruited
through WRAIR and were screened according to US Red Cross guidelines (Trypanosoma cruzi,
HIV 1 and 2, HBV, HCV, HTLV, West Nile Virus and syphilis). Infected mosquitoes were supplied
directly from a WRAIR representative and transferred to the CL3 insectary in the Sir Alexander
Fleming Building, Imperial College London. Challenges were performed within the insectary.
Each volunteer was exposed to the bites of five infectious mosquitoes (by placing their forearms
over a net-covered pot containing mosquitoes for 5-10 minutes). Fed mosquitoes (as indicated
by the presence of a blood meal in the abdomen) were individually dissected and assessed for
sporozoite load (graded 0 to +4; a gland rating of +2 or more, representing 10 or more observed
sporozoites, qualifies as infectious). The bite-challenge procedure continues until the subject has

been bitten by five infectious mosquitoes.

From seven days post-CHMI volunteers underwent daily follow-up at the CCVTM, Oxford.
Diagnosis of clinical malaria was based on development of symptoms and detection of blood-
stage parasitaemia by thick blood smear and/or gPCR. Volunteers were treated at the earliest
detection of blood-stage infection by microscopy and vaccine efficacy was determined by
measurements of time to diagnosis (primary efficacy endpoint), or measurements of

parasitaemia by gqPCR (secondary efficacy endpoint). For each CHMI study time to diagnosis for
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vaccinated individuals was compared with that for malaria-naive unvaccinated control

volunteers that underwent challenge at the same time.

2.4. Methods - Immunology

2.4.1. Blood collection

Blood was drawn from enrolled volunteers by trial physicians or research nurses at pre-specified
time points for each study. Blood was collected in heparin-treated vacutainers for PBMC
separation and plasma collection, untreated vacutainers for serum collection and EDTA-treated
vacutainers for P. falciparum qPCR after CHMI. All blood samples were processed with 6 hours
of blood draw to ensure sample quality. Untreated vacutainers were centrifuged at 1800rpm
(764G) for 5 minutes at room temperature (RT). Serum was aseptically transferred into labelled

cryovials for each volunteer and stored at -80°C.

2.4.2. Peripheral blood mononuclear cell (PBMC) separation

All processing was completed under sterile conditions. Up to 30mL of heparinized blood was
poured into each Leucosep tube containing 15mL of Lymphoprep below the porous filter disc.
These tubes were centrifuged at 1000g for 13 minutes at room temperature to separate PBMC
from RBC. At this stage 2-4mL plasma was pipetted off into labelled cryovials for each volunteer
for serological analyses. Samples were frozen at -80°C until use. The fraction containing PBMC
was poured off into labelled 50mL falcon tubes for each volunteer. Tubes were topped up to
50mL with RO and spun at 1800rpm (764G) for 5 minutes at RT. After washing, the supernatant
was poured off and the cell pellet was resuspended in 30mL RO. At this stage, if there were
multiple tubes for each volunteer they were combined into a single tube per volunteer. Cells
were spun (1800rpm [764G], 5 minutes, RT) then resuspended in 10mL of R10 for counting. Cells
were rested for a minimum of 30 minutes at 37°C and 5% CO before counting and further

processing.
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2.4.3. Counting PBMC

Cells were counted using a CASY counter (Roche Applied Science) set up to count human PBMC.
Two independent counts were measured for each sample and the average count per mL
calculated. Cells were then resuspended in R10 to the appropriate concentration for the assays

being conducted.

2.4.4.1FNy ELISpot

Ex vivo (18 hour stimulation) ELISpot assays were performed using Multiscreen IP ELISpot plates,
human IFNy SA-ALP antibody kits and BCIP NBT-plus chromogenic substrate. Plates were coated
with 50uL per well of anti-IFNy at 10ug/mL in coating buffer under sterile conditions. Plates
were left for 3-8 hours at room temperature or up to 48 hours at 4°C before use. After coating
incubation plates were washed three times with PBS then blocked with 100uL R10 per well for 1-
8 hours before plating cells. Plates were kept sterile at all times. Cells were cultured in R10 and
antigens were tested in triplicate. For ME-TRAP and CSP ELISpots 50uL of each peptide pool at
20ug/mL (ME-TRAP) or 5ug/mL (CSP) was added to the ELISpot plate from the previously
prepared peptide plates. For each well 250,000 PBMC added in 50uL of R10, resulting in a final
peptide concentration of 10ug/mL (ME-TRAP) or 2.5ug/mL (CSP). For GP ELISpots 50puL of each
peptide pool at 7.5ug/mL was added to the ELISpot plate in addition to 200,000 PBMC in 100puL
of R10, resulting in a final peptide concentration of 2.5ug/mL. A mixture of staphylococcal
enterotoxin B (SEB, 0.02ug/mL) and phytohaemmagglutinin-L (PHA, 10ug/mL) was used as a
positive control in all ELISpot assays. Wells with R10 only and no peptide were included in all
assays as a negative control. For CSP ELISpots, a CTL pool (10ug/mL final concentration) was
included as an additional positive control. This is a well-defined pool of 23 CD8* epitopes from
Influenza A, EBV and CMV. Details are given in Table Al. After 18-20 hours incubation at 37°C
and 5% CO,, cells were removed into disinfectant and plates were washed six times with PBS/T.

Detector antibody (biotinylated anti-IFNy) was added at 1ug/mL in PBS, 50uL per well and
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incubated at RT for 2-4 hours. Plates were washed again as before and incubated with 50uL/well
1:1000 streptavidin-alkaline phosphatase (S-AP) for 1-2 hours at RT. Plates were washed again
and 50uL/well development buffer was added for 3-5 minutes until clearly defined spots began
to appear. Development buffer was washed off thoroughly with tap water and plates were left

to dry before counting.

Plates were counted using an automated ELISpot counter (AID Diagnostika GmbH, algorithm C)
using identical settings for all plates and counts were adjusted only to remove artefacts. For ME-
TRAP and CSP ELISpots the total spot-forming cells per million PBMC (SFC/10° PBMC) for each
pool was calculated using the average of each triplicate multiplied by four. For GP ELISpots only
200,000 cells were used per well so the average was multiplied by five. Responses in
unstimulated (negative control) wells were subtracted and then responses in individual pools
were summed for each strain of the TRAP antigen, CSP or GP. Responses greater than the
median + 2 standard deviations (SD) of the negative control wells and greater than the lower
limit of detection (LLOD) were considered positive. The LLOD for this assay was defined as the
lowest number of spots that was precisely distinguishable from the unstimulated control well
and was calculated as the median + 2SD of all unstimulated control wells run for each study. The
LLOD values for the assays in this thesis are 50 SFC/10°® PBMC for the Ebola GP ELISpot, 28
SFC/10° PBMC for the ME-TRAP ELISpot and 12 SFC/10° PBMC for the CSP ELISpot. All responses

below the LLOD were adjusted to the LLOD. ELISpot plate layouts are shown in Figure A1l.

As assays were conducted using fresh PBMC in real time over the course of the trial, samples
were tested in batches according to the date of the volunteer visit. Representative examples of
the unstimulated and positive control results across different assay dates are shown in Figure

A2,
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2.4.5. Peptides

Peptides were custom synthesised at a minimum purity of 70% with a free amine and a free acid
at the N and C terminus respectively. We received HPLC chromatograms and mass spectral
analysis from the manufacturer to confirm purity and identity respectively. Peptides were
dissolved in DMSO to a storage concentration of between 50 and 200mg/mL and then pooled at
working concentrations of 20ug/mL (ME-TRAP), 5ug/ml (CSP) or 7.5ug/mL (GP) per peptide

according to standard operating procedures for peptide pool preparation.

2.4.5.1. ME-TRAP

TRAP peptides were designed to cover the length of the TRAP antigen. Peptides were 20 amino
acids long, overlapping by 10 amino acids (Neopeptide). Pools were included for both the
vaccine strain, T9/96 (TT), and the challenge strain, 3D7 (TD). For each of these antigens there
were six pools of 7-10 peptides at 20ug/mL. The sequences of the peptides in pool 6 are
identical between the two strains, therefore there is no 3D7 pool 6 but the T9/96 pool 6
response was added to the summed 3D7 response. Megapools containing all of the peptides for

each strain were also included. Peptide sequences are shown in Table A2.

ME responses were assayed using a single pool containing 20 peptides of varying lengths as

described in [246]. Sequences and pool configurations are shown in Table A3.

2.4.5.2.CSP
CSP peptides spanned the length of the antigen and were 15 amino acids in length, overlapping
by 11 amino acids. Peptides were combined into three pools of 8-12 peptides at Spg/mL.

Peptide sequences and pool configurations are shown in Table A4.

2.4.5.3. Ebola Glycoprotein (GP)
Peptides used covered the length of the Ebola Zaire Mayinga GP. Peptides were mainly 15 amino

acids in length, overlapping by 11 amino acids. The sequences were provided by NIH and are the
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same as those used in a previous study [303]. There were seven pools consisting of peptides
from the GP chain 1 (GP1, amino acids 33-501) and two pools containing peptides from the GP
chain 2 (GP2, amino acids 504-676). No Zaire Ebola GP megapools were included. However, two
megapools were included for Sudan Gulu Ebola GP — MP1 (peptides 1-84) and MP2 (peptides 85-
167) at the peak time point to test cross-strain reactivity. All peptide pools for this assay were
made up to a working concentration of 7.5ug/mL. Peptide sequences and pool configurations

are shown in Table A5 and Table A6.

2.4.6. Intracellular cytokine staining (ICS)

In parallel with the ELISpot, stimulations were set up using fresh PBMC to enable analysis of
vaccine-induced responses to T9/96 TRAP, 3D7 TRAP, CSP or GP using flow cytometry. A single
megapool was used to assess responses to each antigen. Sequences are detailed in Tables A2,
A4 and A5. Megapools were tested at final concentrations of 2ug/mL for T9/96 TRAP, 3D7 TRAP
or CSP and 2.5ug/mL for GP. An unstimulated condition and a positive control stimulated with
1ug/mL SEB were run for each sample. Each stimulation was set up in a 5mL polystyrene FACS
tube containing 2x10° PBMC in 1mL of R10. Anti-CD28 and anti-CD49d at final concentrations of
1pg/mL and 2pL of anti-CD107a-PE-Cy5 were added to each tube. Samples were stimulated for
18 hours at 37°C and 5% CO,. Brefeldin A and Monensin, both at 1ug/mL, were added for the

last 16 hours.

After overnight stimulation, samples were stained and acquired the same day on an LSRII flow
cytometer (BD Biosciences, San Jose, CA, USA). Responses were assessed by a nine-colour
staining panel. Cells were incubated with a dead cell discrimination dye (5uL of AQUA diluted
1:40 in dH,0) for 20 minutes at RT. PBMC were permeabilised and then stained intracellularly at
RT for 30 minutes with the antibodies detailed in Table 2.4, except for anti-CD107a, which was

included in the stimulation. Cells were then washed and fixed in 1% paraformaldehyde (PFA).
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Compensation was performed using single-stained One-Comp beads for monoclonal antibodies

and ARC beads for AQUA.

Acquisition was performed on the day of staining on a BD LSRIl and FACSDiva v6.2 (BD
Biosciences, Franklin Lakes, New Jersey). Data was prepared and analysis performed using
FlowlJo v9.6.2 or v10.1 (Treestar Inc). Cells were gated on lymphocytes, singlets, live CD3*, CD8
CD4* or CD4°CD8* and then IFNy, IL-2, TNFa and CD107a. Dead cells (AQUA*), monocytes (CD14*)
and B cells (CD19*) were excluded from the analysis (gating strategy shown in Figure A3).
Responses to peptide were determined after subtraction of the response in the unstimulated
control for each sample, and considered positive if the count was >20 and frequency higher than
the autologous unstimulated control and the LLOD (the reciprocal of the lowest CD4* and CD8*
counts for each trial). For ICS data used in this study: VAC59 LLOD CD4'=0.002, LLOD
CD8*=0.002. For EBL0O4 and EBLO6 LLOD CD4*=0.0046 and CD8*=0.0046). Assays were conducted
using fresh PBMC, therefore samples were tested in batches on the date of the volunteer visit.
Representative examples of the unstimulated and positive control results across different assay
dates are shown in Figure A2. In most experiments, the yield of viable cells from cryopreserved
specimens was around 6x108, with a viability of at least 90%. A reduction of recovery from 8-
10x10% to 6x10° cells might be expected due to cell loss during the freeze-thawing and
subsequent washing processes. In a representative experiment the median yield was 6.3x10°

IQR (5.7x10° - 8.7x10°) with a median viability of 94.4% (93.5-96.3%).
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Table 2.4. Clinical trials intracellular cytokine staining panel

Antibody / Volume per
v Fluorochrome Clone Supplier Cat no Titre test (L) - in
Reagent
ImL
CD3 AF700 UCHT1 eBioscience | 56-0038-82 1:1000 1
CD4 APC RPA-T4 eBioscience | 17-0049-42 1:500 2
cD8 APC-AF780 RPA-T8 | eBioscience | 47-0088-42 | 1:200 5
CD14 eF450 61D3 eBioscience | 48-0149-42 1:1000 1
CcD19 eF450 HIB19 eBioscience | 48-0199-42 1:1000 1
IFNy FITC 4S.B3 eBioscience | 11-7319-82 1:2000 0.5
IL-2 PE MQ1-17H12 | eBioscience | 12-7029-82 1:1000 1
TNFa PE-Cy7 MAb11 eBioscience | 25-7349-82 | 1:10,000 0.1
CD107a PE-Cy5 eBioH4A3 | eBioscience | 15-1079-42 | 1:500 | 2HLaddedto
stimulation
5uL of 1:40
LIVE/DEAD
/ AQUA n/a Invitrogen L34955 1:1600 stained
marker
before ICS
2.4.7. Freezing PBMC

PBMC remaining after ELISpot and ICS set up were frozen at 6-10 million cells/mL/vial. Cells
were chilled at 4°C in FCS (0.5mL of FCS per vial to be frozen). After 30 minutes an equal volume
of ice-cold FCS with 20% DMSO was added and mixed. Cells were aliquoted into cryovials and
incubated at -80°C overnight in CoolCell™ cell freezing containers (Sigma, CLS432006) before

transfer to liquid nitrogen.

2.4.8. Thawing PBMC

Cryopreserved cells were removed from storage in liquid nitrogen and thawed in a 37°C water
bath. Once cells were almost fully thawed, they were transferred to labelled 15mL falcon tubes
containing 10mL pre-warmed R10. Cells were centrifuged at 1800rpm (764G) for 5 minutes at RT
before resuspension in 2mL R10 with 5uL benzonase nuclease (25U/10° PBMC). Cells were
rested at 37°C and 5% CO, for 2 hours before washing and resuspension in R10 as required for

the assay being conducted.
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2.4.9. Cell phenotyping by flow cytometry - circulating Tth (cTfh),

memory T cell and B cell phenotyping

Cell phenotyping was conducted using cryopreserved cells. Cells were thawed according to the
protocol described in 2.4.8. After counting as described in 2.4.3, cells were resuspended to
approximately 10x10° cells per mL in R10. Staining and acquisition was conducted on the day
that cells were thawed. For each sample 1-2x10° cells were aliquoted into a well in a 96-well V-
bottom plate. Cells were centrifuged at 1800rpm (764G), RT for 5 minutes, then resuspended in
200uL FACS buffer and centrifuged again. Cells were incubated with a dead cell discrimination
dye (AQUA 1:500) for 20 minutes at RT, washed again as before, then stained with 50puL of
antibody staining cocktail at RT for 30 minutes. Details of the cTfh, memory T cell and B cell
panels are shown in Table 2.5, 2.6 and 2.7, respectively. Cells were washed a final time,
resuspended in 1% PFA and acquired the same day on a BD LSRIl and FACSDiva v6.2.
Compensation was performed using single-stained One-Comp beads for monoclonal antibodies
and ARC beads for AQUA. Analyses were conducted according to the gating strategies shown in

Figures A4, A5 and A6.

Table 2.5. cTfh phenotyping panel

A;::goedr:,t/ Fluorochrome Clone Supplier Cat no Titre V?::;‘ﬁ:gro:ft
CD3 AF700 UCHT1 eBioscience | 56-0038-82 | 1:33 1.5
CD4 APC-eF780 RPA-T4 eBioscience | 47-0049-42 | 1:50 1
CD45RA eF450 HI101 Biolegend 304123 1:50 1
CXCR5 PerCP-eF710 J252D4 Biolegend 356910 1:25 2
CXCR3 APC 1C6/CXCR3 | Biolegend 353708 1:17 3
CCR6 PE GO34E3 Biolegend 353410 1:25 2
PD-1 BV650 EH12.2H7 Biolegend 329950 1:100 0.5
”‘:: :(z’:D AQUA n/a Invitrogen | 134955 | 1:500 0';;;?3'2?
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Table 2.6. B cell phenotyping panel

A::::ed:t/ Fluorochrome Clone Supplier Cat no Titre V(()::.T-ei:ELLeLSt
CD19 AF700 HIB19 eBioscience 56-0199-42 | 1:17 3
CD20 Ev655 2H7 eBioscience 86-0209-42 | 1:167 0.3
CD21 APC HB5 eBioscience 17-0219-42 | 1:33 1.5
CD27 BV711 0323 Biolegend 302834 1:17 3

IgD APC/Cy7 1A6-2 Biolegend 348218 1:100 0.5
IgG BV421 G18-145 | BD Biosciences 562581 1:33 1.5
IgM PE-CF594 G20-127 | BD Biosciences 562539 1:67 0.75
L'\:: 3(2’:“) AQUA n/a Invitrogen 134955 | 1:500 0';;223"25"
Table 2.7. T cell memory phenotyping panel

A;:I::ednyt/ Fluorochrome Clone Supplier Cat no Titre v‘()::_r;‘_ei::;:ft
CDh14 eF506 61D3 eBioscience | 69-0149-42 | 1:50 1
CD19 eF506 HIB19 eBioscience | 69-0199-42 | 1:50 1
CD45RA eV605 HI100 eBioscience | 83-0458-42 | 1:50 1
CD27 BV711 0323 Biolegend 302834 1:17 3
CD28 Bv421 CD28.2 Biolegend 302929 1:50 1

CD4 APC RPA-T4 eBioscience | 47-0049-42 | 1:50 1

CcD3 AF700 UCHT1 eBioscience | 56-0038-42 | 1:50 1

CD8 APC-AF780 RPA-T8 eBioscience | 47-0088-42 | 1:17 3
CCR7 FITC GO043H7 Biolegend 353215 1:50 1
CD57 PerCP-Cy5.5 HNK-1 Biolegend 359621 1:33 1.5
KLRG1 PE 14C2A07 Biolegend 368610 1:17 3

LIVE/DEAD 0.1pL stained
marker AQUA n/a Invitrogen L34955 1:500 before ICS

2.4.10. Activation-induced markers (AIM) assay

The activation-induced markers assay was conducted in a similar way to previously published

work [402-404]. AIM assays were conducted using cryopreserved cells. Cells were thawed

according to the protocol described in 2.4.8. After counting as described in 2.4.3, cells were

resuspended to approximately 10x10° cells per mL in R10. PBMC (1-2x10° cells per well in a 96-

well U-bottom plate) were stimulated overnight (20 hours at 37°C and 5% CO,). Cells were either
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stimulated with 0.5pg/mL of a pool of CMV pp65 peptides (PM-PP65-1, Cambridge Bioscience)

or 2ug/mL of Zaire Ebola GP peptides (Neoscientific, MA, USA). An unstimulated well and a

positive control well stimulated with 1ug/mL SEB were included for each sample. Anti-CD107a-

PE-Cy5 was included in the stimulation at 0.1uL/well. After overnight stimulation cells were

washed twice in FACS buffer, resuspended in 100uL FACS buffer then stained for 20 minutes at

RT by addition of 100uL per well of the antibody staining mix described in Table 2.8, except for

anti-CD107a, which was included in the stimulation. Cells were washed twice as before, fixed

with 4% PFA for 10 minutes at 4°C, washed twice again, resuspended in 100uL FACS buffer and

acquired immediately on a BD LSRIl and FACSDiva v6.2. Data analysis was conducted in FlowJo

version 10.1 (Treestar Inc) according to the gating strategy shown in Figure A7.

Table 2.8. Activation-induced markers panel

. volume per
A;:I:goedr:,t/ Fluorochrome Clone Supplier Cat no Titre t.est (pL) -
in 200l
CD14 eF506 61D3 eBioscience | 69-0149-42 1:200
CD19 eF506 HIB19 eBioscience | 69-0199-42 1:200
CD45RA v605 HI100 eBioscience | 83-0458-42 1:200
CcD3 AF700 UCHT1 eBioscience | 56-0038-42 1:133 1.5
CD4 APC-eF780 RPA-T4 eBioscience | 47-0049-42 1:133 1.5
CD8 BV711 RPA-T8 Biolegend 301043 1:400 0.5
CD57 PE HNK-1 Biolegend 359611 1:200 1
KLRG1 Bv421 14C2A07 Biolegend 368604 1:66 3
0X40 PE-Cy7 Ber-ACT35 Biolegend 350012 1:100 2
CD25 FITC M-A251 Biolegend 356106 1:100 2
PDL1 APC B7-H1 Biolegend 329708 1:133 1.5
LI\:a/:(Z?D AQUA n/a Invitrogen L34955 1:2000 0.1pL
0.1uL
CD107a PE-Cy5 eBioH4A3 eBioscience | 15-1079-42 | 1:2000 added to
stimulation
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2.4.11. LEGENDplex assay

Cytokine concentrations were measured in the supernatants from the PBMC stimulations in
2.4.10 (CSP or GP) in addition to supernatant from 1-2x10° PBMC stimulated with 10° pfu of
modified vaccinia Ankara (MVA). Supernatants were taken after the 20 hour PBMC stimulation
and stored at -20°C in 96-well U-bottom polypropylene plates until use. Cytokine concentrations
were measured using the LEGENDplex human Th cytokine panel 13-plex assay (Biolegend, San
Diego, California) according to the manufacturer’s instructions. Concentrations of IL-2, IL-4, IL-5,
IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-21, IL-22, IFNy, and TNFa were analysed. The samples
were read on the same day on a BD LSR Il using FACSDiva v6.2 (BD Biosciences, Franklin Lakes,
New Jersey) with 5000 beads acquired per sample. Data analysis was conducted using the

LEGENDplex data analysis software.

2.4.12. Immunofluorescence assay (IFA)

Chambered microscope slides coated with P. falciparum sporozoites were stored at -80°C until
use. Slides were brought to RT and then fixed for 15 minutes in 4% paraformaldehyde. After
washing twice in PBS for 5 minutes, slides were blocked for 1 hour in casein. Slides were washed
as before and 10pL of serum sample diluted 1:100 in casein was added to each well. Slides were
incubated for 30 minutes at RT in a humidity chamber then wells were individually washed with
PBS three times for 5 minutes. Secondary antibody (anti-lgG-AlexaFluor488) was diluted 1:800 in
casein and 15uL was added to each well. Slides were incubated for 30-45 minutes in a humidity
chamber at RT protected from the light. After a final wash, slides were rinsed in distilled water
and left to dry before mounting with DAPI-containing media. Slides were set overnight at 4°C
before being examined under a Leica DMI3000 B microscope. Images were captured in
QCapturePro (Surrey, BC, Canada) software using brightfield illumination, GFP and DAPI filters at
set exposure levels. Imagel software was used to measure the median fluorescence intensity for

five sporozoites in each well and an average was taken.
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2.4.13. Inhibition of sporozoite invasion assay (ISI)

The inhibition of sporozoite invasion assay was carried out as previously described [405,406]. For
the experiments included in this thesis human hepatoma cells (HC04 or Huh7) cultured in R10
were added to 96-well culture plates at 30,000 cells/well and left to settle overnight at 37°C, 5%
CO,. Viable GFP-labelled P. berghei sporozoites expressing P. falciparum CSP at the P. berghei
CSP locus (P. berghei PFCSP@CSP) were obtained by dissecting infected Anopheles stephensi
mosquitoes. Salivary glands were pooled into RPMI 1640 medium and homogenised.
Sporozoites were counted and diluted to 100,000/mL in RPMI 1640. Culture medium was
aspirated from the hepatoma cells then 100uL of serum diluted 1:5 in R10 and 100uL of
sporozoite dilution (10,000 sporozoites, 10% final serum concentration) were added to each
well. Samples were tested in duplicate, “hepatoma only” wells and positive control wells
containing hepatoma cells and sporozoites but no serum were included. Baseline (pre-
vaccination) and post-vaccination samples were run for each volunteer tested. After incubation
for 20-26h at 37°C media was aspirated and plates were washed with 90uL/well DPBS. Cells
were trypsinized, re-suspended in 65uL DPBS with 1% bovine serum albumin (BSA) and acquired
immediately using a BD LSRIl and FACSDiva v6.2. DAPI stain was added to each sample just
before acquisition. Data was analysed in FlowJo software v10.6 (TreeStar Inc., Ashland, Oregon)

using the gating strategy in Figure A8.

2.4.14. Standardised enzyme-linked immunosorbent assays (ELISA)

2.4.14.1. TRAP

Nunc MaxiSorp 96-well plates were coated with 0.5ug/mL of TRAP antigen (details in [260]) in
carbonate-bicarbonate coating buffer and left overnight at 4°C. Plates were washed 6x with
PBS/T, then blocked with 1% BSA in PBS/T for 1 hour at RT. Serum was diluted in PBS/T
containing 0.2% BSA at concentrations of 1:100, 1:500, 1:1000, 1:5000 or 1:10,000 depending on

antibody concentration and added to the plate in triplicate. Plates were incubated at RT for 2

76



hours then washed as before. A secondary antibody (goat anti-human whole 1gG conjugated to
AP) was added at a dilution of 1:1000 in PBS/T 0.2% BSA for 1 hour at RT. After a final wash,
plates were developed by adding 4-nitrophenyl phosphate in diethanolamine buffer. Four blank
wells with no sample were included to gauge assay background. A positive reference standard
(made from pooled TRAP-positive serum) was used on each plate to give a standard curve. The
standard pool was added in duplicate at an initial dilution of 1:100 (in PBS/T 0.2% BSA) and
diluted 2-fold 10 times. The top of the standard curve was given an arbitrary value of 20 ELISA
Units (EU). Optical density (OD) was read at 405nm (OD405) using an ELx800 microplate reader
(BioTek, Winooski, VT, USA). The OD values read from the plate during development were fitted
to a four-parameter standard curve using SOFTmax PRO software (Molecular Devices, San Jose,
CA, USA). EU values for test sera were calculated from their OD values using the standard curve.
An internal development control was included on every plate in triplicate made up from a 1:800
dilution (in PBS/T 0.2% BSA) of the positive standard. A seropositive cut-off value was
determined from the mean + 3SD of 148 malaria-naive adult samples run on this assay (65 ELISA

Units).

2.4.14.2. NANP (CSP)

Standardised ELISAs to measure antibodies against the NANP repeat region of CSP were
conducted using a synthetically produced peptide consisting of six NANP repeats and a cysteine
residue (NANP)sC (thinkpeptides, Prolimmune, Oxford, UK). Assays were conducted as for the
TRAP ELISA, except that plates were coated with 0.2pug/mL (NANP)sC, in DPBS overnight at 4°C.
The blocking and dilution buffer used for this assay was casein in PBS (Sigma C7594). The
standard curve and internal control were produced from sera containing high levels of anti-CSP
antibodies induced by RTS,S/AS01B vaccination in a clinical study previously run at the Jenner
Institute (VAC55, NCT01883609). A seropositive cut-off value was not determined for this assay

as the majority of malaria-naive individuals have results of 1 EU or less.
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2.4.14.3.Ebola GP

Standardised ELISAs to measure antibodies against Ebola Zaire GP were conducted as for the
CSP and TRAP ELISAs. Plates were coated with recombinant trimerised Zaire Ebola GP at 1ug/mL
in DPBS at 4°C overnight (details of recombinant Ebola GP are available in [248]). Blocking and
dilutions were conducted using casein in PBS as for the CSP ELISA. The positive control was
formed of a pool of sera from individuals vaccinated with the ChAd3-MVA-EBO-Z vaccines in a
clinical study previously run at the Jenner Institute (EBLO1, NCT02240875). A seropositive cut-off
value was determined from the mean + 3SD of 59 Ebola-naive adult samples run on this assay

(166 ELISA Units).

2.4.14.4. AMA-1 and MSP-1

Standardised ELISAs to measure antibodies against AMA-1 were conducted as for the ELISAs
above. Plates were coated with 2ug/mL recombinant AMA-1 (3D7 strain) or MSP-15 in DPBS
overnight at 4°C. Blocking and dilutions were conducted using casein in PBS. For the assays
presented in this thesis, seropositive cut-off values were determined from the mean + 3SD of 14

malaria-naive adult samples run on each assay (AMA-1: 14 EUs, MSP-1: 11 EUs).

2.4.15.Isotype ELISAs

Isotype ELISAs were conducted using the conditions described in 2.4.14 for each of the antigens,
except that all serum samples were diluted to 1:100 and added to the plate in duplicate wells on
each of six plates. One of six secondary antibodies against IgG1, 1gG2, 1gG3, 1gG4, IgM or IgA was
added to each plate at 1:1000 in casein (for NANP and GP ELISAs) or PBS/T 0.2% BSA (for TRAP
ELISAs). Plates were washed again and Extravadin-AP diluted 1:1000 in casein (GP, NANP) or
PBS/T 0.2% BSA (TRAP) was added (50uL/well, 30 minutes, RT) to all plates except for IgA. The
anti-lgA secondary antibody used was conjugated to AP and therefore the Extravidin-AP
incubation step was not required. Plates were washed a final time before developing as for the

standardised ELISA protocol above. Blank wells and internal development controls were
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included on each plate. Raw OD values were recorded. A “seropositive cut-off” value was
calculated for each isotype or subclass using the mean + 3 SD of 33 UK malaria- and Ebola-naive

serum samples.

2.4.16. Avidity ELISAs

IgG antibody avidity was assessed by sodium thiocyanate (NaSCN)-displacement ELISA. The
assays were conducted as for total IgG ELISAs except that sera were individually diluted in casein
to a level calculated to reach an OD405 of 1.0 (using total IgG EU results for each sample), and
plated at 50uL/well in 16 wells of a 96 well plate. Plates were incubated for 2 hours at RT before
chaotropic agent NaSCN was added in duplicate at increasing concentrations down the plate (0
to 7 Molar [M]). Plates were incubated for 15 minutes at RT before washing with PBS/T, then
incubated with secondary antibody and developed with the same conditions as for the ELISAs
described in 2.4.14. The concentration of NaSCN required to reduce the OD405 to 50% of that in

wells where no NaSCN (IC50) was used as a measure of avidity.

2.4.17. Anti-schizont ELISA

Anti-schizont ELISAs were conducted as previously described [407]. Nunc MaxiSorp 96-well
plates were coated with P. falciparum schizont extract from the same batch and diluted to 1
pg/mL of protein in DPBS (A4 and 3D7 parasite strains [408]). Plates were incubated overnight at
RT, before washing six times with PBS/T and blocking for 1 hour at RT with casein in PBS.
Following this, wells were washed again and incubated for 2 hours at RT with 100uL of test sera
(1:100 dilution in casein buffer). Plates were then washed six times in PBS/T and secondary
antibody (goat anti-human whole IgG conjugated to AP) was added at a dilution of 1:1000 in
casein buffer for 1 hour at RT. Plates were developed as for ELISA assays described in 2.4.14 and
OD405 was measured. A positive cut-off value of 0.250 OD405 was calculated based on the
mean + 3SD of 30 UK malaria-naive samples. The same positive controls (hyper-immune sera)

were run in duplicate on each plate to allow for standardisation of plate-to-plate variation.
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Negative controls (naive sera) and blank wells (no serum added) were also included on each
plate. All samples were run in parallel on lysate from uninfected RBC (1pg/mL total protein

concentration) as an additional negative control.

2.4.18.CMV ELISA kit

Total IgG titres against CMV were assessed using a commercially available ELISA kit (Abcam:
ab108724) according to the manufacturer’s instructions. Plates were pre-coated and pre-
blocked. Samples were diluted to 1:100 in the sample dilution buffer provided with the kit.
100uL of diluted sample, positive control, negative control or cut-off IgG were added to
individual wells on the pre-coated plate. Samples were incubated for 1 hour at 37° before
washing three times with 300uL per well of washing buffer (provided in the kit). Pre-diluted
secondary antibody (anti-IgG conjugated to horse-radish peroxidase) was added at 100uL per
well and plates were incubated for 30 minutes at RT in the dark. After washing again as before,
100uL of TMB substrate was added per well and plates were left to develop for 15 minutes at RT
protected from light. An equal volume of stop solution was added per well and the absorbance
was read immediately at 450nm using a BioTek ELx800 microplate reader. Arbitrary units and

cut-off values were determined as per the manufacturer’s instructions.

2.4.19. MVA-specific IgG ELISA

Anti-MVA ELISAs were conducted using pre-coated and pre-blocked 96-well ELISA plates that
were kindly donated by Dr. Huw Davies, University of California, Irvine. Plates were coated with
MVA protein WR113/D8L, blocked with casein in Tris buffered saline (TBS), dried and stored at
4°C until use. Serum samples were diluted 1:200 in blocking buffer (1% Casein in TBS
supplemented with 10% E. coli lysate) and incubated at RT for 30 minutes to block anti-E. coli
reactivity. Samples were then added to the plate in duplicate, 50uL/well. Plates were incubated
for 45 minutes at RT before washing six times with PBS. Secondary antibody (goat anti-human

IgG conjugated to Horseradish Peroxidase, ADI, H-HuG.211) was added 100uL/well at 1:100 in
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PBS and plates were incubated at RT for 45 minutes. Plates were washed six times in PBS before
adding 100pL of TMB substrate per well and covering plates to protect from light. After 10
minutes, the reaction was stopped by adding 100uL/well of stop solution. OD450 was read on an

ELx800 microplate reader (BioTek) with Gen5 software v2.07(BioTek).

2.4.20. Multiplex serology

Multiplex serology was conducted by Tim Waterboer’s lab in the Infection and Cancer
Epidemiology Program, German Cancer Research Center (DKFZ), Heidelberg, Germany, as
previously described [409]. Proteins were expressed as glutathione S-transferase fusion proteins
and affinity-purified by incubation of glutathione-displaying beads in bacterial lysate. Spectrally
distinct bead sets, each carrying one particular antigen, were mixed, incubated with serum, and
differentiated in a flow cytometer-like analyser (xMAP; Luminex Corp). Antibodies bound to the

antigens were detected via fluorescent secondary reagents. Antigens included in the assay are

detailed in Table 2.9.

Table 2.9. Antigens included in multiplex serology

Pathogen

Antigens tested

BK virus (BKV)

VP1

Chlamydia trachomatis (C. trachomatis)

mompD, mompA, tarpDF1, PorB, pGP3

Cytomegalovirus (CMV)

pp150N, pp52, pp28

Epstein-Barr virus (EBV)

VCAp18, EBNA1, ZEBRA, EAD

Helicobacter pylori (H. pylori)

CagA, VacA, OMP, GroEL, Catalase, Urea

Hepatitis B virus (HBV)

HBcAg, HBeAg

Hepatitis C virus (HCV) Core, NS3
Herpes simplex virus type 1 (HSV-1) 1gG
Herpes simplex virus type 2 (HSV-2) 2mgG
Human herpes virus type 6 (HHV-6) IE1B, IE1A, p101k
Human herpes virus type 7 (HHV-7) ui4
Human immunodeficiency virus (HIV) gag, env
Human T-lymphotrophic virus 1 (HTLV-1) gag, env
John Cunningham virus (JCV) VP1
Kaposi's sarcoma-associated herpes virus (KSHV) | LANA, K81
Merkel cell polyomavirus (MCV) VP1
Toxoplasma gondii (T. gondii) p22, sagl
Varicella zoster virus (VZV) gEgl
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Pathogen-specific serostatus was determined according to previous validation work. For EBV
and CMV, seropositivity was determined by seropositivity against at least 2 antigens. For HHV-6,
seropositivity was determined by seropositivity against any of the 3 tested HHV-6 antigens. For
KSHV serostatus was determined by being seropositive against LANA and/or K8.1. For HBV
serostatus was determined by being seropositive against HBcAg and HBeAg. For HCV serostatus
was determined by being seropositive against Core and NS3. For T. gondii serostatus was
determined by being seropositive against sagl and/or p22. For HTLV-1 serostatus was
determined by being seropositive against HTLV-1 gag and/or HTLV-1 env. For HIV-1 serostatus
was determined by being seropositive against HIV-1 gag and HIV-1 env. H. pylori serostatus was
determined by being seropositive against at least 2 out of 6 antigens. For C. trachomatis

serostatus was determined by being seropositive against pGP3.

2.5. Statistics

Data were tested for normal distribution by D’Agostina-Pearson omnibus normality test, and
parametric or non-parametric tests used as appropriate. Most data were analysed using a non-
parametric method due to small sample size in human studies. For these samples medians with
inter-quartile ranges (IQR) are presented. Differences between two groups were tested using
Mann-Whitney analysis and differences between multiple groups were tested using Kruskal-
Wallis with Dunn’s multiple comparisons post-test. Wilcoxon matched-pairs analysis was used to
compare responses at two time points within a group and Friedman’s test was used to compare
data across multiple time points within a group. Spearman’s rank was calculated for
correlations. For all statistical analyses P<0.05 was considered significant and all P values are
two-tailed. Analyses were performed in GraphPad Prism, version 7. Binomial logistic regression
analysis was used to model the effect of multiple variables on protection from CHMI in Chapter
3. This was conducted in R v3.5.0. Multiple linear regression analysis was used to determine

whether anti-schizont and CMV serostatus or immune markers were independently associated
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with vaccine-specific T cell and antibody responses in Chapter 7. These analyses were conducted

in Prism 8.0.1.
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Developing a multi-stage malaria vaccine
program: Impact of co-administration of
RTS,S/AS01B and viral vectored vaccines on
immunogenicity and efficacy against malaria

3.1. Introduction

The most advanced vaccine candidate, RTS,S, has shown significant efficacy against clinical
malaria in a Phase Il trial [237,410-413]. In the first year after vaccination, efficacy was 55.8% in
children aged 5 - 17 months and 31.3% in infants aged 6 — 12 weeks [410,411,413]. However, this
efficacy waned quickly, dropping to almost nothing in year three [237] and a fourth dose at 18
months may be necessary [238,412]. To improve efficacy, it may be necessary to develop a
vaccine regimen targeting multiple stages of the parasite lifecycle [217]. Besides RTS,S, which
targets the pre-liver stage, other vaccines are being developed to target liver- and blood-stage
parasites, or block transmission and these could be combined into a multistage malaria vaccine
regimen [217,258,272,414]. It is likely that for a multistage regimen to provide high level efficacy,

it will need to induce both T cell and antibody responses [217].

RTS,S appears to provide protection primarily by inducing antibody responses against the NANP
repeat region of the circumsporozoite protein (CSP) on the sporozoite surface [240,415-417]. In
contrast, viral vectored vaccines ChAd63-ME-TRAP and MVA-ME-TRAP provide protection

through CD8* T cell responses against infected hepatocytes [252]. We hypothesised that by
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vaccinating individuals with both RTS,S and viral vectors we could mobilise both arms of the

immune system and enhance efficacy by targeting the parasite through multiple lines of attack.

We first tested RTS,S/AS01B and viral vectored vaccines in a staggered regimen to determine the
safety, immunogenicity and efficacy of the combination [401]. Efficacy against controlled human
malaria infection (CHMI) was higher for volunteers receiving the combination of vaccines (14/17
subjects protected; vaccine efficacy (VE) 82% [95% Cl 64-100]) than for those receiving
RTS,S/AS01B alone (12/16 subjects protected; VE 75% [95% Cl 54-96]). This suggested that
TRAP-specific T cell responses could add to the protective effect of RTS,S-induced antibody
responses. However, this regimen required five separate clinic visits over a period of 10 weeks.
For this to be an economically and logistically feasible option for deployment in malaria-endemic
regions, it was necessary to reduce the number of clinic visits required. Therefore, a further
Phase I/lla trial was conducted to assess concomitant administration of RTS,S/AS01B with viral
vectored vaccines [418]. On the basis of high efficacy in two previous trials, additional groups
were included to test a reduced third dose of RTS,S/ASO1B (1/5%", 10ug)[419,420]. Co-
administration of these two vaccine platforms resulted in a significant reduction in humoral
immunogenicity and efficacy with only 11/19 volunteers protected (VE 58% 95% Cl [33-76]),

compared with 14/17 (82%, 95% CI [55-94]) in the groups receiving RTS,S/AS01B alone.

To investigate the mechanisms underlying this reduction in humoral immunogenicity, |
conducted a thorough analysis of the differences in antibody quality and cTfh responses in
volunteers receiving RTS,S/ASO1B alone (R), RTS,S/AS01B given with viral vectors in a staggered
regimen (R2V) or co-administered (R+V). Details of each trial are summarised in Table 3.1.

Vaccination and bleed schedules for each of these trials are illustrated in Figure 3.1.
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Table 3.1. Trial summaries

R: 50pg RTS,S/AS01B, r: 10ug RTS,S/AS01B, A: 5x10%° viral particles (vp) ChAd63-ME-TRAP, M:
2x108 plague forming units (pfu) MVA-ME-TRAP, CHMI: controlled human malaria infection.

Co-administration study (VAC59) Staggered study (VAC55)
RTS,S/
RTS,S/ASO01B co- Asczllifala"d _—
RTS,S/AS01B (R) administered with !
. vectors ASO01B (R)
viral vectors (R+V)
staggered
(R2v)
G1 R-R- G2 R- G3 RA- G4 RA-
Group R Rer RM-RM RM-rM controls | R-A-R-R-M R-R-R controls
No. volunteers 10 10 10 11 4 20 17 6
enrolled
No. volunteers 9 10 10 9 4 17 16 6
atC-1
No. volunteers 8 9 10 9 4 17 16 6
challenged
Week 0 R R RA RA R R
Week 2 A
Week 4 R R RM RM R
Week 8 R r RM rm R
Week 10 M
Week 11 CHMI CHMI CHMI CHMI CHMI
Week 12 CHMI CHMI CHMI
Efficacy:
sterilely 6/8 8/9 6/10 5/9 0/4 (14/17) (12/16) 0/6
protected (75%) (89%) (60%) (56%) 82% 75%
volunteers
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VAC55 G1 (R2V)

Do: D14: D28: D56: D70: D84: CHMI
vaccine 1 vaccine 2 vaccine 3 vaccine 4 vaccine 5
RTS,5/AS01B ChAdE3- RTS,S/ASO1B RTS,S/ASO1B  MVA-

ME-TRAP ME-TRAP

oaoooaao?aoo

Day 0 Day 14 Day 28 Day 35 Day 42 Day 56 Day 70 Day 77 Day 83 Day 91 Day119 Day174
c1 c+7 C+35 C+90

VAC55 G2 (R)

DO: vaccine 1 D28: vaccine 2 D56: vaccine 3 D84: CHMI
RTS,S/ASO1B RTS,S/ASO1B RTS,S/ASO01B

\

6 5 5 & 6 6 8 & 8

Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 83 Day 91 Day 119 Day 174
C-1 C+7 C435 C+90

VAC59 G1/2 (R) and G3/4 (R+V)

DO: vaccine 1 D28: vaccine 2 D56: vaccine 3 D77: CHMI
G1/2: RTS,5/AS01B G1/2: RTS,5/AS01B G1/2: RTS,5/AS01B

G3/4: RTS,S/ASO1B G3/4: RTS,S/ASO1B G3/4: RTS,S/AS01B

+ ChAd63-ME-TRAP + MVA-ME-TRAP + MVA-ME-TRAP

e
Day 0 Day 21 Day 28 Day 35 Day 42 Day 56 Day 63 Day 76 Day 112 Day 167
C1 C+35 C+90

% Time point for G3/4 only

Figure 3.1. Vaccination schedules
Vaccination and bleed schedules for VAC55 and VAC59 trials. CHMI: controlled human malaria
infection. D21, D35, D63, D77 time points for T cell assays only.
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Total 1gG, 1gG subclass and isotype responses against the NANP repeat region of CSP were
measured using an indirect enzyme-linked immunosorbent assay (ELISA). Antibody binding to
fixed whole sporozoites was also measured by immunofluorescence assay (IFA). To further
assess the quality of vaccine-induced antibody an in vitro assay was used to measure the ability
of antibody to block sporozoite invasion into hepatocytes. The proportions of cTfh subsets and
their associations with antibody responses were then investigated by flow cytometry.
Additionally a cytometric bead array assay was used to measure cytokine responses to CSP and

MVA.

At the time of completion this was the first study to assess the impact of vaccine co-
administration on the cTfh response in humans. It also defines a functional antibody quality that

may explain the improved efficacy observed in RTS,S regimens with a reduced third dose.

3.2. Study-specific methods

3.2.1. Samples and study details

Full details of these studies are available in the clinical trial reports [401,418]. Healthy adult
volunteers were recruited and vaccinated at four UK sites, in Oxford, Southampton, London and
Surrey. The CHMI procedure was performed as described in Chapter 2.3. Each trial used a single
batch of infected mosquitoes, supplied by the Department of Entomology, WRAIR, Washington
DC, USA. All vaccinations were administered intramuscularly into the deltoid region of the arm.
For participants who received concomitant vaccinations, RTS,S/AS01B was administered first
followed by the viral vectored vaccine in the same site no longer than five minutes later. For the
staggered administration trial all doses of RTS,S were given in the left arm and each dose of viral

vectored vaccine was given in the contralateral (right) arm.
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3.2.2. Safety of RTS,S/AS01B and viral vectored TRAP vaccines in

combination regimens

The safety profiles of RTS,S/AS01B given with ChAd63-ME-TRAP and MVA-ME-TRAP in staggered
or co-administered regimens were comparable to regimens in which RTS,5/AS01B or viral
vectors were administered alone. The majority of adverse events following vaccinations in all
groups were mild in severity and self-limiting. Detailed safety profiles have been described

elsewhere [401,418].

3.3. Results

3.3.1.RTS,S/AS01B and viral vectored TRAP vaccines in a staggered
regimen are highly immunogenic and provide high levels of protection

against CHMI

High levels of sterile protection against CHMI were achieved when RTS,S/ASO1B was
administered alone (R) or in a staggered regimen with viral vectors ChAd63-ME-TRAP and MVA-
ME-TRAP (R2V) (R: 12/16 protected, 75%, 95% CI[54-96)], R2V: 13/17 protected, 82%, 95%CI[64-

100]).

NANP-specific I1gG titres induced by RTS,S/ASO1B administered alone (VAC55 G2, R) or in a
staggered regimen with viral vectored vaccines (VAC55 G1, R2V) were comparable at all time
points (Figures 3.2A, 3.2B). Titres peaked for most individuals the day before CHMI (C-1, D83).
Median titres at this time point were 1185 EU (IQR: 113 - 1589) in the RTS,S/ASO1B only regimen
(R) compared with 1240 EU (IQR: 321 - 1714) in the RTS,S/AS01B and viral vectored vaccine
regimen (R2V). NANP-specific IgG titres at this time point were low in some individuals who
were not sterilely protected against CHMI but were also low in a number of individuals who
were sterilely protected (Figure 3.1B). Median NANP IgG titres at C-1 were lower in non-

protected individuals (1347 EUs IQR[593 — 2481]) compared with protected individuals (2226
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EUs IQR[1244 - 2900]), although this did not reach the significance threshold set for this

study(Mann-Whitney P=0.053).
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Figure 3.2. Humoral responses to RTS,S/ASO1B in a staggered regimen with viral-
vectored vaccines

A) Median NANP IgG time courses. RTS,S vaccinations 1, 2 and 3 are marked with dotted lines,
ChAd63-ME-TRAP and MVA-ME-TRAP vaccinations (R2V group only) are marked with dashed
lines. B) Peak (C-1) NANP IgG titres in each group. Mann-Whitney P>0.99. R2V: G1, RTS,S and
viral vectored vaccines staggered, marked by squares R: G2, RTS,S/AS01B only, marked by
triangles. Protected vs non-protected individuals across both groups Mann-Whitney P=0.053.
Medians and inter-quartile ranges shown. Non-protected volunteers highlighted in red.

T cell responses against CSP induced by RTS,S were low (median CSP IFNy ELISpot response at
peak across all volunteers: 29 SFC/10° PBMC, IQR[12 — 99]). Responses were comparable in both
regimens at all time points before MVA vaccination (Figure 3.3A). However, at C-1, two weeks
after MVA, there were more CSP-specific T cell responses above the LLOD in the group that
received viral vectored vaccines compared with those receiving RTS,S/ASO1B alone, although
there was no significant difference (Figure 3.3B, Mann-Whitney P=0.067). Viral vectored
vaccines induced high TRAP-specific T cells after prime (median 535 SFC/10° PBMC IQR[220 —
1911]) and boost (2510 [835 — 4543]). These responses were comparable to those in a
previously tested regimen in which viral vectors were administered alone (Figure 3.3C, VAC45

G2). Peak T cell responses against TRAP were significantly associated with peak T cell responses
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against CSP (Figure 3.3D, Spearman r:0.65, P=0.010). There was no association between the size
of the TRAP T cell response and the antibody response against NANP (Figure 3.2E, Spearman

r:0.089, P=0.75).
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Figure 3.3. T cell responses to RTS,S and viral vectored vaccines in a staggered regimen
A) Median IFNy ELISpot time courses — summed pools of CSP peptides. RTS, S vaccinations 1, 2
and 3 are marked with dotted lines, ChAd63-ME-TRAP and MVA-ME-TRAP vaccinations (R2V
group only) are marked with dashed lines. B) Peak (C-1) IFNy ELISpot responses. Non-protected
volunteers are highlighted in red. Mann-Whitney P=0.067. C) IFNy ELISpot responses (summed
ME + T996 TRAP pools) at peak post prime (14 days after ChAd63-ME-TRAP) and peak post boost
(seven days after MVA-ME-TRAP) in the staggered regimen with RTS,S/AS01B compared with a
previous trial of ChAd63-ME-TRAP and MVA-ME-TRAP in a single administration regimen
(VACA45). Relationship between peak TRAP IFNy ELISpot response (one week post-boost) and D)
peak (C-1) CSP IFNy ELISpot response and E) peak (C-1) NANP IgG titres.
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3.3.2. Co-administration of RTS,S/AS01B and viral vectored vaccines

induces high T cell responses

Co-administration of RTS,S/AS01B with viral vectored vaccines resulted in a significantly higher
TRAP-specific T cell response one week after the first MVA boost when compared with viral
vectors administered alone (Figure 3.4A, VAC43 G5 and G6, ChAd63-ME-TRAP with MVA-ME-
TRAP four weeks later, Mann-Whitney P=0.026). However, the T cell responses peaked after the
initial MVA and no boost was observed after the second MVA dose administered with the third
RTS,S/AS01B dose. The TRAP-specific T cell responses at this time point (D63) were not
significantly different to those in a similar regimen tested previously (VAC43 G3: ChAd63-ME-
TRAP with two MVA-ME-TRAP boosts, each at four week intervals). There were no significant
differences in the T cell response to CSP when the two vaccine platforms were co-administered

compared with RTS,S/AS01B alone (Figure 3.4B).
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Figure 3.4. T cell responses to RTS,S and viral vectored vaccines in the co-
administration regimen

A) TRAP IFNy ELISpot after vaccination with viral vectored vaccines alone or co-administered
with RTS,S/AS01B. Peak post ChAd63-ME-TRAP prime (VAC45 G2 D14 vs VAC59 G3/4 D21), peak
at 1 week post first MVA boost, 4 weeks after prime (VAC43 G5/6 D35 vs VAC59 G3/4 D35) and
peak post second MVA boost, 4 weeks after the initial MVA (VAC43 G3 D91 vs VAC59 G3/4 D63).
Mann-Whitney t-tests. NB VAC43 G3 also had an additional Ad prime (A-A-M-M) but this is the
most comparable group available). B) CSP IFNy ELISpot after second and third doses of
RTS,S/AS01B alone or co-administered with viral vectored vaccines. Mann-Whitney analyses. T
cell responses were not measured after the first RTS,S/AS01B dose in this trial as they were so
low in the previous trial (VAC55). No significant difference (NSD) between groups given reduced
and standard third doses of RTS,S/AS01B, therefore they are combined for these analyses.
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To determine whether the TRAP T cell responses to the second MVA dose were inhibited by
anti-vector antibodies, MVA-specific IgG was measured in volunteers from the co-administration
groups at baseline, post first MVA (D42) and post second MVA (C-1). Vaccination with MVA-ME-
TRAP induced significant anti-MVA IgG titres, which were boosted by a second dose of MVA
(Figure 3.5A). However titres of anti-MVA IgG were not significantly associated with a reduction

in TRAP-specific T cells at C-1 (Figure 3.5B).
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Figure 3.5. T cell responses to RTS,S and viral vectored vaccines in the co-
administration regimen

A) Anti-MVA IgG titres in VAC59 G3/4 (R+V) measured by ELISA. Friedman test with Dunn’s
multiple comparisons post-test. B) Relationship between MVA-specific 1gG at D42 and TRAP-
specific T cell responses measured by IFNy ELISpot at C-1.

3.3.3. Co-administration of RTS,S/AS01B and viral vectored vaccines

significantly reduced the quality and quantity of antibody responses

Antibody responses against NANP were measured by ELISA at day 0 (DO), D28, D42, D56, D76
(the day before CHMI, C-1, in the co-administration trial) and 35 and 90 days after CHMI (C+35,
C+90). CHMI was one week later (D84) in the staggered regimen trial (VAC55) presented in 3.3.1
to accommodate the additional vaccinations. Here, the main focus is the comparison of

RTS,S/ASO1B administered alone or co-administered with viral vectors, therefore antibody
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responses in the co-administered regimen (VAC59) are compared with the RTS,S/AS01B groups
from the same trial (as samples from directly comparable time points were available, Figure
3.6A). The staggered regimen (VAC55 G1) has been included as an additional comparison but it
should be noted that the bleed schedule differed slightly (see Figure 3.1). Titres were
comparable in all regimens after the first two vaccinations but failed to re-boost after the third
vaccination in the co-administration regimen, leading to significantly lower titres in these groups
at C-1 (Figure 3.6B, median ELISA Units, R: 1102 IQR [757-2035], R+V: 533 IQR [394-790], R2V:
1969 IQR [983 — 2724] Kruskal-Wallis P<0.0001). There were no significant differences in NANP
IgG titres between groups receiving a full or reduced third dose of RTS,S/AS01B either alone or
co-administered with viral vectored vaccines. The highest titres were observed in the staggered
regimen at D83 (four weeks after the third dose of RTS,S/AS01B) although there was no

comparable time point in the co-administration study.

Isotype and subclass responses were measured by ELISA against the NANP repeat region at C-1
in both trials (Figure 3.6C). Titres were measured for 1IgG1-4, IgM and IgA. No NANP-specific IgG4
was detected in any volunteers. Over 80% of volunteers given RTS,S/AS01B alone were
seropositive for NANP-specific 1gG2, 1gG3, 1gM and IgA. There were significant reductions in
seroconversion for these isotypes/subclasses in groups that received concomitant viral vectored
vaccinations, but this reduction was not seen in the staggered regimen. All volunteers were
positive for NANP IgG1 and titres were comparable in the RTS,S/AS01B only groups (R) and the
staggered administration group (R2V), but were significantly reduced in the co-administration
regimen (R+V) (Figure 3.6D, median OD, R: 0.617 IQR [0.488 — 0.835], R+V: 0.415 [0.343 — 0.514],
R2V: 0.570 [0.438 — 0.935] Kruskal-Wallis P=0.0062). There were no differences in 1gG1 titres
between groups receiving full or reduced third doses of RTS,S/AS01B (G1 R-R-R vs G2 R-R-r and

G3 RA-RM-RM vs G4 RA-RM-rM, data not shown).
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Antibody binding to fixed whole sporozoites was measured for all volunteers at C-1 using an
indirect immunofluorescence assay (IFA). Sporozoite-binding IgG was significantly lower in the
co-administration regimen but the staggered regimen was comparable to RTS,5/AS01B alone
(Figure 3.6E, median fluorescence intensity, R: 238 IQR [213 — 245] R+V: 151 [98 — 175], R2V:
228 [215 — 245] Kruskal-Wallis P<0.0001). There were no differences between groups receiving
full or reduced third doses of RTS,S/AS01B. Sporozoite binding was significantly associated with
NANP IgG titre in the co-administration groups (Figure 3.6F, Spearman r:0.58, P=0.0094). This
association was not present in the RTS,S/ASO1B alone or staggered regimens (Spearman r:-
0.012, P=0.96 and r:0.058, P=0.83, respectively), in which sporozoite binding was higher for a

given NANP IgG titre compared to the co-administration regimen.
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Figure 3.6. Antibody quantity and quality

A) Median NANP IgG time courses. B) Total IgG titres against the CSP repeat region NANP in
each group at D76/77 (three weeks after 3rd dose of RTS,S/AS01B), in G1/2 combined (R) and
G3/4 combined (R+V) or in the staggered regimen (R2V), Kruskal-Wallis with Dunn’s post-test
P<0.0001. C) Isotype and NANP-specific IgG subclass responses at C-1. D) NANP-specific I1gG1 at
C-1, Kruskal-Wallis P=0.0062. E) Median fluorescence intensity (MFI) of sporozoite-binding I1gG at
C-1 measured by immunofluorescence assay (IFA), Kruskal-Wallis P<0.0001. F) Relationship
between NANP IgG titre and level of sporozoite-binding at C-1. Volunteers receiving
RTS,S/AS01B alone (G1/2, R) Spearman r:-0.012, P=0.96, RTS,S/ASO1B co-administered with
vectors (G3/4, R+V) Spearman r:0.58, P=0.0094 or RTS,S/ASO1B and viral vectors given in a
staggered regimen Spearman r:0.06, P=0.82. Medians + IQRs shown and non-protected
volunteers highlighted in red for all column graphs. In these studies the RTS,S/AS01B group from
VAC59 was compared against the co-administration group from VAC59 and the staggered
regimen from VAC55 as samples were taken at D76/77 in all of these groups but not in the
RTS,S/AS01B only group from VAC55.
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3.3.4. Inhibition of sporozoite invasion is associated with protection from

CHMI

The functional quality of vaccine-induced antibodies was assessed using an in vitro assay
measuring the ability of serum to block sporozoite infection of hepatoma cells[405](Gating
strategy shown in Figure A8). The percentage of infection blocked by vaccine-induced antibody
was significantly lower in the co-administration regimen compared with RTS,S/ASO1B alone
(Figure 3.7A, median percentage infection blocked R, 90% IQR [76 — 98], R+V 80% [52 - 89],
Mann-Whitney P=0.016). However, blocking ability was significantly enhanced in groups
receiving a reduced third dose of RTS,S/AS01B compared with those receiving three standard
doses, even when this dose was co-administered with viral vectored vaccines (Figure 3.7A,
medians + IQRs G1 R-R-R: 80% [71.5 — 91.5], G2 R-R-r: 96% [89.3 — 98], G3 RA-RM-RM: 55% [50 —
73.5], G4 RA-RM-rM: 89% [85 — 95], Mann-Whitney analyses R-R-R vs R-R-r P=0.014, RA-RM-RM
vs RA-RM-rM P<0.0001, R-R-R and RA-RM-RM vs R-R-r and RA-RM-rM P<0.0001). Inhibition of
sporozoite invasion was significantly associated with C-1 NANP IgG titre for groups receiving
three standard doses of RTS,S/ASO1B (Figure 3.7B, R-R-R and RA-RM-RM Spearman r:0.78
P<0.0001) but not in groups receiving a reduced third dose, in which blocking ability was higher
even at lower NANP IgG titres (R-R-r and RA-RM-rM Spearman r:0.44 P=0.061). Blocking ability
was associated with protection from malaria after CHMI, with significantly higher percentages of
infection blocked in protected compared with non-protected volunteers (Figure 3.7C, medians +
IQRs protected: 88% [75 — 97], non-protected: 71% [52 — 87.5] Mann-Whitney P=0.019).
Volunteers in the co-administration groups that were protected despite having low levels of

sporozoite-blocking antibody had high TRAP-specific T cell responses (Figure 3.7D).
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Figure 3.7. Inhibition of sporozoite invasion

A) Percentage of sporozoite invasion into hepatoma cells that was blocked by serum at C-1.
Comparison of groups given three standard doses of RTS,S/AS01B or a reduced (1/5%) third dose
of RTS,S/AS01B. Mann-Whitney analyses G1 R-R-R vs G2 R-R-r P=0.014, G3 RA-RM-RM vs G4 RA-
RM-rM P<0.0001, G1/2 (R) vs G3/4 (R+V) P=0.016, G1/3 (full third dose of RTS,S/AS01B) vs G2/4
(reduced third dose of RTS,S/AS01B) P<0.0001, medians + IQRs. B) Relationship between C-1
NANP IgG titres and sporozoite blocking ability in individuals that received three full doses of
RTS,S/AS01B with, or without vectored vaccines (G1 and G3, closed squares, Spearman r:0.78,
P<0.0001) or a reduced third dose of RTS,5/AS01B with, or without vectored vaccines (G2 and
G4, open squares, Spearman r:0.44, P=0.061). C) Percentage of sporozoite invasion blocked by
C-1 serum from individuals protected and non-protected individuals, Mann-Whitney P=0.017.
Closed triangles: G1, open triangles: G2, closed circles: G3, open circles: G4. D) Percentage of
sporozoite invasion blocked by C-1 serum from protected and non-protected volunteers in G3/4,
R+V (left Y-axis) and corresponding C-1 TRAP T cell responses (right Y-axis) for each volunteer.
Lines at medians.
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The relationship between blocking ability and the NANP-specific isotype/subclass titres was also
assessed (Figure 3.8). Relationships between all subclasses and isotypes tested and blocking
ability demonstrated a similar pattern to total 1gG, with a positive correlation in G1/3 and high
blocking regardless of titre in G2/4. However, 1gG1l was the only isotype that showed an

association with blocking ability in the data set as a whole (G1-4, Spearman r:0.42 P=0.009).
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Figure 3.8. Relationship between NANP-specific isotypes/subclasses and inhibition of
sporozoite invasion

Associations between NANP-specific isotypes and subclass titres at C-1 and inhibition of
sporozoite invasion A) 1gG1, B) I1gG2, C) 1gG3, D) IgM, E) IgA.
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3.3.5. The proportion of CXCR3* cTth increases when RTS,S/AS01B is co-
administered with viral vectored vaccines and negatively correlates with

antibody responses

To determine whether cellular differences associated with the reduction in antibody responses
in the co-administration regimen could be detected in the blood, cTfh were phenotyped at C-1
by surface staining and flow cytometry using a defined gating strategy (Figure A4). Total cTfh
were analysed for all volunteers in the co-administration study (except one volunteer in G4 for
which there were no cryopreserved cells remaining) and 10 volunteers in the staggered
administration study with enough cryopreserved cells remaining for the experiment (Figure
3.9A). The proportion of cTfh (PD1*CXCR5*) within memory CD4* T cells ranged from 0.1% -
4.8%, was comparable across groups and did not correlate with CSP- or TRAP-specific antibody
responses. Subsets within cTfh were identified using CXCR3 and CCR6: cTfh17 (CXCR3"CCR6"),
CXCR3* (including double positive (CXCR3*CCR6%) and cTfh1l (CXCR3*CCR67)), and cTfh2 (CXCR3"
CCR6). Volunteers that received RTS,S/AS01B co-administered with viral vectored vaccines had
significantly higher frequencies of CXCR3* cTth and significantly lower frequencies of cTfh2 than
those that received RTS,S/ASO1B alone. The staggered administration group had an intermediate
phenotype which was not significantly different to either of the other regimens (Figure 3.9B).
There were no significant differences in the frequencies of any population between G1 R-R-R
and G2 R-R-r or G3 RA-RM-RM and G4 RA-RM-rM (data not shown). In the co-administration
regimen, the percentage of CXCR3* cTfh negatively correlated with antibody responses to both
vaccines (Figure 3.9C, NANP Spearman r:-0.78, P=0.0001, TRAP Spearman r:-0.50, P=0.036). For
groups that received RTS,S/AS01B alone, the frequency of CXCR3* cTfh was lower and there was
no association with antibody responses (Figure 3.9D, Spearman r:0.32 P=0.18). Although in the
staggered regimen the proportion of CXCR3* cTfh was comparable to that in the co-

administration regimen, there was no association with antibody responses in that regimen
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(Spearman r:0.26 P=0.47). The proportion of CXCR3* in CXCR5 memory CD4* T cells was not

associated with antibody responses in any regimen (data not shown).
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Figure 3.9. Total circulating T follicular helper cells

A) Percentage of cTfh (PD1*CXCR5*) within memory CD4 T cells (CD45RA’) at C-1. B) Subsets
within cTfh (at C-1) defined by chemokine receptor expression: cTfh2 (CXCR3"CCR6), or CXCR3";
including double positive, dp (CXCR3*CCR6*) and cTfh1l (CXCR3*CCR6). Kruskal-Wallis analyses;
CXCR3* P=0.012, cTfh2 P=0.0090. C). Relationship between percentage of CXCR3* cTfh and
antibody responses at C-1 in individuals who received RTS,S/AS01B co-administered with viral-
vectored vaccines (G3/4). NANP IgG (Spearman r:-0.78, P=0.0001), TRAP IgG (Spearman r:-0.50,
P=0.036). D). Relationship between percentage of CXCR3* cTfh and C-1 NANP IgG in individuals
vaccinated with RTS,S/AS01B alone (R, G1/2, Spearman r:0.32, P=0.18) or RTS,S/AS01B and viral
vectored vaccines in a staggered regimen (R2V, Spearman r:0.26, P=0.47). R G1/2: RTS,S/AS01B
vaccinated, R+V G3/4: RTS,S/ASO1B and viral vectored vaccines co-administered, R2V:
RTS,S/AS01B and viral vectored vaccines at a two week stagger, A: ChAd63-ME-TRAP, M: MVA-
ME-TRAP, R: 50ug RTS,S/AS01B, r: 10ug RTS,S/AS01B, CHMI: controlled human malaria infection,
C-1: day before CHMI.
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3.3.6. Th1-biased cytokine responses driven by viral vectors are
associated with the increase in CXCR3* cTfh and reduction in antibody

responses to RTS,S

Concentrations of T-helper cytokines in the supernatant of C-1 PBMC from the co-administration
study were measured using a cytometric bead array (LEGENDplex, Biolegend). PBMC were
stimulated with CSP (all groups) or MVA (G3 and G4) and concentrations of IL-5, IL-13, IL-2, IL-6,
IL-9, IL-10, IFNy, TNFa, IL-17A, IL-17F, IL-4, 1L-21 and IL-22 were measured (Figure 3.10A). High
concentrations of IL-2, IFNy, TNFa, IL-6 and IL-22 were detected. The concentration of IFNy was
particularly high in the supernatant from MVA-stimulated PBMC, where all samples produced
>3000 pg/mL. In comparison, IFNy responses were significantly lower after CSP-stimulation, with
no detectable IFNy in 9/34 samples and less than 1000 pg/mL in most where responses were
detected. However, PBMC from volunteers in the co-administration groups produced more IFNy
in response to CSP stimulation than those from volunteers that received RTS,S/ASO1B alone
(Figure 3.10B, median pg/mL + IQR, R CSP: 114 [1 — 348], R+V CSP: 311 [96-610], R+V MVA:
16,796 [11,409 — 20,462], Kruskal-Wallis P<0.0001). Additionally, IFNy was a greater proportion
of the CSP cytokine response in non-protected G3/4 (R+V) volunteers than protected G3/4

volunteers (Figure 3.10C).
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Figure 3.10. Cytokine responses to CSP and MVA
Cytokine responses measured in supernatant after stimulation of 1-2x10° PBMC at C-1 with CSP
or MVA. Responses were measured for 19 G1/2 samples stimulated with CSP and 15 G3/4
samples for which there were enough cells to run both CSP and MVA stimulations. A) Geomean
cytokine concentrations in supernatant of G1/2 PBMC stimulated with CSP compared with G3/4
PBMC stimulated with CSP or MVA. B) Concentration of IFNy in supernatant of PBMC stimulated
with CSP or MVA, Kruskal-Wallis with Dunn’s multiple comparisons P<0.0001. Mann-Whitney
analysis between G3 RA-RM-RM and G4 RA-RM-rM P=0.0037. Lower limit of detection (LLOD)
for all cytokines in this assay was 1pg/mL. C) Proportions of cytokines produced in response to
CSP stimulation (geomeans) in G3/4 (R+V) volunteers that were protected compared with non-
protected. The level of each cytokine produced is shown as a percentage of the total cytokine

response to CSP in each group.
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The concentration of IFNy in the supernatant of PBMC stimulated with CSP was positively
associated with the proportion of CXCR3* cTfh (Figure 3.11A, Spearman r:0.41, P=0.01) and
negatively with the proportion of cTfhl7 (Figure 3.11B, Spearman r:-0.63, P<0.0001).
Additionally there was a negative association between the concentration of IFNy in the CSP-
stimulated PBMC supernatant and the ability of antibody to block sporozoite entry into
hepatocytes (Figure 3.11C, Spearman r:-0.79, P=0.0001). Assessment by ICS showed that only
low frequencies of CSP-stimulated cTfh produced IFNy (Figure 3.11D, less than 2% in G1/2 [R]

and less than 3% in G3/4 [R+V]).
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Figure 3.11. Association between Thl-biased cytokine responses and suppressed
humoral immunity

Relationship between concentration of IFNy in supernatant of PBMCs stimulated with CSP in the
co-administration trial (G1-4, R and R+V combined) and: A) proportion of CXCR3* within cTfh
(Spearman r:0.41 P=0.01), B) Proportion of cTfh17 (CXCR3*CCR6) within cTfh (Spearman r: -0.63
P<0.0001), C) Percentage of infection blocked in the ISl assay (Spearman r:-0.79 P=0.0001). D)
Proportion of IFNy* cTfh after stimulation with CSP or SEB, Mann-Whitney analyses between
G1/2 (R) and G3/4 (R+V) P=0.14 and P=0.26 for CSP and SEB stimulations respectively.
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Binomial logistic regression was used to calculate the theoretical likelihood of sterile protection
after malaria challenge based on different immunological measures of the response to
vaccination. Independent variables were chosen based on those that showed differences in
protected and non-protected volunteers or have previously been associated with protection
induced by RTS,S. Immune measures included were: NANP IgG at C-1, ISI, IFA, % of CXCR3* pTfh
and IFNy produced by C-1 PBMC after CSP stimulation. This analysis was conducted for 35
volunteers in VAC59, which had results for each of these variables. The model did not predict
that any of these variables was significantly associated with protection from CHMI (details in

Table 3.2).

Table 3.2. Multiregression analysis

Results from a binomial logistic regression analysis modelling the role of different markers of
immunogenicity in sterile protection from CHMI in VAC59 (coadministration study). Dependent
variable: protection status.

Variable B SE 1Z] P value
(Intercept) -9.6 5.57 -1.7 0.084
Group 0.45 0.74 0.61 0.54
C-1 NANP Ab 0.0019 0.0012 1.6 0.12
ISI 0.033 0.038 0.86 0.39
IFA 0.02 0.016 1.2 0.22
CXCR3* Tfh 0.061 0.063 0.96 0.34
CSP-stimulated IFNy 0.0001 0.0002 0.53 0.60

3.4. Discussion

A vaccine regimen targeting multiple stages of the P. falciparum life cycle is one strategy for
improving on the efficacy of current malaria vaccine candidates. To achieve this, it is likely that
multiple vaccine platforms will need to be combined or co-administered. | examined the
immune responses induced by RTS,S/ASO1B and viral vectored vaccines in single
administrations, a staggered regimen including both platforms or co-administered to assess the
extent of the immunological interaction.
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RTS,S/AS01B administered alone or in a staggered regimen with viral vectored vaccines induces
high antibody titres and a high level of efficacy against CHMI. In the first trial individuals with the
highest levels of NANP IgG at C-1 (>2670 EU) were all sterilely protected. However, NANP IgG
titres weren’t significantly associated with protection and 71% (17/24) of individuals with titres
under 2670 EU were also sterilely protected. The lowest titre in a protected individual was 585
EU whilst the highest titre in a non-protected individual was 2669 EU. This large overlap in titres
between protected and non-protected individuals suggests that additional mechanisms

contribute to protection induced by these vaccines.

In addition to antibodies, CSP-specific CD4* T cells have been associated with protection induced
by RTS,S [417,421]. In these studies CSP-specific CD4* T cells were measured by flow cytometry
and characterised as those expressing two or more of IL-2, IFNy or TNFa after overnight
stimulation with CSP peptides. In this study CSP-specific ELISpot responses (CD4* and CD8" T
cells expressing IFNy) were significantly higher in the staggered regimen after an MVA boost
compared with RTS,S/ASO1B alone. As identified by ICS, the majority of CSP-specific T cells (T
cells producing more than one cytokine in response to CSP stimulation) were CD4"* as has been
reported previously for RTS,S [417,422,423]. However there were no associations between CSP-
specific T cells measured by ELISpot or ICS and protection in the trials presented here. These

results were reported in detail in the primary clinical trial manuscripts [401,418].

MVA has previously been shown to adjuvant both antibody and T cell responses in mice and
humans [424-426]. The higher CSP-specific T cell responses observed when MVA-ME-TRAP
vaccination is delivered two weeks after RTS,S/ASO1B suggests that MVA may enhance the
ongoing T cell responses induced by RTS,S. The correlation between the TRAP-specific T cell
responses and the CSP-specific T cell response at C-1, may be evidence for a relationship
between the response to viral vectored vaccines and enhanced T cell responses to RTS,S. An

alternative explanation is that the enhanced responses were induced against an epitope within
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the ME string. The ME string contains a CD4 epitope DPNANPN, which is also present in the N-
terminal of CSP and pool 1 in the ELISpot assay. Enhanced responses to CSP in the R2V group
may be due to induction of responses against the epitope DPNANPN by ChAd63-MVA-ME-TRAP,
as this epitope is not present in RTS,S. This was investigated by assessing ELISpot responses to
individual peptide pools. Responses to peptide pool 1 were significantly higher in the R2V group

than the R group (Mann-Whitney P=0.038).

However, it is also possible that MVA-ME-TRAP vaccination could boost ongoing T cell responses
in an antigen-independent manner. MVA could achieve this adjuvant effect by enhancing
expression of co-stimulatory molecules on DCs or stimulating the upregulation of chemotactic
molecules such as CCL3, CCL4, CXCL9, CXCL10, on tissues around the immunization site and in
the draining lymph nodes (DLNs). Upregulation of these molecules attracts CD8* T cells to the
sites where CD4" T cells and antigen-presenting cells interact, thereby enhancing the generation
of CD8* T cell responses [425]. Upregulation of chemotactic molecules and secretion of cytokines
would have an antigen-independent effect and could enhance ongoing T cell responses against
CSP. However, RTS,S predominantly induced CD4* T cell responses against CSP in our trials, as
has been observed previously [421,423,427]. This suggests that the increased CSP-specific ELISpot
responses were more likely caused by an induction of responses against the CSP epitope in the
ME string, rather than a general adjuvant effect of MVA. Although CD4* T cell responses induced
by RTS,S have previously been associated with protection [428], we did not see an association in
our studies. However, in these studies, we observed a higher level of protective efficacy than
previously seen with RTS,S/AS01B in malaria-naive adults — 75% in the RTS,S/AS01B group in the
initial study and 82.4% in the combined RTS,S/ASO1B only groups in the co-administration study
compared with the 50% previously reported by Kester and colleagues [428]. This left us with only
a small number of non-protected individuals in these groups and low power to detect small

differences between protected and non-protected individuals.
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TRAP-specific T cell responses were equally high when RTS,S/AS01B and viral vectored vaccines
were co-administered compared with viral vectors alone. However, direct comparison of the T
cell responses in this regimen with those in the staggered regimen and previously tested
regimens with viral vectors alone was difficult due to the study design. In this study an additional
MVA vaccination was administered with the second RTS,S dose at D28 to simplify the
immunization protocol. This resulted in TRAP-specific T cell responses at D35 that were
significantly higher than in a previously tested regimen with viral vectors alone and the same
prime-boost interval. T cell responses to TRAP peaked at this time point and were not further
boosted by the second dose of MVA-ME-TRAP given with the third RTS,S dose at D56. This lack
of boosting by subsequent vaccinations has been observed before and it was speculated that
this could be caused by an induction of anti-vector antibody responses after the first MVA
dose[429]. However, in that study there was actually a weak positive correlation between the
anti-vector antibody response and the TRAP-specific T cell response after one dose of MVA. |
conducted a similar analysis here to determine whether anti-vector antibody responses were
associated with the failure of the second MVA to further boost T cell responses. Both doses of
MVA significantly enhanced anti-MVA antibody responses. However, there were was no
association between the anti-MVA IgG titre after the first dose and the T cell response to TRAP
after the second dose. We do not currently have an assay set up to measure neutralising
antibody against MVA, however it is possible that neutralising titres (rather than total MVA-
specific 1gG) could be associated with lack of boost after the second dose. This would be
something to consider more carefully if we were to take forward a regimen which includes

multiple doses of the same viral vectored vaccine.

The reduced TRAP T cell responses at C-1 due to the additional MVA at D35 may have
contributed to the reduced efficacy in the co-administration regimen compared with the
staggered regimen. However, the co-administration regimen also induced a significantly lower
quantity and quality of antibody compared with RTS,S/AS10B alone. A third dose of RTS,S/AS01B
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failed to boost NANP IgG titres when co-administered with viral vectors and titres were
significantly reduced in these groups compared to those receiving RTS,S alone and in the
previously tested staggered regimen. In the first trial, all individuals with titres greater than 2670
EU were sterilely protected. In the second trial, even in the RTS,S only groups, very few
individuals had titres this high by C-1 (D76), which was one week earlier than C-1 in the
staggered regimen. Despite this, efficacy in the group receiving three standard doses of
RTS,S/AS01B was the same in both trials (75%) and high titres of NANP IgG were clearly not
essential for protection. However, the functional capacity of the antibody response was also
significantly reduced when RTS,S and viral vectors were co-administered. Serum from individuals
in these groups was significantly less able to block sporozoite invasion into hepatoma cells,

which was a measure associated with protection.

Additionally, there were qualitative differences in RTS,S-induced antibody responses when a
reduced (1/5th, 10ug) dose was given compared with three standard doses (50ug). Although
NANP IgG titres were comparable, administration of a reduced third dose of RTS,S/AS01B
induced antibodies that were capable of blocking a significantly higher level of sporozoite
infection in vitro. A reduced third dose of RTS,S/AS01B has been shown to induce antibody with
increased somatic hypermutation and higher avidity, and has demonstrated higher efficacy than
three standard doses [416,420]. However, it was unclear whether this effect was due to the
delayed boost (0, 1, 7 month regimen) or the fractional third dose. The study | conducted here
is the first to demonstrate a functional difference in the antibodies induced by the reduced third
dose regimen that is associated with protection. It is not known whether the quality of the
antibody response is enhanced by a reduced third dose in particular or whether this could be
achieved with a reduction of all three doses, which would also have economical and practical
advantages. Lower vaccine doses decrease the availability of antigen and therefore could result
in greater affinity maturation through increased competition between B cells for T cell help. This
would lead to the preferential expansion of B cell clones with the highest affinity B cell receptors
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[430,431]. Lower doses of antigen at priming also preferentially drive the induction of memory,
while higher antigen doses drive differentiation of plasma cells [432]. The preferential induction
of memory by reducing the priming dose could enhance responses to the subsequent
vaccinations and potentially generate more durable protection. Equally, reduction of the
adjuvant ASO1B dose should also be tested to determine if this could enhance antibody

responses.

Previous studies have demonstrated that cTfh may be useful biomarkers for GC responses in the
absence of lymphoid tissue [433]. However, cTfh are a heterogeneous population composed of a
number of different subsets, some of which appear to more closely resemble bona fide GC Tfh
than others [65,434]. The proportions of these subsets have been associated with different
diseases: Increases in cTfh2/cTfh17 subsets are associated with the production of
autoantibodies and disease severity in various autoimmune diseases [65,435,436], the
development of allergy [437,438] and the production of broadly neutralizing antibody in HIV*
individuals [68,439]. In contrast, increases in CXCR3* cTfh have been implicated in the poor
development of humoral immunity against malaria [162,197] and are proportionally increased in
patients with primary immunodeficiency [440]. A study that observed CXCR3* cTfh to positively
correlate with antibody after influenza vaccination also showed that CXCR3* Tfh that were
localised to tonsillar GCs expressed Fas-L, secreted IFNy, lacked CD154 expression and
suppressed the activity of GC B cells. Therefore, although this subset was correlated with
antibody responses, they were not optimal for their induction [441]. In our study co-
administration of RTS,S/ASO01B with viral vectored vaccines led to an increased frequency of
CXCR3* cTfh compared with RTS,S/AS01B administered alone, and this phenotype was
associated with the observed reduction in antibody quantity and quality. Although the observed
association was for total cTfh, it would be useful to profile the antigen-specificity of these cells
to determine if the increase in CXCR3* cTfh was due to the induction of cTfh specific for the
vector or whether this was a change in the phenotype of the CSP-specific cTfh. There are several
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methods used to look at antigen-specific cTfh, including cytokine production or CD154
expression after overnight antigen stimulation or the use of activation-induced markers (AIM)

[69,403,404,441,442].

Circulating Tfh have been shown to produce cytokines, with CXCR3* cTfh in particular producing
IFNy[443]. However, the association we saw between IFNy in the supernatant and CXCR3"* cTfh
was not likely due to production of IFNy by the CXCR3* cTfh themselves as only very low
percentages of cTfh were observed to produce IFNy after CSP stimulation. This suggests that
exogenous sources of IFNy are associated with the polarization of cTfh towards a CXCR3*
phenotype, although vector-specific CXCR3* cTfh could be a source IFNy in G3/4 volunteers.
MVA has previously been shown to drive a strong IFNy response, particularly in CD8" T cells
[252,444] and IFNy enhances CXCR3 expression on T cells through STAT1 signalling [445]. It is
perhaps therefore unsurprising that MVA induced a CXCR3-skewed cTfh response. However the
impact of this skew on the antibody responses was less predictable, given that CXCR3* cTfh have
in some contexts been positively associated with antibody responses [441,446], while in other
studies they have been associated with suboptimal GC responses and poor humoral immunity
[163,197]. In the study presented here, when the two different vaccine platforms were co-
administered, the IFNy-dominated cytokine responses driven by viral vectored vaccines were
associated with an increase in CXCR3"* cTfh and a reduction in humoral immunity and protective
efficacy. However, if given two weeks after RTS,S/AS01B, the proportion of CXCR3* cTfh was no

longer associated with a reduction in humoral immunogenicity.

IFNy induces the production of chemokines CXCL9 (MIG, monokine induced by gamma-
interferon), CXCL10 (IP-10, interferon-induced protein of 10kDa) and CXCL11 (I-TAC, interferon
inducible T cell alpha chemoattractant), which all bind CXCR3. This chemokine system mediates
the migration of Thl CD4* T cells and CTLs to sites of Th1 inflammation in the periphery [447].

Additionally, MVA has been shown to induce high systemic levels of CXCL10 [448]. Induction of
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CXCR3 ligands systemically or at the vaccination site, in combination with the CXCR3* cTfh
polarization, may result in the reduction of antibody responses by causing an egress of these
cTfh from the draining lymph node. This would decrease the level of help available to B cells in
the GC response. A staggered regimen may reduce this effect by allowing time for the
RTS,S/AS01B-induced GC response to occur before MVA-induced inflammation begins. An
alternative strategy to reduce or avoid immune interference without increasing the number of
clinic visits would be to reduce the MVA dose or exclude the additional MVA vaccination at week
four. This additional dose was included for practical reasons to simplify the vaccination protocol

and is not required to induce potent T cell responses [252,401].

3.5. Conclusions

This study demonstrates the potential of a multi-antigen targeting vaccine to increase efficacy.
Even one infected hepatocyte is enough to produce thousands of merozoites and establish a
blood-stage infection. The use of a combination regimen targeting two different antigens
provides some redundancy to the system; RTS,S induces antibodies targeting sporozoites to
inhibit entry into hepatocytes and viral vectors induce TRAP-specific T cells that target any cells
that sporozoites have invaded. However, in this study co-administration of viral vectored
vaccines with RTS,S/AS01B led to a reduction in humoral immunity. This was associated with the
strong Thl-biased cytokine response induced by MVA and a polarization of cTfh towards a
CXCR3* phenotype. This observation suggests that designing a multistage-targeting vaccine will

require careful optimisation to avoid immunological interference.
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Antigen-Independent Antibody Deposition
(AIAD) in malaria-exposed populations

4.1. Introduction

During the initial clinical trials of Ebola vaccine candidates | developed a standardised Ebola GP
ELISA to test antibody responses as an economical and high-throughput alternative to the only
commercial kit available at the time (Zaire Ebola Glycoprotein ELISA kit, ADI). The standardised
ELISA uses a positive pool to form a standard curve from which the concentration of samples is

interpolated.

During assay development | tested sera from a number of clinical trials as negative controls on
the assay. Individuals from Burkina Faso had significantly increased levels of antibody binding to
Ebola GP-coated and uncoated ELISA plates compared with malaria-naive individuals. This
uncoated plate binding, or antigen-independent antibody deposition (AIAD) may lead to false
positive ELISA results in these populations. It is essential that we are able to accurately measure
humoral responses to vaccination in malaria-exposed populations (which are the target
populations for the majority of vaccine programs currently being run at the Jenner Institute).
Therefore, the aim of this study was to determine what impact AIAD was having on the ELISA

results and then to test ways to eliminate this effect and improve ELISA accuracy.
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4.2. Study-specific methods

4.2.1. Uncoated plate ELISAs

ELISAs to measure antibody binding against uncoated ELISA plates were conducted in the same
way as the ELISAs detailed in the general methods (Chapter 2.4.14), except that the plate was
not coated with antigen. Instead, uncoated plates were directly blocked with blocking buffer
(casein, casein + 1% Tween20, casein + 10% FCS, casein + 10% normal human serum or
ChonBlock™) for 1 hour at RT. After washing the plate six times with PBS/T, samples diluted at
1:100 in the blocking buffer were added to the plate in triplicate for 2 hours at RT. After washing
plates as before, secondary antibody (as described in Chapter 2.4.14.1, except when the assay
was blocked with ChonBlock™, for which the secondary antibody was diluted in Chondrex
antibody dilution buffer) was added to the plates for 1 hour at RT. Plates were developed as
described in the general methods and were read at 20 minutes (the time taken for the Ebola GP
ELISA to develop) or 1 hour (to observe the impact of prolonged development times on

background levels).

For comparison of EUs from uncoated and coated plates, each sample was run in triplicate on
the half of the plate coated with Ebola GP and in triplicate on the uncoated half of the plate. The
ELISA was conducted in the same way for the entire plate. The assay was developed using the
standard curve on the coated half of the plate and the OD was read for the uncoated half at the
same time. These OD values were then used to calculate EUs for each sample in the coated and
uncoated halves. A cut-off value of two times the average of the blank wells (blocking buffer and
secondary antibody but no sample added) at 20 minutes was chosen (0OD405=0.200) and

samples with OD values above this were considered positive for plate-binding antibody.
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4.2.2. Samples and study details

Study details for the samples used in this chapter are summarised in Table 4.1. Full sample and

study details, as well as ethics statements for the samples used in this chapter can be found in

Chapter 2.2.3.

Table 4.1. Summary of clinical trials used to compare immunogenicity in malaria-

exposed and malaria-naive populations

ChAd63: Chimpanzee adenovirus serotype 63, ME: multi-epitope string, TRAP: Thrombospondin
related adhesion protein, MVA: modified vaccinia virus Ankara, DO: day 0, D28: day 28, D56: day
56, MM: matrix-M vp: viral particles, pfu: plaque forming units. n=total number of volunteers
enrolled in those groups.

Trial Age Group/s
Country Vaccines & included in Doses Regimen
code Group .
these studies
. N/A- ChAd 1gG
Burkina
N/A Faso seroprevalence adults N/A (n=100) N/A N/A
study
VAC40 Kenya ChAd63-ME-TRAP, adults Group 2 5x10%°vp ChAd, DO: ChAd,
MVA-ME-TRAP (n=20) 2x10% pfu MVA | D56: MVA
adults Group 1B 5x10%p ChAd, | DO: ChAd,
VACAL The ChAd63-ME-TRAP, (n=10) 2x108 pfu MVA | D56: MVA
Gambia MVA-ME-TRAP 2-6 Group 3B 5x10*vp ChAd, | DO: ChAd,
years (n=6) 1x108 pfu MVA | D56: MVA
5-12
Group 1B
h 10 hA DO: ChA
The | chAde3-MEe-TRap, | MO™ (n=12) 5x10 vp ChAd, "} DO: ChAd,
VAC42 Gambia MVA-ME-TRAP S 1x10° pfu MVA D56: MVA
10 Group 2B 5x10%°%p ChAd, | DO: ChAd,
weeks (n=12) 1x108 pfu MVA D56: MVA
VAC45 UK ChAd63-ME-TRAP, adults Grciup 2 5X1010Vp ChAd, DO: ChAd,
MVA-ME-TRAP (n=15) 2x10% pfu MVA | D56: MVA
Group 1 (n=15
VAC46 Kenya Cr]h’/l]\\(:iiﬂl\gi;iﬁpl adults | all time points, | 5x10%vp ChAd, DO: ChAd,
60 at D63) 2x108 pfu MVA | D56: MVA
. 5-17
vacso | Purkina | CRACOSMETRAP: | month Phase) g0y | 5¥10°Vp ChAG, | DO: ChAG,
s T 1x108 pfu MVA | D56: MVA
. 10pg R21, 50ug R21/MM
VAC60 B‘;;';'ga R21/MM adults Gro(‘:fislg)& 3| MMorsaline | atDO, D28
- control and D56
Groups 1-3 1,250r
DO: ChAd
ChAd3-EBO-Z, (n=60), post- | 5x10%vp ChAd, ’
EBLO1 D21-D70:
0 UK MVA-BN Filo adults boost groups b | 1.5 or 3x10® pfu MVZO
& c (n=30) MVA
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Trial Age Group/s
Country Vaccines g included in Doses Regimen
code Group .
these studies
3.6x10%%p
EBLO4 UK CK'/IAVOE'EEBBS_ ZZ adults G;:’_‘i%)z ChAd, 1x10® pfu | DO: ChAd,
- MVA D7: MVA
3.6x10%%p
ChAd3-EBO-Z 1&2
EBLO6 | Senegal MVCf—EB(())— | adults Gro(iﬁo)& ChAd, 1x10% pfu | DO: ChAd,
- MVA D7: MVA

4.3. Results

4.3.1. Relationship between antibody against P. falciparum and Ebola GP

Median Ebola GP IgG titres were low at baseline in the UK (median: 1, IQR: 1-15) and Senegal
(median: 9, IQR: 1-20). There was one individual in the UK cohort (with no travel history to an
affected country) and two individuals in the Senegalese cohort that had responses above the
seropositive cut-off value (166 EUs, determined by mean + 3 SD of the UK “Ebola naive” cohort),
suggesting that there may be a certain amount of background or cross-reactivity observed with
the assay. A high level of malaria exposure has previously been associated with high assay
background in ELISAs but is not often taken into account [449]. Therefore, samples were tested
from Burkina Faso, which has higher malaria transmission than Senegal [450] but also no history

of Ebola.

Samples from 100 Burkinabe adults and children aged 10-45 years were taken as part of a study
to determine the seroprevalence of anti-ChAd antibodies in West Africa [254]. Samples from the
UK, Senegal and Burkina Faso were tested for anti-schizont I1gG as a surrogate for malaria
exposure (Figure 4.1A). There was no evidence of anti-schizont antibody in the UK cohort, whilst
the Senegalese cohort had a low level of anti-schizont 1gG (48% were positive) and all of the
Burkinabe cohort were positive. Of the Burkinabe samples 11% (11/100) were also positive for
Ebola GP IgG and the titres were significantly higher than those in the UK and Senegal (Figure

4.1B, P<0.0001). Whilst there was no association between anti-schizont IgG titres (as a surrogate
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for malaria exposure) and anti-Ebola GP IgG titres in the Senegalese cohort (Figure 4.1C, r:-
0.038, P=0.81), there was a positive association in the Burkina Faso cohort (r:0.44, P<0.0001).

However, the majority of samples were below the Ebola GP ELISA seropositive cut-off value.
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Figure 4.1. Relationship between malaria exposure and presence of anti-Ebola GP
antibody

A) Anti-schizont IgG in malaria-naive UK adults (EBLO4, G2), Senegalese adults (EBLO6) and
Burkinabe adults (anti-ChAd vector antibody seroprevalence study). Kruskal-Wallis P<0.0001. B)
Anti-Ebola GP IgG. Kruskal-Wallis with Dunn’s post-test comparisons P<0.0001. C) Relationship
between anti-schizont antibody and baseline anti-Ebola GP IgG in Senegal (low malaria
exposure) and Burkina Faso (high malaria exposure). Dotted lines indicate positive cut-off for
anti-schizont (OD405=0.250), and anti-Ebola GP IgG (166 EUs) ELISAs. * P<0.05, **** P<0.0001,
ns: not significant. 0D405: optical density at 405nm.
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4.3.2. High plate background in malaria-exposed individuals - (AIAD)

Burkinabe samples demonstrated a high level of binding even when the ELISA plate was not
coated with antigen (but still blocked with blocking buffer). A cut-off value of 0.200 OD405 (1.5x
the level observed in UK volunteers) was used as an arbitrary a cut-off value for positive plate
binding. The level of plate binding observed was significantly higher than in the UK and
Senegalese samples (Figure 4.2A, Kruskal-Wallis P<0.0001, median OD405 values, UK: 0.128,
Senegal anti-schizont IgG negative: 0.123, Senegal anti-schizont IgG positive: 0.123, Burkina
Faso: 0.154). The level of plate binding, or antigen-independent antibody deposition (AIAD)
observed in the Burkinabe cohort was associated with both anti-schizont I1gG (Figure 4.2B,

Spearman r:0.41, P<0.0001) and Ebola GP IgG titres (Figure 4.2C, Spearman r:0.29, P=0.0037) in

this cohort.
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Figure 4.2. Antigen-independent antibody deposition in highly malaria-exposed
individuals

A) 1gG bound to blocked, uncoated ELISA plates. Kruskal-Wallis comparison with UK samples
P<0.0001. Relationship between IgG bound to uncoated ELISA plates and: B) anti-schizont IgG, C)
anti-Ebola GP 1gG in the Burkina Faso data set. Dotted lines indicate positive cut-off for plate-
binding IgG (0D405=0.200) and anti-schizont (OD405=0.250) ELISAs. ** P<0.01, *** P<0.001,
**%* P<0.0001. OD405: optical density at 405nm.
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EUs calculated for each sample from the OD values in uncoated or Ebola GP-coated wells were
compared (Figure 4.3). Samples were split into a number of different categories: 1. “High
malaria exposure” (Burkina Faso samples with very high anti-schizont IgG, n=3, OD>1.000), 2:
“Cross-reactive/ borderline positive” (Burkina Faso samples with titres close to or above the
Ebola GP ELISA seropositive threshold but without very high anti-schizont IgG titres, n=8), 3:
Post-Ebola vaccination (samples from UK adults in EBLO4 (G2, 28 days after MVA boost, n=16),
4: Naive UK (UK adults pre-vaccination, EBLO4 G2, n=9). The Burkinabe individuals with high
anti-schizont results also had high titres of Ebola GP-specific 1gG (291, 437 and 470 EUs).
However the titres calculated from the OD values in the uncoated wells were even higher for
these samples (575, 584 and 729 EUs). Samples in the cross-reactive/ borderline positive group
had significantly lower OD values in the uncoated wells (P=0.016) and all were below the
positive cut-off threshold, although some background binding was still observed. Naive UK
samples were negative in both the coated and uncoated wells and only one volunteer had a
baseline Ebola GP IgG response >1 EU. None of the UK post-vaccination samples bound to the
uncoated plate and all were positive for Ebola GP IgG in the coated wells. Ebola GP IgG EUs
calculated from the coated wells were significantly higher than the uncoated wells for these

individuals (P<0.0001).
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Figure 4.3. Impact of antigen-independent antibody deposition on Ebola GP IgG results
Ebola GP IgG EUs calculated for samples in GP-coated (closed circles) or uncoated (open circles)
wells assayed simultaneously. 1: Burkina Faso adult samples with high anti-schizont IgG
responses (“high malaria exposure”, n=3), 2: Samples that are borderline/ low positive for Ebola
GP IgG (Burkina Faso adults from ChAd seroprevalence study, n=8), 3: UK adults post ChAd3-
MVA-EBO-Z vaccination (n=16, EBL04), 4: Ebola GP 1gG negative UK adults (n=9, EBLO4 baseline).
Dotted line indicates seropositive cut-off (166 EUs).Wilcoxon matched-pairs analyses. ***
P<0.001, **** P<0.0001, ns: not significant. Ebola GP-coated wells: closed circles, uncoated
wells: open circles.

A further set of experiments was conducted to characterise the nature of the AIAD observed in
the Burkinabe samples. Total IgG, IgA and IgM binding to uncoated plates developed for 20
minutes or 1 hour was tested (Figure 4.4). These development times were chosen to cover the
range of development times that could be used for these assays. Assay background, measured
by OD values in blank wells (with blocking buffer and secondary antibody but no serum) was
comparable for anti-IgG, anti-lgM and anti-IgA assays. After 20 minutes of development, there
was no evidence of plate-binding IgG, IgA or IgM in UK samples, which were comparable to the
assay blanks. However, 13% of Burkinabe samples (11/86 tested) were positive for plate-binding
IgG and the OD values were significantly higher than the blanks and the UK samples (Kruskal-
Wallis P<0.0001). Plate-binding IgM was also evident in 9% (8/86) of Burkinabe samples, whilst

plate-binding IgA was only observed in one individual. After one hour of development, plate-
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binding IgG OD significantly increased in the Burkinabe samples (P<0.0001) and 97% were
positive. In contrast, although there was a significant increase in the OD of the UK samples
(P=0.031), none were positive. Plate-binding IgA remained low at one hour of development and
although there were significant increases in the OD (UK P=0.031, Burkina Faso P<0.0001), there
were no positive UK samples and only three positive Burkinabe samples. Samples from both
cohorts also showed significant increases in plate-binding IgM after one hour (UK P=0.031,
Burkina Faso P<0.0001) and 30% of both the UK (2/6) and Burkinabe (26/86) samples were

positive.
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Figure 4.4. Characterising antigen-independent antibody deposition

0ODA405 (optical density at 405nm) values for blanks (casein blocking buffer), UK and Burkina Faso
(BF) samples in an ELISA using an uncoated plate at 20 minutes and 1 hour of development.
Secondary antibodies against 1gG, IgA or IgM. Dotted line indicates assay positive cut-off
(OD405=0.200). Percentages shown indicate the percentage of samples that were above this
threshold. Wilcoxon paired tests. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, ns: not
significant.
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4.3.3. Testing ELISA conditions to reduce AIAD

A series of experiments was conducted to find conditions for the assay that reduced or blocked
AIAD. Initially, heat-inactivation of the serum samples was tested as a potential method for
reducing plate background. An aliquot of each of the Burkinabe samples used in this experiment
was heat-inactivated (30 minutes at 56°C). The level of plate-binding IgG, IgM and IgA was
compared between heat-inactivated (HI) and non-heat-inactivated (non-HI) samples after 20
minutes of development (Figure 4.5). There were no significant differences in 1gG, IgA or IgM

AIAD between HI and non-HI samples.
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Figure 4.5. Serum heat inactivation

Comparison of binding to an uncoated plate by serum that is heat-inactivated (HI) or not (non-
HI), 20 minutes development. Mann-Whitney analysis. ns: not significant. OD405: optical density
at 405nm. Dotted line shows assay positive cut-off (OD405=0.200).

A number of different blocking reagents were tested during the development of the Ebola GP
IgG ELISA. Of those tested (casein blocking buffer, 1% milk powder and 1% BSA in PBS/T), casein
was optimal for blocking non-specific signal (i.e. gave the lowest OD values in the assay blanks
and naive serum). In order to reduce the non-specific signal caused by AIAD, a range of
additional blocking conditions were tested. A selection of samples was tested including the
three Burkinabe samples with the highest plate binding and anti-schizont results (“high malaria

exposure”), the “cross-reactive/ borderline positive samples” and a selection of UK post-
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vaccination samples. Each of these samples was tested in Ebola GP-coated and uncoated wells
on plates blocked with: casein + 1% Tween20, casein + 10% FCS or casein + 10% naive human
sera (Figure 4.6). In all of these conditions, as with casein alone, the three Burkinabe samples
with high anti-schizont 1gG results demonstrated a comparable level of binding to uncoated and
coated wells. For each condition the “cross-reactive/ borderline positive” and UK post-
vaccination samples had significantly lower EUs in uncoated wells (Figure 4.6A-C). Casein + 10%
naive human serum reduced the binding of cross-reactive/ borderline positive samples in
uncoated plates, with only one individual still demonstrating a response >1EU. However, there
was no reduction in the plate-binding background in the “high malaria exposure” samples.
Additionally, the ratio of the signal in coated to uncoated plates was significantly reduced in the
UK post-vaccination samples when the plate was blocked with casein + 10% FCS or naive human

serum, suggesting that these conditions may reduce the antigen-specific signal (Figure 4.6D).

A selection of these samples was run on two different types of ELISA plates. All other ELISAs in
this thesis were run using MAXIsorp plates (ThermoFisher 442404). MAXIsorp plates are highly
hydrophilic and optimised for enhanced binding of coating proteins. However this may also
increase background due to antibody and other serum proteins binding to the plate. Therefore
AIAD was compared on MAXIsorp plates and an alternative — MEDIsorp plates (ThermoFisher
467320). These plates have reduced hydrophilicity and are designed to reduce non-specific
adsorption of serum-containing samples. Samples were run on MAXIsorp and MEDIsorp plates
to determine if this could reduce the effect of AIAD (Figure 4.7). Ebola GP IgG EUs for samples in
coated or uncoated wells were comparable between plates: MEDIsorp plates did not reduce the

level of AIAD observed.
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Figure 4.6. Testing of different blocking conditions for the reduction of antigen-
independent antibody deposition

Comparison of ELISA Units in Ebola GP-coated (closed circles) or uncoated (open circles) wells
assayed with different blocking conditions: A) casein + 1% Tween20, B) casein + 10% foetal calf
serum (FCS), C) casein + 10% naive human sera. Wilcoxon matched-pairs analyses. D) Ratio of
the OD values in coated and uncoated wells tested with each of the different blocking
conditions. Kruskal-Wallis with Dunn’s post-test comparison to the casein blocking condition. 1:
“High malaria exposure” (n=3), 2: “Cross-reactive/borderline positive”, (n=8), 3: UK adults post-
ChAd3-MVA-EBO-Z vaccination (EBLO4, n=13 samples with a range of titres). Dotted line
indicates seropositive cut-off (166 EUs). * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, ns:
not significant. OD405: optical density at 405nm. Ebola GP-coated wells: closed circles, uncoated
wells: open circles.
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Figure 4.7. Testing of different ELISA plates for the reduction of antigen-independent
antibody deposition

Comparison of EUs in Ebola GP-coated (closed circles) and uncoated (open circles) wells when
assay was run on: A) MAXIsorp plates or B) MEDIsorp plates. 1: Burkina Faso adult samples with
high anti-schizont 1gG responses (n=3), 2: Samples that are borderline/ low positive for Ebola GP
IgG (Burkina Faso samples from ChAd seroprevalence study, n=5), 3: UK adults at peak post
ChAd3-MVA-EBO-Z vaccination (n=4, EBLO4, range of titres). Both plates were blocked with
casein. Dotted line indicates seropositive cut-off (166 EUs). No significant differences by
Wilcoxon paired analyses. Ebola GP-coated wells: closed circles, uncoated wells: open circles.

4.3.4. ChonBlock™ effectively reduces AIAD

The phenomenon of AIAD has been described in autoimmune subjects and appears to be
associated with increased levels of circulating IgG and inflammatory mediators in these
individuals compared with healthy controls [451,452]. A proprietary blocking buffer —
ChonBlock™ (Chondrex) has previously been shown to reduce the AIAD in autoimmune
individuals [453]. This blocking buffer was tested to determine if it could reduce AIAD in the
Burkinabe samples. (Figure 4.8A). The same subset of samples were compared on a plate
blocked with casein and a plate blocked with ChonBlock™ (Figure 4.8B, 4.8C). ChonBlock™
reduced AIAD in all samples, reducing the uncoated well result to 1 EU for all individuals.
Reduction of AIAD in the “high malaria exposure” samples also resulted in a reduction in the
Ebola GP IgG EUs calculated in the coated wells. None of the “high malaria exposure” samples
were positive for Ebola GP 1gG once AIAD was removed by the use of ChonBlock™ in the assay.

GP-specific 1gG signals were also reduced for the “cross-reactive/ borderline positive” samples,
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although 3/5 were still positive on the Ebola GP coated wells despite complete removal of
background for these samples in uncoated wells. From the samples run in this small test, the
specific signal in UK post-vaccination samples did not appear to be affected by the use of

ChonBlock™.
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Figure 4.8. ChonBlock™ effectively reduces antigen-independent antibody deposition
A) ELISA plate optical density at 405nm (OD405) values for samples run simultaneously in Ebola
GP-coated wells (rows A-C on each plate) and uncoated wells (rows D-F on each plate) on a plate
blocked with casein (top) and a plate blocked with ChonBlock™ (bottom). Several samples in
each category (high malaria exposure, cross-reactive/ borderline positive and post-vaccination)
were run. Each plate also had a standard curve in Ebola GP-coated wells (rows G and H, not
shown in image). B) Ebola GP IgG EUs calculated from the OD values for each sample on the
plate blocked with Casein and C) on the plate blocked with ChonBlock™. Ebola GP-coated wells:
closed circles, uncoated wells: open circles. Dotted line indicates seropositive cut-off (166 EUs).
No significant differences by Wilcoxon paired analyses.
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A larger set of samples were run on uncoated plates blocked with casein or ChonBlock™ (Figure
4.9A). ChonBlock™ significantly reduced AIAD for samples that were positive (OD>0.200) in
uncoated wells blocked with casein (Figure 4.9A, P=0.0023). However for samples that were
negative in uncoated wells blocked with casein, there was actually a significant increase in the
non-specific background when the plate was blocked with ChonBlock™ (P<0.0001). Ebola GP IgG
titres in UK post-vaccination samples were comparable when the plate was blocked with casein
or ChonBlock™, whilst titres in individuals with evidence of AIAD were reduced to below the
positive cut-off when the plates were blocked with ChonBlock™ (Figure 4.9B). Ebola GP-specific
IgG titres in UK post-vaccination samples measured after blocking with casein were highly

correlated with titres measured after blocking with ChonBlock™ (Figure 4.9C, r:0.80, P=0.0003).
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Figure 4.9. Effect of ChonBlock™ on samples positive and negative for AIAD

A) Comparison of antibody binding to the plate after blocking with casein or with ChonBlock™.
Samples split by those with OD405 of plate-binding IgG >0.200 or <0.200 when blocked with
casein. Wilcoxon paired tests. B) Ebola GP IgG in an assay blocked with casein or ChonBlock™.
UK post-vaccination and the three Burkina Faso samples with the highest plate-binding and anti-
schizont IgG results. C) Relationship between Ebola GP IgG titres in the assay with casein block
and ChonBlock™ (UK post-vaccination samples). Dotted lines indicates seropositive threshold
for the Ebola GP (166 EUs) and uncoated plate (OD405=0.200) ELISAs. ** P<0.01, *** P<0.001,
*** P<0.0001. OD405: optical density at 405nm.
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4.3.5. Malaria exposure and AIAD across clinical trial cohorts

In light of the discovery of ELISA background signal caused by AIAD, where possible (i.e. access
to samples and enough serum remaining), samples from malaria-exposed individuals were
tested with anti-schizont or AMA-1 ELISAs and on uncoated plates to check for AIAD (Figure
4.10). These controls were conducted for Gambian adults in VAC41, Gambian children and
infants in VAC42, Senegalese adults in EBLO6, Burkinabe children and infants in VAC50 and
Burkinabe adults in VAC60. Unfortunately, these tests could not be conducted for Kenyan adults
in VAC40 or VAC46, therefore it is unknown if AIAD occurred in these cohorts. However, malaria
exposure in these populations, around the coast of Kenya, is likely to be comparable to the low

level of malaria exposure in Dakar, Senegal [450], in which no AIAD was observed.

None of the samples used in the following analyses tested positive for AIAD. However, uncoated
control wells should be run to check for AIAD in each new cohort of malaria-exposed individuals.
For samples in which AIAD is an issue, ChonBlock™ can be used to block the non-specific signal
or the OD value from the uncoated wells subtracted from the OD of the coated wells for each
sample. Samples from Senegal (EB06), the Gambia (VAC41) and Burkina Faso (VAC60 and the
ChAd63 seroprevalence study) had anti-schizont antibody levels significantly above the UK
malaria-naive population (Figure 4.10A, P<0.0001). Samples from Burkinabe children and infants
aged 5-17 months (VAC50) also had significantly higher anti-schizont IgG levels than the malaria-
naive UK cohort. However, Gambian children and infants aged 10 weeks, 5-12 months and 2-6
years (VAC41 and VAC42) did not have anti-schizont IgG levels higher than the UK cohort.
Additionally, there was no evidence of anti-schizont IgG in UK volunteers 35 days after CHMI,
indicating the antibodies were not detected after a single primary infection. Samples were
tested from a broad range of clinical trials in adults, children and infants to check for AIAD in
different cohorts (Figure 4.10B). The majority of samples did not display AIAD greater than twice

the assay background. AIAD above this cut-off was only evident in samples from Burkinabe and
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Gambian adults. The Gambian 2-6 year olds, 5-12 month olds and 10 week olds had median
values significantly greater than the assay blanks (P=0.0025, 0.025, 0.047 respectively), but there

were no samples with AIAD above the assay cut-off. Data are summarised in Table 4.2.
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Figure 4.10. Anti-schizont IgG and AIAD across populations in clinical trials

A) Anti-schizont 1gG in clinical trial cohorts. Kruskal-Wallis with Dunn’s post-test comparisons to
UK P<0.001. B) Antigen-independent antibody deposition (AIAD, IgG binding on uncoated plates)
in malaria-exposed clinical trial cohorts compared with UK samples and assay blanks (casein
blocking buffer only). Kruskal-Wallis with Dunn’s post-test comparing each data set to blanks,
P=<0.0001 “BF”: Burkina Faso, “2-6yrs”: children aged 2-6 years at vaccination, “5-17m”:
infant/children aged 5-17 months at vaccination, “5-12m”: infants aged 5-12 months at
vaccination, “10 wks”: infants aged 10 weeks at vaccination. Dotted lines indicate assay cut-off
(OD405=0.200) * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. OD405: optical density at
405nm.
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Table 4.2. Summary anti-schizont IgG and AIAD results across clinical trial cohorts

Anti-schizont 1gG and antigen-independent antibody deposition (AIAD) results across malaria-
exposed clinical trial cohorts. “BF”: Burkina Faso, “CHMI”: controlled human malaria infection —
UK individuals at 35 days after CHMI (C+35). All 100 samples from the BF seroprevalence study
were run on the uncoated plate. Only 92 of these were also run on the anti-schizont assay due
to limitations in the batch of schizont lysate. Not all paediatric samples were available to test on

uncoated plates. NT: not tested.

Anti-schizont I1gG

AIAD (uncoated plate IgG)

Number of Number of
samples Median % samples Median %
tested (OD405) | seropositive tested (OD405) | seropositive

UK 15 0.140 0 15 0.128 0

UK CHMI 14 0.117 0 NT NT NT

Senegal (EBLO6) 40 0.236 48 40 0.123 0

Gambia (VAC41) 10 0.300 70 9 0.172 33
BF
(Seroprevalence

study) 92 0.628 99 100 0.154 13

BF (VAC60) 12 0.582 8 12 0.145 8
BF 5-17m

(VAC50) 190 0.211 35 25 0.120 0
Gambia 2-6yrs

(VAC41) 12 0.117 0 6 0.159 0
Gambia 5-12m

(VAC42) 12 0.128 0 12 0.139 0
Gambia 10wk

(VAC42) 12 0.161 17 12 0.138 0
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4.4, Discussion

4.4.1. AIAD in malaria-exposed populations

Antibody responses, most often measured by ELISA are an essential measure of immunogenicity
for vaccines which induce antibody-mediated efficacy. For some vaccines, the antibody response
is a defined correlate of protection [454]. Therefore, it is essential to be able to measure these
responses accurately, particularly within the target populations. Excessive ELISA background in
the absence of capture antigen was reported in a malaria-endemic population almost three
decades ago [449]. However, there are very few studies in which samples have been tested on
uncoated plates to check for this background effect, which may lead to the reporting of false
positives. In the cohorts | tested, there were several results that led me to believe that there
might be increased assay background in some cohorts. Individuals from Burkina Faso, which has
never reported any Ebola cases, were positive for Ebola GP 1gG measured by the standardised
ELISA. As the level of anti-schizont 1gG (as a proxy for malaria exposure) was associated with the
level of Ebola GP IgG in these volunteers, | considered whether this might be caused by high
assay background as previously reported in individuals from high malaria transmission settings

[449].

Background signal in the ELISA assay can be caused by: 1) non-specific binding of the secondary
antibody to the plate or coating antigen, 2) hydrophobic binding of Ig in the sample to the plate,
3) ionic or protein-protein interactions between Ig in the sample and the coating antigen and 4)
binding of natural antibodies in the sample to the blocking agent [455]. All of these interactions
give non-specific signal which is not caused by specific antibody-antigen interactions and may
cause a false-positive result. For this reason, an optimised blocking step is included in most
protocols after the plate has been coated with antigen. Blocking buffers usually contain an
irrelevant protein or mixture of proteins that adsorb to the remaining binding surfaces on the

plate and prevent non-specific binding by antigen or antibody. Blocking buffers such as bovine
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serum albumin (BSA), casein or milk powder dissolved in PBS are most commonly used and the
optimal buffer is usually chosen as part of the assay development process. However, this is often
based on the reduction of OD in blank wells (in which no serum is added) and therefore the

ability to block non-specific signal caused by serum components is not assessed.

During the setup of the Ebola GP standardised ELISA, | determined that casein provided the
optimal blocking in blank wells. As | was measuring pre-vaccination samples from a naive
population (which should display very low or no binding to Ebola GP-coated ELISA plates), | was
also able to determine that this blocking buffer successfully blocked non-specific signal from
serum in the UK cohort. However, further testing revealed that samples from the Burkina Faso
cohort bound to the uncoated ELISA plate giving an intense false positive result. Antibody
binding to uncoated plates in this manner, or antigen-independent antibody deposition (AIAD)
has been observed to be a particular issue in the field of autoimmunity, where it has been
reported to be increased in individuals with diseases such as rheumatoid arthritis compared
with healthy controls [451-453]. Gliven et al described AIAD in patients with autoimmune disease
and demonstrated that it was associated with increased concentrations of Ig and other
inflammatory mediators such as CRP and complement component C3 [452]. One feature of many
autoimmune diseases is hypergammaglobulinaemia and in the Giiven study the concentration of
IgG was associated with the level of AIAD observed. However, dilution of the sera to a total IgG
concentration within the normal range did not completely remove the non-specific signal
suggesting that other serum components or assay conditions likely play a role. Complement
components can cause non-specific signal if they become activated by binding to the
polystyrene plate surface, revealing neoisotopes that are targeted by antibodies in the sample
[456]. Additionally, immune complexes have previously been associated with increased
background [457]. In addition to autoimmune patients, AIAD was observed in sera from over
40% of individuals with ongoing or recent bacterial infections and it was suggested that non-
specific IgG deposition could be a general trait of inflammation or infection [452]. In this study,
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AIAD could be induced in normal human serum (NHS) that did not previously bind to uncoated
plates by heat treatment at 60°C for 10 minutes or 40°C overnight. It was suggested that
elevated temperatures such as those that might be found in the body during a severe fever
might lead to a conformational change that may cause an increase in binding to uncoated plates.
However, | did not see a difference in AIAD between heat-inactivated and non-heat-inactivated

samples in our studies, although | did not test heat treatment overnight at 40°C.

It is likely that multiple factors contribute to the occurrence of AIAD in the Burkinabe samples.
These may include higher sample transport and processing temperatures, longer sample
processing times and more frequent or recent infection of volunteers, including with malaria.
The initial association observed between AIAD and anti-schizont IgG may have been caused by
false positives caused by AIAD in the anti-schizont ELISA. However, this association remained
when the anti-schizont ELISA was conducted using ChonBlock™ (which successfully eliminated

AIAD), suggesting that the association between malaria exposure and AIAD was real.

AIAD is unique to each individual sample and therefore either needs to removed completely
through the use of an effective blocking buffer, or accounted for and removed from each
individual sample. Testing samples in parallel in coated and uncoated wells would allow a
measurement of AIAD for each sample, which could be subtracted from the value in the coated
well to reveal the real result. However, this increases the amount of reagents required and may
not be a cost-effective solution for clinical trials on a large scale. Therefore, | sought to find a
blocking solution that could reduce or eliminate AIAD. Previous studies have determined
multiple different methods that have this effect, and the optimal solution varies for each assay.
The addition of normal rabbit serum (NRS) or FCS to the blocking solution can have a blocking
effect due to competitive binding of rabbit or calf IgG on the plastic surface, which then can not
be bound by the anti-human secondary antibody [451]. The mechanism of blocking by naive

human serum (NHS, which does not display AIAD) is less clear but could be due to competitive
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binding of other serum components to the plate, preventing Ig binding once a sample is added.
Other tested methods included adding casein into the coating buffer, using detergent (e.g.
Tween20) in the blocking buffer or treating the samples with heat, centrifugation or sterile
filtration [449]. In the standardised Ebola GP ELISA, neither sample heat inactivation or adding
detergent (1% Tween20) to the blocking step had an effect on background binding. Addition of
10% NHS or FCS to the blocking buffer reduced AIAD in some samples but did not reduce binding

in the samples with the highest AIAD and reduced the specific signal from vaccinated individuals.

A novel proprietary blocking buffer, ChonBlock™ has been developed specifically to reduce the
intense background signal caused by AIAD, particularly in autoimmune patients [453,455,458]. |
found that ChonBlock™ eliminated AlAD-associated background signal in samples from malaria-
exposed individuals without reducing specific signal in positive samples. Given the findings here,
it is important that samples are tested in parallel in uncoated wells where possible to check for
the presence of AIAD. This may be particularly important for samples from malaria-exposed
populations or trials sites where sample processing times might be extended and occur at high
ambient temperature. When AIAD is a problem in a sample set, background OD on uncoated
wells could be removed for each sample or the commercially available blocking buffer

ChonBlock™ could be used to successfully eliminate non-specific signals.

4.4.2. Ebola GP IgG seroprevalence

The use of ChonBlock™

successfully removes background signal caused by AIAD. However, there
were a few samples from Burkina Faso that were still positive after AIAD was successfully
eliminated. This could be high background caused by another unknown phenomenon that is not
eliminated by ChonBlock™ or cross-reactivity as there was also one positive sample at baseline
in the UK cohort and two in the Senegalese cohort. However, if this is Ebola GP-specific 1gG in

the Burkina Faso samples, this would be particularly interesting. Burkina Faso has never

reported any Ebola cases, and before the 2014-2016 outbreak, there had not been any reported
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cases of Ebola in West Africa at all, except for a single non-fatal case of Tai Forest ebolavirus in
Cote d’lvoire in 1994 [459]. There is a growing body of evidence suggesting that seroprevalence
of Ebola-specific antibody is higher than expected in West Africa and that antibodies exist in
populations that have never reported Ebola cases. There have been over 50 seroprevalence
studies (reviewed in [460]) since the first outbreak in Zaire (now Democratic Republic of Congo,
DRC) that have identified Ebola-specific antibodies in individuals that were either asymptomatic
case contacts, individuals from the local community with no reported contact or individuals from
countries that have never reported a case. It should be noted that earlier studies used
immunofluorescence assays that reportedly had high rates of false positives and even among
recent studies, in which ELISAs with high cut-off thresholds are used, AIAD is seldom measured
or taken into account when interpreting the results [461]. However, aside from false positive
results possibly caused by high assay background, there at least three possible explanations for
the unexpected results: 1) asymptomatic infection with Zaire ebolavirus, 2) cross-reactive
antibodies against another, less virulent species of Filovirus and 3) cross-reactive antibodies

against something other than a Filovirus.

Asymptomatic Zaire ebolavirus is thought to occur, although estimates for this range from 1-46%
of cases [462-469]. A robustly investigated example of this is a study in which Ebola virus
antibody was present in up to 20% of individuals in Gabon in regions that had never
documented an Ebola case [462]. The specificity of anti-EBOV IgG in this study was confirmed by
Western blot and EBOV-specific T cell responses were also observed in some positive individuals.
Additionally, there is some evidence that asymptomatic infection may have occurred during the
2014-2016 outbreak in Sierra Leone, although this was estimated to be low [464]. Of household
contacts with high level exposure that were not diagnosed with EVD, only 2.6% of individuals

with no symptoms were seropositive, while 12% that reported symptoms were positive.
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Ebola viruses may be circulating in countries that have not reported cases previously. For
example, until recently it was not thought that EBOV was present in Sierra Leone prior to the
2014 epidemic. However, evidence is now emerging that EBOV may have been circulating since
at least 2006. Sierra Leone is in the Lassa fever belt and experiences multiple cases annually
[470]. The Lassa Diagnostic Laboratory in Kenema Government Hospital receives approximately
500-700 suspected cases annually, of which only 30-40% are diagnosed as Lassa virus infection
[471] A study of samples from patients with suspected Lassa fever from 2007-2014 identified
only 50% of the samples as positive for antibodies against Lassa virus [472]. Of these samples 5%
were positive for antibodies against EBOV and 11% were positive for antibodies against Marburg
virus. This suggests a significant burden of undiagnosed acute febrile disease and evidence of

circulating undiagnosed Filovirus infections prior to the 2014 EBOV epidemic.

Alternatively, cross-reactive antibodies against other Ebolavirus species may be responsible for
the unexpected seropositive results. Zaire Ebola GP, which is the most commonly investigated
antibody target in these seroprevalence studies, has relatively little sequence identity even with
glycoproteins from other Ebolavirus species (Bundibugyo ebolavirus: 66%, Tai Forest ebolavirus:
63%, Reston ebolavirus: 59%, Sudan ebolavirus: 56%) [473]. Zaire Ebola nucleoprotein (NP),
which is an alternative antibody target used in some studies has a slightly higher level of
sequence identity between species (Bundibugyo ebolavirus: 75%, Tai Forest ebolavirus: 75%,
Reston ebolavirus: 68%, Sudan ebolavirus: 68%) [473]. However, survivors of EVD caused by Zaire
ebolavirus have been shown to produce antibodies that are cross-reactive against multiple
Ebolavirus species [474,475]. Strong cross-reactive antibody responses against heterologous
Ebola viruses were observed in convalescent serum from individuals infected with EBOV, SUDV,
BDBV and RESTV [476]. Additionally some of these studies have demonstrated antibodies
against multiple Ebola proteins [463,469], further supporting the view that the antibody is

specific for a species of Ebolavirus.
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There may be further species of Ebolavirus circulating that could cause asymptomatic or mild
infection in humans and induce cross-reactive antibodies against Zaire ebolavirus GP. In fact, a
sixth species of Ebolavirus, Bombali ebolavirus, was very recently identified in bats in Sierra
Leone [279]. It is not known if this species has caused human infections or could induce cross-
reactive antibody but demonstrates that there are Ebola viruses circulating without our

knowledge that may cause mild or asymptomatic infections and induce cross-reactive antibody.

Antibody is thought to be important for survival of EVD in humans as poor humoral responses
have been associated with fatal outcomes [320,477]. Therefore, it is possible that cross-reactive
antibody could provide some level of protection against EVD. During the epidemic, 1,050
confirmed cases of EVD were reported in the Bombali district where the new Ebolavirus species
was recently discovered. In a seroprevalence study conducted in this district after the 2014-2016
Zaire ebolavirus epidemic a relatively high percentage (6-20%) of asymptomatic community
contacts (individuals from communities placed under quarantine but not diagnosed with EVD)
were seropositive for antibodies against the Zaire Ebola NP [478]. The highest seroprevalences
observed in this study occurred in the villages with the lowest incidence of EVD cases, which
may mean that Zaire ebolavirus was able to circulate in these populations without causing
disease. An alternative explanation could be that pre-existing antibodies against a less virulent
species (such as Bombali ebolavirus) that had previously circulated in the area were able to

provide some level of cross-protection in these populations.

4.5. Conclusions

Samples from highly malaria exposed individuals may demonstrate AIAD. This phenomenon can
cause intense false positive results in ELISAs and should be considered, particularly when
measuring humoral responses in malaria-exposed cohorts. AIAD can be measured by assaying
samples in uncoated wells in parallel to antigen-coated wells. The OD value from the uncoated

well could then be subtracted from the antigen-coated result for each individual. Alternatively,
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an appropriate blocking buffer, such as ChonBlock™ which successfully removes AIAD-
associated background, could be used for all samples in cohorts where AIAD occurs. However,
the optimal solution to reduce assay background and ensure accurate comparisons across trial
cohorts should be determined. The removal of AIAD is important to reveal the true
seroprevalence within a population, particularly within malaria-exposed populations, for which
this effect has previously been documented [449]. Having done this, we have discovered samples
from Burkina Faso that may contain IgG against Zaire ebolavirus GP. Although the explanation
for this is currently unclear, it fits with a growing body of evidence that the occurrence of Ebola-

specific antibody is more widespread than previously appreciated.

139



Vaccine responses in malaria-exposed
populations

5.1. Introduction

Many of the vaccines currently being developed target populations within lower income or
lower-middle income countries which bear the largest burden of infectious disease [479-481]. For
many of these diseases there is no effective vaccine available (e.g. malaria, HIV, diarrhoeal
illnesses, helminth diseases). Phase | clinical trials for most vaccines occur in developed
countries, most often with very different climates to those in which the target population are
living. These trials generate the initial safety and immunogenicity data that allow further
development and testing in Phase Ib trials in the target populations. However, immunogenicity
is often reduced in the target population [482-485]. This is likely to be multifactorial and
contributing factors may include pathogen exposure, genetic differences, microflora
composition and nutritional status [486-489]. It is clearly essential that these vaccines are
immunogenic and efficacious within the target populations and not just the population in which

the vaccine is first tested.

Many of these populations are living in malaria-endemic regions and therefore have high levels
of malaria exposure from a young age. Concurrent or recent malaria infection has been
particularly noted for reducing vaccine responses [158-160]. Severe malaria infections
predominantly occur in children under 5 years [490], the same age group that are receiving their

childhood vaccination within the Expanded Program on Immunization (EPI) schedule. Therefore,
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malaria infection may interfere with responses to vaccines, including malaria vaccines, in these
populations [491]. However, it is not clear if lifelong repeated malaria infections (and often
asymptomatic parasitaemia) have longer term impacts on the immune system and could also
impact vaccine immunogenicity in adults in these populations. This would be important for the
development of malaria vaccines, since although infants are the ultimate target population,
candidate vaccines are first tested in age-de-escalation studies and may only proceed through
the vaccine development pipeline if they first show reasonable immunogenicity in adults [492].
Aside from this, vaccine immunogenicity in adults within these populations is also important for

routine vaccinations given to pregnant women [493] and for outbreak pathogens [494].

The vaccines that are the focus of this thesis (ChAd63-ME-TRAP, MVA-ME-TRAP, RTS,S and R21
for malaria and ChAd3-EBO-Z and MVA-EBO-Z for Ebola) predominantly target populations with
high levels of malaria exposure and therefore it is critical to assess how these vaccines function
in malaria-exposed populations. We have run a number of Phase Ib clinical vaccine trials in
populations across sub-Saharan Africa to evaluate these vaccines in the target populations
(summarised in Table 5.1). The aim of this study was to compare vaccine immunogenicity in
malaria-naive and malaria-exposed cohorts and to determine if any reduction in immunogenicity
was associated with malaria exposure. | compared the immunogenicity of several malaria
vaccine candidates and an Ebola vaccine candidate between malaria-naive UK and malaria-
exposed African cohorts and determined if there was an association between immunogenicity
and malaria exposure. The comparison of Ebola vaccine immunogenicity was particularly useful
as it allowed for a cleaner study of the effect of malaria exposure on vaccine responses without

a background of pre-existing immunity.
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5.2. Study-specific methods

5.2.1. Samples and study details

Study details for the samples used in this chapter are summarised in Table 5.1. Full sample and

study details, as well as ethics statements for the samples used in this chapter can be found in

Chapter 2.2.3.

Table 5.1. Summary of clinical trials used to compare immunogenicity in malaria-
exposed and malaria-naive populations
ChAd63: Chimpanzee adenovirus serotype 63, ME: multi-epitope string, TRAP: Thrombospondin
related adhesion protein, MVA: modified vaccinia virus Ankara, DO: day 0, D28: day 28, D56: day
56, MM: Matrix-M vp: viral particles, pfu: plaque forming units. n=total number of volunteers
enrolled in each group.

Trial . Group/s included .
code Country Vaccines Age Group in these studies Doses Regimen
ChAd63-ME-
VAC40 Kenya TRAP, MVA-ME- adults Group 2 (n=20) 5x10'%p ChAd, DO: ChAd,
TRAP 2x108 pfu MVA D56: MVA
ChAdB3-ME adults Group 1B (n=10) 5X1010Vp ChAd, DO: ChAd,
The -ME- 2x10°pfu MVA | D56: MVA
VAC41 Gambia TRAP, MVA-ME-
TRAP 2-6 years Group 3B (n=6) 5x10'%p ChAd, DO: ChAd,
1x108 pfu MVA D56: MVA
ChAdB3-ME 5-12 months | Group 1B (n=12) 5x10"°vp ChAd, DO: ChAd,
The -ME- 1x10° pfu MVA | D56: MVA
VAC42 Gambia TRAP, MVA-ME-
TRAP 10 weeks Group 2B (n:]_Z) 5X1010Vp ChAd, DO: ChAd,
1x108 pfu MVA D56: MVA
ChAd63-ME-
VAC45 UK TRAP, MVA-ME- adults Group 2 (n=15) 5x10%vp ChAd, DO: ChAd,
TRAP 2x102 pfu MVA D56: MVA
ChAd63-ME- Group 1 (n=15all
VAC46 Kenya TRAP, MVA-ME- adults time points, 60 at 5x10%vp ChAd, DO: ChAd,
TRAP D63) 2x108 pfu MVA D56: MVA
. ChAd63-ME-
VAC50 BL;:;':E’ TRAP, MVA-ME- | 5-17 months Gro”pn/ia(g;‘ase "| sx101%pchAd, | DO:Chad,
TRAP B 1x108 pfu MVA D56: MVA
_ 10pg R21, 50pg DO, D28,
VAC53 UK R21/MM adults Group 1 (n=10) MM D56
. 10pg R21, 50pg
B 1
VAC60 urkina R21/MM adults Groups 1 &3 MM or saline DO, D28,
Faso (n=12)
control D56
ChAd3-EBO-Z 3.6x10%p ChAd
EBLO4 UK ’ adults Group 2 (n=16) 2 ’ DO: ChAd,
MVA-EBO-Z 1x10° pfu MVA D7: MVA
ChAd3-EBO-Z Groups 1 &2 3.6x10%vp ChAd
’ ’ DO: ChAd,
EBLOG | Senegal MVA-EBO-Z adults (n=40) 1x108 pfu MVA 7 MVA
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5.3. Results

5.3.1. Responses to malaria vaccines in malaria-exposed adults

5.3.1.1.ChAd63-MVA-ME-TRAP

The ChAd63-MVA-ME-TRAP vaccine regimen has been tested in adults in the UK and a number
of African countries including Kenya and The Gambia. Those trials with directly comparable
dosing and schedules are compared here (summarised in Table 5.1). ChAd63-ME-TRAP was
given intramuscularly into the deltoid region of the arm at a dose of 5x10% vp in each of the
study groups compared here. The MVA-ME-TRAP boost vaccination was given eight weeks later
using the same route and a dose of 2x108 pfu in adults and 1x102 pfu in children and infants.
TRAP-specific T cell responses measured by IFNy ELISpot were compared at baseline and peak
post-boost between the UK and African cohorts (Figure 5.1). Although there were no significant
differences in the level of TRAP-specific T cell responses at baseline (summed ME + TRAP pools)
between UK, Kenyan and Gambian adults at baseline (Figure 5.1A, P=0.053, median SFC/10°
PBMC UK: 62 IQR[28-140], Kenya VAC46: 118[44-335], Kenya VAC40: 35[28-116], Gambia:
36[28-92]), Kenyan adults had higher baseline T cell responses and a higher responder
frequency. There was a significant increase in TRAP-specific T cells after ChAd63-ME-TRAP prime
in all cohorts except Kenya VAC46, (Figure 5.1B, UK P=0.0002, Kenya VAC46 P=0.90, Kenya
VAC40 P<0.0001, Gambia P=0.047). There was a significant increase in TRAP-specific T cell
responses post-boost in all cohorts (UK: P=0.0012, Kenya VAC46 P=0.0098, Kenya VACA40
P<0.0001, Gambia P=0.016). There were no significant differences in the TRAP-specific T cell
responses between the cohorts post-prime (Figure 5.1C, P=0.088, median SFC/10° PBMC UK:
546 IQR[278-1352], Kenya VAC46: 236[79-522], Kenya VAC40: 234[140-560], Gambia: 138[62-
566]) or post-boost (Figure 5.1D, P=0.41, median SFC/10®° PBMC UK: 2028 IQR[1160-2650],

Kenya VAC46: 1778[1170-2540], Kenya VAC40: 1536[793-2382], Gambia: 1558[333-2443]).
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Figure 5.1. TRAP-specific T cell responses to ChAd63-MVA-ME-TRAP in UK and African
cohorts

A) TRAP-specific T cell responses (summed IFNy ELISpot ME+TRAP peptide pools) at baseline
(day 0, D0), Kruskal-Wallis analysis. B) Change in TRAP-specific T cell levels in each cohort from
baseline to post-prime and from post-prime to post-boost, Wilcoxon paired tests. Data from
VAC46 vaccinees with samples at all time points. C) TRAP-specific T cell responses post-prime
(D14, two weeks after ChAd63-ME-TRAP) and D) post-boost (D63, one week after MVA-ME-
TRAP boost vaccination). Data from all VAC46 vaccinees. Kruskal-Wallis analyses with Dunn’s
post-test comparisons to the UK cohort. Data points for some individuals are missing if ELISpot
QC failed. * P<0.05, ** P<0.01, **** P<0.0001, ns: not significant. SFC/10® PBMC: spot-forming
cells per million peripheral blood mononucleocytes, dashed lines show LLOD: lower limit of
detection — 28 SFC/10° PBMC.
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Antibody responses against the vaccine insert (TRAP) were measured by ELISA at baseline, one
or two weeks post-prime (D14/D28) and one week post-boost in all cohorts (D63) (Figure 5.2).
All but one UK adult (VAC45) had undetectable TRAP-specific 1gG titres at baseline (Figure 5.2A).
Baseline TRAP IgG was significantly higher in Kenyan and Gambian adults (Medians [IQRs],
Kenyan VAC46: 67 [47-110], Kenyan VAC40: 75 [51-145], Gambian VAC41: 46 [30-82], Kruskal-
Wallis P<0.0001). The UK individual with TRAP IgG at baseline had 156 EUs, a level higher than
the seropositive cut-off (65 EUs, determined by the mean + 3SD of TRAP IgG levels in 148
malaria-naive UK adults) and higher than the median baseline responses in Kenyan adults.
However, this individual did not have anti-schizont I1gG or a history of travel to malaria-endemic
countries, therefore it is unlikely that this response is specific for P. falciparum TRAP. If this is a
cross-reactive response, it is unclear what the cross-reactive antigen would be. At baseline 52%
and 65% of Kenyans (VAC46 and VAC40 respectively) had responses above the seropositive cut-

off value, compared with just 33% of Gambians.

In UK adults, ChAd63-ME-TRAP vaccination induced a significant TRAP-specific antibody
response (Figure 5.2B, P=0.0010, median at D28: 136 EUs IQR [1-258]). However, as more than
half of the Kenyans and a third of the Gambians had low levels of pre-existing TRAP antibody,
ChAd63-ME-TRAP was not acting as a priming vaccination in these populations. There was no
D28 blood draw in these trials therefore a direct comparison to the UK cohort is not possible and
responses may have increased from D14 to D28. However, at D14 there were significant
increases from baseline in the Gambian and Kenyan VAC46 cohorts (P=0.027 median: 103 EUs
[77-394], P=0.0012 median: 104 EUs [68-493], respectively) but not in the Kenyan VAC40 cohort
(P=0.055, median: 116 EUs [67-288]), in which some volunteers had an increase, whilst others
did not. TRAP IgG responses were significantly boosted by MVA-ME-TRAP vaccination in the UK
and Kenyan VAC40 cohorts (P=0.0017, median: 703 EUs [85-1619], P=0.0009, median: 321 EUs
[181-469]). There were no significant increases in the Kenyan VAC46 or Gambian cohorts
(P=0.12, median: 240 EUs [127-562], P=0.20, median: 145 EUs [120-348]). In the UK cohort, a
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significant increase in TRAP antibody is evident after both priming and boost. In contrast, in each
of the African cohorts there was only a significant increase in TRAP antibody after either
ChAd63-ME-TRAP or MVA-ME-TRAP but not after each. TRAP-specific IgG levels after ChAd63-
ME-TRAP vaccination were comparable across the cohorts (Figure 5.2C, P=0.97). TRAP IgG levels
one week post-MVA boost were around three logs higher than baseline in the UK cohort (Figure
5.2D) and 4-5-fold higher than baseline in the African cohorts. Titres at this time point were
comparable across the UK and Kenyan cohorts but significantly lower in the Gambian cohort
(P=0.042). All Kenyan and Gambian vaccinees had TRAP-specific 1gG responses above the
seropositive cut-off at this time point but there were three UK vaccinees that did not have
detectable TRAP IgG at this time point. All Kenyan (VAC46) vaccinees had a D63 serum sample
but only a selection had blood taken for immunology at other time points. Figure 5.2B only
includes data from individuals that had samples at all time points. Figure 5.2D includes data

from all individuals.

Time courses of TRAP-specific IgG responses reveal that the time points used in the African trials
may have missed the peak antibody response (Figure 5.3A). TRAP-specific antibody responses
are highest in the UK cohort at D76 (three weeks after MVA-ME-TRAP). TRAP IgG titres at D112
(eight weeks after MVA-ME-TRAP) in the UK cohort were significantly higher than those at D90
(five weeks after MVA-ME-TRAP) in the Kenyan and Gambian cohorts (Figure 5.3B, P=0.0004).
However, it should be noted that this time point in the UK cohort is 35 days after CHMI and
although TRAP IgG levels are not boosted by malaria challenge, this could have altered the

kinetics, for example by slowing the decay in antibody levels.
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Figure 5.2. TRAP-specific IgG responses to ChAd63-MVA-ME-TRAP in UK and African
adults

A) TRAP-specific 1gG responses at baseline (day 0, D0O), Kruskal-Wallis analysis. B) Change in
TRAP-specific I1gG levels in each cohort from baseline to post-prime and from post-prime to post-
boost, Wilcoxon paired tests. Data from VAC46 vaccinees with samples at all time points. C)
TRAP-specific 1gG responses post-prime (D14 or D28) and D) post-boost (D63, one week after
MVA-ME-TRAP boost vaccination). Data from all VAC46 vaccinees. Kruskal-Wallis analyses with
Dunn’s post-test comparisons to the UK cohort. One Gambian vaccine did not have a D63
sample. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. Dotted lines show seropositive cut-off
for TRAP ELISA (65 EUs).
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Figure 5.3. TRAP-specific IgG responses to ChAd63-MVA-ME-TRAP in UK and African
cohorts

A) Median TRAP-specific IgG time course for each cohort. Vaccination time points are indicated
by dashed lines. B) TRAP-specific 1gG titres at D112 (C+35) in the UK and D90 in the Kenyan and
Gambian trials that included this time point. Only 15/20 Kenyan and 9/10 Gambian vaccinees
had a sample taken at D90. Dotted lines indicate seropositive cut-off value for the TRAP ELISA
(65 EUs). Kruskal-Wallis analysis. **** P<0.0001.

5.3.1.2.R21

In contrast to the viral vectored vaccines described in the previous section, the VLP vaccine R21
is specifically designed to induce an antibody response[242]. Comparable regimens have been
tested in the UK (VAC53 G1, n=10) and Burkina Faso (VAC60, vaccinees n=8, controls n=4).
Volunteers were vaccinated with 10ug R21 adjuvanted with 50ug Matrix-M (MM) at DO, D28
and D56. The primary immunological read-out for these trials was IgG against the NANP repeat
region of CSP, measured by ELISA (described in methods Chapter 2.4.14.2). CSP-specific T cell
responses to R21 and RTS,S as measured by IFNy ELISpot are generally very low ([401],
VAC53/VAC60 — manuscript in preparation). Therefore, this assay was not conducted in the

Burkinabe trial; to reduce bleed volumes and trial costs, only serum for ELISA was collected.

Burkinabe adults had pre-existing CSP-specific IgG significantly higher than malaria-naive UK

adults (Figure 5.4A, 5.4B, P<0.0001], UK: no detectable responses >1 EU, Burkina Faso median:
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25 [20-70]). After the first dose of R21, responses were comparable between the UK and
Burkinabe volunteers (P=0.76, medians: UK 71 [57-352], Burkina Faso 117 [72-150]). Responses
were also comparable at D56, after two doses (P=0.12, medians: UK 854 [601-2020], Burkina
Faso 362 [241-2793]). However, the third R21 dose failed to boost Burkinabe vaccinees, which
had significantly lower anti-CSP IgG levels than UK vaccinees at D84 (P=0.021, medians: UK 1335
[654-2978], Burkina Faso 361 [241-986]). Additionally, a control group vaccinated with saline
was included in the Burkina Faso trial to check that levels of CSP-specific IgG were not increasing
with exposure to natural infection over the course of the trial. CSP-specific IgG tires remained

stable in this group (medians DO: 35, D28: 23, D56: 40, D84: 8).
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Figure 5.4. NANP-specific IgG responses to R21 in the UK and Burkina Faso
NANP-specific IgG responses in UK (VAC53 G1) and Burkinabe adults (VAC60) vaccinated with
R21 at Day 0 (D0), D28 and D56: A) Median time courses (error bars show interquartile ranges).
Control volunteers were vaccinated with saline. B) Individual responses at DO and D84. One
Burkinabe control volunteer did not have a sample taken at D84. Mann-Whitney analyses
comparing UK and Burkinabe vaccinees at each time point: DO P<0.0001, D84 P=0.021. * P<0.05,
*#** P<0.0001.
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5.3.1.3. Relationship between malaria exposure and responses to malaria vaccines in
adults

As there was some evidence that malaria-exposed populations may respond less well to these
candidate malaria vaccines (failure to boost pre-existing antibody responses or failure of
subsequent vaccine doses to further boost responses), the level of malaria exposure and the
relationship with vaccine responses was examined. Antibodies against P. falciparum schizont
lysate were used as a surrogate for malaria exposure as they have previously been shown to be
highly associated [495,496]. Samples were available for these analyses from the Gambian
(VACA41) and Burkinabe (VAC60) cohorts. There was no association between baseline anti-
schizont 1gG and TRAP-specific T cells at baseline or post-boost (Figure 5.5A DO TRAP T cells r:-
0.25 P=0.51, D63 TRAP T cells r:0.42 P=0.27). There was no significant association between
baseline anti-schizont IgG and TRAP-specific IgG at baseline (Figure 5.5B, r: 0.67, P=0.059) or at
D90 (r:-0.025, P=0.96). There was also no association between baseline anti-schizont IgG and
NANP-specific IgG at baseline (Figure 5.5C r: 0.61, P=0.12) or at D84 (r:0.095, P=0.84) in Burkina

Faso (VAC60).

150



>
oy}
@]

VACA41 - Gambian adults VAC41 - Gambian adults VACG60 - Burkinabe

ChAd63-MVA-ME-TRAP g ChAd63-MVA-ME-TRAP = adults R21
» 100007 : S 100007 : D 100007
T ~ w v < < : A
o O [ A ] (2} :
— = 10001 : 110004 H g 1o00{ i A
o m v M w vy S P R A
Ea ¥ ) A M 0} A A
8 G 1003 Y v v > 1004...% ... .V 2 1007 i, A A
= A S W= -V-mommmmme- e %V v e ;
e : = v = A A AA
o L 104 : LLOD S 104 : g 10 4
< N g o :
= ? ?
1 T r r ' a8 1 —— r r ' g 14+—— T T 1
00 02 04 06 08 I 00 02 04 06 08 10 < 00 05 1.0 15 20
Baseline anti-schizont IgG (OD405) F  Baseline anti-schizont IgG (OD405) Z  Baseline anti-schizont IgG (OD405)
V DO TRAP Tcells- r:-0.25 P=0.51 vV DO TRAP IgG - r: 0.67 P=0.059 A DO NANP IgG - r: 0.61 P=0.12
v D63 TRAP Tcells - r: 0.42 P=0.27 v D90 TRAP IgG - r:-0.025 P=0.96 4 D84 NANP IgG -r: 0.095 P=0.84

Figure 5.5. Relationship between anti-schizont IgG and malaria vaccine responses in
adults

Relationship between anti-schizont IgG at baseline and: A) TRAP-specific T cell responses by IFNy
ELISpot at baseline (DO) or peak post-boost (one week post-boost, D63) and B) TRAP-specific I1gG
at baseline (DO) or post-boost (D90), both in Gambian adults vaccinated with ChAd63-ME-TRAP
and boosted with MVA-ME-TRAP (VAC41, G1B). C) Relationship between anti-schizont IgG at
baseline and NANP-specific IgG at DO and D84 in Burkinabe adults vaccinated with R21 (VAC60).
Spearman’s rank analyses. SFC/10° PBMC: spot-forming cells per million peripheral blood
mononucelocytes. OD405: optical density at 405nm. Dashed line indicates ELISpot LLOD: lower
limit of detection (28 SFC/10°PBMC), dotted lines indicate seropositive cut-off for the anti-
schizont (OD405=0.250), TRAP (65 EUs).

5.3.2. Responses to malaria vaccines in malaria-exposed children and

infants

ChAd63-ME-TRAP and MVA-ME-TRAP have also been tested in children aged 2-6 years (The
Gambia, VAC41 group 3B n=6), and in infants aged 5-12 months (The Gambia, VAC42 group 1B
n=12), 5-17 months (Burkina Faso, VAC50 group A [phase | lead-in study] n=30) and infants aged
10 weeks (VAC42, The Gambia group 2B n=12). Vaccine responses were compared across age
groups and the relationship with malaria exposure assessed. All children and infants compared
here received 5x10% vp of ChAd63-ME-TRAP at DO followed by a boost with 1x108 pfu MVA-ME-
TRAP eight weeks later. Children aged 2-6 years received vaccinations intramuscularly into the
deltoid region of the arm. All other paediatric cohorts received vaccinations intramuscularly in

the anterolateral thigh.
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Baseline TRAP-specific T cells were significantly lower in Gambian infants aged 5-12 months or
10 weeks at vaccination compared with UK adults (Figure 5.6A, 5-12 months P=0.022, 10 weeks
P=0.0084) and African adults (5-12 months P=0.032, 10 weeks P=0.011). The median baseline
TRAP-specific T cells were not above the LLOD in any of the paediatric cohorts. Paediatric TRAP-
specific T cell responses post-boost were comparable to African and UK adult responses, except
Burkinabe 5-17 month olds, which had significantly lower responses than either African
(P<0.0001) or UK adults (P<0.0001)(Figure 5.6B UK adults median SFC/10°® PBMC: 2028
IQR[1160-2650], African adults: 1558[577-2353], Gambian 2-6 years: 763[507-1285], Burkinabe
5-17 months: 396[227-652], Gambian 5-12 months: 734[608-1048], Gambian 10 weeks:

2077[903-2530]).
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Figure 5.6. T cell responses in malaria-exposed children and infants

TRAP-specific T cell responses (IFNy ELISpot summed ME+TRAP pools) at: A) baseline and B) one
week after MVA-ME-TRAP (day 63, D63). Kruskal-Wallis analyses with Dunn’s multiple
comparisons to African or UK adults.* P<0.05, **** P<0.0001, ns: not significant, yrs: years, m:
months, wks: weeks. SFC/10° PBMC: spot-forming cells per million peripheral blood
mononucelocytes. LLOD: lower limit of detection - 28 SFC/10° PBMC.
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TRAP-specific IgG titres at baseline and post-ChAd63-MVA-ME-TRAP vaccinations in children and
infants were compared with titres in African adults. Gambian children aged 2-6 years had a level
of TRAP-specific IgG comparable to Gambian and Kenyan adults (Figure 5.7A). Younger children
and infants had significantly lower baseline TRAP IgG than African adults and most individuals
under two years did not have TRAP IgG above the seropositive cut-off of 65 EUs (P<0.0001
median EUs UK adults: 1, African adults: 71 IQR[46-106], Gambian 2-6 years: 105 [66-258],
Burkinabe 5-17 months: 33 [17-50], Gambian 5-12 months: 17 [12-20], Gambian 10 weeks: 3 [1-
8]). After vaccination, Gambian children aged 2-6 years had titres comparable to UK and African
adults while all other paediatric cohorts had significantly higher TRAP-specific responses than UK
or African adults (Figure 5.7B, Kruskal-Wallis P <0.0001 for UK and African adult comparisons,
median EUs UK adults: 703 [85-1619], African adults: 283 [146-458], Gambian 2-6 years: 1033
[619-2441], Burkinabe 5-17 months: 4953 [4127-6519], Gambian 5-12 months: 4604 [2399-
7340], Gambian 10 weeks: 5956 [2665-9216]). Although, as discussed in a previous section
(Chapter 5.3.1.1) D63 is likely not the peak of the antibody response, this time point was used

for these comparisons as it was shared across all of these trials.
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Figure 5.7. Antibody responses in malaria-exposed children and infants

TRAP-specific 1gG at: A) baseline and B) one week after MVA-ME-TRAP (day 63, D63). Dotted
lines indicate seropositive cut-off (65 EUs). Kruskal-Wallis analyses with Dunn’s multiple
comparisons to the African or UK adult responses.* P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001, ns: not significant, yrs: years, m: months, wks: weeks.

As there was some evidence of pre-existing TRAP-specific antibody in African paediatric cohorts,
baseline anti-schizont 1gG was also measured in these cohorts. The level of anti-schizont IgG in
Gambian children and infants was not significantly different to malaria-naive UK adults and only
two individuals, both in the 10 week old group, had anti-schizont IgG above the cut-off value
(Figure 5.8A). Burkinabe infants aged 5-17 months had significantly higher anti-schizont IgG than
UK malaria naive adults (P=0.0008) and 61% had responses above the seropositive cut-off. Anti-
schizont IgG was not associated with baseline TRAP-specific IgG (Figure 5.8B, r:-0.016 P=0.94)
but was negatively associated with TRAP-specific IgG levels at one week post-boost (r:-0.45
P=0.023). There was no association between baseline anti-schizont IgG and TRAP-specific T cells
at baseline (Figure 5.8C, r:-0.19, P=0.35) or post-boost (r:-0.092, P=0.66). Age at vaccination was
not associated with the level of anti-schizont IgG (Figure 5.8D, r:0.24 P=0.22), TRAP-specific IgG

(Figure 5.8E, r:-0.27 P=0.16) or TRAP-specific T cell responses (Figure 5.8F, r:-0.048, P=0.81).
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Figure 5.8. Relationship between anti-schizont IgG and vaccine responses in children
and infants

A) Anti-schizont 1gG at baseline. Kruskal-Wallis analysis with Dunn’s post-test comparing
paediatric cohorts to UK malaria-naive adults. B) Relationship between baseline anti-schizont
IgG and TRAP IgG at baseline (day 0, DO) and post-boost (D63) in Burkinabe infants (VAC50
Group A). C) Relationship between baseline anti-schizont 1gG and TRAP-specific T cells at DO and
D63. Relationship between age at vaccination and: D) Baseline anti-schizont IgG, E) post-boost
TRAP IgG. F) post-boost TRAP-specific T cells. Spearman’s rank analyses. Dotted lines indicate
seropositive cut-off values for the TRAP (65 EUs) and anti-schizont (OD405=0.250) ELISAs.
Dashed lines indicate ELISpot lower limit of detection (LLOD, 28 SFC/10°PBMC). *** P<0.001,
***% P<0.0001, ns: not significant. OD405: optical density at 405nm. SFC/10°PBMC: spot-
forming cells per million peripheral blood mononucleocytes.
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5.3.3. Responses to Ebola vaccines in malaria-exposed adults

The candidate Ebola virus vaccines ChAd3-EBO-Z and MVA-EBO-Z were tested in Phase 1 clinical
trials in healthy adults in the UK (EBLO4 G2, n=16) and Senegal (EBL0O6, n=40). Volunteers were
vaccinated with 3.6x10° vp of ChAd3-EBO-Z at day 0 (DO) and boosted with 1x10® pfu of MVA-
EBO-Z one week later. Antibody responses were measured using a standardised indirect ELISA
against recombinant trimeric Ebola GP (as described in methods Chapter 2.4.14.3). ELISAs were
conducted at baseline, seven days after ChAd3-EBO-Z vaccination (D7), seven days after MVA-
EBO-Z (M+7), D28(Senegal)/M+28(UK), D90 (Senegal)/ M+84 (UK) and D180 (Senegal)/M+168
(UK). T cell responses in each cohort were measured by IFNy ELISpot using a pool of peptides
from the Zaire Ebola GP. ELISpots were conducted for both cohorts at baseline and M+7. In the
UK cohort additional ELISpots were conducted seven days after ChAd3-EBO-Z vaccination (D7)

and at 28, 84 and 168 days after MVA-EBO-Z (M+28, M+84, M+168).

Antibody responses were significantly lower in the Senegalese cohort than the UK cohort at M+7
(Figures 5.9A, 5.9B, P=0.020, median EUs [IQRs] UK: 907 [267-1748], Senegal: 394 [172-691]),
M+84/D90 (P=0.0025, median EUs UK: 469 [390-740], Senegal: 265 [145-408]) and M+168/D180
(P=0.0082, UK: 311 [181-467], Senegal: 158 [109-265]). In contrast, there was no significant
difference in the M+7 ELISpot responses between the cohorts (Figure 5.9C, P=0.64 UK median

SFC/10° PBMC: 1586 IQR [1203-2745], Senegal: 2017 [1016-4798]).
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Figure 5.9. Reduced antibody but not T cell responses to ChAd3-MVA-EBO-Z in Senegal
A) Ebola GP-specific IgG at D14 (seven days after MVA-EBO-Z/M+7), at D91 (M+84) and at six
months (D175/M+168 in UK and D180/M+173 in Senegal). Dotted line indicates seropositive cut-
off (166 EUs). B) Ebola GP-specific IgG time courses (median and interquartile ranges). C) Ebola
GP-specific T cell responses measured by IFNy ELISpot seven days after MVA-EBO-Z. Mann-
Whitney analyses. Dashed line indicates lower limit of detection (LLOD) — 50 SFC/10° PBMC. *
P<0.05, ** P<0.01, ns: not significant. SFC/10° PBMC: spot-forming cells per million peripheral
blood mononucleocytes.

Of the Senegalese cohort, 48% (19/40) were positive for anti-schizont IgG and titres were
significantly higher than the UK cohort (Figure 5.10A, P<0.0001, median OD405 UK: 0.143
IQR[0.124 - 0.157], Senegal: 0.236 [0.169 — 0.353]). One individual in the UK cohort had grown
up in Kenya and was borderline positive for anti-schizont IgG (OD405 0.227, seropositive cut-off
0OD405: 0.250). This individual is highlighted red in subsequent figures that include data for this
volunteer. All individuals were also tested for AMA-1- and MSP-1-specific IgG at baseline (Figure

5.10B). AMA-1 and MSP-1 ELISAs were conducted as described in methods Chapter 2.4.14.4.
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Schizont IgG+ Senegalese vaccinees had significantly higher AMA-1 and MSP-1 IgG compared
with the UK cohort (Kruskal-Wallis P<0.0001 for both AMA-1 and MSP-1). However schizont I1gG-
Senegalese vaccinees also had significantly higher AMA-1 (P=0.047) and MSP-1 (P=0.0069) IgG
than UK vaccinees. Median time courses of the antibody responses in the UK and Senegalese
cohorts split by anti-schizont IgG status indicate that vaccine-specific antibody responses were
lowest in schizont IgG+ individuals, highest in the UK and that the schizont IgG- Senegalese
group had intermediate responses (Figure 5.10C). However, there were no significant
differences between the UK and schizont 1gG- Senegalese antibody responses at peak (Figure
5.10D, D28/M+28) or at six months (D180/M+168), whilst schizont IgG+ individuals had
significantly lower responses than both the UK and Senegalese schizont IgG- individuals at each
of these time points (D28/M+28 P=0.0010 vs UK and P=0.010 vs schizont 1gG-, D180/M+168
P=0.0011 vs UK and P=0.025 vs schizont 1gG-). The percentage of individuals with responses
above the seropositive cut-off value (166 EUs) was also lower in schizont 1gG- individuals at M+7
(UK: 94%, Senegalese schizont 1gG-: 90%, Senegalese schizont 1gG+: 79%) and was particularly

low at D180/M+168 (UK: 81%, Senegalese schizont IgG-: 62%, Senegalese schizont IgG+: 26%).
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Figure 5.10. Reduced antibody responses to ChAd3-MVA-EBO-Z in malaria-exposed
individuals

A) Anti-schizont IgG at day 0 (DO). Mann-Whitney analysis. B) Baseline anti-AMA-1 IgG and anti-
MSP-1 IgG in the UK compared with Senegalese volunteers split by anti-schizont 1gG status.
Kruskal-Wallis analysis. C) Median Ebola GP IgG time courses. Bars show inter-quartile ranges.
Dashed lines indicate vaccination time points. D) Ebola GP IgG responses at peak (M+28/D35 in
the UK and D28 in Senegal) and six months (M+168/D175 in the UK and D180 in Senegal).
Kruskal-Wallis analyses. Volunteer highlighted in red was Kenyan and borderline positive for
anti-schizont IgG. Dotted lines indicate the seropositive cut-off values for the anti-schizont
(0D405=0.250), AMA-1 (14 EUs), MSP-1 (11 EUs) and Ebola GP (166 EUs) ELISAs. * P<0.05,
**P<0.01, *** P<0.001, **** P<0.0001, ns: not significant, OD405: optical density at 405nm.
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Antibodies against P. falciparum schizont lysate, AMA-1 and MSP-1 were negatively associated
with peak Ebola GP-specific antibody responses in the Senegalese cohort (Figures 5.11A: anti-

schizont IgG r:-0.37 P=0.020, 5.11B: MSP-1 r:-0.44 P=0.0042, 5.11C: AMA-1 r:-0.40, P=0.011).
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Figure 5.11. Association between malaria exposure and reduced antibody responses to
ChAd3-MVA-EBO-Z

A) Relationship between anti-schizont IgG at baseline (day 0, DO) and Ebola GP IgG three weeks
after MVA-EBO-Z boost (D28) in the Senegalese cohort. B) Relationship between anti-MSP-1 IgG
at DO and Ebola GP IgG at D28. C) Relationship between anti-AMA-1 IgG at DO and Ebola GP IgG
at D28. Volunteer highlighted in red was Kenyan and borderline positive for anti-schizont IgG.
Dotted lines indicate the seropositive cut-off for Ebola GP (166 ELISA Units), anti-schizont
(OD405=0.250), MSP-1 (11 EUs) and AMA-1 (14 EUs) ELISAs. OD405: optical density at 405nm.

When ELISpot responses were stratified by anti-schizont IgG status, there were no significant
differences between any of the groups (Figure 5.12A, median SFC/10° PBMC UK: 1586 IQR[1203-
2745] Senegalese schizont 1gG-: 2762 [1330-5252], Senegalese schizont IgG+: 1194 [717-2189]).
In addition to IFNy ELISpot, T cell responses were measured at M+7 by intracellular cytokine
staining (ICS) in both cohorts. The frequency of GP-specific IFNy* CD4* T cells was significantly
lower (Figure 5.12B, P=0.025) in schizont IgG+ compared with schizont IgG- individuals but there
was no significant difference in the frequency of IFNy* CD8" T cells (P=0.43). The level of anti-
schizont IgG at baseline was negatively associated with the frequency of GP-specific IFNy* CD4* T

cells in the Senegalese cohort (Figure 5.12C r:-0.58, P=0.0096).
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Figure 5.12. Association between malaria exposure and reduced CD4* T cell responses
to ChAd3-MVA-EBO-Z

A) Ebola GP-specific T cell responses by ELISpot at D14 (M+7). Kruskal-Wallis analysis. B)
Percentage of IFNy* GP-specific CD4* and CD8" T cells measured by ICS at D14 (M+7). Mann-
Whitney analyses comparing Senegalese schizont IgG- and schizont IgG+. C) Relationship
between baseline anti-schizont IgG and percentage of IFNy* GP-specific CD4* T cells at D14.
Volunteer highlighted in red was Kenyan and borderline positive for anti-schizont 1gG. No ICS
data available for this volunteer. Dotted line indicates the seropositive cut-off values for the
Ebola GP ELISA (166 EUs) Dashed line is the ELISpot LLOD (50 SFC/10°% PBMC). SFC/10°% PBMC:
spot forming cells per million peripheral blood mononucleocytes, * P<0.05, ns: not significant,
0ODA405: optical density at 405nm.

Phenotypes of B cells and circulating T follicular helper cells (cTfh) were compared between the
two cohorts and the relationship with malaria exposure and/or reduced vaccine responses was
assessed. B cells and cTfh were phenotyped by flow cytometry as described in methods Chapter
2.4.9. There were no significant differences in the frequency of B cells (CD19*) within
lymphocytes between the UK and Senegalese cohorts or between Senegalese schizont IgG- and
schizont 1gG+ groups (Figure 5.13A). The frequencies of different phenotypes within the total B
cell population was compared between the UK and Senegalese cohorts (Figure 5.13B). Cells
were defined as naive (CD21*CD27°), classical memory B cell (cMBC, CD21*CD27*), atypical MBC
(CD21°CD27°) or activated MBC (CD21°CD27*). The frequency of atypical MBC was significantly
higher in the Senegalese cohort than the UK cohort (P=0.0004, UK median: 3.3% IQR[2.5-4.0],
Senegalese: 8.2% [5.4-16.5]). There were no significant differences in the frequencies of any of
the other B cell subsets. The frequency of atypical MBCs was significantly higher in both anti-
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schizont IgG- and anti-schizont IgG+ Senegalese individuals compared with the UK (Figure 5.13C,
P=0.0052 and P=0.0005 respectively). However, there was no significant difference between the

schizont IgG- and schizont IgG+ individuals (P>0.99).

The expression of the transcription factor T-bet was examined in each of the B cell subsets
within a sample of the UK and Senegalese individuals with sufficient cells remaining for this
additional analysis. Frequencies of T-bet expression in each B cell subset were comparable
between the UK and Senegal (Figure 5.13D). In both cohorts atypical MBCs contained the
highest frequency of T-bet* cells (UK median: 34% IQRs[11-55], Senegalese: 28% [17-43]). A
relatively high frequency of activated B cells also expressed T-bet (UK: 12% [6-17], Senegalese:
12% [8-18]). In contrast, the frequency of T-bet expression was low in both classical MBCs (UK:

1% [1-2], Senegalese: 2% [1-7]) and naive B cells (UK: 1% [1-3], Senegalese: 1% [1-3]).
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Figure 5.13. Differences in B cell phenotypes in Senegal

A) % of B cells (CD19") within lymphocytes at baseline. Mann-Whitney analyses between Senegal
and UK and between schizont IgG- and schizont 1gG+. B) Phenotypes within B cells at baseline.
Mann-Whitney analyses between Senegal and UK. C) % of atypical memory B cells in UK, Senegal
schizont IgG- and schizont IgG+ groups at baseline. Kruskal-Wallis analysis. D) % of each B cell
phenotype expressing T-bet in a sample of UK and Senegalese individuals at baseline. Volunteer
highlighted in red was Kenyan and borderline positive for anti-schizont IgG.
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Similarly, circulating T follicular helper cells (cTfh) phenotypes in the Senegalese and UK cohorts
were compared. Circulating Tfh were defined as PD1*CXCR5*CD45RA'CD4" T cells and subsets
within cTfh were defined using the chemokine receptors CXCR3 and CCR6: Tfh1l CXCR3*CCR6,
Tfh2 CXCR3°CCR6°, Tfh17 CXCR3'CCR6*, double positive (dp) CXCR3*CCR6*. The antibodies and
gating strategy used are the same as those used in Chapter 3.3.5 and are described in detail in
methods Chapter 2.4.9. There was no significant difference in the frequency of CD4* T cells
within lymphocytes between the UK and Senegalese cohorts, or between the schizont IgG- and
schizont 1gG+ individuals (Figure 5.14A). The frequency of cTfh (PD1*CXCR5*) within CD45RA
CD4* T cells was significantly higher in the Senegalese cohort compared with the UK cohort
(Figure 5.14B, P=0.036, UK median: 1.1% IQRs[0.2-1.8], Senegalese: 1.6% [0.8-3.6]). However,
there was no significant difference between the schizont IgG- and schizont IgG+ groups (P=0.67).
Frequencies of subsets within cTfh were comparable between the UK and Senegalese cohorts
(Figure 5.14C). There was also no difference in the total frequency of CXCR3* cTfh (Tfhl + dp)
between the UK and Senegalese cohorts (Figure 5.14D, P=0.36). However, schizont IgG+
individuals had significantly higher CXCR3* cTfh frequencies compared with schizont IgG-

individuals (P=0.046, schizont 1gG- median: 25% IQRs[17-33], schizont IgG+: 33% [27-44]).
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Figure 5.14. Differences in circulating Tfh phenotypes in Senegalese and UK cohorts

A) % of CD4* T cells within lymphocytes. B) % of circulating T follicular helper cells (cTfh,
%PD1*CXCR5* in CD45RACD4* T cells). C) Frequencies of phenotypes within cTfh. D) Frequency
of CXCR3* (dp + Tfh1) in cTfh. Mann-Whitney analyses between UK and Senegalese cohorts, and
schizont 1gG+ and schizont IgG- individuals. * P<0.05, ns: not significant, dp: double positive.
Volunteer highlighted in red was Kenyan and borderline positive for anti-schizont IgG.
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For those parameters that differed between the UK and Senegalese cohorts (atypical MBC, total
cTfh and CXCR3* cTfh), the relationship between the frequency of the cell subset and malaria
exposure measured by anti-schizont IgG was assessed. There were no significant associations
between anti-schizont IgG and the frequency of atypical MBC (Figure 5.15A, r:0.33 P=0.10), cTfh

(Figure 5.15B, r:0.17 P=0.40) or CXCR3* cTfh (Figure 5.15C, r:0.16 P=0.45).
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Figure 5.15. Associations between cTfh and B cell phenotypes and malaria
Relationship between baseline anti-schizont 1gG in Senegalese cohort and: A) % of atypical

memory B cells (CD21°CD27°) within B cells, B) % of cTfh within memory CD4* T cells and C) %
CXCR3* within cTfh. Spearman’s rank analyses. Dotted lines indicate seropositive cut-off for anti-
schizont ELISA (OD405=0.250). OD405: optical density at 405nm.

The relationship between these parameters and vaccine responses was also assessed. The
frequency of atypical MBCs significantly increased from baseline to M+7 in both cohorts (Figure
5.16A UK: P=0.025, Senegal: P=0.030). At M+7 atypical MBCs were 4% [3-6] of the total B cell
population in UK vaccinees and 16% [11-24] in Senegalese participants. Neither the frequency of
atypical MBC at baseline (Figure 5.16B) or at M+7 (data not shown) was associated with vaccine
responses (D28 Ebola GP IgG, D14 ELISpot response or D14 frequency of GP-specific IFNy*CD4* T
cells) in the Senegalese cohort. The frequency of cTfh at baseline had a weak positive association
with D14 ELISpot responses (Figure 5.16C, r:0.43, P=0.035), but was not associated with Ebola
GP 1gG or ICS responses. There was no association between the baseline frequency of CXCR3*

cTfh and vaccine responses in the Senegalese cohort (Figure 5.16D).
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Figure 5.16. Associations between B cell and cTfh phenotypes and reduced vaccine
responses

A) % of atypical memory B cells (CD21°CD27°) within B cells at day 0 (DO) and seven days after
MVA-EBO-Z (D14, M+7). Wilcoxon signed rank tests. Relationship between: B) frequency of
atypical memory B cells at DO, C) frequency of cTfh and D) frequency of CXCR3* cTfh and vaccine
responses: D28 Ebola GP IgG, D14 ELISpot response and frequency of GP-specific IFNy* CD4* T
cells at D14 in the Senegalese cohort. Spearman’s rank analyses. SFC/10% PBMC: spot-forming
cells per million peripheral blood mononucelocytes.
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An additional immunophenotypic difference between the cohorts detected during the Tfh
phenotyping, was a significant expansion of CD45RA" memory CD4* T cells in the Senegalese
cohort relative to the UK cohort (Figure 5.17A P<0.0001 UK median: 35% [28-46], Senegal: 53%
[44-62]). The frequency of CD45RA" CD4* T cells was comparable between the schizont IgG- and
schizont IgG+ groups (P=0.28). The frequency of CD45RA" CD4"* T cells was negatively associated
with Ebola GP IgG titres six months after MVA-EBO-Z in both the UK (Figure 5.17B, r:-0.57,
P=0.024) and Senegalese (r:-0.62, P=0.0008) cohorts. There was no association between the
frequency of CD45RA'CD4* T cells and Ebola-specific ELISpot responses in the UK (Figure 5.17C,
r:-0.13 P=0.63) but there was a negative association in the Senegalese cohort (r:-0.54, P=0.006).
In contrast, there was a weakly positive association with IFNy* GP-specific CD4* T cells in the UK
cohort (Figure 5.17D, r:0.60, P=0.034), but no association in the Senegalese cohort (r:-0.14,

P=0.57).
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Figure 5.17. Expansion of memory CD4"* T cells at baseline in Senegal

A) % CD45RA" cells within CD4* T cells. Mann-Whitney analyses between UK and Senegal and
between schizont 1gG- and schizont IgG+. Relationship between baseline %CD45RA" in CD4* T
cells and: B) D28 Ebola GP IgG responses, C) Ebola GP-specific T cell responses seven days after
boost and D) frequency of GP-specific IFNy* CD4* T cells at D14 in the UK and Senegalese
cohorts. Spearman’s rank analyses. SFC/10° PBMC: spot-forming cells per million peripheral
blood mononucleocytes. Volunteer highlighted in red was Kenyan and borderline positive for
anti-schizont IgG. Dotted line indicates Ebola GP ELISA seropositive cut-off (166 EUs).
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5.4. Discussion

Despite having lifelong malaria exposure, adults in Burkina Faso, Kenya and The Gambia had
detectable but low levels of antibody against vaccine candidate antigens CSP and TRAP. TRAP-
specific T cell responses, although above the LLOD, were low and were comparable to the
baseline responses in the UK. A relatively high level of natural immunity develops against blood-
stage antigens such as AMA-1 and MSP-1 and has been associated with protection from clinical
disease [496-498]. In contrast, antigens expressed on the sporozoite or infected hepatocytes
during the pre-erythrocytic stages are exposed to the immune system for a much shorter period
of time and natural immunity against these antigens is much lower [499]. Sporozoites only spend
a few hours in the skin and circulation before entry into the liver and once there, continue
development within hepatocytes, where they are no longer visible to many aspects of the
immune system [103]. Parasite antigens are expressed on the surface of infected hepatocytes
but it is estimated that only around one in 100 million hepatocytes is infected [500], therefore
even with a high number of circulating antigen-specific T cells, detection of all infected
hepatocytes may be unlikely. Additionally the liver-stage of infection only lasts around seven
days and therefore there is a limited window of development for liver-stage immunity. For these
reasons, it is expected that pre-existing immunity against pre-erythrocytic antigens is low even

in populations with lifelong malaria exposure.

However, even this low level of pre-existing immunity may impact the vaccine responses in
these populations compared with malaria-naive populations. One question was whether these
responses could be boosted by a single vaccination with ChAd63-ME-TRAP or R21. After a single
vaccination, responses were generally comparable to the post-prime responses in malaria-naive
cohorts and there was no significant boosting of the pre-existing liver-stage immunity in malaria-
exposed cohorts. Additionally, in several of these cohorts there was a failure to boost after

subsequent vaccinations (MVA-ME-TRAP or a 3™ dose of R21) leading to peak responses
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significantly lower than those induced in malaria-naive populations. This may suggest that
malaria exposure could suppress responses to malaria vaccines. Vaccine responses are rarely
directly compared between malaria-exposed and -naive populations but where they have been,

responses are often lower in the malaria-exposed cohort [257,501,502].

Concurrent or recent malaria exposure at the time of vaccination has been shown in several
studies to suppress vaccine responses [158-160]. Recent studies have demonstrated that blood-
stage malaria infection may directly suppress the development of immunity to malaria [161-163].
In these studies, the inflammatory environment (particularly IFNy and TNF) induced during
severe malaria infection directly impaired germinal centre responses, disrupted lymph node
architecture and inhibited or altered Tfh and MBC development. These changes caused by the
inflammatory response to blood-stage infection inhibited the development of both blood- and
liver-stage immunity. These studies demonstrate how the inflammatory microenvironment
caused by concurrent malaria infections might suppress immune responses not only to malaria
but also to heterologous antigens. However, the effect of prior malaria exposure, particularly
with lifelong repeated infections and period of asymptomatic parasitaemia is less clear and may
be underappreciated [491]. It is possible that repeated exposure to blood-stage malaria over
many years may have a more lasting impact on the inflammatory environment and
immunophenotypes that could alter immune responses to multiple antigens in malaria-exposed

populations.

In our studies, antibody responses to two different pre-erythrocytic malaria antigens (TRAP and
CSP) induced by two different vaccine platforms (VLP R21 and viral-vectored vaccines ChAd63-
and MVA-ME-TRAP) were reduced in malaria-exposed cohorts (from Burkina Faso, Kenya and
The Gambia) compared with malaria-naive cohorts (UK). There was no association between the
level of anti-schizont antibody in the Gambian or Burkinabe cohorts (anti-schizont I1gG was not

measured in the Kenyan cohorts) and vaccine responses. However, this may be because malaria
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exposure was uniformly high and anti-schizont IgG may not be an accurate measure of exposure
level in these cohorts. Although the presence of anti-schizont IgG may be a useful binary
measure of malaria exposure, the level of anti-schizont antibodies may not necessarily correlate
with malaria exposure. A recent study demonstrated that the half-life of antibodies differs for
different P. falciparum antigens, as does the pattern of acquisition [503]. It was suggested that
the use of a single antigen or a combination of antigens may allow better estimation of recent
compared with past exposure. The results of this study suggest that AMA-1 may be a good
candidate antigen for measuring antibody responses as a proxy for historic malaria exposure as
AMA-1-specific antibodies are acquired rapidly and decline slowly. In contrast, pre-erythrocytic
antigens such as CSP or TRAP might be give a better indication of more recent malaria exposure
as half-lives of these antibodies were observed to be very short, even in adults. Additionally, the
schizont lysate used in this assay is derived from a single P. falciparum strain (3D7) and therefore
differences in titres between different populations may be due to differences in the strains
circulating in each region. Multiple other studies have also investigated the use of different P.
falciparum antigens for determining transmission intensity [504-506] and the antigen or antigens
used for measuring malaria exposure is something which we will optimise for future clinical

studies.

In a Burkinabe paediatric cohort, antibody responses to ChAd63-MVA-ME-TRAP were
significantly higher than African or UK adults. This may be partly due to a higher vaccine dose
per kilogram (paediatric cohorts were given the same dose of ChAd63-ME-TRAP, 5x10%°vp, and a
half dose of MVA-ME-TRAP, 1x10% pfu). However, there was a significant negative association
between vaccine-induced antibody responses and development of anti-schizont antibody, while
no association with age was observed. This suggests that increasing malaria exposure may be

associated with reduced antibody responses to vaccination.
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Maternal antibody may play a role in the vaccine responses observed in the youngest infants (10
week olds, VAC42, The Gambia). Two infants in this group had high baseline levels of anti-
schizont IgG which was most likely of maternal origin given their age, the low malaria incidence
and the limited time for malaria exposure and development of antibody responses. Several
reports have indicated that maternal antibodies may interfere with vaccine responses in infants
[507-509]. However, the sample size of infants this age was too small to analyse this effect and
both of the infants with baseline anti-schizont IgG had vaccine-specific antibody responses
comparable to the rest of the group. It was previously shown that maternal antibodies against
malaria have generally waned by around 20 weeks of age [510] and therefore most of the anti-
schizont IgG in the infants aged 5-17 months is likely to be non-maternal and therefore indicate

the infant’s exposure to malaria.

Of note, antibody but not T cell responses were reduced in malaria-exposed cohorts and only
antibody responses were negatively associated with anti-schizont IgG levels in the Burkinabe
infant cohort. Most licensed vaccines work by inducing protective antibody responses [454].
However, in order to induce protective responses against pre-erythrocytic malaria, it may be
necessary to induce T cells targeting infected hepatocytes [444,500]. Viral vectored vaccines
ChAd63- and MVA-ME-TRAP are designed to induce CD8* T cell responses [511]. We have found
TRAP-specific CD8* T cells induced by these vaccines to be associated with protection against
liver-stage infection in a human challenge model [252]. However, there is evidence that
antibodies could also contribute [260] and the precise mechanism of protection provided by
these vaccines is far from clear. In malaria-exposed populations, antibodies against TRAP have
been associated with reduced parasitaemia [512], protection from cerebral malaria [513] and
protection from infection [514]. For these reasons it was important to assess both the antibody
and T cell responses induced by these vaccinations. Additionally, even if antibodies do not play a
role in any protective immunity induced by these vaccines in particular, it is an important finding
that antibody responses induced by some vaccines may be reduced in malaria-exposed
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populations. The fact that CSP antibody responses induced by the VLP vaccine R21 (which is
designed to induce antibody responses against CSP, [242]) were also reduced provides further
evidence that there may be a more generalised suppression of antibody responses in malaria-
exposed populations. This may be particularly important as both viral vectored and VLP-based

vaccines have broad potential for use as vaccine platforms against multiple pathogens.

In addition to reduced responses to malaria vaccine candidates in malaria-exposed populations,
we also observed reduced antibody responses to heterologous antigens in malaria-exposed
populations. The Ebola vaccine cohorts in the UK and Senegal provided a clearer way of
assessing the impact of malaria exposure on vaccine responses as individuals were Ebola-naive
and did not have pre-existing antibody or T cell responses against the vaccine antigen, therefore
the impact of pre-existing immunity to the vaccine antigen was not a confounding factor.
Malaria transmission in Dakar is relatively low [515]. For this reason, it was expected that malaria

immunity in this cohort would be low.

Half of the participants in the Senegalese cohort did not have evidence of significant malaria
exposure as measured by anti-schizont IgG. However, it was clear that these individuals were
not completely naive and some antibody was detected against single blood-stage antigens,
AMA-1 and MSP-1. As malaria exposure was not uniformly high within this cohort, this provided
an opportunity to assess the impact of exposure on immune responses to vaccination. As in the
previously investigated cohorts, there was a significant reduction in antibody, but not T cell
responses in the African cohort compared with the UK. However, Senegalese individuals that
were schizont IgG- had responses comparable to the UK, whilst schizont IgG+ Senegalese
vaccinees had significantly lower responses, supporting the hypothesis that malaria exposure
was associated with the observed reduction in vaccine responses. This was strengthened by the

negative association between all measures of malaria exposure/ immunity that were used (anti-
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schizont 1gG, anti-AMA-1 IgG and anti-MSP IgG) and vaccine-induced antibody responses in this

cohort.

In each of the vaccine regimens investigated, there was a reduction in antibody but not T cell
(measured by IFNy ELISpot) responses in malaria-exposed cohort compared with the matched
malaria-naive cohort. In the Ebola vaccine trials in the UK and Senegal, vaccine responses were
also measured by ICS. This revealed that there was a significant reduction in the IFNy responses
by CD4* but not CD8* T cells in anti-schizont IgG+ individuals. It is not entirely clear why malaria-
mediated immune suppression would solely affect the CD4* T cell and antibody responses and
not the CD8* T cell responses. However, previous studies have shown that malaria infection has
an impact on Tfh [197] and MBC phenotypes [83,86] as well as germinal centre architecture
[162,163], all of which might impact CD4* T cell and antibody responses more than CD8* T cell
responses. Additionally there is growing evidence that P. falciparum may evade the immune
system through dysregulation of B cell responses [516-518]. For this reason, | also examined the
baseline B cell and cTfh phenotypes in the UK and Senegal and investigated associations with

malaria exposure and vaccine responses.

An expansion of “atypical” memory B cells (CD21'CD27") associated with malaria exposure has
been suggested to contribute to the slow acquisition of humoral immunity to malaria [83,85,171].
These cells resemble exhausted B cells induced in chronic infections such as HIV and Hepatitis C
[81,82] and are largely absent in the blood of healthy individuals. The role of these cells in
malaria immunity is unclear as one study demonstrated that VH and VL genes cloned from
atypical MBCs from malaria-exposed adults encoded broadly neutralizing antibodies against P.
falciparum antigens [193]. However, atypical MBCs have also been shown to have markedly
reduced signalling through the BCR and a reduced ability to differentiate into ASCs [86].
Additionally, these cells express high levels of the transcription factor T-bet, which was

negatively associated with BCR signalling [196].
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In the Senegalese cohort there was also an expansion of atypical MBC (13%) compared with
individuals from the UK (4%), which is comparable to previous reports (12% in Malian children
compared with 2.5% in US adults [196]). However, this expansion was present even in anti-
schizont IgG- individuals and was not associated with any measure of malaria exposure (anti-
schizont IgG, AMA-1 1gG, MSP-1 IgG) or reduced vaccine responses. Additionally atypical MBC
were >10% of the B cell population in two malaria-naive UK adults and a Kenyan adult was
borderline positive for anti-schizont IgG. Interestingly, atypical MBC also increased after
vaccination in both cohorts. It has been demonstrated that exposure to malaria-induced Thl
cytokines might drive the expansion of T-bet" atypical MBC [196]. If this is the case, exposure to
other strongly Thil-skewed cytokine responses (including those induced by viral-vectored

vaccines [406]) might cause an expansion in this B cell phenotype.

Similarly within cTfh, Thl-like (CXCR3*) cells were preferentially activated during acute malaria
episodes in Malian children [197]. This cTfh subset were inferior to CXCR3" cTfh for providing
help to MBC in vitro and it was suggested that this Thl-skewed cTfh expansion may also
contribute to the slow and inefficient acquisition of humoral immunity to malaria. Similarly, it
has been shown in mice that malaria-induced Th1 cytokine responses drives Thl-skewed Tfh
expansions with increased expression of CXCR3 and T-bet [162]. These cells were negatively
associated with the development of humoral immunity to malaria. However the long-term
impact of repeated or chronic infections on cTfh phenotypes in these populations has not been
assessed. In the Senegalese cohort | observed an expansion of total cTfh compared with the UK
cohort. Within cTfh, the frequency of CXCR3" cells was significantly increased in anti-schizont
IgG+ individuals, suggesting that malaria exposure could also be associated with expansion of
Thl-like CXCR3* cTfh in adults. However, it is unclear if this is a long-term impact of malaria
exposure or the result of more recent infection in the schizont IgG+ compared with schizont IgG-

individuals. Larger studies are required to answer this question.
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There was no association between the frequency of CXCR3* cTfh and vaccine responses in this
cohort. The lack of association here may be to do with the timing of vaccination. CXCR3* cTfh
responses have been both negatively and positively associated with antibody responses to
infection or vaccination [65,68,441,446] and associations may be dependent on the context of the
immune response. The results in Chapter 3.3.5 demonstrated a negative association between
CXCR3* cTfh and antibody responses to RTS,S in a co-administration vaccine when viral vectored
vaccines were given two weeks after RTS,S (Chapter 3.3.5, [406]). However, there was no
association between CXCR3* cTfh and antibody responses in the groups given RTS,S alone. A
possible explanation for this association is that MVA-ME-TRAP vaccination given during the
ongoing antibody response to the RTS,S vaccination given two weeks earlier caused a Thl-
skewed Tfh response and drew these Tfh out of the lymph node, preventing continued B cell
help and further expansion of the CSP-specific humoral response. However, in Senegal, the
CXCR3-skewed phenotype existed prior to vaccination and were not associated with the
observed reduction in antibody responses in this cohort. Tfh responses post-vaccination may not
have been phenotypically different in this cohort compared with the UK (this was not assesse)
and what occurs in the periphery may also not be representative of the Tfh response in the DLN

after vaccination.

Finally, a dramatic expansion of CD45RA" memory CD4* T cells was observed in the Senegalese
cohort (53% of CD4* T cells) compared with the UK cohort (35% of CD4" T cells) at baseline. This
expansion was not associated with malaria exposure. Equally, some individuals in the UK cohort
also had frequencies of CD45RA™ CD4* T cells greater than 40% of their CD4* T cells and these
were negatively associated with vaccine responses in both cohorts, particularly with the

durability of antibody responses.
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5.5. Conclusions

This work clearly demonstrates reduced vaccine responses (and reduced humoral responses in
particular) in malaria-exposed cohorts compared with malaria-naive cohorts. This is the case not
just for malaria antigens but also for heterologous antigens and the effect may be particularly
clear in cohorts from low transmission areas or cohorts in which people have different levels of
exposure. There is a reasonable amount of evidence that vaccination in the context of an
inflammatory microenvironment caused by recent or concurrent malaria infections is likely to
results in reduced humoral responses. However, repeated exposure over a lifetime may have a
lasting impact on immune phenotype and an associated reduction in vaccine responses. Other
infections that induce strong Th1 cytokine responses may also have a similar impact. It is clear
that the “immune history” of a population targeted for vaccination needs to be taken into

consideration during rational design in order to achieve optimal immunogenicity and efficacy.
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Activation-induced markers (AIM) assay

6.1. Introduction

Almost all currently licensed vaccines mediate protection by inducing antibody responses [519].
Immunogenicity of these vaccines is most often measured by ELISAs that measure total antigen-
specific antibody titres or assays that measure antibody function. These well-established
vaccination programs often have gold-standard assays with a threshold value known to provide
clinical protection [454]. Many vaccines currently being developed target pathogens for which
neutralising antibodies are difficult to produce (e.g. HIV) [520,521], that have multiple serotypes
(staphylococci and streptococci) [522] or are intracellular (TB, liver-stage malaria) [215,523].
Additionally, many new vaccines are being developed to target non-communicable diseases
such as autoimmunity and cancer [524,525]. It may be necessary for vaccines against many of
these targets to induce potent T cell responses, instead of, or in addition to humoral responses,
in order to elicit protection [511]. This new generation of vaccines requires a set of assays that

effectively capture antigen-specific T cell responses.

A number of assays are conventionally used to measure the quantity and quality of antigen-
specific T cells in humans [526]. The assays most frequently used for this purpose in clinical
vaccine trials are the ELISpot and ICS assays [527-529]. The ELISpot assay involves stimulating
PBMC with antigen in 96-well plates with membranes coated in anti-cytokine capture antibody.
Cytokine produced by antigen-specific T cells binds the capture antibody and is detected using
an enzyme-conjugated secondary antibody and a chromogenic development substrate. This

method is highly sensitive (cells producing fewer than 100 cytokine molecules can be detected
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[530]) and the LLOD can be under 10 cytokine-producing cells per million [531].ELISpots are
currently one of the most frequently used and highly validated assays for detection of antigen-
specific T cell responses in clinical trials [531-533]. The major disadvantages of using this assay to
investigate vaccine responses are a limit in the number of parameters than can be investigated,
lack of phenotypic information and preferential detection of effector cells. This likely results in
an underestimation of the total antigen-specific T cell response. An alternative type of assay that
is frequently used to provide further information on the quantity and quality of vaccine-induced
T cells is ICS. Antigen-stimulated PBMC are stained with fluorescently labelled anti-cytokine
antibodies and analysed by flow cytometry. This allows detailed phenotypic and functional

analysis of antigen-specific T cell populations.

However, ICS assays are also limited in the number of parameters that can be assessed and
these must be pre-determined, therefore these assays can be biased towards detection of a
particular type of T cells. Standard panels in clinical trials often use IFNy, IL-2 and TNFa and
therefore detect Thl-biased responses [534-536]. T cell responses to vaccination and infection
can be highly heterogeneous and therefore detection based on expression of one or more
cytokines may significantly underestimate the frequency of antigen-specific cells [537,538].
Multiple groups have overcome these limitations by developing T cell assays that define antigen-
specificity on the basis of upregulation of TCR-stimulated surface markers — termed activation-
induced markers (AIM). These include an assay based on detection of OX40 and CD25 co-
expression on CD4* T cells in whole blood [539] or PBMC [403,404], and assays detecting CD40L
[442,540], or co-expression of CD40L and CD69 [541]. Similarly, activation-induced markers such
as CD107a and CD137 (4-1BB) have been used to identify antigen-specific CD8* T cells [542,543].
Additional markers of activation such as OX40 and CD25 are expressed on activated CD8* T cells
and could be used in a similar way [544]. The advantages of these assays over conventional
methods are that they do not rely on prior knowledge of the epitope or HLA type and they are
not limited by pre-determination of the cytokine/s to be analysed.
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AIM assays can provide a broader picture of the overall antigen-specific T cell response.
Increasing knowledge about the total quantity and quality of these responses could significantly
aid clinical development, regulatory approval and licensure applications for vaccine candidates
[511]. AIM assays have been used to detect vaccine-specific T cell responses in humans [403,545]
and we routinely use CD107a as a marker of antigen-specific degranulation in our clinical trials
[248,401,546). However, AIM assays have not been fully evaluated and compared with cytokine-

based methods for their use within the clinical trial setting.

In this study, | investigated the use of AIM assays to detect antigen-specific CD4* and CD8* T cell
responses to vaccination. | then compared the sensitivity and specificity to assays we currently
use to investigate vaccine immunogenicity — an IFNy ELISpot and ICS assay measuring
frequencies of CD4* and CD8" T cells producing IFNy, IL-2, TNFa or expressing CD107a. A detailed

method for the AIM assay can be found in Chapter 2.4.10.

6.2. Study-specific methods

6.2.1. Samples and study details

PBMC and plasma from a Phase | clinical trial of Ebola vaccine candidates ChAd3-EBO-Z and
MVA-EBO-Z (EBL0O4) were used in this study. Further details of the trial and ethics statements
can be found in Table 2.2 (Chapter 2.2.1) and Table 2.3 (Chapter 2.2.3). Further details of the

vaccines used are provided in 2.1.3.5 and 2.1.3.6.

6.3. Results

6.3.1. Detection of vaccine-specific T cells using AIMs

Vaccine-specific T cell responses were measured using AIMs 0X40, CD25 and PDL1 in CD4* T
cells and OX40, CD25 and CD107a in CD8* T cells. PBMC from the peak post-boost time point
(one week after MVA-EBO-Z, M+7) were stimulated overnight (20h) with a pool of overlapping

peptides spanning the length of Ebola Glycoprotein (GP). The expression of combinations of
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activation-induced markers on CD4* and CD8" T cells was assessed by flow cytometry using the
gating strategy defined in Figure A7. Very little CD107a expression was detected in CD4* T cells
and PDL1 expression on CD8* T cells was also low, therefore these markers were not included in
the analysis of antigen-specific CD4* and CD8"* T cell responses, respectively. Vaccine-specific T
cell responses could clearly be detected in the CD4* T cell subset as OX40*CD25* or OX40*PDL1*
and in the CD8* T cell subset as 0X40*CD25* or CD25*CD107a*. For each sample, an unstimulated
control was run to determine background AIM expression and an SEB-stimulated positive
control was included. Representative FACS plots of AIM* populations in each condition are
shown in Figure 6.1A. Frequencies of AIM expression in GP-stimulated PBMC were significantly
higher than the corresponding background for all four of the AIM populations measured (Figure

6.1B, 6.1C, P<0.0001 for all populations).

Within the CD4* T cell subset, background levels of AIM expression in unstimulated cells were
generally low and were comparable between the OX40*CD25* and OX40*PDL1* populations
(Figure 6.1B, median OX40*CD25*: 0.110% IQR[0.069 — 0.172] and OX40*PDL1*": 0.102% [0.044 —
0.131], P=0.47). The background was also low in the CD8* subset and comparable between the
two AIM populations (Figure 6.1C, OX40*CD25*: 0.021% [0.010 — 0.033] and CD25*CD107a":
0.020% [0.012 — 0.036], P=0.93). Frequencies of GP-specific CD4* T cells measured using
OX40*CD25" or OX40*PDL1* were comparable (Figure 6.1B, OX40"CD25*: 0.870% [0.493 — 1.088]
and OX40*PDL1*: 0.736% [0.389 — 1.088], P=0.77). Similar frequencies of GP-specific CD8* T cells
were detected and were also comparable for the two different AIM populations in this subset
(Figure 6.1C, OX40*CD25*: 0.633% [0.319 — 0.837] and CD25'CD107a*: 0.882% [0.406 — 1.258],
P=0.22). Due to the lower background in the CD8" subset, the fold-change in the frequency of
AIM* cells (GP-stimulated / unstimulated) was higher for the CD8* subset than the CD4* subset
(Figure 6.1D, OX40*CD25* CD4": 9 [4 — 14], OX40*PDL1* CD4*: 9 [4 — 26], OX40*CD25* CD8*: 31
[12 — 73], CD25*CD107a* CD8*: 47 [17 — 68]). However, there was no difference between the
marker combinations in either of the subsets (CD4*: P=0.66, CD8* P=0.62).
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Figure 6.1. Detection of vaccine-specific T cells using an AIM assay

A) Representative flow cytometry plots detailing AIM* populations in unstimulated, GP-
stimulated and SEB-stimulated CD4* and CD8" T cells. B) AIM* responses in CD4* T cells. C) AIM*
responses in CD8* T cells. Mann-Whitney analyses between stimulation conditions within each
population and between the same stimulation conditions in different populations. Medians and
IQR shown. D) Fold change in frequency of AIM* cells (GP-stimulated/ unstimulated conditions).
Individuals below the dashed line did not have responses greater than the background. ****
P<0.0001, ns: not significant (P>0.05).
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6.3.2. Comparison of different activation-induced markers

The frequency of GP-specific T cell responses was compared between the different AIM* subsets
after subtracting the corresponding background for each sample (AIM* frequency in the
unstimulated condition, Figure 6.2). Frequencies of OX40*CD25" and OX40*PDL1* in CD4* T cells
were comparable (Figure 6.2A, 0.753% [0.445 — 0.924] and 0.700% [0.259 — 0.961], respectively,
P=0.88). All but one individual (15/16) had responses above the LLOD (0.003%) in both AIM
populations. The frequencies of AIM* cells detected by either of the marker combinations in the
CD8* subset were also comparable (Figure 6.2B, OX40*CD25*: 0.601% [0.304 — 0.826] and
CD25*CD107a*: 0.861% [0.359 — 1.219], P=0.20). Almost all vaccinees had detectable levels of
AIM* CD8* T cells measured by both marker combinations. One individual did not have a
CD25*CD107a* response above the LLOD (0.005%), although they did have a detectable
0OX40*CD25*CD8* population. Frequencies of GP-specific T cells measured by each of the
combinations of AIM markers was highly correlated in both CD4* (Figure 6.2C, Spearman r:0.83,

P=0.0001) and CD8* T cells (Figure 6.2D, Spearman r:0.91, P<0.0001).

Boolean gates were used to determine the frequency of CD4* and CD8* T cells expressing each
combination of the three activation-induced markers used in each T cell subset (Figure 6.3). In
CD4* T cells, 38.8% of the AIM* (expressing two or more activation-induced markers) cells were
triple positive, indicating an overlap between the OX40*CD25* and OX40*PDL1* populations.
However, distinct populations of CD25*0X40*PDL1" , CD25'0OX40PDL1* and CD25'0X40*PDL1*
were observed. In CD8" T cells, there was less of an overlap between the AIM populations
analysed (OX40*CD25* and OX40*CD107a*), with only 17% of the AIM* cells expressing all three
markers. Distinct populations of CD25'CD107a*0X407, CD25*CD107a"0X40* and CD25
CD107a*0OX40* were observed. It should be noted that this analysis was conducted for GP-

stimulated cells without background subtraction. Background levels of CD107a expression were
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relatively high (4.1%) compared with other markers (CD25: 0.27%, OX40: 0.20% of CD8* T cells)

and therefore background subtraction is likely to effect different results for subsets differently.
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Figure 6.2. Comparison of activation-induced markers for detection of Ebola GP-
specific T cells

Proportion of AIM* cells in GP-stimulated: A) CD4* T cells and B) CD8" T cells subsets after
removal of background (frequency in unstimulated condition). Dotted lines indicate AIM assay
lower limit of detection (LLOD). Mann-Whitney analyses used for comparisons between
markers. C) Relationship between the frequency of GP-specific CD4* T cells measured by
0X40*CD25* and OX40*PDL1". D) Relationship between the frequency of GP-specific CD8" T cells
measured by OX40*CD25" and CD25*CD107a".
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Figure 6.3. Overlap in expression of activation-induced markers

A) Frequency of GP-stimulated CD4" T cells expressing combinations of CD25, OX40 and PDL1. B)
Frequency of GP-stimulated CD8"* T cells expressing combinations of CD25, OX40 and CD107a.
Dotted lines indicate AIM assay lower limit of detection (LLOD). Samples below the LLOD were
removed for this analysis. C) Proportions of subsets within AIM* CD4* T cells (expressing at least
two AIM markers). D) Proportions of subsets within AIM* CD8* T cells (expressing at least two
AIM markers).
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6.3.3. Relationship between AIM and other measures of antigen-specific

T cells

The relationships between the frequency of GP-specific T cells detected by the AIM assay and
other methods used in the clinical vaccine trial were then assessed. At the peak time point
(seven days after MVA boost, M+7) GP-specific T cell responses were measured using IFNy
ELISpot. Responses were further dissected using ICS to analyse the frequency of CD4* and CD8* T
cells producing IFNy, IL-2, TNFa, or expressing CD107a. Frequencies of AIM* CD8" T cells
measured using either combination of markers were correlated with all other methods used to
detect GP-specific CD8* T cell responses at this time point (Figure 6.4). In contrast, the frequency
of GP-specific OX40*CD25* CD4"* T cells did not correlate with any of the other measures of GP-
specific CD4* responses and there were only weak associations between GP-specific OX40*PDL1*
and IFNy* (Spearman r:0.57, P=0.047) or TNFa' (Spearman r:0.59, P=0.039) CD4" T cells

measured by ICS (Figure 6.5).
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Figure 6.4. Relationships between activation-induced markers on CD8" T cells and
other measures of vaccine-specific CD8* T cells

Relationship between AIM on CD8* T cells and: A) IFNy ELISpot, B) frequency of IFNy* CD8* T
cells measured by ICS, C) frequency of IL-2* CD8* T cells measured by ICS, D) frequency of TNFa*
CD8* T cells measured by ICS, E) frequency of CD107a* CD8* T cells measured by ICS. SFC/10°
PBMC: spot-forming cells per million peripheral blood mononucleocytes. Spearman’s rank
analyses. Dashed lines indicate ELISpot and ICS lower limit of detection (LLOD). Dotted lines
indicate AIM assay LLOD.
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Figure 6.5. Relationships between activation-induced markers on CD4* T cells and
other measures of vaccine-specific CD4* T cells

Relationship between AIM on CD4* T cells and: A) IFNy ELISpot, B) frequency of IFNy* CD4* T
cells measured by ICS, C) frequency of IL-2* CD4* T cells measured by ICS, D) frequency of TNFa*
CD4* T cells measured by ICS. SFC/10® PBMC: spot-forming cells per million peripheral blood
mononucleocytes. Spearman’s rank analyses. Dashed lines indicate ELISpot and ICS lower limit
of detection values (LLOD). Dotted lines indicate AIM assay LLOD.
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The specificity of the AIM assay for detecting GP-specific T cells was compared with the ICS assay
(Figure 6.6A, 6.5B). The frequency of AIM expression in unstimulated CD4* T cells was not
significantly different to the frequency of cytokine production by unstimulated cells in the ICS
assay (Figure 6.6A, OX40"CD25": 0.110 [0.069 — 0.172], OX40*PDL1*: 0.102 [0.044 — 0.131], ICS
“any of three”: 0.064 [0.045 — 0.096], Kruskal-Wallis P=0.092). The frequency of AIM expression
in unstimulated CD8* T cells was lower than the frequency of cytokine production in
unstimulated CD8" T cells in the ICS assay (Figure 6.6B, OX40*CD25*: 0.021 [0.010 — 0.033],
CD25*CD107a*: 0.020 [0.012 — 0.036], ICS “any of three”: 0.033 [0.020 — 0.048], ICS “any of

four”: 0.067 [0.053 — 0.15], Kruskal-Wallis P=0.0001).

The sensitivity of the AIM assay for detecting GP-specific T cells was compared with the ICS
assay (Figure 6.6C, 6.6D). Within CD4* T cells, this was defined as the frequency producing any of
the three cytokines tested: IFNy, IL-2 or TNFa, “any of three”. Within CD8" T cells, this was
defined as either “any of three” or as the frequency producing any of the three cytokines or
expressing CD107a, “any of four”. For each of these assays GP-specific T cell frequency was
calculated by subtracting the frequency in the unstimulated condition from that in the GP-
stimulated condition. Within the CD4* subset, the LLOD for the AIM assay was lower (0.003%)
than for the ICS assay (0.005%) and the frequency of GP-specific CD4* T cells detected was
higher (OX40*CD25": 0.753% [0.445 — 0.924], OX40*PDL1*: 0.700% [0.259 — 0.961]) than
detected by ICS “any of three” (0.265% [0.069 — 0.527]). There were three individuals whose
responses were below the LLOD in the ICS assay, whilst there was only one individual whose
response was below the LLOD in the AIM assay. In the CD8" subset, the LLOD was the same for
both assays (0.005%). Again, the frequency of GP-specific T cells detected by the AIM assay was
higher than by the ICS assay (OX40*CD25*: 0.601% [0.304 — 0.826], CD25'CD107a*: 0.861%
[0.359 — 1.219], ICS “any of three”: 0.298% [0.210 — 0.456], ICS “any of four”: 0.492% [0.341 —

0.676]). The AIM assay using CD25 and CD107a markers detected a significantly higher
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frequency of GP-specific CD8* T cells than the ICS “any of three”, but there were no other

significant differences across the four measures (Kruskal-Wallis P=0.027).

AIM* populations within CD4* and CD8* T cells were combined (frequency AIM*CD4* + AIM* CD8*
in CD3*) to compare the specificity and sensitivity of AIM and ELISpot assays for detecting the
frequency of antigen-specific total T cells (Figure 6.7). The frequency of AIM*CD3* cells was
calculated using each of the combinations of CD4 and CD8 AIM markers and an average taken
across the combinations of markers. The frequency of AIM*CD3* within PBMC was also
calculated for a more direct comparison with the ELISpot assay, for which the input is PBMC and
therefore the result is the frequency of IFNy* PBMC. The LLOD for AIM* cells within total T cells
was 0.001%. There were no significant differences in the level of background AIM* T cells
between the different marker combinations (Figure 6.7A, 0X40*CD25*CD4* and
0X40*CD25*CD8": 0.073 [0.047-0.116], OX40"CD25*CD4" and CD25*CD107a*CD8*: 0.072 [0.046—
0.122], OX40*PDL1*CD4* and 0OX40*CD25°CD8*: 0.061 [0.030-0.091], OX40*PDL1'CD4* and
CD25*CD107a*CD8*: 0.063 [0.034—0.095], Kruskal-Wallis P=0.68). The average AIM* frequency
from these populations was compared with the background in the ELISpot (Figure 6.7B). The
ELISpot results were converted from SFC/10° PBMC to percentages for these analyses. The
background level of AIM* T cells was significantly higher than the background in the ELISpot
assay, in which no individuals had responses above the LLOD of 50 SFC/10® PBMC or 0.005%
(%AIM* in T cells: 0.067 [0.040-0.104], %AIM* T cells in PBMC: 0.026 [0.016-0.039], ELISpot:
0.005, Kruskal-Wallis P<0.0001). The frequency of antigen-specific total T cells (frequency in GP-
stimulated after background subtraction) was compared for each of these marker combinations
and there were no significant differences (Figure 6.7C OX40*CD25*CD4* and OX40*CD25*CD8":
0.593 [0.399-0.804], 0X40'CD25'CD4* and CD25'CD107a*CD8*: 0.641 [0.477-0.866],
OX40'PDL1'CD4* and 0OX40*'CD25'CD8*: 0.590 [0.343-0.803], OX40*PDL1*'CD4* and
CD25*CD107a*CD8*: 0.661 [0.434— 0.850], Kruskal-Wallis P=0.90). The frequency of antigen-
specific cells within total T cells detected by the AIM assay was significantly greater than the
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antigen-specific response detected by the ELISpot. However, the frequency of antigen-specific
PBMC detected by each assay was not significantly different (Figure 6.7D, %AIM* in T cells: 0.633
[0.443-0.820], %AIM™* T cells in PBMC: 0.227 [0.111-0.364], %IFNy* PBMC measured by ELISpot:
0.159 [0.120-0.275], P=0.0009). Comparisons of the AIM and cytokine-based assays are

summarised in Table 6.3.
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Figure 6.6. Specificity and sensitivity of AIM assay compared with trials ICS protocol

A) Frequency of AIM* cells or cells producing at least one of the three cytokines measured (IL-2,
TNFa or IFNy) by ICS in unstimulated CD4* T cells. Kruskal-Wallis P=0.092. B) Frequency of AIM*
cells, cells producing at least one of the three cytokines measured (IL-2, TNFa or IFNy), or
producing/expressing any of four (IL-2, TNFa, IFNy or CD107a) in unstimulated CD8* T cells.
Kruskal-Wallis P=0.0001. C) Frequency of GP-specific AIM* cells in the CD4* T cell subset or
producing at least one of the three cytokines measured (IL-2, TNFa or IFNy). Kruskal-Wallis
P=0.058. D) Frequency of AIM* cells in the CD8* T cell subset, producing at least one of the three
cytokines measured (IL-2, TNFa or IFNy), or producing/expressing any of four (IL-2, TNFa, IFNy or
CD107a). Kruskal-Wallis P=0.027. Dotted lines show LLOD for CD4 AIM assay Dashed lines show
LLOD for ICS assays (0.005 for both CD4* and CD8* T cells), * P<0.05, *** P<0.001. Dotted lines
show LLOD for CD4 or CD8 AIM assay as labelled.
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AIM1 = OX40*CD25*CD4* + OX40*CD25*CD8"*
AIM2 = OX40*CD25"CD4* + CD25"CD107a*CD8"
AIM3 = OX40*PDL1*CD4* + OX40*CD25"CD8*
AlM4 = OX40*PDL1*CD4" + CD25*CD107a*CD8"

Figure 6.7. Specificity and sensitivity of AIM assay compared with ELISpot

Specificity and sensitivity of AIM assay compared with ELISpot using cells at M+7: A) Frequency
of AIM* cells within total T cells using each combination of AIM markers in CD4* and CD8* T cells
(Kruskal-Wallis P=0.68). B) Average of the four AIM combinations as a frequency of CD3* T cells
and as a frequency of PBMC compared with background in the ELISpot assay (%IFNy* PBMC)
(Mann-Whitney P<0.0001). C) Frequency of antigen-specific T cells (AIM* in GP-stimulated cells
after background subtraction) detected using each of the marker combinations (Kruskal-Wallis
P=0.90). D) Average of these combinations as a frequency of CD3* T cells and as a frequency of
PBMC compared with the ELISpot (%IFNy* PBMC) results (Kruskal-Wallis P=0.0018). Dashed lines
show LLOD for ELISpot (0.005), dotted lines show LLOD for AIM in total T cells (0.001). ns: no
significance, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Table 6.3. Comparison of sensitivity and specificity of AIM and cytokine-based assays
Medians (inter-quartile ranges), NA- not applicable — assay not conducted at this time point

Lower limit of
detection (%

Frequency in
unstimulated (% of

Antigen-specific signal
at M+7 (GP-unstim, % of

Antigen-specific
signal at M+84 (GP-

Assay/ markers of subset) subset) subset) unstim, % of subset)
ELISpot 0.005 0.005 0.159 (0.120-0.275) 0.015 (0.010-0.032)
ICS: CD4* "any of
three" 0.005 0.064 (0.045-0.096) 0.265 (0.069-0.527) NA
ICS: CD8* "any of
three" 0.005 0.033 (0.020-0.048) 0.298 (0.210-0.456) NA
ICS: CD8* "any of four" 0.005 0.067 (0.053-0.150) 0.492 (0.341-0.676) NA
AIM: CD4*
0X40*CD25* 0.003 0.110 (0.069-0.172) 0.753 (0.445-0.924) 0.153 (0.064-0.231)
AIM: CD4* OX40*PDL1* 0.003 0.102 (0.044-0.131) 0.700 (0.259-0.961) 0.230 (0.020-0.443)
AIM: CD8*
0X40*CD25* 0.005 0.021 (0.010-0.033) 0.601 (0.304-0.826) 0.056 (0.026-0.101)
AIM: CD8*

CD25*CD107a* 0.005 0.020 (0.012-0.036) 0.861 (0.359-1.219) 0.048 (0.024-0.112)
AIM: CD3* (average of
marker combinations) 0.001 0.067 (0.040-0.104) 0.633 (0.443-0.820) 0.150 (0.039-0.236)
AIM*CD3* (average of
marker combinations)
in PBMC 0.001 0.026 (0.016-0.039) 0.227 (0.111-0.364) 0.058 (0.012-0.095)

6.3.4. The AIM assay effectively measures durable vaccine responses

The durability of vaccine responses in this clinical trial were measured by IFNy ELISpot three

months after MVA-EBO-Z vaccination (M+84). The frequency of GP-specific T cell responses

detected by the ELISpot and AIM assays at this time point was compared. GP-specific T cell

responses measured by all methods were significantly reduced from peak to three months post-

boost (Figure 6.8A, 6.8B). However, almost all individuals still had detectable AIM responses.

GP-specific CD8" responses were detectable for 14/16 individuals, whilst GP-specific CD4*

responses were detectable for 13/16 individuals by OX40 and PDL1 markers or 14/16 by OX40
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and CD25 markers. At M+84 there was a higher frequency of GP-specific CD4* T cells than CD8" T
cells measured by the AIM assay (Figure 6.8A, OX40*CD25*CD4*: 0.153% [0.064-0.231],
OX40*PDL1*CD4": 0.230% [0.020-0.443], 0OX40'CD25*CD8": 0.056% [0.026-0.101],
CD25*CD107a*CD8": 0.048% [0.024—0.112]). IFNy ELISpot results at this time point, which
include both CD4* and CD8* responses, were 10-fold lower than peak (Figure 6.8B, 0.0155%
[0.010-0.032] compared with peak responses of 0.159% [0.120-0.275]). Additionally, 2/16
volunteers did not have detectable ELISpot responses at this time point. In comparison AIM*
cells as a frequency of total T cells were only four-fold lower than peak (M+84: 0.150% [0.039-
0.236], M+7: 0.633% [0.443-0.820]) and AIM* T cells as a frequency of PBMC were also four-fold
lower than peak (M+84: 0.058% [0.012-0.095], M+7: 0.227% [0.111-0.364]). There was no
correlation between the AIM assay and ELISpot at this late time point (Figures 6.7C, 6.7D, 6.7E.

frequency of AIM* cells in CD4*, CD8* or CD3*, or frequency of AIM*CD3" cells in PBMC).
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Figure 6.8. Detection of AIM* T cells at late time points

A) Frequency of AIM* cells within the CD4* and CD8* T cell subsets three months after MVA-EBO-
Z vaccination (M+84) compared with peak responses seven days after vaccination (M+7). B) GP-
specific T cells measured by ELISpot (%IFNy* PBMC) or AIM* cells in total T cells or PBMC at M+7
and M+84. Wilcoxon matched-pairs analyses for comparisons across time points. Relationship
between the proportion of GP-specific T cells at M+84 measured by IFNy ELISpot and: C)
frequency of AIM* CD4"* T cells at M+84, D) frequency of AIM* CD8* T cells at M+84, E) frequency
of AIM* cells within T cells or AIM* T cells within PBMC at M+84. Spearman rank analyses.
Dashed lines indicate ELISpot and ICS lower limit of detection (LLOD). Dotted lines indicate AIM
assay LLOD. ** P<0.01, *** P<0.001, **** P<0.0001.
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6.4. Discussion

Antigen-specific T cell responses in clinical trials have classically been determined using
cytokine-based approached such as ELISpot and ICS assays [527-529]. These assays allow for
sensitive and specific detection of antigen-responsive T cells. However, these methods require
pre-determination of the cytokines to be analysed. This can cause a bias in the type of T cells
detected, and could also lead to an underestimation of the size of the antigen-specific response.
For example, memory cells that are produced in response to both infection and vaccination
consist of multiple populations with different gene expression profiles and functional capacity
[547,548]. Crucially, these cells differ in their ability to secrete cytokines [549]. In particular, in
several studies it has been observed that the majority of antigen-specific central memory CD4* T
cells were not secreting TNFa or IFNy and therefore weren’t detected by assays based on
cytokine secretion [550,551]. Especially at late time points after infection and vaccination when
the ratio of central to effector memory T cells is likely to be higher, the majority of the antigen-
specific T cells may be undetectable by cytokine-based assays [552]. ICS is often not performed
at these time points in clinical trials as the ability to detect IFNy secreting cells is relatively low
and very few responses are detected [537]. The ELISpot assay is sensitive enough to detect
antigen-specific IFNy-secreting cells in almost all volunteers at least three months after the peak
response. However, the AIM assay results at this late time point indicate that antigen-specific
CD4* T cells may be particularly well maintained, an observation that could not be made from
the ELISpot assay. The ICS and ELISpot assays routinely used in clinical trials are highly effective
at identifying antigen-specific effector cells at the peak time point. The AIM assays capture a
comparable level of vaccine-specific T cells in the CD8* subset at the peak time point. However,
there was much less agreement between the assays in the CD4* subset. The data suggest that
we may be missing a substantial portion of the CD4* T cell response to vaccination when using

traditional ICS and IFNy ELISpot assays, particularly at late time points. Detection of CD4* T cells
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and central memory cells not producing cytokine may be an important part of the durability of

vaccine responses that may be being underestimated.

The markers tested here each have different mechanisms of induction, signalling pathways and
downstream effector functions. Therefore, each of these can reveal something different about
the vaccine-induced T cell response. OX40 expression on activated CD4* and CD8* T cells is
induced by TCR stimulation and augmented by other co-stimulatory signals such as CD28-
B7.1/7.2 interaction [553]. Although OX40 stimulation can regulate cytokine production, its
dominant activity is providing signals that augment clonal expansion and maintain late
proliferation of effector and memory T cells [554]. This means that OX40 may be a useful marker
for antigen-responsive cells that are not producing cytokines (particularly memory T cells), and
could also be a useful marker of the durability of the T cell response. CD25 (IL-2Ra) expression is
regulated by both TCR stimulation and IL-2 signalling [555]. CD25 forms the high affinity receptor
for IL-2 in combination with the IL-2RB and IL-2Ry chains, which are constitutively expressed on
quiescent T cells [556]. Expression of CD25 increases IL-2R affinity for IL-2 by around 100-fold,
allowing responses to low concentrations of IL-2. The IL2 receptor signals through Jakl and Jak3
to induce Stat5-dependent regulation of genes, including genes for cell cycle progression [555].
However, IL2R expression is more transient than OX40 and requires a sustained IL-2 signal
(except in Tregs, in which it is apparently constitutive) [555]. For this reason, CD25 may be a
useful marker for antigen-stimulated T cells in ongoing immune responses, in addition to
identifying Tregs (in combination with other makers, such as FOXP3). CD107a is expressed on
lysosomal membranes within CD8* T cells and NK cells. CD107a is expressed on the cell surface
after fusion of the lysosomal membrane with the cell membrane and is therefore an effective
marker of cytotoxic activity [557]. Release of cytokines from NK and T cells is also dependent on
secretory pathways but these are likely independent from exocytosis of secretory lysosomes
[558], suggesting that this marker also provides novel information not provided by cytokine
analysis. PDL1 expressed on APCs interacts with PD1 on T cells and induces an inhibitory signal
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that reduces proliferation of antigen-specific T cells and can also induce Treg differentiation. This
process is involved in ligand-induced TCR down-modulation to regulate TCR signalling and is
essential for the maintenance of peripheral tolerance [559]. PDL1 expression in response to
antigen stimulation has also been shown on Tfh despite high expression of PD1 on these cells
[404]. The combination of PDL1 with OX40 and CD25 can be used to discriminate antigen-

responsive Tregs [402,404].

Although these markers all detect antigen-activated T cells, the expression patterns of these
markers likely indicate different contexts of cell activation and differing cell fates. For this
reason, the use of these markers (perhaps in combination with alternative measures such as
cytokine production and proliferation) can provide novel information about the antigen-
responsive T cell population that may not be gained through analysis of cytokine production

alone.

An alternative method of detecting antigen-specific T cells that does not rely on a functional
property would be to use MHC-peptide complexes [560]. However, this requires MHC matching,
meaning that multiple MHC-peptide complexes would be required to measure the responses in
all individuals. Although this may be possible small UK cohorts, it would not generally be feasible
for use in clinical trials, which often involve large numbers of individuals and include people with
diverse MHC haplotypes. Additionally, a recent study showed that the frequency of antigen-
specific CD4* T cells detected by cytokine secretion was significantly reduced (between three
and five-fold) after cryopreservation; ICS or ELISpot using thawed cells showed lower and more
CD8-biased responses than those using PBMC ex vivo [561]. The ability to perform T cell assays
using cryopreserved cells is crucial in many clinical trials — particularly those involving multiple
centres. Equally, conducting assays using cryopreserved cells allows samples from multiple time
points to be batched, increasing efficiency and reducing experimental variation. Although | have

not directly assessed AIM expression on fresh and frozen PBMC, the results shown here indicate
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that AIM assays conducted using cryopreserved cells give comparable or higher antigen-specific

signals than ICS and ELISpot using PBMC ex vivo.

One possible issue with the AIM assay is background caused by bystander activation. This has
been investigated in a study that found the level of bystander activation to be relatively low
[402]. | found that the AIM assay provided a high level of specificity with background levels
comparable or lower than those in the ICS assay and typically with frequencies lower than 0.15%
of the CD4* or CD8" T cell subset. This is lower than, or comparable to the level of background
observed for these and other combinations of AlMs previously investigated [402,403,542]. An
issue with the use of OX40 and CD25 markers is the inclusion of antigen-responsive Tregs. This
was addressed in a previous study by the addition of PDL1 to discriminate between antigen-
responsive Tregs and non-Tregs [402]. In this study by Reiss et al, several marker combinations
were directly compared in T cells stimulated with tetanus peptides. In each of these populations,
only a minority of the cells were Tregs (based on FOXP3 expression): 1.6% of OX40*PDL1* CD4* T
cells, 6.8% of CD69*CD40L* CD4* T cells and 16% in the OX40*CD25* CD4* T cells. These data
suggest that OX40/CD25 are useful markers for identifying the maximal antigen-specific
population, whilst 0OX40/PDL1 or CD69/CD40L can be used to discriminate antigen-specific non-
Tregs. In the study presented here, AIM frequencies in GP-stimulated CD4"* T cells detected using
either of the marker combinations tested were comparable and the two populations were highly
correlated. However, this may not be the case for all vaccine antigens, at all time points or in all
populations. Therefore, an assay including OX40, CD25 and PDL1 could be of use in clinical trials
in order to measure both the maximal antigen-specific response and to discriminate non-Tregs.
This may be particularly useful in some circumstances where antigen-specific Tregs may be
increased or play a role in disease pathology, such as in malaria-exposed populations

[164,201,562] or in CMV [563].
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All of the AIM marker combinations used in this study sensitively detected antigen-specific T
cells. The lower limit of detection for the AIM assay in this study was either comparable to (CD8*
AIM 0.005%) or lower than (CD4* AIM 0.003%) the ICS assay (0.005% for CD4* and CD8* T cells).
Antigen-specific T cells detected using the AIM assay were 2.6-2.8-fold higher than ICS for CD4* T
cells and 1.2-1.8-fold higher than ICS for CD8* T cells at the peak time point. Although ELISpot
assays are highly specific, the AIM assay tested here was much more sensitive and had a higher
signal-to-noise ratio. However it should be noted that the LLOD for the AIM and ICS assays are
calculated by the reciprocal of the lowest number of events collected in the appropriate gate
(CD4*, CD8* or CD3*) and will therefore vary depending on the number of cells used in each
assay and their viability. In this study 2x10° PBMC were used for the ICS, which was conducted
as a primary immunological assay in the clinical trial according to an established standard
operating procedure. For the AIM assay 1-2x10% PBMC were used depending on the number of

cryopreserved cells remaining.

In this study, | directly compared the use of AIM and cytokine-based assays for the identification
of vaccine-specific T cell responses in clinical trials. For many of the vaccines currently in
development, there are no clear immunological correlates of protection in humans. Therefore,
determination of protective correlates is an important part of the vaccine development process
[454,564-566]. The AIM assay is a tool, which in combination with functional measures, could aid
the search for immunological correlates of protection because of its unbiased approach. In fact,
antigen-specific T cells defined by CD40L expression that were also producing TNFa or IL-2
induced by RTS,S/AS vaccination were higher in individuals protected from malaria [186].
However, the markers used in this study have not yet been used to detect antigen-specific T
cells in a Phase |l vaccine study. It would be useful to include this assay in Phase Il clinical studies
in order to determine the clinical relevance of these subsets. There has been substantial work
towards standardising T cell assays for use in human trials and further studies are required to
develop and validate AIM assays to a similar level [567-569]. These would include studies to
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optimise the concentration of stimulating antigen and markers to use, compare responses ex
vivo and on frozen PBMC and assess inter-operator variability. Additionally it will be important

to characterise the functionality of these cells and determine their clinical relevance.

6.5. Conclusions

This study demonstrates that AIM assays can be used to detect antigen-specific T cells with a
sensitivity and specificity comparable to or higher than the cytokine-based assays conventionally
used in clinical vaccine trials. Additionally, AIM assays may provide novel information about non-
cytokine-secreting cells and the durability of the response, particularly in the CD4* subset. AIM
assays may provide a more comprehensive account of the total antigen-specific response and, in
combination with additional phenotypic and functional markers, could be a valuable tool for
more detailed assessments of vaccine-specific responses. A combination of AIM assays with
traditional cytokine analysis could provide a more complete assessment of the antigen-specific
response to vaccination, particularly within CD4* T cells and when assessing durability. Further
validation of these assays would be required for use as primary immunogenicity measure within
clinical trials. However, this could significantly enhance knowledge about vaccine-specific T cell

responses to aid vaccine development.
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CMV-associated reduction in vaccine responses

7.1. Introduction

In Chapter 5 | discussed the possible impact of malaria exposure on the response to ChAd3-
MVA-EBO-Z vaccination in the Senegalese cohort. Individuals with evidence of significant malaria
exposure (determined by the presence of anti-schizont IgG) had significantly lower anti-Ebola GP
antibody responses than those who were anti-schizont 1gG negative. However these individuals
had an intermediate level of anti-Ebola GP IgG that was lower (although not significantly) than
the responses in the UK cohort. Clearly there are many factors other than malaria exposure that
differentiate the UK and Senegalese cohorts and may have had an impact on the responses to
vaccination. These include genetics (including HLA type), nutritional status, microbiome
differences and exposure to other pathogens [486-489]. These are small studies that are not
powered to investigate all of these factors. However, one striking phenotypic difference that
stood out during the analysis of the cTfh data was the expansion of CD45RA” memory CD4* T
cells in the Senegalese cohort: 50% (33.8 — 74) of the total CD4* T cell subset were CD45RA" in
the Senegalese cohort compared with 35% (range: 17.3 — 49.7) in the UK cohort. Almost all of
the Senegalese volunteers had an expansion of this population relative to the UK median.
However, around 30% of the UK individuals had frequencies of memory CD4* T cells comparable
with the Senegalese cohort. A literature search for factors (particularly pathogens) that may

cause memory inflation and occur in around 30% of young adults in developed countries and all,
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or almost all, young adults in developing countries, highlighted CMV as a potential influencing

factor.

As discussed in Chapter 1 in more detail, CMV is a highly prevalent betaherpesvirus that
establishes life-long latent infections. Around 30-50% of young adults in developed countries are
infected, with seroprevalence increasing to >90% in elderly adults [329]. Prevalence in
populations within developing countries can be particularly high, where seroconversion occurs
in the first few years of life and almost all young adults are infected [570]. CMV has previously
been associated with reduced responses to vaccination in elderly cohorts [377,378,381] but its

impact in young adults is less clear [382,384].

Primary infection, which is most often asymptomatic, induces a broad immune response
involving both T cells and antibodies specific for CMV [362]. After resolution of acute infection,
CMV establishes latency and persists for life with occasional, usually subclinical reactivation
events. Congenital CMV and reactivation of infection in seriously immunocompromised
individuals can be life-threatening but infection is most often considered benign in
immunologically mature, immunocompetent individuals [571,572]. However, even in healthy
adults CMV has a significant impact on the immune system, leaving a clear imprint of infection:
Greater than 30% of the CD4* and CD8" T cells in a healthy middle-aged adult may be specific for
CMV and this can rise to 70% in some elderly individuals [360,361]. There is also increasing
evidence that CMV may play a significant role in the aging of the immune system, or
immunosenescence. One characteristic of this process is an accumulation of late-differentiated
effector memory T cells [362]. These cells may lose expression of co-stimulatory receptors CD27
and CD28, gain expression of the inhibitory receptor killer cell lectin-like receptor G1 (KLRG1)
and terminal differentiation marker CD57 and exhibit decreased proliferative capacity, increased
activation of senescence signalling pathways and a greater susceptibility to apoptosis in vitro

[573]. In longitudinal studies of elderly populations CMV seropositivity was identified as one
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parameter in an “immune risk phenotype”, which also included lower proportions of naive T
cells, accumulation of late-differentiated T cells and an inverted CD4:CDS8 ratio (<1), and was

associated with increased mortality [373-375].

In elderly populations, CMV-driven changes in the immune system have been associated with
reduced responses to vaccination [377,378,381,574]. Marked changes in immune phenotype and
significant proportions of CMV-specific T cells are also observed in seropositive young adults and
even in children [382,575,576]. However, the impact of CMV carriage and the associated immune
phenotype changes on responses to vaccination or infection in young adults and children is less
clear. One study reported early signs of immunosenescence in CMV+ young adults and a
negative association with responses to influenza vaccination [382]. However, other studies have
shown either a neutral or even beneficial impact of CMV [384-386,577,578], and all such studies
have been in populations within developed countries. If CMV carriage can negatively impact on
vaccine responses in children and young adults under certain circumstances, the reduction in
vaccine immunogenicity in developing countries might at least partially be explained by the
substantially increased seroprevalence of CMV compared with the same age groups in

developed countries.

The concurrent trials of ChAd3-MVA-EBO-Z in the UK and Senegal (EBLO4 and EBLO6) provided
the opportunity to investigate the impact of CMV seropositivity on immune phenotype and
responses to vaccination in young adults. | initially assessed the CMV serostatus of each
individual in these two cohorts. | then phenotyped baseline T cells in all individuals to
determine whether CMV seropositivity was associated with phenotypic differences in total T
cells and whether these were associated with vaccine responses. In a collaboration with Tim
Waterboer’s group at the German Cancer Research Center, Heidelberg (Infection and Cancer
Program), we used multiplex serology to determine the serostatus of individuals in each of these

cohorts for a number of chronic infections, including CMV. We then assessed whether these
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phenotypes were a unique characteristic of CMV infection or whether they were also associated
with other chronic infections. In order to detect antigen-specific T cells independently of their
functional capacity, | used the AIM assay described in Chapter 6 to compare the phenotype of
vaccine-specific T cells in CMV- and CMV+ UK adults. | also investigated functional properties of
these cells to determine if they were directly involved in the reduction of vaccine responses (i.e.

reduced cytokine production).

7.2. Study-specific methods

7.2.1. Samples and study details

PBMC and plasma from two Phase | clinical trials were used in this study. The UK cohort
consisted of all 16 volunteers in group 2 of EBLO4 and the Senegalese cohort consisted of all 40
volunteers in EBLO6. All volunteers were healthy adults aged 18-50 years and received 3.6x10%°
viral particles (vp) of ChAd3-MVA-EBO-Z followed by 1.0x108 plaque forming units (pfu) of MVA-
EBO-Z seven days later. Trial information and ethics statements are detailed in Table 2.2
(Chapter 2.2.1) and Table 2.3 (Chapter 2.2.3). Further details of the vaccines used are provided

in2.1.3.5and 2.1.3.6.

7.3. Results

7.3.1. CMV seropositivity is associated with reduced responses to

vaccination with ChAd3-MVA-EBO-Z

CMV serostatus was determined by ELISA at baseline for all individuals in the UK and Senegalese
cohorts (Figure 7.1A). Demographics of both cohorts are shown in Table 7.1. One of the
volunteers in the UK cohort, although recruited in the UK, grew up in Kenya and had only been
resident in the UK for three years (highlighted in grey in Figure 7.1A). This volunteer had
evidence of malaria exposure (malaria-specific IgG measured by ELISA against P. falciparum

schizont lysate) and was excluded from further analyses comparing the UK and Senegalese
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cohorts. Therefore, in the final data set for the UK cohort 47% (7/15) were positive for CMV IgG

compared with 100% of the Senegalese cohort. Titres of CMV IgG were comparable in UK CMV+

and Senegalese individuals. Volunteer ages in the UK CMV-, UK CMV+ and Senegalese cohorts

were comparable and did not correlate with CMV IgG titre (Figure 7.1B, Table 7.1. average ages

33, 33 and 28 years respectively).

Table 7.1. Cohort demographics
*Race was self-reported. %The body-mass index is the weight in kilograms divided by the square
of the height in meters. Height was not recorded for one Senegalese volunteer.

Cohort UK CMV- UK CMV+ Senegal
Number of volunteers, n 8 8 40
Number of individuals (percentage)
Female 6 (75) 4 (50) 11 (27.5)
Gender, n (%)
Male 2 (25) 4 (50) 29 (72.5)
18-20 0 0 9(22.5)
21-30 5(62.5) 4 (50) 17 (42.5)
31-40 1(12.5) 2 (25) 12 (30)
Age, years
41-50 2 (25) 2 (25) 2 (5)
Mean 33 33 28
White 7 (87.5) 6 (75) 0
Ethnicity* Black 0 1(12.5) 40 (100)
Asian 1(12.5) 0 0
Mixed 0 1(12.5) 0
Other 0 0 0
<18.5 0 0 1(2.5)
18.5-24.9 3(37.5) 3(37.5) 27 (67.5)
25-29.9
. 2(2 . 17.
Body-mass index” (25) 3(37.5) 7(17.5)
>30
3(37.5) 2 (25) 4 (10)
Mean 28 27 23.7
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Figure 7.1. CMV serostatus

A) CMV IgG titres in UK and Senegalese cohorts. UK volunteer that grew up in Kenya is
highlighted in red and was excluded from further analyses comparing the two cohorts. B)
Relationship between CMV IgG titre and age in each population (Spearman’s rank analysis, all UK
volunteers r:0.06, P=0.84, UK CMV+ r:-0.64, P=0.14, Senegal r:0.21, P=0.19). Dashed lines
indicate the seropositive threshold (10 standard units as defined by the ELISA kit manufacturer’s
instructions.

T cell responses to vaccination were measured by IFNy ELISpot using a pool of peptides from the
Zaire Ebola GP (Figures 7.2A, 7.2B). Responses were measured in Senegal and the UK at baseline
and peak (seven days after MVA-EBO-Z, M+7). In the UK cohort additional assays were
conducted seven days after ChAd3-EBO-Z vaccination (D7) and at 28, 84 and 168 days after
MVA-EBO-Z (M+28, M+84, M+168). There were no differences in peak ELISpot responses
between the UK and Senegalese cohorts (Chapter 5.3.4, Figure 5.9B) but within the UK cohort
CMV+ individuals had significantly lower vaccine-specific T cell responses than CMV- individuals
(Figure 7.2B P=0.0093). However, Senegalese individuals had a wide range of responses (123 —
19780 SFC/10° PBMC) and there were no significant differences across the three groups
(P=0.10). Antibody responses were measured by indirect ELISA against recombinant Ebola GP at
baseline, D7, M+7, M+28, M+84 and M+168 in both the UK and Senegalese cohorts (Figures

7.2C, 7.2D). Antibody responses to Ebola vaccination were significantly lower in CMV+ UK
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individuals compared with CMV- individuals (P=0.029). Overall, antibody responses were
significantly lower in the Senegalese cohort (P=0.020 at M+7, P=0.0025 at M+84/D90, Chapter
5.3.4, Figure 5.9A). However, when stratified by CMV serostatus, Senegalese individuals had
responses that were comparable to UK CMV+ individuals (P=0.91) but significantly lower than

UK CMV- individuals (P=0.0037).
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Figure 7.2. Reduced vaccine responses in CMV+ individuals

A) Time courses of T cell responses to vaccination measured by IFNy ELISpot. Median and inter-
quartile range (IQR) of responses against summed Ebola GP peptide pools. Only baseline (DO)
and peak (D14, M+7) were measured in the Senegalese cohort. B) IFNy ELISpot responses at
M+7. Comparison of responses in UK CMV- and CMV+ individuals, Mann-Whitney P=0.0093. No
significant differences by Kruskal-Wallis comparison across all three groups (P=0.10). C) Time
courses of antibody responses against Ebola GP. Medians and IQRs shown. D) Peak antibody
responses (four weeks after MVA vaccination, M+28). Comparison of UK CMV- and CMV+
individuals, Mann-Whitney P=0.029. Kruskal-Wallis analysis across all three groups P=0.0037,
significantly lower responses in Senegal compared with UK CMV- individuals. Medians and IQRs
shown for column graphs. Dashed lines indicate ELISpot LLOD (50 SFC/10° PBMC), dotted lines
indicate ELISA seropositive cut-off (166 EUs). SFC/10° PBMC = spot-forming cells per million
PBMC, * P<0.05, ** P<0.01.
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GP-specific cytokine production was measured by ICS at the peak post-boost time point (M+7 in
each cohort. Comparisons between the UK and Senegalese cohorts were difficult as the
background in the unstimulated condition was higher in the Senegalese samples than the UK
samples and therefore many of the Senegalese responses (which are calculated as the frequency
in the GP stimulation after subtraction of the frequency in the unstimulated control) were below
the LLOD. Therefore the ICS responses are only compared between CMV- and CMV+ UK
individuals. ICS data were available for 8/8 of the CMV- individuals and 5/8 CMV+ individuals
(three data points were excluded from the dataset as they did not meet the QC criteria). There
were no significant differences in the frequency of GP-specific IFNy, IL-2 or TNFa production by
CD4* T cells in CMV- and CMV+ individuals (Figure 7.3A). There was also no significant difference
in the frequency of GP-specific CD8" T cells producing IL-2 or expressing CD107a in CMV- and
CMV+ individuals (Figure 7.3B). However, the frequencies of GP-specific CD8* T cells producing

IFNy or TNFa were significantly lower in CMV+ individuals (P=0.023 and P=0.019, respectively).
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Figure 7.3. Reduced cytokine responses in CMV+ individuals

GP-specific cytokine responses measured by ICS at M+7 in the UK cohort. A) Frequency of CD4*
T cells producing IFNy, IL-2 or TNFa. B) Frequency of CD8* T cells producing IFNy, IL-2 or TNFa, or
expressing CD107a. Medians and IQRs shown. Mann-Whitney tests between CMV- and CMV+
individuals: IFNy* CD8" P=0.023, TNFa* CD8* P=0.019. * P<0.05. Dashed lines indicate LLOD for
intracellular cytokine staining assay.

7.3.2. CMV+ individuals have altered CD4+* and CD8* T cell populations

7.3.2.1. CMV+ individuals have different proportions of memory T cell subsets

T cell phenotypes were measured in each of these groups by flow cytometry. Memory
populations within CD4* and CD8* T cells were defined as: CD45RA*CCR7* naive (N), CD45RA
CCR7* central memory (Tcm), CDA5RA'CCR7" effector memory (Tem) and CD45RA*CCR7" terminal

effector memory re-expressing CD45RA (Temra) [579]. Additionally, expression of costimulatory
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receptors CD27 and CD28, inhibitory receptor KLRG1 and terminal differentiation marker CD57
were included in the analysis to further characterise the T cell subsets [580-583] (gating strategy:
Figure A5). The frequency of CD4* within CD3* T cells was reduced (although not significantly
lower, P=0.19) from a median of around 70% in CMV- UK individuals to 60% in CMV+ individuals
and was significantly lower in Senegalese individuals (58%) compared with UK CMV- individuals
(Figure 7.4A, P=0.029). There were no significant differences in the frequencies of CD8* T cells
across groups (Figure 7.4B, P=0.14). The CD4:CD8 ratio was not significantly different across the
three groups (Figure 7.4C, P=0.11) although there was one UK CMV+ individual with an inverted
CD4:CDS8 ratio (a male aged 34 years) and a number of Senegalese volunteers with ratios of less
than 1.5 (5 males, 1 female, aged 21-34 years). Proportions of memory populations within both
CD4* and CD8* T cells did not significantly differ between UK CMV+ and Senegalese individuals
but there were multiple significant differences compared with UK CMV- individuals (Figure
7.4D). The proportion of EM within CD4* T cells was higher in UK CMV+ individuals and was
significantly increased in Senegalese individuals (Figure 7.4E, P=0.094 and P=0.0016,
respectively). The proportion of Temra in CD4* T cells was increased in the UK CMV+ but not the
Senegalese cohort (P=0.022 and P=0.11), whilst the proportion of naive CD4* T cells was only
significantly lower in the Senegalese cohort (P=0.27 for UK CMV+ and P=0.050 for Senegalese
compared with UK CMV- individuals) and there were no differences in the proportions of Tem
CDA4* T cells. Within the CD8* T cell subset the proportion of Temra Was significantly increased in
both the UK CMV+ and Senegalese groups compared with UK CMV- (P=0.020 and P=0.0020

respectively).
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Figure 7.4. Altered memory T cell populations in CMV+ individuals
A) Frequency of CD4* T cells in the UK in CMV seronegative and seropositive individuals and in
Senegal (all Senegalese individuals were CMV seropositive). B). Frequency of CD8* T cells C)
Ratio of CD4:CD8 T cells. D) Representative flow cytometry plots of subsets within CD4* and

CD8* T cells in CMV- and CMV+ individuals; naive: CD45RA*CCR7",

central memory (Tcwm)

CDA5RA'CCR7*, effector memory (Tem): CD45RA'CCR7, terminally differentiated effector memory
CDA45RA* T cells (Temra): CD45RA*CCR7" E) Subsets within CD4* and CD8* T cells as defined by the
gating strategy above. Clockwise from top-left: Proportion of Tem in CD4* T cells, geomeans of
subset frequencies within CD4* T cells, geomeans of subset frequencies within CD8" T cells,
Proportion of Temga in CD8* T cells. Kruskal-Wallis analysis with Dunn’s post-test comparisons of
groups. Medians and IQRs shown. * P<0.05, ** P<0.01.
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7.3.2.2. CMV+ individuals have increased proportions of CD27-CD28- and
CD57+KLRG1* T cells

The proportion of T cells that were CD27°CD28" within both the CD4* and CD8* subsets was 10-
fold higher in UK CMV+ and Senegalese adults compared with UK CMV- adults (Figures 7.5A-C).
In all CMV- individuals less than 0.2% of total CD4* T cells were CD27'CD28". In contrast, the
median frequency of CD27°CD28 in CD4" T cells in CMV+ UK adults was 2.4%, whilst some
individuals had frequencies as high as 10%. In CD8" T cells the median CD27°CD28" frequency was
2.5% in CMV- individuals, whilst CMV+ UK and Senegalese adults had median frequencies of
26.4% and 18.5% respectively. In some individuals more than 50% of CD8* T cells did not express
CD27 or CD28. There was a similar pattern within individual memory populations as well. Within
both Tem (CD45RACCR7°) CD4* and CD8* T cells the ratio of CD27*CD28* to CD27'CD28cells was
significantly reduced in UK CMV+ and Senegalese adults compared with UK CMV- adults (Figures

7.5D, 7.5E, Kruskal-Wallis P<0.0001 and P=0.0070, respectively).

Both CD4* and CD8* T cells also contained significantly increased proportions of CD57*KLRG1*
cells in the UK CMV+ and Senegalese cohorts (Figures 7.6A, 7.6B, Kruskal-Wallis P=0.0002 and
P=0.0021, respectively). In CD4* T cells the majority of cells are CD57°'KLRG1" but both CD57
KLRG1* and CD57*KLRG1" were expanded in UK CMV+ and in Senegalese adults (Figure 7.6C).
Similarly, these populations were also expanded within CD8* T cells in the CMV+ and Senegalese
cohorts. CD57*KLRG1* T cells were around 2.6% of CD8* T cells in CMV- individuals, compared
with 14% in UK CMV* and 10.9% in Senegal. Additionally, CD57*KLRG1" cells, which represented
only a very small proportion of total CD8* T cells (0.3%) in CMV- subjects, were over two-fold
higher in CMV+ individuals and represented almost 2% of CD8* T cells within Senegalese
individuals. Differences were also observed within CD27°CD28" CD4" and CD8" T cells. Within
CD27°CD28 CD4* T cells in CMV- individuals 12.8% were CD57'KLRG1* and 16.4% were CD57
KLRG1* while over 70% were CD57'KLRG1 (Figure 7.6D). In contrast, within this subset in CMV+

individuals, only 3.9% of cells were CD57 KLRG1" whilst 41.8% were CD57'KLRG1* and 53.3%
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were CD57*KLRG1". In the Senegalese cohort, CD57'KLRG1" cells were not as greatly increased
(26.3%), CD57'KLRG1  cells were not as reduced (12.7%) and an expanded proportion of
CD57*KLRG1 cells was observed (6.2% compared with 1% in UK CMV+ and 0.2% in CMV-
individuals). In CD27'CD28CD8" T cells CD57*KLRG1* and CD57'KLRG1* cells predominated
(48.4% and 41.4% respectively in CMV- individuals). In CMV+ UK and Senegalese individuals
CD57*KLRG1* cells were expanded (67.3% in CMV+ UK individuals and 63.9% in Senegalese
individuals) while CD57'KLRG1* cells were reduced (29.8% in CMV+ UK and 24.1% in Senegalese
individuals). An additional difference seen in the Senegalese cohort was an expansion of

CD57*KLRG1 (3.1% in UK CMV-, 1.3% in UK CMV+, and 6.8% in Senegalese individuals).

215



A cD4" cDs"

Jaot os0 | ]185 888
CMV-
©
o
[m]
(U]
| CMV+
CD27
] ]
E 100 5 E 100 5
= = . "
* 10 - " I
é -, 8 ° ; %
c c
- 1 u = 10
: : : C =
[2] a . [a] mE
O p1, o
L] n L]
5 5
Q 3] o]
= 0.01 58 1 T
x N - 2 .
& &S & &S
) \\*' <f N Q’&' P
£ 100, il
£ 10000, P
& 8w o
0 w 10004 _© S =
es abo - i & 104 Df =
o Y et
a - 1003 - 8 + r
+u i [+ ‘b E o alm
@ 5 10y a0 ] .
gz . ] gE mER
U g e ==
o g * ]
8 0.1 . . . o o1 T T T
: x ES . ™ PN
& & & & #
3 3 & & & o

Figure 7.5 Reduced CD27 and CD28 expression on T cells in CMV* individuals

A) Representative flow plots showing CD27 and CD28 expression on CD4" (left) and CD8* (right)
T cells in CMV seronegative (top row) and CMV seropositive (bottom row) individuals. B)
Frequency of CD4* T cells that are CD27°CD28". C) Frequency of CD8" T cells that are CD27°CD28".
D) Ratio of CD27*CD28* to CD27°CD28 within effector memory (CD45RA"'CCR7’) CD4* and E)
effector memory CD8* T cells. * P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001.
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Figure 7.6. Increased CD57*KLRG1* T cells in CMV+ individuals

Representative frequencies of CD57*KLRG1* double-positive cells within A) total CD4* T cells and
B) total CD8* T cells. Kruskal-Wallis analyses with Dunn’s post-comparison tests. ** P<0.01, ***
P<0.001. Medians and IQRs shown. C) Subsets based on the expression of CD57 and KLRG1 in
total CD4* (top row) or CD8" (bottom row) T cells in each group. D) Subsets based on the
expression of CD57 and KLRG1 on CD27°CD28 CD4" (top row) or CD27°CD28CD8* (bottom row) T
cells in each group.
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7.3.3. Negative correlation between CMV-associated T cell phenotypes

and vaccine responses

The proportion of CD4* T cells expressing both CD57 and KLRG1 was negatively associated with
the T cell responses (peak IFNy ELISpot) to vaccination in the UK cohort but not in in the
Senegalese cohort (Figure 7.7A, Spearman r:-0.66, P=0.0085 in the UK cohort and r:-0.01, P=0.96
in the Senegalese cohort). The frequency of CD57*KLRG1* CD4* T cells was also negatively
associated with antibody responses to vaccination (Ebola GP-specific IgG measured by ELISA at
M+28) in both the UK and Senegalese cohorts (Figure 7.7B, r:0.65, P=0.011 for UK and r:-0.39,
P=0.044 for Senegal, r:-0.50 P=0.0008 overall). CMV IgG titre was positively associated with the
frequency of CD57*KLRG1* CD4* T cells (Figure 7.7C) in the UK (r:0.69, P=0.0054) and Senegalese
cohorts (r:0.46, P=0.018) as well as the whole data set (r:0.63 P<0.0001). CMV IgG titres were
also positively associated with the expansion of CD27-CD28 cells within the CD4* subset (Figure
7.8A). However, the association between this subset and vaccine responses was much weaker.
There was a negative association between this subset and peak vaccine-specific T cells in the UK
cohort (Figure 7.8B, r:-0.59 P=0.023) and peak antibody responses in the whole data set (Figure
7.8C, r:-0.31 P=0.045) but no other associations. Within the CD8* T cell subset, the frequency of
CD57*KLRG1* T cells was only weakly associated with CMV IgG titres in the total data set (Figure
7.8D, r:0.37 P=0.019) and there were no associations with vaccine responses (Figure 7.8E, 7.8F).
Equally, the frequency of CD27°CD28 CD8* T cells was only weakly associated with CMV IgG titre
(Figure 7.8G, UK: r:0.56 P=0.032, all data: r:0.38 P=0.015) and there were no associations with

vaccine responses (Figure 7.8H, 7.8l).
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responses; B) Peak antibody responses; C) CMV IgG titre. Dashed lines indicate ELISpot lower
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7.3.4. Exposure to other potentially chronic pathogens

A number of other pathogens that can cause chronic or latent infections have previously been
shown to impact frequencies of different immune cell subsets and may play a role in reduced
responses to vaccination [584]. Serostatus for a range of pathogens that can cause chronic
infections and may have influenced vaccine responses in both of these populations was
assessed. This data was used to further investigate the potential involvement of CMV in the
observed changes to T cell phenotype and reduction in vaccine responses. The proportion of
individuals in each of the cohorts that were seropositive for 17 different pathogens was
determined using a multiplex assay (antigens tested are detailed in Table 2.9. Details of how
seropositivity was determined for pathogens where multiple antigens were tested are included
in Chapter 2.4.20. CMV seropositivity was determined by ELISA and confirmed by the multiplex
results (Figure 7.9). Anti-schizont ELISAs were used to measure antibodies to P. falciparum as
discussed in Chapter 5.3.4. Median titres and frequencies of individuals seropositive for each of
the antigens are summarised in Table 7.2. EBV, HHV-7 and BKV were particularly prevalent in the
UK cohort, with only one seronegative individual for each. The pattern of seroprevalence was
very different in Senegal. Seroprevalence of EBV and BKV was comparably high, however most
or all volunteers were also positive for HSV-1, H. pylori and MCV. In addition to P. falciparum
(UK: 0% positive, Senegal: 48%, discussed in Chapter 5.3.4) and CMV (UK: 47% Senegal: 100%),
HSV-1 (UK: 27%, Senegal: 95%), H. pylori (UK: 13%, Senegal: 95%), HBV (UK: 0%, Senegal: 63%)
and HHV-7 (UK: 93%, Senegal: 56%) were the pathogens with the most striking differences in

seroprevalence between the two cohorts.

Antibody titres against antigens for each of these pathogens are shown in Figure 7.10. Vaccine
responses (peak Ebola GP IgG measured by ELISA at M+21/M+28 and Ebola GP-specific T cell

responses measured by IFNy ELISpot at M+7) were stratified by exposure to each of the
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pathogens that showed significant differences between populations and compared with
responses stratified by P. falciparum and CMV serostatus (Figure 7.11). Only P. falciparum and
CMV seropositivity were clearly associated with reduced antibody or T cell responses in either of

the cohorts.

Although high, this HBV seroprevalence is in line with what has previously been reported in
Senegal [487]. HBV seropositivity was determined by positive responses against both the HBV
core antigen (HBcAg) and HBV antigen e (HBeAg). Presence of antibodies against these antigens
indicates previous exposure to HBV. However, all volunteers screened negative for HBV surface
antigen (HBsAg) prior to enrolment and therefore did not have active hepatitis B infections.
There were also significant differences in titres between the two cohorts for some other
antigens including some from KSHV, T. gondii, C. trachomatis and HTLV-1. However, despite the
difference in titres, most individuals in each population did not have titres above the positive
cut-off value, indicating that the difference may be caused by increased background or cross-
reactivity in the Senegalese population. The same is true for HIV: Although the anti-gag and anti-
env titres were significantly higher in the Senegalese cohort than the UK cohort, none of these
individuals were seropositive for HIV and were screened negative for HIV at enrolment. Three
antigens from CMV (pp28, pp52 and pp150N) were also included in the multiplex assay and the

results correlated well with the ELISA results (Figure 7.12).
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Figure 7.9. Seropositivity rates in the UK and Senegalese cohorts
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the multiplex serology or ELISA (*).
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Table 7.2. Summary of multiplex serology data
Multiplex serology results for all 40 Senegalese volunteers and 15 UK volunteers (malaria-

exposed Kenyan from UK cohort was excluded for these analyses). IQR: interquartile range.

Titres UKvs
Seropositive, n (%) Seroposit | Senegalese
Pathogen | Antigen UK Senegalese ive cut- Mann-
(nl:fS) Se?:f:(;(;se Median 1aR Median 1OR o W:/t:li\; "
HSV-1 1gG 4 (27%) 38 (95%) 8 5-1887 3573 2656-4681 150 <0.0001
HSV-2 2mgG 0 (0%) 1(3%) 1 1-6 3 1-6.75 150 0.55
vzv gEgl 6 (40%) 14 (35%) 32 26-97 51.5 21.75-95 60 0.94
VCAp18 (133%) 40 (100%) 9205 fg;;é 4634 3081-9942 250 0.22
EBV EBNA1 14 (93%) 35 (88%) 1783 1434-4935 3680 837.3-6201 200 0.49
ZEBRA 9 (60%) 11 (28%) 433 116-979 82.5 21.75-228.5 200 0.026
EAD 7 (47%) 14 (35%) 190 26-831 113 21.75-311.8 200 0.41
pp150N 7 (47%) 35 (88%) 18 4-715 1194 366.5-3553 200 0.0003
CcMmv pp52 8 (53%) 38 (95%) 327 12-5473 3263 1087-4661 200 0.075
pp28 7 (47%) 35 (88%) 25 7-822 679.5 311-1387 200 0.041
HHV-7 ui4 14 (93%) 24 (60%) 368 181-704 129 72.25-241 100 0.0006
R LANA 2 (13%) 9 (23%) 1 1-9 15 25-44.75 150 0.0004
K81 0 (0%) 7 (18%) 59 54-114 93 51.25-189.3 250 0.43
IE1B 8 (53%) 19 (48%) 131 88-320 98 55.25-257.8 100 0.39
HHV-6 IE1A 4 (27%) 16 (40%) 76 30-101 76 41.5-142.3 100 0.37
p101k 3 (20%) 6 (15%) 14 4-27 6.5 1-35 50 0.39
. HBc 0 (0%) 25 (63%) 1 1-3 673 6-3707 100 <0.0001
HBe 0 (0%) 25 (63%) 5 2-7 474 12-2625 100 <0.0001
HeV Core 1(7%) 1(3%) 1 1-4 1 1-1 100 0.61
NS3 0 (0%) 0 (0%) 1 1-2 2.5 1-7.75 50 0.088
p22 0 (0%) 6 (15%) 1 1-1 3.5 1-24.5 50 0.0012
T. gondii
sagl 0 (0%) 8 (20%) 6 3-11 17.5 11.25-39.5 50 <0.0001
HTLV-1 gag 0 (0%) 3 (8%) 1 1-5 15 1-49.5 100 0.0023
env 0 (0%) 0 (0%) 6 1-8 9 5.25-14.75 50 0.011
o gag 0 (0%) 3 (8%) 2 1-9 12.5 7-31.5 200 0.001
env 0 (0%) 0 (0%) 7 2-9 15 6.25-25 100 0.0086
BKV VP1 14 (93%) 36 (90%) 2321 873-5905 3135 1140-5863 250 0.90
Jcv VP1 4 (27%) 16 (40%) 112 33-287 189.5 88.25-479 250 0.092
Mcv VP1 9 (60%) 32 (80%) 729 63-4659 4212 390.3-6193 250 0.096
mompD 0 (0%) 5 (13%) 7 1-21 20.5 11-54.75 100 0.006
mompA 0 (0%) 6 (15%) 8 4-9 13 5.25-51.25 100 0.036
c tarpDF2 2 (13%) 5 (13%) 1 1-35 10 1-46.25 100 0.16
trachom
BTl tarpDF1 0 (0%) 18 (45%) 2 1-39 158 4.75-536 200 0.001
PorB 0 (0%) 2 (5%) 13 9-20 23 12.5-38 60 0.022
pGP3 4 (27%) 13 (33%) 1 1-20 5.5 1-371 200 0.27
CagA 3 (20%) 34 (85%) 6 1-40 8330 1220-11740 300 <0.0001
VacA 3 (20%) 31 (78%) 10 4-34 309 117.8-1076 100 <0.0001
H. pylori omP 1(7%) 35 (88%) 10 2-48 1279 534.3-5086 150 <0.0001
GroEL 2 (13%) 31 (78%) 1 1-3 2241 134-3890 80 <0.0001
Catalase 2 (13%) 10 (25%) 14 1-19 29.5 13.5-212 120 0.003
Urea 0 (0%) 9 (23%) 4 1-15 15 1-57.5 100 0.98
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Figure 7.10. Antibody titres against pathogens that differ in seroprevalence between
the UK and Senegalese cohorts

Antibody titres measured in the multiplex serology assay for UK (n=15) and Senegalese (n=40)
cohorts. Differences in titres between the two cohorts are shown for antigens that were
significantly different between the two cohorts and had a seroprevalence of >50% in one or both
of the populations. Dotted lines indicate seropositive cut-off values for each of the antigens.
Mann-Witney analyses. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. Exact P-values are

given in Table 7.2.
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Figure 7.11. Stratification of vaccine responses by pathogen exposure
Peak Ebola GP 1gG responses (M+21/M+28, left Y-axes) and M+7 Ebola IFNy ELISpot responses
(right Y-axes) in each cohort stratified by serostatus for: A) HSV-1; B) H. pylori; C) HHV-7; D) HBV;
E) P. falciparum; F) CMV. Mann-Witney analyses between negative and positive volunteers
within each cohort. * P<0.05, ** P<0.01.
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Figure 7.12. Relationship between CMV titres measured by ELISA and multiplex assay
Relationship between CMV-specific IgG measured by ELISA and: A) Anti-CMV pp150N antibody;
B) anti-CMV pp52 antibody; C) Anti-CMV pp28 antibody. Data include both UK and Senegalese
cohorts. Spearman rank analyses. Dotted lines show seropositive cut-off values.

As anti-schizont serostatus was associated with reduced vaccine responses in analyses
conducted in Chapter 5, a multiple linear regression analysis was used to determine the relative
contributions of CMV serostatus, anti-schizont serostatus and cohort to the peak ELISpot and
antibody responses after ChAd3-MVA-EBO-Z vaccination. The independent variables were CMV
serostatus, anti-schizont serostatus and cohort (UK vs Senegal). The dependent variable was
peak ELISpot response (summed GP-specific SFC/106 PBMC at M+7) for the first analysis and
peak antibody response (Ebola GP-specific IgG at M+21/M+28) for the second analysis. The T cell
analysis was conducted for all 16 UK volunteers and 38/40 Senegalese volunteers as two
individuals did not have ELISpot data at this time point. The antibody analysis was conducted for
all UK and Senegalese volunteers. None of these factors independently predicted peak T cell
responses (Table 7.3). However, both CMV serostatus and anti-schizont serostatus predicted

peak antibody responses (Table 7.4). The immune markers examined here were also added to
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the model (proportion of CD57*KLRG1* or CD27°'CD28 CD4" and CD8" T cells). However, these
markers were not independently associated with the T cell and antibody responses to
vaccination and both anti-schizont and CMV serostatus were still the only predictors of vaccine

responses in these models (Tables 7.5 and 7.6).

Table 7.3. Multiple linear regression for effects on peak T cell response
Dependent variable: M+7 GP ELISpot responses (summed pools, SFC/10° PBMC)

Variable B SE It] P value
Intercept 3245 1258 2.579 0.0129
Senegal vs UK 2768 1489 1.859 0.0689
CMV serostatus -2019 1780 1.134 0.262
Anti-schizont serostatus -1158 1156 1.001 0.3215

Table 7.4. Multiple linear regression for effects on peak antibody response

Dependent variable: M+21/28 GP-specific IgG (ELISA Units)

Variable B SE It] P value
Intercept 1319 172.6 7.638 | <0.0001
Senegal vs UK 71.37 202.9 0.3518 | 0.7264
CMV serostatus -543.4 244.1 2.226 0.0304
Anti-schizont serostatus -490.4 154.6 3.172 0.0025

Table 7.5. Multiple linear regression for effects on peak T cell response — immune

markers added

Dependent variable: M+7 GP ELISpot responses (summed pools, SFC/10° PBMC)

Variable B SE [t] P value
Intercept 3341 1478 2.261 0.0305
Senegal vs UK 4157 1836 2.264 0.0303
CMV serostatus -3556 2471 1.439 0.1595
Anti-schizont serostatus -1424 1748 0.8147 | 0.4211
CD57*KLRG1* CD4 426.1 422.4 1.009 0.3205
CD27°CD28 CD4 -23.57 33.43 0.7051 | 0.4857
CD57*KLRG1* CD8 157.6 212.8 0.7408 0.464
CD27-CD28 CD8 -46.86 157.2 0.298 0.7676
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Table 7.6. Multiple linear regression for effects on peak antibody response — immune
markers added
Dependent variable: M+21/28 GP-specific IgG (ELISA Units)

Variable B SE [t] P value
Intercept 1366 153.2 8.918 | <0.0001
Senegal vs UK 48.28 187.8 0.2571 | 0.7986
CMV serostatus -668.4 255 2.621 0.0129
Anti-schizont serostatus -441.9 168.2 2.627 0.0127
CD57*KLRG1* CD4 17.84 43.71 0.4082 | 0.6856
CD27°CD28 CD4 -2.989 3.372 0.8865 | 0.3814
CD57*KLRG1* CD8 -19.73 21.78 0.906 0.3712
CD27°CD28 CD8 18.7 16.04 1.166 0.2516

To examine the potential associations between the pathogens tested for and the expansion of
CD57*KLRG1* and/or CD27°CD28 T cells, the seroconversion profile for each individual was
compared (Figure 7.13). All CMV+ individuals in the UK had frequencies of CD27°CD28 and/or
CD57*KLRG1" CD4* T cells greater than 0.2% and all CMV- individuals had frequencies less than
0.2%. The serostatus of other pathogens was assessed in relation to this. No other pathogen was
exclusive to either group within this cohort, although two Senegalese individuals did not exhibit

an expansion of CD27°CD28 or CD57*KLRG1* CD4* T cells despite being CMV+.

A previous study showed that carriage of HHV-6 may also be associated with the expansion of
CD27°CD28 T cells [585]. For this reason, the association between HHV-6 seropositivity vaccine
responses, the expansion of CD27°CD28", and the expansion of CD57*KLRG1* CD4 and CD8 T cells
was also assessed (Figure 7.14). HHV-6 was not associated with a reduction in vaccine-specific
antibody or T cell responses in either cohort. Equally, there was no association between HHV-6

status and expansion of CD27°CD28 or CD57*KLRG1* T cells in either cohort.
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Figure 7.13. Pathogen exposure and expansion of CD27°CD28" or CD57*KLRG1* T cells
Serostatus of individuals with T cell data (UK n=15, Senegal n=27) in each cohort. A) Individuals
in the UK cohort were split by CMV serostatus and expansion of T cell populations associated
with CMV seropositivity. Serostatus for all other pathogens tested was then marked for each
individual to assess association with the expanded T cell subsets. B) Serostatuses illustrated for
the Senegalese cohort in the same way as the UK cohort.
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Figure 7.14. Human-herpes virus 6 (HHV-6)

A) Peak Ebola GP IgG responses (M+21/M+28, left Y-axes) and M+7 Ebola IFNy ELISpot
responses (right Y-axes) in each cohort stratified by serostatus for HHV-6. B) Frequency of CD27-
CD28 T cells within CD4* and CD8"* subsets in HHV-6 seronegative and seropositive individuals in
each cohort. C) Frequency of CD57*KLRG1* T cells within CD4* and CD8" subsets in HHV-6
seronegative and seropositive individuals in each cohort. No significant differences between
HHV-6 negative and positive individuals in each cohort by Mann-Witney tests for any of the
analyses.

7.3.5. HLA types

HLA-typing was only conducted in the UK cohort as consent was not sought for genetic testing in
the Senegalese cohort. The presence of different alleles within the HLA-A, -B, -C, -DR and -DQ
loci was determined for volunteers that either had expanded CD57*KLRG1* or CD27:CD28  CD4*
T cells (CMV+) or did not (CMV-) to assess HLA-type as a potential confounding factor (Figure
7.15). No individual HLA alleles were over-represented in either group, suggesting that HLA-

types were not a major factor confounding the result that individuals in the CMV+ group had
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reduced responses to vaccination. As the Senegalese cohort were not HLA-typed, it is not known

if particular HLA types were associated with reduced vaccine responses in that cohort.
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Figure 7.15. HLA types in UK adults

HLA types in all 16 of the UK cohort split by presence or absence of the expanded population of
CD27°CD28 or CD57*KLRG1* CD4* T cells as in Figure 6.12. Numbers on the left hand side are
different alleles. Presence of a particular allele is indicated for each individual by a blue
rectangle.
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7.3.6. Antigen-specific T cells are phenotypically different in CMV- and

CMV+ individuals

The primary assays used for detecting antigen-specific T cells in these clinical trials were IFNy
ELISpot and ICS analysing the frequencies of CD4* and CD8* T cells producing IFNy, IL-2, TNFa or
expressing CD107a after stimulation with Ebola GP. As shown earlier in this chapter, cytokine-
secreting T cell responses were lower in CMV+ individuals. It was important to investigate
whether this was a reduction in the total frequency of vaccine-specific T cell responses, a
functional impairment, or an induction of different phenotypes that were not secreting IFNy,
TNFa or IL-2 and therefore were not detected by the ELISpot or ICS assays used. To obtain a
broader picture of the total antigen-responsive T cell population irrespective of cytokine
secretion, the AIM assay (development of which is described in Chapter 6) was used to detect
and phenotype antigen-specific T cell responses against CMV (pp65) and Ebola GP in the UK

cohort.

As shown in Figure 6.2, there were no differences in the frequencies of GP-specific CD4* T cells
detected using OX40/CD25 compared with OX40/PDL1 or in the frequencies of GP-specific CD8*
T cells detecting using OX40/CD25 compared with CD25/CD107a. Additionally the expression of
each of these marker combinations was highly correlated. For the main analysis of antigen-
specific T cell phenotypes the OX40/CD25 marker combination was used in CD4* T cells in order
to include all antigen-responsive T cells (including Tregs) and therefore analyse phenotypic
differences in the total antigen-responsive T cell populations between CMV- and CMV+
individuals. The main analysis for the CD8" subset was also conducted using this marker
combination for consistency and because the OX40/CD25 population was more distinctive than
the CD25/CD107a population in this subset therefore this population was easier to gate and

analyse accurately.
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Representative populations detected in CMV- and CMV+ individuals are shown in Figure 7.16A.
The proportions of CD4* and CD8* T cells expressing OX40 and CD25 in response to stimulation
with vaccine antigen (Ebola GP) or CMV (pp65) were assessed (Figure 7.16B, 7.16C). Background
levels of expression in unstimulated cells were low (median 0.123% IQR[0.069 — 0.313] for CD4*
and 0.031% IQR[0.017 — 0.044] for CD8* T cells). Significant CMV-specific T cell responses were
detected in CMV+ individuals compared with CMV- individuals (CD4*: P=0.0002, CD8": and
P=0.0002), in which the proportion of AIM* cells was comparable to background. The frequency
of GP-specific CD4* and CD8* T cells seven days after MVA boost was not significantly different
between CMV- and CMV+ individuals, although some CMV+ individuals had lower GP-specific
CD8* T cell responses (CD4*: median 0.853% for CMV- and 0.870% for CMV+ , CD8*: median
0.731% for CMV- and 0.329% for CMV+). There were no significant differences in the GP-specific
T cell frequencies in CMV- compared with CMV+ individuals in either CD4* (Figure 7.17A) or

CD8+ (Figure 7.17B) T cell subsets at peak (M+7) or late (M+84) time points.

Antigen-specific T cells were further characterised by expression of CD57 and KLRG1. CMV-
specific CD8" but not CD4* T cells were enriched for CD57*KLRG1" cells compared with the total T
cell subsets (Figure 7.18A, 7.18B P=0.46 for CD4* and P=0.015 for CD8* T cells). This subset
constituted around 40% of the CMV-specific CD8" T cell population. Both the GP-specific CD4*
and CD8" T cells contained significantly higher proportions of CD57*KLRG1* cells in CMV+
individuals than in CMV- individuals. This was only a small proportion (~1%) of the GP-specific
CD4"* T cells but there was a pronounced difference in the CD8" subsets at M+7, 19% of which
were CD57*KLRG1* in CMV+ individuals compared with only 5% in CMV- individuals (Figure
7.18C, 7.18D, P=0.015 for CD4* and P=0.0002 for CD8* T cells). As shown in Figure 7.17, one
individual did not have detectable GP-specific CD4* T cells at M+7 and two individuals did not
have detectable GP-specific CD8" T cells at M+84, therefore phenotypic analysis does not include
data from these subjects. In both the CD4* and CD8" GP-specific T cells, the frequency of

CD57*KLRG1* cells in CMV+ individuals was highest at M+7 and reduced at later time points
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(Figure 7.19). In contrast, the phenotypic compositions of the total T cell populations were more
consistent, except that the proportion of CD57*KLRG1* in total CD8* T cells was slightly reduced
in CMV+ individuals at M+84 compared with M+7 and M+28. The frequency of CD57*KLRG1*
cells within GP-specific CD4* T cells was not significantly associated with either peak ELISpot
responses (Figure 7.20A, r:-0.50, P=0.060) or peak antibody responses (Figure 7.20B, r:-0.30,
P=0.28). The frequency of CD57*KLRG1* cells within GP-specific CD8* T cells was negatively
associated with both peak ELISpot responses (Figure 7.20C, r:-0.74, P=0.002) and peak antibody

responses (Figure 7.20D, r:-0.58, P=0.038).
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Figure 7.16. Detection of vaccine-specific T cells in CMV- and CMV+ individuals

A) Expression of activation-induced markers OX40 and CD25 on CD4* and CD8* T cells in PBMC
that were unstimulated (unstim) or stimulated with CMV pp65, Ebola GP or SEB. Frequency of
0X40*CD25* cells in B) CD4* T cells and C) CD8* T cells in CMV- and CMV+ individuals. Mann-
Whitney analyses. *** P<0.001.
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Figure 7.17. Peak and durable GP-specific T cell frequencies in CMV- and CMV+
individuals

Frequency of GP-specific cells in CMV- and CMV+ individuals (GP stimulated, %0X40*CD25" after
subtraction of frequency in unstimulated condition): A) Frequency in CD4* T cells. Wilcoxon
matched-pairs analyses between time points for CMV- (P=0.016) and CMV+ individuals
(P=0.023), Mann-Whitney analyses for comparison of CMV- and CMV+ individuals at M+7
(P=0.44) and M+84 (P=0.46). B) Frequency in CD8" T cells. Dashed line indicates the LLOD.
Wilcoxon matched-pairs analyses between time points for CMV- (P=0.008) and CMV+ individuals
(P=0.016), Mann-Whitney analyses for comparison of CMV- and CMV+ individuals at M+7
(P=0.065) and M+84 (P=0.82), nsd: no significant difference, * P<0.05, ** P<0.01.
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Figure 7.18. Phenotype of antigen-specific T cells

A) Geomean frequencies of subsets within total CD4* and CD8* T cells in CMV- and CMV+
individuals and CMV-specific (pp65 stimulated, OX40*CD25*) T cells in CMV+ individuals at M+7.
B) Frequency of CD57*KLRG1"* cells within the total and CMV-specific CD4* and CD8* T cells in
CMV+ individuals at M+7. C) Geomean frequencies of subsets within GP-specific (GP-stimulated,
0X40*CD25*) CD4* and CD8* T cells in CMV- and CMV+ individuals at M+7. D) Frequency of
CD57*KLRG1* cells within GP-specific CD4* and CD8"* T cells in CMV- and CMV+ individuals at
M+7. One individual did not have detectable GP-specific CD4* T cells at M+7 and two individuals
did not have detectable GP-specific CD8" T cells at M+84, therefore phenotypic analysis does not
include data from these subjects.
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Figure 7.19. Phenotype of antigen-specific T cells over time

Geomean frequencies of subsets within total and GP-specific (GP-stimulated, OX40*CD25%): A)
CD4* T cells and B) CD8* T cells in CMV- and CMV+ individuals at M+7, M+28 and M+84.
Geomean subsets were calculated using only those volunteers with detectable GP-specific CD4*
or CD8* T cell responses at each time point.
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Figure 7.20. Relationship between CD57*KLRG1* antigen-specific T cells and vaccine

responses.

Relationship between frequency of CD57*KLRG1* cells in CD4* (GP-stimulated, AIM+) T cells at
M+7 and: A) peak (M+7) IFNy ELISpot; B) peak (M+28) anti-GP IgG responses. Relationship
between frequency of CD57*KLRG1* cells in CD8* (GP-stimulated, AIM*) T cells at M+7 and: C)
peak (M+7) IFNy ELISpot; D) peak (M+28) anti-GP IgG responses. Spearman rank analyses, *
P<0.05. One individual did not have detectable GP-specific CD4* T cells at M+7, therefore there
is no phenotypic data for this individual and they are not included in the analyses shown here.
Dotted lines indicate seropositive cut-off for Ebola GP (166 ELISA Units). SFC/10® PBMC: spot-
forming cells per million peripheral blood mononucleocytes.
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7.4. Discussion

The design of these two concurrently run Ebola vaccine trials in healthy young adults in the UK
and Senegal provided an opportunity to directly compare vaccine immunogenicity in developed
and developing countries with very different levels of pathogen exposure. Vaccine-induced
antibody responses were significantly lower in the Senegalese cohort, although T cell responses
were comparable. After observing expanded populations of memory T cells within the
Senegalese cohort, | decided to investigate CMV seroprevalence in these cohorts. CMV infection
is known to cause expansion of late-differentiated memory T cells in a process termed “memory
inflation”[362] and although highly prevalent globally, is more prevalent amongst young adults in
developing countries than it is in developed countries [570]. CMV has also been associated with
reduced vaccine responses in elderly [377,378,381] and possibly young adults [382], therefore |
hypothesised that CMV seropositivity, in addition to malaria exposure as discussed in Chapter 5,

might be associated with the observed reduction in vaccine immunogenicity in Senegal.

7.4.1. Association between CMV and reduced responses to ChAd3-MVA-
EBO-Z

In this study CMV seroprevalence was 47% in the UK and 100% in Senegal, in line with what has
previously been reported in European and West African populations [329,586]. Although CMV
acquisition increases with age in developed countries, in our study there were no significant
differences in age between the UK CMV-, CMV+ and Senegalese populations and CMV IgG titres
were not associated with age in either the UK or Senegal. CMV seropositivity was associated
with a significant reduction in the T cell response to vaccination in the UK (measured by IFNy
ELISpot after stimulation with peptides from Ebola glycoprotein), and with reduced antibody
responses in both the UK and Senegalese cohorts. Previous studies that have observed negative
associations between CMV seropositivity and vaccine responses have shown a reduction in

humoral immune responses but have not measured T cell responses to vaccination, which are
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usually of less interest as almost all licensed vaccines exhibit antibody-mediated mechanisms of
protection [272,377,378,381,382,454]. Both antibody and T cell responses are likely relevant for
durable protection against Ebola and therefore evaluating responses in both arms of the

immune system was of importance in these vaccine trials [303].

7.4.2. CMV-associated changes in the global T cell phenotype

In this study | observed marked differences in the global T cell repertoires of CMV- and CMV+
individuals. In elderly individuals, a reduction in CD4:CD8 ratio is characteristic of
immunosenescence and reversal of this ratio (to <1) is part of the “immune risk phenotype”
associated with increased mortality in longitudinal studies of elderly populations [374,375]. In
elderly individuals this appears to be predominantly driven by expansion of CD8" T cells specific
for CMV [587]. In our cohorts, CMV seropositivity was associated with reduced proportions of
CD4* T cells, whilst there was no significant increase in CD8" T cells. Although this did not have a
significant impact on the overall CD4:CD8 ratios in these cohorts, some individuals had ratios
lower than the 1.5-2.5:1 expected in healthy young adults [588], with one CMV* UK individual
exhibiting an inverted ratio. In non-HIV infected young adults, CMV has been reported as a
significant driver of the reduction in CD4:CD8 ratio [382]. In addition to expansion of CD8" T cells,
of which there was no evidence here, an inverted ratio could also be caused by reduction of
circulating CD4* T cells due to recruitment to peripheral sites of infection. CMV-specific CD4* T
cells are thought to play an important role in containing CMV infection and in mouse models
CD4* T cells were abundant in infected peripheral tissues [589,590]. It may be that in young
CMV+ adults, there is a reduction of peripheral CD4* T cells as they are recruited to sites of CMV
infection to exert effector functions and contain the virus. As infected individuals age, multiple
reactivation events over many decades result in a gradual expansion of CMV-specific CD8* T cells

and this becomes the predominant driving force in reducing the CD4:CD8 ratio [587].
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The increase in the proportion of late-differentiated CD4* and CD8* T cells (EM CD45RACCR7
and Temra CD45RA*CCR7Y) observed in CMV+ individuals in this study is consistent with previous
studies in both young and older adults associating CMV with the expansion of these subsets
[574,591-594]. Many of these studies included CD27 and CD28, with CD27°CD28" cells identified
as being further differentiated [364,595,596]. At birth essentially all human T cells express CD28,
while in young adults 20-30% of CD8* T cells are CD28", increasing to 50-60% by aged 80 [597].
Common persistent viral infections and particularly CMV, are implicated in the expansion of this
population with age [598]. T cells that have lost expression of CD27 and CD28 have many
functional and phenotypic characteristics of senescence including reduced telomere length,
lower telomerase activity, reduced capacity to proliferate and increased expression of cytolytic
molecules such as perforin [599-601]. However, CD27°CD28 CD4* and CD8* T cells appear to be
heterogeneous populations and it has been suggested that the use of CD57 and KLRG1 might
further refine characterisation of T cell subsets [583,602]. The inhibitory receptor KLRG1 is
expressed on T cells that have previously undergone a large number of divisions, are capable of
secreting cytokines but in some circumstances fail to proliferate after stimulation and are unable
to undergo further clonal expansion [603-605]. KLRG1 expression is observed on 40-73% of cells
specific for influenza, an infection which is resolved, but much higher (>92%) on cells specific for
persistent infections such as CMV and EBV [602]. Therefore KLRG1 can be used as a marker to
identify cells that have undergone a greater number of rounds of cell division due to increased
numbers of antigen encounters. The terminal differentiation marker CD57 is also associated
with a history of a greater number of cell divisions, shorter telomeres and markers of cellular
senescence [606]. A combination of these two markers may be used to give a more precise
delineation of the phenotypic profiles of CD4* and CD8" T cells within CMV- and CMV+
individuals. In a previous study KLRG1" lymphocytes could produce IFNy on stimulation with
CMV, EBV or influenza peptides and CD57 KLRG1* cells retained some capacity to proliferate,

however CD57*KLRG1* CD8* T cells were a terminally differentiated effector population which
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lacked proliferative capacity and did not produce IFNy after antigen stimulation [602]. In the
study presented here CD57*KLRG1* cells were increased in CMV+ UK and Senegalese individuals
in total CD4" and CD8"* T cells and within CD27°CD28  CD4* and CD8" T cells suggesting further
differentiation and functional inhibition. The frequency of CD57*KLRG1* cells within total CD4* T
cells was negatively associated with both T cell and antibody responses to vaccination in the UK

and with antibody responses in Senegal.

In a recent study CD57*KLRG1*CD4"* T cells were found to be increased in patients with active TB
compared with healthy controls [607]. Although these cells produced more IFNy, IL-2 and TNFa
after antigen-specific stimulation than their KLRG1 counterparts, they had increased rates of
apoptosis and blocking KLRG1 increased the overall IFNy and IL-2 production in response to
antigen-specific stimulation. Previous work in mice and humans has indicated that antigen-
driven expression of KLRG1 in CD4* T cells might be detrimental for the anti-TB responses [608-
611]. Equally, loss of BCG protection has been associated with an expansion of KLRG1-expressing
T cells (in mice) [612]. These studies suggest that KLRG1 can act as a marker for CD4* T cells
driven to a less protective terminally differentiated state, which may be partly responsible for

the inadequate T cell responses in chronic M.tuberculosis infection [608,613].

Previous reports of CMV-related reduction in vaccine responses in the elderly have also
demonstrated negative associations between expansions of late-differentiated memory CD4*
and CD8* T cells (often marked by loss of CD28 alone or in addition to CD27) and vaccine
responses [378,574,614,615]. There are several reasons that may explain these associations. The
size and constituents of the peripheral T cell pool are regulated by thymic output and
homeostatic mechanisms [616]. Marked clonal expansions of late-differentiated CMV-specific
memory T cells may compromise de novo responses to antigens by decreasing the diversity of
the remaining naive T cells or out-competing naive T cells for resources [617]. It is likely that

most of these CD28 CD4* and CD8* T cells are CMV-specific [618], but it is also possible that CD27
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and CD28 loss may be induced on non CMV-specific T cells through cytokine-mediated effects,
thereby impacting on T cell responses to heterologous antigens [619]. There are also reports
(from mouse models) that CD28'CD8* T cells might directly exert suppressive effects on immune
function by preventing upregulation of costimulatory molecules on APCs and subsequent
reduction of CD4"* T cell responses, although the exact mechanism is unclear [620]. Equally, it has
been suggested that CD27'CD28°CD4* T cells may act as regulatory T cells inhibiting proliferation
and contributing to the downregulation of both CMV-specific and nonspecific immune
responses in CMV+ individuals [563,621]. Additionally, an increased proinflammatory background
(higher levels of IL-6 or CRP) in CMV-infected individuals could reduce responses to new

antigens [622,623].

7.4.3. Impact of other chronic pathogens

It is also possible that an increased overall burden of exposure to infection, which was observed
in the Senegalese cohort, might restrict the expansion of terminally-differentiated CMV-specific
T cells, reducing the impact of CMV compared with that seen in developed populations. This
may be one reason why there was a significant reduction in T cell responses to vaccination in
CMV+ UK individuals but not in Senegal, despite universal CMV seropositivity. However,
antibody responses were still affected in this population. In addition to CMV, almost all
Senegalese individuals were seropositive for HSV-1 and H. pylori and around half had evidence
of significant exposure to P. falciparum. These and other pathogens such as helminths have
been associated with reduced vaccine responses or immune suppression and could play a role in
the reduced immunogenicity observed in this population [160,624-626]. Equally, many of these
pathogens impact the course of infection and the development of immune responses against

other pathogens, including causing the reactivation of latent viruses such as CMV [584,627,628].

Of the 18 pathogens tested, CMV and malaria were the only two that showed significant

associations with vaccine responses. Although CMV seropositive status was associated with
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reduced T cell and antibody responses in the UK cohort, these were not associated with the
CMV-specific I1gG titre. In both cohorts CMV IgG titres were associated with an expansion of
CD57*KLRG1* CD4* T cells that were associated with reduced vaccine responses. However, it is
difficult to dissect the individual effects of CMV and malaria exposure on vaccine responses
using these cohorts as there were no individuals that were positive for P. falciparum-specific IgG
but negative for CMV. Clearly there is a limitation on the number of different factors that can be
assessed, particularly in studies of this size. Ideally, a large enough sample number would be
tested to allow for multivariate analysis to assess whether serostatus for each of these
pathogens were independently associated with reduced vaccine responses However there are
clear associations between both malaria and CMV seropositivity and a reduction in responses to
ChAd3-MVA-EBO-Z in young adults. If CMV carriage does play a role in reducing responses to
some vaccines in young adults this could have a particularly marked impact on responses to

these vaccines in developing countries, in which CMV infection is almost universal in this age

group.

Ideally in order to dissect the impact of CMV and malaria exposure a large cohort consisting of
CMV-schizont+, CMV+schizont+, CMV+schizont- and CMV-schizont- individuals would be
assessed. However, it is unlikely that a large enough cohort of such people exists, given that
CMV conversion is almost universal in the first few years of life in many malaria-endemic

countries [629-631] and therefore likely occurs before significant malaria exposure.

7.4.4. Phenotypic differences in antigen-specific T cell responses in CMV-

and CMV+ individuals

| initially used the AIM assay to investigate if the expansion of CD57*KLRG1* T cells in CMV+
individuals was due to the presence of CMV-specific T cells with this phenotype. CMV-specific
(CMV pp65 stimulated, OX40*CD25%) CD4* and CD8* T cells were detected in CMV seropositive

individuals but not in CMV seronegative individuals. However, only a very small proportion of
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the CMV-specific CD4" responses were CD57"KLRG1*, but 40% of the CMV-specific CD8" T cell
population was CD57°KLRG1*. A previous study reported that over 90% of the CMV-specific CD8"
T cells expressed KLRG1 and very few expressed CD57 [602]. However, this study used MHC class
1 peptide-tetramers carrying a single epitope from CMV pp65. It is possible that the percentage
of CMV-specific CD8* T cells expressing KLRG1 (60%) was lower and CD57 expression was more
frequent (45%) in my study due to including a broader range of responses (by using a pool of
overlapping peptides covering the length of pp65 and not restricting the analysis to individuals

with HLA-A2).

Even so, the use of just one peptide to investigate CMV-specific T cells is a limitation of this
study. Clearly, with limited cells it is impossible to measure responses against the entire CMV
proteome. Although CMV lysate has been used to stimulate cells with a more representative
combination of CMV proteins [365], CD8" T cell responses to whole CMV are poorly detected
[632]. The phenotype of T cells specific for other CMV proteins may well be different. In
particular T cells against lytic and latent stage proteins may differ [633]. However, if the
expansion of CD57*KLRG1* T cells in CMV+ individuals is not due to the phenotype of the CMV-
specific T cells themselves, then this may indicate that CMV carriage can cause phenotypic

differences in non-CMV-specific T cells.

The frequencies of GP-specific CD4* and CD8* T cells were comparable between CMV- and CMV+
individuals suggesting that the quality rather than quantity of the antigen-specific responses
may be the reason for the reduced ELISpot, ICS and antibody responses in CMV+ individuals.
Therefore, | investigated whether there was a higher frequency of CD57*KLRG1* T cells within
the antigen-specific population in CMV+ compared with CMV- individuals. The CD57*KLRG1*
subset was only a very small minority (<1%) of the vaccine-specific CD4* T cell response in CMV+
individuals but comprised almost 20% of the vaccine-specific CD8" T cell response and in both

subsets the proportion was significantly higher than in CMV- individuals. The frequency of
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CD57*KLRG1* in antigen-specific T cells in CMV+ individuals was highest at the peak of the
response and decreased at later time points, while total T cell subsets had a more consistent

phenotypic composition.

One possible reason for the association between CD57*KLRG1* T cells and reduced vaccine
responses (particularly ELISpot and ICS), could be that these cells produce less or different
cytokines and are therefore not measured by these assays. For CD8" T cells this is possible, since
around 20% of the GP-specific cells in this subset were CD57*KLRG1*, compared with just 5% in
CMV- individuals. However, this may not be a likely explanation for the association between
CD57*KLRG1* CD4* T cells and vaccine responses, since less than 1% of the GP-specific CD4* T
cells expressed these markers. Additionally, the frequency of CD57*KLRG1* cells within the
antigen-specific CD4* T cell populations was not associated with vaccine responses, while the
frequency of CD57*KLRG1" cells within antigen-specific CD8* T cells was negatively associated
with vaccine responses. These data may suggest that the CD57*KLRG1" CD8* T cells are
negatively associated with reduced vaccine responses in an antigen-specific manner (e.g.
production of less cytokine), whilst CD57*KLRG1* CD4* T cells could be negatively associated
with vaccine responses in an antigen-independent manner (e.g. Treg function). | conducted
further experiments to attempt to clarify which was the case or if both mechanisms were

involved in the observed reduction of vaccine responses in CMV+ individuals.
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7.5. Conclusions

CMV+ individuals had phenotypically different responses to vaccination, with increased
frequencies of Ebola GP-specific T cells expressing CD57 and KLRG1, which were associated with
reduced vaccine responses. Although changes in the global T cell repertoire have previously
been associated with CMV, the identification of phenotypic differences in vaccine-specific T cell
responses in CMV+ and CMV- individuals is novel. The observations in this study suggest that
high CMV seroprevalence may have a role in driving the reduced vaccine immunogenicity
observed in some developing countries. This has important implications for future vaccine
studies, particularly when comparing trial outcomes between populations with different CMV
seropositivity rates. Development of a vaccine against CMV could prevent acquisition of CMV
and inflation of these subsets with reduced functionality, preventing the negative impacts on
vaccine responses and potentially delaying or reducing the process of immunosenescence. There
are several promising candidate CMV vaccines, however current efforts have been focused on
prevention of primary infections in pregnant women as the highest visible morbidity and
mortality stems from congenital infections [634]. This study adds to a growing body of evidence
suggesting that CMV infection might have a much broader impact on public health and an

effective vaccine could have farther-reaching benefits than previously appreciated.
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Conclusions and Future directions

8.1. Overview

After decades of research a licensed malaria vaccine may finally be on the horizon. RTS,S, the
only malaria vaccine candidate to have been tested in Phase Ill studies, has demonstrated short-
term protective efficacy in infants in malaria-endemic countries [238,411-413]. However, efficacy
in the target infant population was low and waned to almost nothing by four years [238]. The
WHO have recommended further evaluation of a four-dose RTS,S schedule in a series of Phase lll
pilot implementation studies alongside vector control and seasonal chemoprophylaxis [635].
However, in order to eliminate malaria, particularly in high transmission settings, a more
efficacious vaccine will be needed. Towards this goal, there are vaccines being developed for
each of the lifecycle stages [216] and a combination approach may be required to achieve

optimal efficacy.

One issue with combination regimens is the need to find the optimal delivery strategy and
schedule for each of the vaccines. Vaccines may be co-administered at the same or different
sites (e.g. opposite arms), mixed or given at staggered time points. The optimal regimen will
depend on both efficacy and the feasibility of implementing the regimen in resource-poor
settings. It is hoped that by combining vaccines that target Plasmodium through multiple
different mechanisms, an additive or even synergistic effect of efficacy could be achieved [636]
but combination regimens of malaria vaccines in both mice and humans have had mixed results

[401,637,638]. Although vaccines are often co-administered (e.g. the measles, mumps and rubella
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[MMR] vaccine, the diphtheria, pertussis and tetanus [DPT] vaccine and others in the EPI
schedule), development of these combination vaccines and co-administration schedules can be
challenging [639]. Interactions between components in the different vaccines may cause
immune interference through antigen competition [640] or induction of interferon by live viral
vaccines, which may inhibit replication of other live viral vaccines [641]. Induction of both potent
antibody and T cell responses without immune interference will likely require careful

optimisation of the vaccines, delivery routes, administration sites and regimen.

Effectively vaccinating individuals in the context of ongoing malaria transmission may provide an
additional challenge. There is evidence that blood-stage malaria infection directly inhibits the
development of effective memory responses against PE stage malaria [161-163]. Recent and
concurrent malaria infections have been shown to inhibit heterologous vaccine responses in
children and infants [158-160]. The potential long term impacts of repeated infections and
chronic asymptomatic parasitaemia are also beginning to be understood [209-212]. These
exposures may have profound impacts on the immune system, skewing Tfh [197] and memory B

cells [83,85,171] towards phenotypes less able to support robust antibody responses [86,196].

The key target population for malaria vaccines is infants aged 5-17 months. For some of the
vaccines that have been studied in this age group, robust responses to vaccination are restored
if the vaccine is given after clearance of parasitaemia, however a month after clearance,
responses to meningococcal vaccines were still impaired [160]. The long-term effects of malaria
exposure on vaccine responses in older children and adults have not been widely studied.
Vaccine responses are rarely compared head-to-head in malaria-naive and malaria-exposed
populations. Of course, many factors aside from malaria exposure may play a role in this
phenomenon including other pathogen exposure, genetic differences, microflora composition
and nutritional status [486-489,642]. Although the key target population for malaria vaccines is

5-17 month olds, vaccinating adults may be important to reduce transmission, particularly in
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high transmission settings where semi-immune adults may carry high burdens of asymptomatic

parasitaemia [204].

The 2014-2016 Ebola outbreak in West Africa highlighted the threat of emerging infectious
diseases and the need to develop effective vaccines against outbreak pathogens [310,494,643].
Outbreak pathogens for which vaccines are currently being developed as a priority include
Ebola, Zika, Chikungunya, Lassa and Marburg viruses [310,643]. Many of these pathogens have
geographical distributions that overlap with areas of malaria transmission and therefore being

able to effectively vaccinate malaria-exposed adults is a key requirement for these vaccines.

Amongst other factors that could affect vaccine responses in Africa is CMV infection, which is
almost universally prevalent [329]. Although also highly prevalent in developed countries, in
children and young adults seroprevalence is much lower in these countries — around 30-50%
[329]. CMV infection has a profound impact on the immune system characterised by the
expansion of terminally differentiated memory T cells, dominance of CMV-specific cells within
the T cell pool and expansion of particular NK cell subsets [345,358-362,593]. There is growing
evidence that CMV may be associated with the aging of the immune system or
immunosenescence and is part of an immune risk profile for all-cause mortality in elderly
individuals [373-375,587]. Latent CMV carriage has been associated with reduced responses to
vaccination in elderly individuals in some cases [377,574] but not others [379,380]. However the
impact on children and young adults is even less clear [381-385]. If CMV impacts immune
responses to certain vaccinations in young adults and children, this could also have a profound
impact on vaccine immunogenicity and efficacy in Africa compared with initial results from trials

in the UK and USA where CMV seroprevalence is lower.

This thesis addresses some of these issues, characterising the immunogenicity of combination

malaria vaccine regimens, measuring immune responses to vaccination in malaria-exposed
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populations and exploring the impact of malaria and CMV on the immune responses to

vaccination.

8.2. Summary of findings, implications and future

directions

8.2.1. Combination malaria vaccines

Initial work in this thesis aimed to evaluate the immunogenicity and efficacy in combination
regimens of RTS,S/AS01B and viral-vectored vaccines. The immunogenicity of RTS,S/ASO1B was
significantly reduced when doses were co-administered with a prime-boost regimen of ChAd63-
ME-TRAP and MVA-ME-TRAP. Both the quality and quantity of the antibody response to RTS,S
were reduced with lower NANP-specific antibody titres and reduced ability to block sporozoite
invasion in an in vitro assay. Co-administration also resulted in a significant reduction in efficacy
— 60% compared with 75% when RTS,S5/ASO1B was administered alone (standard dose
regimens). This effect was not seen if the vaccines were given at two week intervals (82%
efficacy) and there was no effect on the T cell response induced by viral vectored vaccines in
either the staggered or co-administration regimens compared with single administration of viral

vectored vaccines.

Analysis of the underlying cellular differences revealed a potential role for the strong Thil
cytokine responses induced by viral vectors in skewing Tfh towards a CXCR3" phenotype that
may be less efficient at helping B cells produce antibody [68,197]. Interestingly, this may
recapitulate to some extent what occurs in acute malaria infections, with a preferential
activation and expansion of CXCR3* Tfh and a resultant inhibition in the generation of effective

antibody responses [197].

This was the first time we have used the ISl in a clinical trial to enable us to gain an insight into

potential mechanisms of vaccine-induced protection in our studies. Inhibition of sporozoite
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invasion was significantly higher in protected individuals, whilst there was no association
between NANP-specific I1gG titre and protection. Use of this and similar functional studies in
future Phase Il studies will be important in gaining an insight into how these vaccines work and

potentially finding an immunological correlate of protection.

This study additionally tested a fractional third dose of RTS,S/AS01B, which may provide a higher
level of protection than three standard doses [416,420]. However, the trial was not designed to
answer that question and the different spacing of doses (0, 1, 7 months instead of O, 1, 2
months) may have also been a cause for the difference in efficacy. In our trial, we did not have
power to detect a significant difference in efficacy between the standard and fractional third
dose regimens, however we did observe a significantly high blocking ability by antibody from the
reduced third dose groups. Differences in the antibody responses induced by standard and
reduced third dose regimens have been previously identified [644]. However, this is the first
demonstration of a functional difference that was associated with protection and may explain

how this regimen could have better efficacy.

The implications of this work are that further Phase | and Il trials of combination vaccine
regimens must be carefully designed in order to determine the optimal administration protocol
and schedule for immunogenicity and efficacy. This may be especially challenging for
combinations of malaria vaccines that aim to induce both potent T cell and antibody responses.
For infant vaccines the challenge is even greater to include these vaccines within the EPI
schedule. Viral vectored TRAP vaccines and RTS,S have already been tested alongside EPI
vaccines and did not cause a reduction in responses to those vaccines or any safety concerns

[645,646]. However, any new combination would also need to be tested in this way.

8.2.2. Measuring immunogenicity in malaria-endemic populations

A further aim of this thesis was to develop assays to accurately measure humoral

immunogenicity in malaria-exposed populations. ELISAs completed using samples from Burkina
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Faso, led to the discovery of significant levels of antigen-independent antibody deposition
(AIAD) on ELISA plates in samples from areas of high malaria transmission. This caused intense
background signal and potentially false positive results. Although significant background signal in
malaria-exposed populations several decades ago [449], very few studies in these populations
adjust for or even test for this. In order to accurately measure humoral immunogenicity in
malaria-exposed populations, background signal caused by AIAD should be tested for and
appropriate steps taken to remove this background. | found that a commercially available
blocking buffer, ChonBlock™ specifically designed to remove AIAD background signal in
autoimmune subjects with high levels of circulating 1gG [453,455,458], was also able to block
AIAD in samples from malaria-exposed subjects. The use of such a blocking buffer or the
subtraction of AIAD signal from the antigen-specific response should be used to ensure accurate

measurement of humoral immunogenicity in populations where AIAD is an issue.

8.2.3. Impact of malaria exposure on vaccine responses

Both RTS,S and viral vectored malaria vaccines have been tested in numerous trials in the
UK/USA and malaria-endemic  African  countries [240,252,257,258,262,410,411,419-
422,428,502,646]. However due to differences in trial design and immunological readouts used, it
is often difficult to draw comparisons between the immunogenicity in malaria-naive and
malaria-exposed populations. We have run a number of malaria vaccine trials in which the same
vaccine doses, regimen and assays have been used enabling head-to-head comparisons in
different cohorts. In addition to malaria vaccines, we have also run directly comparable trials of
the viral vectored vaccines ChAd3-EBO-Z and MVA-EBO-Z in the UK and Senegal. The aim of this
research was to compare the immunogenicity of viral vectored vaccines and R21 in malaria-
exposed and malaria-naive cohorts and to determine if malaria exposure might be associated

with differences in vaccine immunogenicity.
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TRAP-specific 1gG responses induced by ChAd63-MVA-ME-TRAP and Ebola GP-specific IgG
responses induced by ChAd3-MVA-EBO-Z were significantly reduced in malaria-exposed cohorts
(in Kenya, The Gambia and Senegal) compared with malaria-naive UK cohorts. In the Senegalese
cohort, Ebola GP-specific IgG responses were negatively associated with malaria exposure
measured by antibody against AMA-1, MSP-1 or Pf-infected RBC lysate. Additionally, the
increased frequency of CXCR3* cTfh and atypical memory B cells in this cohort compared with
the UK cohort was interesting given that these phenotypes have previously been associated with
malaria and may be less functional [85,86,196,197]. However, these cell subsets showed a limited
association with vaccine responses, suggesting that if malaria is involved in reducing responses
to these vaccines, there is an alternative underlying mechanism. Interestingly, there was no
impact on CD8" T cell responses and both T cell and antibody responses in malaria-exposed
infants were comparable to or higher than malaria-naive adults. Further work is needed to
determine why humoral immunogenicity is primarily affected and why responses did not appear

to be reduced in infants (although there is no malaria-naive infant group for direct comparison).

Immunogenicity and efficacy of vaccines should be optimised for the target populations. It is
therefore important that future trials are designed to enable comparisons to be drawn between
cohorts as much as possible. This will enable any reduction of responses in particular cohorts to
be easily detected. The thorough investigation of underlying associations with reduced vaccine
immunogenicity would allow further optimisation of these vaccines to provide the optimal level

of best protection in the populations that need it most.

8.2.4. Impact of CMV on vaccine responses

Further analysis of the reduced humoral immunogenicity of ChAd3-MVA-EBO-Z in Senegal
compared with the UK revealed an association with CMV seroprevalence. The results from this
research showed that vaccine responses in UK CMV+ individuals were significantly lower than

UK CMV- individuals and comparable to those in the Senegalese cohort (in which all individuals
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were CMV+). These individuals demonstrated expansions of terminally differentiated memory T
cells that have previously been associated with CMV [358-362,380] and were negatively
associated with vaccine responses in this study. The association between CMV and reduced
responses to vaccination could have important implications for vaccination in many countries in
Africa, in which CMV seroprevalence in children and young adults is extremely high. Future
studies should be designed to address why responses to these vaccines in particular were lower

in CMV+ individuals and what might be done in order to enhance responses in this context.

| adapted and tested an activation-induced markers assay to measure antigen-specific T cell
responses in these cohorts independently of functional output (e.g. cytokine production) [647].
This enables us to measure antigen-specific T cell responses in an unbiased way (no pre-
determination of the types of cytokines produced) and to compare the total antigen-responsive
T cell populations. This assay will be a useful tool in future trials and it is already planned for use
in the next Phase lla malaria vaccine trial being conducted at the Jenner Institute. Further
optimisation of the assay to include functional measures would be useful to integrate our

current cytokine panel and the total antigen-specific T cell data provided by the AIM assay.

Initial work | have conducted using these assays suggests that the frequency of antigen-
responsive T cells is similar in CMV- and CMV+ individuals but may be phenotypically different.
Antigen-responsive cells in CMV+ individuals contained an increased frequency of terminally
differentiated CD57*KLRG1* T cells. Initial work suggests that IFNy production by these expanded
CD57*KLRG1* T cells may be reduced compared with CD57°'KLRG1 T cells and may explain the
reduction in T cell responses measured by IFNy ELISpot in these individuals. However, further
studies will be needed to fully characterise the functional differences in the cell subsets and
determine the clinical relevance of their expansion. Work has already begun within the group to
try to answer some of these outstanding questions. This work includes analysing cytokine

production by CD57*KLRG1* compared with CD57'KLRG1" cells when stimulated with the vaccine
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antigen or SEB and further phenotyping to determine the frequency of Tregs within these
populations in CMV+ and CMV- individuals. CD57*KLRG1* T cells have been shown to be poor
cytokine producers [602]. Therefore, the increased proportion of this phenotype within the
vaccine-specific T cells in CMV+ individuals could explain the reduced IFNy ELISpot responses.
Although bystander activation was shown to have a minimal impact in these assays in a previous
study [402], it would be useful to use use peptide-MHC staining to confirm whether
CD57*KLRG1* AIM* cells in CMV+ individuals were definitely specific for the vaccine antigen. If
these cells are not actually specific for Ebola GP, then this would mean that CMV+ individuals
had a lower frequency of antigen-specific T cells than CMV- individuals. This could provide an
alternative explanation for the reduced IFNy ELISpot responses in CMV+ individuals. Additional
ongoing work includes phenotyping of NK cells and analysis of NK cell responses to vaccination

within CMV- and CMV+ individuals.

It is particularly interesting that CD8* T cell responses in malaria-exposed, CMV+ adults are
comparable to malaria-naive CMV- adults (and higher than malaria-naive CMV+ individuals),
whilst antibody responses are reduced. As chronic malaria exposure appears to induce an
immunoregulatory environment, it is unlikely that these enhanced CD8" IFNy responses are
associated with malaria exposure. Speculatively, CD8" T cell activation and IFNy production in
could be increased by exposure to another pathogen. Around a third of the global population is
estimated to carry latent TB infection (LTBI) and prevalence is thought to range from 30-55% in
sub-Saharan Africa [648]. LTBI has been associated with increased levels of circulating IFNy [649]
and T cell activation [650] This increased Th1l-skewed immune activation may further suppress
humoral responses whilst enhancing cellular immunity. The direct effects of IFNy on T cells can
be suppressive [651]. However, IFNy can enhance CD8"* T cells indirectly through upregulation of
the immunoproteasome and MHC class | antigens, increasing antigen presentation. Therefore,
increased circulating IFNy in these individuals could result in increased presentation and
recognition of vaccine antigens increasing vaccine-specific CD8" T cell responses. It would be
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useful in larger studies in the future to include a test for LTBI amongst the other pathogens in

the multiplex serology presented in this thesis.

The impact of CMV on the immune system and response to vaccination is a growing field with
varying associations reported. Further studies clarifying the impact of CMV on vaccine responses
and the mechanisms underlying these will be a significant addition to the field. Development of
a vaccine against CMV could prevent acquisition of CMV and inflation of these subsets with
reduced functionality, preventing the negative impacts on vaccine responses and potentially
delaying or reducing the process of immunosenescence. There are several promising candidate
CMV vaccines, however current efforts have been focused on prevention of primary infections in
pregnant women as the highest visible morbidity and mortality stems from congenital infections
[634]. This study and a growing body of evidence suggest that CMV infection might have a much

broader impact on public health and an effective vaccine could have farther-reaching benefits.

8.3. Final remarks

| believe that the work presented here adds an important body of knowledge to the vaccine
field. In order to optimise vaccines for malaria and outbreak pathogens, we need a deeper
understanding of how these vaccines work and what determines protection. More studies like
this that evaluate the functional antibody responses and underlying cellular mechanisms are
needed to accelerate vaccine development. Vaccines are often initially tested in populations
within developed countries in which climate, pathogen exposure, nutritional status and genetic
background can be vastly different to those in the target population. It is important that we are
able to optimise vaccines to work in the populations that need them most. The work presented
here emphasises the need for head-to-head comparisons of vaccine immunogenicity in these
populations and exploration of the factors underlying reduced immunogenicity in the target

population.
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Appendix

Table Al. CTL peptide sequences

Peptide Amino acid . . L
Source Protein (region) Length |HLA restriction

name sequence
CTL1 VSDGGPNLY Influenza A PB1 (591-599) 9 Al
CTL2 CTELKLSDY Influenza A NP (44-52) 9 Al
CTL3 GLCTLVAML EBV BMLF1 (259-267) 9 A2
CTL4 GILGFVFTL Influenza M Matrix 1 (58-66) 9 A2
CTL5 NLVPMVATV HCMV pp65 (495-503) 9 A0201
CTL6 ILRGSVAHK Influenza A NP (265-273) 9 A3
CTL7 RVRAYTYSK EBV BRLF1 (148-156) 9 A3
CTL8 RLRAEAQVK EBV EBNA3A (603-611) 9 A3
CTL9 IVTDFSVIK EBV EBNA3B (416-424) 9 All
CTL10 ATIGTAMYK EBV BRLF1(134-143) 9 All
CTL11 DYCNVLNKEF EBV BRLF1 (28-37) 10 A24
CTL12 KTGGPIYKR Influenza A NP (91-99) 9 A68
CTL13 RPPIFIRRL EBV EBNA3A (379-387) 9 B7
CTL14 TPRVTGGGAM HCMV pp65 10 B7
CTL15 QAKWRLQTL EBV EBNA3A (158-166) 9 B8
CTL16 FLRGRAYGL EBV EBNA3A (325-333) 9 B8
CTL17 RAKFKQLL EBV BZLF1 (190-197) 8 B8
CTL18 ELRSRYWAI Influenza A NP (380-388) 9 B8
CTL19 SRYWAIRTR Influenza A NP (383-391) 9 B27
CTL20 RRIYDLIEL EBV EBNA3C (258-266) 9 B27
CTL21 YPLHEQHGM EBV EBNA3A (458-466) 9 B35
CTL22 EENLLDFVRF EBV EBNA3C (281-290) 10 B44
CTL23 EFFWDANDIY HCMV pp65 (511-525) 10 B44
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ME-TRAP

Assay 1 Assay 2
R10 R10 R10 TD1 D1 TD1 R10 R10 R10 TD1 D1 TD1
TT1 TT1 1 TD2 TD2 TD2 TT1 TT1 M1 TD2 TD2 TD2
T2 T2 T2 TD3 TD3 TD3 112 T2 12 TD3 D3 TD3
113 113 T13 TD4 TD4 TD4 113 113 13 TD4 TD4 TD4
T4 T4 T4 TD5 TD5 TD5 T4 T4 T4 TD5 TD5 TD5
TT5 TT5 TT5 TT MP TT MP TT MP TT5 TT5 TT5 TT MP TT MP TT MP
TT6 TT6 TT6 TD MP TD MP TD MP TT6 TT6 TT6 TD MP TD MP TD MP
ME ME ME PHA/SEB PHA/SEB PHA/SEB ME ME ME PHA/SEB PHA/SEB PHA/SEB
CSP
Assay 1 Assay 2 Assay 3 Assay 4
R10 R10 R10 R10 R10 R10 R10 R10 R10 R10 R10 R10
R10 R10 R10 R10 R10 R10 R10 R10 R10 R10 R10 R10
CSP 1 CSP 1 CSP 1 CSP 1 CSP 1 CSP 1 CSP 1 CSP 1 CSP 1 CSP 1 CSP 1 CSP 1
CSP 2 CSP 2 CSP 2 CSP 2 CSP 2 CSP 2 CSP 2 CSP 2 CSP 2 CSP 2 CSP 2 CSP 2
CSP 3 CSP 3 CSP 3 CSP 3 CSP 3 CSP 3 CSP 3 CSP 3 CSP 3 CSP 3 CSP 3 CSP 3
CSP MP CSP MP CSP MP CSP MP CSP MP CSP MP CSP MP CSP MP CSP MP CSP MP CSP MP CSP MP
CTL CTL CTL CTL CTL CTL CTL CTL CTL CTL CTL CTL
PHA/SEB PHA/SEB PHA/SEB PHA/SEB PHA/SEB PHA/SEB PHA/SEB PHA/SEB PHA/SEB PHA/SEB PHA/SEB PHA/SEB
GP
Assay 1 Assay 2
R10 R10 R10 GP1-6 GP1-6 GP1-6 R10 R10 R10 GP1-6 GP1-6 GP1-6
R10 R10 R10 GP1-7 GP1-7 GP1-7 R10 R10 R10 GP1-7 GP1-7 GP1-7
SP SP SP GP2-1 GP2-1 GP2-1 SP SP SP GP2-1 GP2-1 GP2-1
GP1-1 GP1-1 GP1-1 GP2-2 GP2-2 GP2-2 GP1-1 GP1-1 GP1-1 GP2-2 GP2-2 GP2-2
GP1-2 GP1-2 GP1-2 GPSMP1 | GPSMP1 | GPS MP1 GP1-2 GP1-2 GP1-2 GPSMP1 | GPSMP1 | GPS MP1
GP1-3 GP1-3 GP1-3 GPSMP2 | GPSMP2 | GPS MP2 GP1-3 GP1-3 GP1-3 GPSMP2 | GPSMP2 [ GPS MP2
GP1-4 GP1-4 GP1-4 empty empty empty GP1-4 GP1-4 GP1-4 empty empty empty
GP1-5 GP1-5 GP1-5 PHA/SEB PHA/SEB PHA/SEB GP1-5 GP1-5 GP1-5 PHA/SEB PHA/SEB PHA/SEB
negative Peptide I:’Megapool I:lPositive
control pool (MP)

Figure Al. ELISpot plate layouts
ELISpot plate layouts for the ME-TRAP, CSP and Ebola GP assays. No TD pool 6 was included on
the ME-TRAP plate as the sequences of all peptides in this pool are the same as the TT peptides.
For comparing responses to the strains, the response to TT6 was added to the TD pool sum. TT:
TT/96 strain TRAP, TD: 3D7 strain TRAP, SP: Ebola Zaire glycoprotein signal peptide, GPS: Sudan
Ebola glycoprotein.
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Table A2. TRAP peptide sequences and pool configurations
Sequences that are conserved between the T9/96 and 3D7 strains are highlighted in green. 10T
and 37T do not exist because there is an insertion in the 3D7 sequence and the T9/96 sequence
was shifted to aid alignment

Pool Peptide name Amino acid sequence Pool Peptide name Amino acid sequence
1T MNHLGNVKYLVIVFLIFFDL 1D MNHLGNVKYLVIVFLIFFDL
2T VIVFLIFFDLFLVNGRDVQN 2D VIVFLIFFDLFLVNGRDVQN
3T FLVNGRDVQNNIVDEIKYSE 3D FLVNGRDVQNNIVDEIKYRE
417 NIVDEIKYSEEVCNDQVDLY 4D NIVDEIKYREEVCNDEVDLY
5T EVCNDQVDLYLLMDCSGSIR 5D EVCNDEVDLYLLMDCSGSIR

TT pool 1 TD pool 1
6T LLMDCSGSIRRHNWVNHAVP 6D LLMDCSGSIRRHNWVNHAVP
7T RHNWVNHAVPLAMKLIQQLN 7D RHNWVNHAVPLAMKLIQQLN
8T LAMKLIQQLNLNDNAIHLYV 8D LAMKLIQQLNLNDNAIHLYA
9T LNDNAIHLYVNVFSNNAKEI 9D LNDNAIHLYASVFSNNAREI
10T 10D SVFSNNAREIIRLHSDASKN
117 IRLHSDASKNKEKALIIIRS 11D IRLHSDASKNKEKALIIKS
127 KEKALIIIRSLLSTNLPYGR 12D KEKALIIIKSLLSTNLPYGK
13T LLSTNLPYGRTNLTDALLQV 13D LLSTNLPYGKTNLTDALLQV
147 TNLTDALLQVRKHLNDRINR 14D TNLTDALLQVRKHLNDRINR
15T RKHLNDRINRENANQLVVIL 15D RKHLNDRINRENANQLVVIL
TTpool 2 16T ENANQLVVILTDGIPDSIQD TD pool 2 16D |ENANQLVVILTDGIPDSIQD
17T TDGIPDSIQDSLKESRKLSD 17D TDGIPDSIQDSLKESRKLSD
18T SLKESRKLSDRGVKIAVFGI 18D SLKESRKLSDRGVKIAVFGI
19T RGVKIAVFGIGQGINVAFNR 19D RGVKIAVFGIGQGINVAFNR
20T GQGINVAFNRFLVGCHPSDG 20D GQGINVAFNRFLVGCHPSDG
21T FLVGCHPSDGKCNLYADSAW 21D FLVGCHPSDGKCNLYADSAW
22T KCNLYADSAWENVKNVIGPF 22D KCNLYADSAWENVKNVIGPF
23T ENVKNVIGPFMKAVCVEVEK 23D ENVKNVIGPFMKAVCVEVEK
24T MKAVCVEVEKTASCGVWDEW 24D MKAVCVEVEKTASCGVWDEW
25T TASCGVWDEWSPCSVTCGKG 25D TASCGVWDEWSPCSVTCGKG
TT pool 3 TD pool 3
26T SPCSVTCGKGTRSRKREILH 26D SPCSVTCGKGTRSRKREILH
27T TRSRKREILHEGCTSEIQEQ 27D TRSRKREILHEGCTSELQEQ
28T EGCTSEIQEQCEEERCPPKW 28D EGCTSELQEQCEEERCLPKR
29T CEEERCPPKWEPLDVPDEPE 29D CEEERCLPKREPLDVPDEPE
30T EPLDVPDEPEDDQPRPRGDN 30D EPLDVPDEPEDDQPRPRGDN
31T DDQPRPRGDNSSVQKPEENI 31D DDQPRPRGDNFAVEKPNENI
32T SSVQKPEENIIDNNPQEPSP 32D FAVEKPNENIIDNNPQEPSP
33T IDNNPQEPSPNPEEGKDENP 33D IDNNPQEPSPNPEEGKGENP
34T NPEEGKDENPNGFDLDENPE 34D NPEEGKGENPNGFDLDENPE
35T NGFDLDENPENPPNPDIPEQ 35D NGFDLDENPENPPNPPNPPN
TT pool 4 TD pool 4
36T NPPNPDIPEQKPNIPEDSEK 36D NPPNPPNPPNPPNPPNPPNP
37T 37D PPNPPNPPNPDIPEQKPNIP
38T DIPEQKPNIPEDSEKEVPSD 38D DIPEQKPNIPEDSEKEVPSD
39T EDSEKEVPSDVPKNPEDDRE 39D EDSEKEVPSDVPKNPEDDRE
40T VPKNPEDDREENFDIPKKPE 40D VPKNPEDDREENFDIPKKPE
41T ENFDIPKKPENKHDNQNNLP 41D ENFDIPKKPENKHDNQNNLP
427 NKHDNQNNLPNDKSDRNIPY 42D NKHDNQNNLPNDKSDRYIPY
43T NDKSDRNIPYSPLPPKVLDN 43D NDKSDRYIPYSPLAPKVLDN
44T SPLPPKVLDNERKQSDPQSQ 44D SPLAPKVLDNERKQSDPQSQ
45T ERKQSDPQSQDNNGNRHVPN 45D ERKQSDPQSQDNNGNRHVPN
TT pool 5 TD pool 5
46T DNNGNRHVPNSEDRETRPHG 46D DNNGNRHVPNSEDRETRPHG
47T SEDRETRPHGRNNENRSYNR 47D SEDRETRPHGRNNENRSYNR
48T RNNENRSYNRKYNDTPKHPE 48D RNNENRSYNRKHNNTPKHPE
49T KYNDTPKHPEREEHEKPDNN 49D KHNNTPKHPEREEHEKPDNN
50T REEHEKPDNNKKKGESDNKY 50D REEHEKPDNNKKKAGSDNKY
51T KKKGESDNKYKIAGGIAGGL 51D KKKGESDNKYKIAGGIAGGL
52T KIAGGIAGGLALLACAGLAY 52D KIAGGIAGGLALLACAGLAY
53T ALLACAGLAYKFVVPGAATP 53D ALLACAGLAYKFVVPGAATP
TT pool 6 54T KFVVPGAATPYAGEPAPFDE TD pool 6 54D KFVVPGAATPYAGEPAPFDE
55T YAGEPAPFDETLGEEDKDLD 55D YAGEPAPFDETLGEEDKDLD
56T TLGEEDKDLDEPEQFRLPEE 56D TLGEEDKDLDEPEQFRLPEE
57T EPEQFRLPEENEWN 57D EPEQFRLPEENEWN
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Table A3. ME peptide sequences

Peptide name

Amino acid sequence

Antigen source

Epitope type

HLA restriction

Is8 KPNDKSLY LSA1 CD8 B35
cp26 KPKDELDY CsP CD8 B35
Is6 KPIVQYDNF LSA1 CD8 B53
trd2/43 ASKNKEKALII TRAP CD8 B8
tr39 GIAGGLALL TRAP CD8 A0201
cp6 MNPNDPNRNV CSP CD8 B7
st8 MINAYLDKL STARP CD8 A0202
Is50 ISKYEDEI LSA1 CcD8 B17
tr26 HLGNVKYLV TRAP CD8 A0201
Is53 KSLYDEHI LSA1 CD8 B58
tr29 LLMDCSGSI TRAP CD8 A0202
cp39 YLNKIQNSL CSP CD8 A0201
l1a72 MEKLKELEK LSA3 CD8 B8
ex23 ATSVLAGL Expl CD8 B58
csp DPNANPNVDPNANPNV CSP Cb4 Multiple
trapAM DEWSPCSVTCGKGTRSRKRE TRAP Heparin-binding motif Multiple
nanp NANPNANPNANPNANP CSP B cell Multiple
38H BCG QVHFQPLPPAVVKL BCG CD4 Multiple
FTTp QFIKANSKFIGITE T CD4 Multiple
pb9 SYIPSAEKI Plasmodium bergei CSP CD8 Mouse H2-K*
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Table A4. CSP peptide sequences and pool configurations

Pool Peptide Amino acid sequence
name
CSP1 MMAPDPNANPNANPN
CSP2 NANPNANPNANPNAN
CSP3 DPNANPNANPNKNNQ
CSP4 NPNANPNKNNQGNGQ
CSP Pool 1 |CSP5 NPNKNNQGNGQGHNM
NANP and CSP6 NNQGNGQGHNMPNDP
conserved region (csp7 NGQGHNMPNDPNRNV
CSP8 HNMPNDPNRNVDENA
CSP9 NDPNRNVDENANANS
CSP10 RNVDENANANSAVKN
CSP11 ENANANSAVKNNNNE
CSP12 ANSAVKNNNNEEPSD
CSP13 VKNNNNEEPSDKHIK
CSP14 NNEEPSDKHIKEYLN
CSP Pool 2 TH2R|CSP15 PSDKHIKEYLNKIQN
region CSP16 HIKEYLNKIQNSLST
CSP17 YLNKIQNSLSTEWSP
CSP18 IQNSLSTEWSPCSVT
CSP19 LSTEWSPCSVTCGNG
CSP20  |WSPCSVTCGNGIQVR
CSP21  |SVTCGNGIQVRIKPG
CSP22  |GNGIQVRIKPGSANK
CSP23  |QVRIKPGSANKPKDE
cep pogl s |CSP24 [KPGSANKPKDELDYA
Thar/cs TaT  |CSP25 |ANKPKDELDYANDIE
region CSP26  |KDELDYANDIEKKIC
CSP27 DYANDIEKKICKMEK
CSP28 DIEKKICKMEKCSSV
CSP29 KICKMEKCSSVFNVV
CSP30 MEKCSSVFENVVNSSI
CSP31 KCSSVFNVVNSSIGL
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Table A5. Zaire Ebola GP peptide sequences and pool configurations

Peptide Peptide Peptide
Pool Sequence Pool Sequence Pool Sequence
name name name
GP1 |MGVTGILQLPRDRFK GP64 |RYQATGFGTNETEYL GP1-6 GP127 |TDFLDPATTTSPQNH
GP2  |GILQLPRDRFKRTSF GP1-3 GP65 |TGFGTNETEYLFEV (continue | GP128 |DPATTTSPQNHSETA
GP3  [LPRDRFKRTSFFLWV (continue | GP66 [GTNETEYLFEVDNL GP129 |TTSPQNHSETAGNNNTH
<p GP4  |RFKRTSFFLWVIILF d) GP67 |ETEYLFEVDNLTYV GP130 |HSETAGNNNTHH
GP5  |TSFFLWVIILFQRTF GP68 |YLFEVDNLTYVQL GP131 |SETAGNNNTHHQDTG
GP6  |LWVIILFQRTFSIPL GP69  |FEVDNLTYVQLESRF GP132 |GNNNTHHQDTGEESA
GP7 _ |ILFQRTFSIPLGVIH GP70 |NLTYVQLESRFTPQF GP133 |THHQDTGEESASSGK
GP8  |RTFSIPLGVIHNSTL GP71 |VQLESRFTPQFLLQL GP134 |DTGEESASSGKLGLI
GP9  |IPLGVIHNSTLQV GP72  |SRFTPQFLLQLNETI GP135 |ESASSGKLGLITNTI
GP10 |LGVIHNSTLQVSDV GP73  |PQFLLQLNETIY GP136 |SGKLGLITNTIAGVA
GP11 |IHNSTLQVSDVDKLV GP74  |FLLQLNETIYTSGKR GP137 |GLITNTIAGVAGLI
GP12 |TLQVSDVDKLVCRDK GP75  |[LNETIYTSGKRSNTTGK P17 GP138 |TNTIAGVAGLITGGR
GP13  |SDVDKLVCRDKL GP76  |TSGKRSNTTGKLIWK GP139 |AGVAGLITGGRRTRR
GP14 |DVDKLVCRDKLSSTNQL GP77 _ |RSNTTGKLIWKV GP140 |GLITGGRRTRREAIV
GP15 |CRDKLSSTNQLRSV GP78  |SNTTGKLIWKVNPEI GP141 |GGRRTRREAIVNA
GP16 |KLSSTNQLRSVGLNL GP1-4 GP79  |GKLIWKVNPEIDTTI GP142 |RRTRREAIVNAQPK
GP17 |TNQLRSVGLNLEGNGV GP80  |WKVNPEIDTTIGEWA GP143 |RREAIVNAQPKCNPNL
GP18 |SVGLNLEGNGVATDV GP81 |PEIDTTIGEWAFW GP144 |VNAQPKCNPNLHYW
GP1-1 GP19 |NLEGNGVATDVPSA GP82  |IDTTIGEWAFWETKK GP145 |AQPKCNPNLHYW
GP20 |GNGVATDVPSATKRW GP83 |IGEWAFWETKKNLTR GP146 |PKCNPNLHYWTTQDEGA
GP21 |ATDVPSATKRWGFR GP84  |AFWETKKNLTRKIR GP147 |LHYWTTQDEGAAIGL
GP22 |VPSATKRWGFRSGV GP85 |ETKKNLTRKIRSEEL GP148 |TTQDEGAAIGLAWI
GP23 |ATKRWGFRSGVPPKV GP86 |NLTRKIRSEELSFTV GP149 |DEGAAIGLAWIPYF
GP24  |WGFRSGVPPKVVNY GP87  |KIRSEELSFTVV GP150 |AAIGLAWIPYFGPAA
GP25 |RSGVPPKVVNYEA GP88 |IRSEELSFTVVSNGA GP151 |LAWIPYFGPAAEGIY
GP26 |GVPPKVVNYEAGEWA GP89  |ELSFTVVSNGAKNI GP152 |PYFGPAAEGIYIEGL
GP27 |KVVNYEAGEWAENCY GP90 |FTVVSNGAKNISGQSPA GP153 |PAAEGIYIEGLMH
GP28 |YEAGEWAENCYNLEI GP91 |GAKNISGQSPAR GP154 |AEGIYIEGLMHNQDGL
GP29 |EWAENCYNLEIKK GP92  |AKNISGQSPARTSSD GP155 |IEGLMHNQDGLICGL
GP30 |AENCYNLEIKKPDGS GP93  |SGQSPARTSSDPGTN GP2-1 GP156 |MHNQDGLICGLRQLA
GP31 |YNLEIKKPDGSECL GP94  |PARTSSDPGTNTTTEDH GP157 |DGLICGLRQLANETTQA
GP32  |EIKKPDGSECLPAA GP95  |DPGTNTTTEDHKIMA GP158 |LRQLANETTQALQLF
GP33  |KPDGSECLPAAPDGI GP96 |NTTTEDHKIMASENSSA GP159 |ANETTQALQLFLRA
GP34  |SECLPAAPDGIRGF GP97  |HKIMASENSSAMVQV GP160 |TTQALQLFLRATTEL
GP35 |LPAAPDGIRGFPRCR GP1-5 GP98 |ASENSSAMVQVH GP161 |LQLFLRATTELRTF
GP36 |PDGIRGFPRCRYVHK GP99  |SENSSAMVQVHSQGR GP162 |FLRATTELRTFSIL
GP37  |RGFPRCRYVHKV GP100 |SAMVQVHSQGREAAV GP163 |ATTELRTFSILNRKA
GP1-2 GP38 |GFPRCRYVHKVSGTG GP101 |VQVHSQGREAAVSHL GP164 |LRTFSILNRKAIDFL
GP39  |CRYVHKVSGTGPCA GP102 |SQGREAAVSHLTTLA GP165 |SILNRKAIDFLLQRW
GP40 |VHKVSGTGPCAGDFA GP103 |EAAVSHLTTLATI GP166 |RKAIDFLLQRWGGTCH
GP41  |SGTGPCAGDFAFHK GP104 |AVSHLTTLATISTS GP167 |FLLQRWGGTCHIL
GP42  |GPCAGDFAFHKEGAF GP105 |HLTTLATISTSPQSL GP168 |LQRWGGTCHILGPDCCI
GP43  |GDFAFHKEGAFFLY GP106 |LATISTSPQSLTTK GP169 |TCHILGPDCCIEPH
GP44  |AFHKEGAFFLYDRLA GP107 |ISTSPQSLTTKPGPD GP170 |ILGPDCCIEPHDWTK
GP45 |EGAFFLYDRLASTVI GP108 |PQSLTTKPGPDNSTH GP171 |DCCIEPHDWTKNI
GP46  |FLYDRLASTVIYR GP109 |TTKPGPDNSTHNTPV GP172 |CIEPHDWTKNITDKI
GP47  |YDRLASTVIYRGTTF GP110 |GPDNSTHNTPVYKL GP173 |HDWTKNITDKIDQII
GP48 |ASTVIYRGTTFAEGV GP111 |NSTHNTPVYKLDI GP174 |KNITDKIDQIIHDFV
GP49  |IYRGTTFAEGVVAFL GP112 |THNTPVYKLDISEA GP175 |DKIDQIIHDFVDKTL
GP50 |TTFAEGVVAFLIL GP113 |TPVYKLDISEATQV GP176 |DQIIHDFVDKTL
GP51 |FAEGVVAFLILPQAK GP114 |YKLDISEATQVEQHH GP2-2 GP177 |IIHDFVDKTLPDQGD
GP52  |VVAFLILPQAKKDFF GP115 |ISEATQVEQHHRR GP178 |FVDKTLPDQGDNDNW
GP53  |LILPQAKKDFFSSH GP116 |EATQVEQHHRRTDND GP179 |TLPDQGDNDNWWTGW
GP54 |PQAKKDFFSSHPLR GPL6 GP117 |VEQHHRRTDNDSTA GP180 |DQGDNDNWWTGWRQW
GP55  |KKDFFSSHPLREPV GP118 |HHRRTDNDSTASDTPSA GP181 |NDNWWTGWRQWIPA
GP1-3 GP56  |FFSSHPLREPVNA GP119 |NDSTASDTPSATTAA GP182 |WWTGWRQWIPAGIGV
GP57  |SSHPLREPVNATED GP120 |ASDTPSATTAAGPPK GP183 |WRQWIPAGIGVTGVV
GP58 |PLREPVNATEDPSSGY GP121 |PSATTAAGPPKA GP184 |IPAGIGVTGVVIAVI
GP59 |VNATEDPSSGYY GP122 |SATTAAGPPKAENTN GP185 |IGVTGVVIAVIALF
GP60 |NATEDPSSGYYSTTI GP123 |AAGPPKAENTNTSK GP186 |TGVVIAVIALFCICK
GP61 |DPSSGYYSTTIRYQA GP124 |PPKAENTNTSKSTDF GP187 |IAVIALFCICKFVF
GP62  |GYYSTTIRYQATGF GP125 |ENTNTSKSTDFLDPA
GP63  |STTIRYQATGFGTNE GP126 |TSKSTDFLDPATTTS
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Table A6. Sudan Ebola GP peptide sequences and pool configurations

Peptide Peptide Peptide
Pool Sequence Pool Sequence Pool Sequence

name name name
GPS1 |MGGLSLLQLPRDKFR GPS57 |[FGAQHSTTLFKIDNN GPS113 |PGPTTEAPTLTTPEN
GPS2 |SLLQLPRDKFRKSSF GPS58 |HSTTLFKIDNNTFVR GPS114 [TEAPTLTTPENITTA
GPS3 |LPRDKFRKSSFFVWV GPS59 |LFKIDNNTFVRLDRP GPS115 |TLTTPENITTAVKTV
GPS4  |KFRKSSFFVWVIILF GPS60 [DNNTFVRLDRPHTPQ GPS116 |PENITTAVKTVLPQE
GPS5  [SSFFVWVIILFQKAF GPS61 [FVRLDRPHTPQFLFQ GPS117 |TTAVKTVLPQESTSN
GPS6  |VWVIILFQKAFSMPL GPS62 [DRPHTPQFLFQLNDT GPS118 |KTVLPQESTSNGLIT
GPS7 |ILFQKAFSMPLGVVT GPS63 |TPQFLFQLNDTIHLH GPS119 [PQESTSNGLITSTVT
GPS8 |KAFSMPLGVVTNSTL GPS64 |LFQLNDTIHLHQQLS GPS120 [TSNGLITSTVTGILG
GPS9 |MPLGVVTNSTLEVTE GPS65 [NDTIHLHQQLSNTTG GPS121 |LITSTVTGILGSLGL
GPS10 [VVTNSTLEVTEIDQL GPS66 [HLHQQLSNTTGRLIW GPS122 |TVTGILGSLGLRKRS
GPS11 [STLEVTEIDQLVCKD GPS67 [QLSNTTGRLIWTLDA GPS123 |ILGSLGLRKRSRRQT
GPS12 [VTEIDQLVCKDHLAS GPS68 |TTGRLIWTLDANINA GPS124 [LGLRKRSRRQTNTKA
GPS13 |DQLVCKDHLASTDQL GPS69 |LIWTLDANINADIGE GPS125 [KRSRRQTNTKATGKC
GPS14 |CKDHLASTDQLKSVG GPS MP1 GPS70 [LDANINADIGEWAFW GPS126 |RQTNTKATGKCNPNL
GPS15 |LASTDQLKSVGLNLE (continued) [ GPS71 |[INADIGEWAFWENKK GPS127 |TKATGKCNPNLHYWT
GPS16 |DQLKSVGLNLEGSGV GPS72  [IGEWAFWENKKNLSE GPS128 |GKCNPNLHYWTAQEQ
GPS17 [SVGLNLEGSGVSTDI GPS73 |AFWENKKNLSEQLRG GPS129 |[PNLHYWTAQEQHNAA
GPS18 [NLEGSGVSTDIPSAT GPS74 |[NKKNLSEQLRGEELS GPS130 [YWTAQEQHNAAGIAW
GPS19 [SGVSTDIPSATKRWG GPS75 [LSEQLRGEELSFEAL GPS131 |QEQHNAAGIAWIPYF
GPS20 [TDIPSATKRWGFRSG GPS76 [LRGEELSFEALSLNE GPS132 |NAAGIAWIPYFGPGA
GPS21 |SATKRWGFRSGVPPK GPS77 [ELSFEALSLNETEDD GPS133 |IAWIPYFGPGAEGIY
GPS22 [RWGFRSGVPPKVVSY GPS78 |EALSLNETEDDDAAS GPS134 |PYFGPGAEGIYTEGL
GPS23 [RSGVPPKVVSYEAGE GPS79 |LNETEDDDAASSRIT GPS135 [PGAEGIYTEGLMHNQ
GPS24 |PPKVVSYEAGEWAEN GPS80 [EDDDAASSRITKGRI GPS136 |GIYTEGLMHNQNALV
GPS25 [VSYEAGEWAENCYNL GPS81 [AASSRITKGRISDRA GPS137 |EGLMHNQNALVCGLR
GPS26 |AGEWAENCYNLEIKK GPS82  [RITKGRISDRATRKY GPS138 |HNQNALVCGLRQLAN
GPS27 [AENCYNLEIKKPDGS GPS83 |GRISDRATRKYSDLV GPS MP2 GPS139 [ALVCGLRQLANETTQ

GPS MP1 GPS28 |YNLEIKKPDGSECLP GPS84 [DRATRKYSDLVPKNS (continued) GPS140 [GLRQLANETTQALQL
GPS29 |IKKPDGSECLPPPPD GPS85 [RKYSDLVPKNSPGMV GPS141 |LANETTQALQLFLRA
GPS30 [DGSECLPPPPDGVRG GPS86 [DLVPKNSPGMVPLHI GPS142 |TTQALQLFLRATTEL
GPS31 |CLPPPPDGVRGFPRC GPS87 [KNSPGMVPLHIPEGE GPS143 |LQLFLRATTELRTYT
GPS32 [PPDGVRGFPRCRYVH GPS88 |GMVPLHIPEGETTLP GPS144 [LRATTELRTYTILNR
GPS33 [VRGFPRCRYVHKAQG GPS89 [LHIPEGETTLPSQNS GPS145 [TELRTYTILNRKAID
GPS34 |PRCRYVHKAQGTGPC GPS90 [EGETTLPSQNSTEGR GPS146 |TYTILNRKAIDFLLR
GPS35 |YVHKAQGTGPCPGDY GPS91 [TLPSQNSTEGRRVGV GPS147 |LNRKAIDFLLRRWGG
GPS36 |AQGTGPCPGDYAFHK GPS92 [QNSTEGRRVGVNTQE GPS148 |AIDFLLRRWGGTCRI
GPS37 |GPCPGDYAFHKDGAF GPS93 |EGRRVGVNTQETITE GPS149 [LLRRWGGTCRILGPD
GPS38 |GDYAFHKDGAFFLYD GPS94 [VGVNTQETITETAAT GPS150 |WGGTCRILGPDCCIE
GPS39 |FHKDGAFFLYDRLAS GPS95  [TQETITETAATIIGT GPS151 |CRILGPDCCIEPHDW
GPS40 |GAFFLYDRLASTVIY GPS96 [ITETAATIIGTNGNH GPS152 |GPDCCIEPHDWTKNI
GPS41 [LYDRLASTVIYRGVN GPS97 |AATIIGTNGNHMQIS GPS153 [CIEPHDWTKNITDKI
GPS42 [LASTVIYRGVNFAEG GPS MP2 GPS98 |[IGTNGNHMQISTIGI GPS154 [HDWTKNITDKINQII
GPS43 |[VIYRGVNFAEGVIAF GPS99 [GNHMAQISTIGIRPSS GPS155 |KNITDKINQIIHDFI
GPS44 |GVNFAEGVIAFLILA GPS100 |QISTIGIRPSSSQIP GPS156 |DKINQIIHDFIDNPL
GPS45 |AEGVIAFLILAKPKE GPS101 |IGIRPSSSQIPSSSP GPS157 |QIIHDFIDNPLPNQD
GPS46 |[IAFLILAKPKETFLQ GPS102 |PSSSQIPSSSPTTAP GPS158 |DFIDNPLPNQDNDDN
GPS47 |ILAKPKETFLQSPPI GPS103 [QIPSSSPTTAPSPEA GPS159 [NPLPNQDNDDNWWTG
GPS48 |PKETFLQSPPIREAV GPS104 |SSPTTAPSPEAQTPT GPS160 |[NQDNDDNWWTGWRQW
GPS49 |FLQSPPIREAVNYTE GPS105 |TAPSPEAQTPTTHTS GPS161 |DDNWWTGWRQWIPAG
GPS50 |[PPIREAVNYTENTSS GPS106 |PEAQTPTTHTSGPSV GPS162 |WTGWRQWIPAGIGIT
GPS51 [EAVNYTENTSSYYAT GPS107 |TPTTHTSGPSVMATE GPS163 |[RQWIPAGIGITGIII
GPS52 [YTENTSSYYATSYLE GPS108 [HTSGPSVMATEEPTT GPS164 [PAGIGITGIIAIIA
GPS53 |TSSYYATSYLEYEIE GPS109 |PSVMATEEPTTPPGS GPS165 |GITGIIAIIALLCV
GPS54 |YATSYLEYEIENFGA GPS110 |ATEEPTTPPGSSPGP GPS166 |IIIAIIALLCVCKLL
GPS55 [YLEYEIENFGAQHST GPS111 |PTTPPGSSPGPTTEA GPS167 [IIALLCVCKLLC
GPS56 |EIENFGAQHSTTLFK GPS112 [PGSSPGPTTEAPTLT
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Figure A2. ELISpot and ICS QC

Unstimulated and positive controls for VAC59 ELISpot and ICS assays conducted over multiple
time points. A) CSP ELISpot background (unstimulated cells, average of three wells per
volunteer). B) CSP ELISpot positive control (PHA/SEB stimulated cells, average of three wells per
volunteer). C) ICS background for IFNy* CD8* T cells (unstimulated cells). D) ICS positive control
for IFNy* CD8" T cells (SEB stimulated cells). Dotted lines show lower limit of detection (LLOD),
dashed lines show the QC cut-off. Assays in which the negative control value was above the QC
cut-off or the positive control value was below the QC cut-off were classed as “failed” and
removed from the dataset. There was no QC cut-off for ICS background. Instead, background
was subtracted from the antigen-specific response for each individual. The assay was classed as
“failed” if the background-subtracted response was less than twice the background response for
that individual. Intra- and inter-assay variation was comparable for CD4* T cells and other
cytokine responses.
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Figure A3. Gating strategy for clinical trials intracellular cytokine staining
Intracellular cytokine staining gating strategy. Cells were gated on single lymphocytes based on size. Dead cells, CD14* and CD19" cells were

excluded and T cells were identified by CD3 expression. T cell subsets were gated as CD4* and CD8* populations. Cytokine expression was
quantified by plotting pairs of cytokines against each other and gating positive populations.
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Figure A4. Gating strategy for cTfh phenotyping

Gating strategy for cTfh phenotyping using cell surface staining and flow cytometry.
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Figure A5. Gating strategy for memory T cell phenotyping
Gating strategy for memory T cell phenotyping using cell surface staining and flow cytometry.

Mature B cells Activated MBCs  Classical MBCs BCR isotype
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Figure A6. Gating strategy for B cell phenotyping
Gating strategy for B cell phenotyping using cell surface staining and flow cytometry. Cells were
initially gated on live single lymphocytes as in Figure A5 above.
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Figure A7. Gating strategy for activation-induced markers assay

Activation-induced markers gating strategy. Cells were gated on single lymphocytes based on
size, then dead cells, CD14* and CD19" cells were excluded. T cell subsets were gated as
CD4*CD8 or CD8'CD4" and then expression of AIM markers was measured within each subset.
Gates displayed are representative of the top quartile of GP-specific responses in order to clearly
demonstrate where these populations sit.
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Figure A8. Gating strategy for inhibition of sporozoite invasion assay

Hierarchical gating strategy used to determine the percentage of hepatoma cells infected with
GFP-expressing sporozoites. 1. Hepatoma cells are gated based on size to exclude debris and
large cell clumps. 2. Singlets are gated to exclude smaller cell clumps and in doublets in
particular. 3. Live cells (DAPI-negative) are gated to exclude dead cells. 4. Cells infected with the
GFP-expressing sporozoites are GFP+. Cells are gated against both GFP (Alexa Fluor-AF488
channel, GFP+) and the adjacent channel (PE-) to exclude signal that is caused by
autofluorescence. Representative populations in each of the conditions are shown: I. Infectivity
control - sporozoite infection of hepatoma cells in the absence of any serum; Il. Sporozoite
infection of hepatoma cells in the presence of naive serum (DO); lll. Sporozoite infection of
hepatoma cells in the presence of immune serum (C-1); IV. Gating control — hepatoma cells only,
no sporozoites or serum added.
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