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Abstract
Overcoming antigenic variation is one of the major challenges in the development of an effective
vaccine against Plasmodium falciparum, a causative agent of human malaria. Inclusion of multiple
antigen variants in subunit vaccine candidates is one strategy that has aimed to overcome this
problem for the leading blood-stage malaria vaccine targets, merozoite surface protein 1 (MSP1)
and apical membrane antigen 1 (AMA1). However previous studies, utilizing malaria antigens,
have concluded that inclusion of multiple allelic variants, encoding altered peptide ligands (APL),
in such a vaccine may be detrimental to both the priming and in vivo re-stimulation of antigen-
experienced T cells. Here we analyze the T cell responses to two alleles of MSP1 and AMA1
induced by vaccination of malaria-naïve adult volunteers with bi-valent viral vectored vaccine
candidates. We show a significant bias to the 3D7/MAD20 allele compared to the Wellcome allele
for the 33kDa region of MSP1, but not for the 19kDa fragment or the AMA1 antigen. Whilst this
bias could be caused by ‘immune interference’ at priming, the data don’t support a significant role
for ‘immune antagonism’ during memory T cell re-stimulation, despite observation of the latter at
a minimal epitope level in vitro. A lack of class I HLA epitopes in the Wellcome allele that are
recognized by vaccinated volunteers may in fact contribute to the observed bias. We also show
that controlled infection with 3D7 strain P. falciparum parasites neither boosts existing 3D7-
specific T cell responses nor appears to ‘immune divert’ cellular responses towards the Wellcome
allele.

INTRODUCTION
The development of highly effective cross-strain immunity against infectious pathogens
remains the universal goal for all vaccine developers. This is no less true in the case of the
apicomplexan parasite Plasmodium falciparum – the causative agent of the most severe and
deadly form of human malaria. Like most difficult infectious pathogens, the high level of
antigenic variation and polymorphism displayed by this parasite in endemic areas frequently
poses a huge challenge in the context of effective subunit vaccine development (1, 2).
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Antigens expressed during the blood-stage parasite infection, such as merozoite surface
protein 1 (MSP1) (3) and apical membrane antigen 1 (AMA1) (4), remain leading targets for
inclusion in subunit vaccine candidates. These two antigens have been associated with
protective immunity in naturally-exposed individuals (5-7), as well as proving efficacious in
pre-clinical vaccine studies of mice (8-10) and non-human primates (11-14). Although
protective blood-stage immunity has been widely associated with antibody responses, a
growing body of evidence in both animal and human studies supports a contributing role for
cellular immunity (15, 16). Although infected erythrocytes lack MHC molecules with which
to present parasite-derived peptides, it is thought that effector CD4+ T cells can enhance
clearance of opsonized parasitized red blood cells (pRBCs) by macrophages in the spleen;
orchestrate the induction of parasiticidal pro-inflammatory serum cytokine responses; and/or
provide polarizing help for B cells leading to the induction of protective cytophilic IgG
subclasses that may better interact with innate cellular effectors such as monocytes or
neutrophils (17, 18). CD8+ T cells have been shown to be protective in the P. yoelii mouse
model at both the liver-stage (19, 20) and blood-stage of malaria infection (21). CD8+ T
cells specific for blood-stage antigens potentially target merozoite derived antigens during
the late stages of pre-erythrocytic parasite development within infected hepatocytes (20).

We have thus aimed to develop clinically-relevant subunit vaccine delivery platforms that
are capable of inducing antibody responses against the transgene of interest in conjunction
with strong cellular immunity (22, 23), and in a recent series of Phase I/IIa clinical trials in
Oxford, UK we have shown that viral vectored delivery of the MSP1 and AMA1 blood-
stage malaria antigens can achieve this goal (24, 25). In these trials, the two antigens were
separately delivered utilizing a heterologous prime-boost immunization regime consisting of
a priming vaccination with a recombinant replication-deficient chimpanzee adenovirus
serotype 63 (ChAd63) vector, followed eight weeks later by a boosting vaccination with an
attenuated modified vaccinia virus Ankara (MVA) vector recombinant for the same antigen
(Figure S1). This regime was shown to be safe and immunogenic for both antibody and T
cell responses in healthy adult human volunteers and, when the vectors for both antigens
were co-administered, sterilizing efficacy was observed in 1/9 individuals against controlled
human malaria infection (CHMI) with vaccine homologous P. falciparum 3D7 strain
sporozoites (26).

Importantly, antibodies against MSP1 and AMA1 have been shown to elicit vaccine-strain
specific efficacy in non-human primate studies (12, 14) as well as most recently humans, in
the case of a monovalent 3D7 strain AMA1 protein/adjuvant vaccine tested in Malian
children (27). Attempts to address this issue of antigenic polymorphism have involved the
development of multivalent vaccine formulations containing multiple allelic variants of the
MSP1 or AMA1 target antigen (28-30) or artificial diversity covering consensus sequences
(31). Similarly, both of the viral vectored vaccine transgene inserts had been previously
designed to address the issues surrounding target antigen polymorphism by encoding bi-
allelic vaccine inserts for AMA1 (32, 33) and MSP1 (34, 35). Although these strategies aim
to confront the difficulties surrounding the induction of cross-strain humoral immunity,
other reports have raised important concerns about this approach in the context of T cell
immunity (36). Such studies utilizing malaria antigens have concluded that inclusion of
multiple allelic variants in a vaccine may be detrimental to both the priming and in vivo re-
stimulation of antigen-experienced T cells (37, 38). These immunological studies arose from
questions relating to the population dynamics of natural P. falciparum malaria infection,
host-parasite co-evolution and how allelic dimorphisms are maintained.

Although the population of P. falciparum parasite strains circulating in an endemic
population will be influenced by host human leukocyte antigen (HLA) type and other
genetic factors, studies of parasite populations have also led to questions as to whether
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parasite strain co-habitation within hosts can affect T cell responses. A previous study has
described how IFN-γ responses to allele-specific CD4+ T cell epitopes in MSP1 failed to
correlate with differential antigenic exposure in The Gambia (39). A follow-up study
demonstrated that allelic altered peptide ligand (APL) T cell epitopes of MSP1 mutually
inhibited IFN-γ secretion of CD4+ T cells in naturally-exposed Gambian volunteers, and
that the same variant epitopes were also able to impair priming of T cells from malaria naïve
individuals (38). This observed effect of priming bias termed ‘immune interference’ (37) is
dependent on the presentation of APLs on the same antigen presenting cell (APC). This
effect is distinguished from effector level ‘immune antagonism’ which describes the
phenomenon whereby the simultaneous presence of an APL epitope pair causes a
significantly reduced T cell recall response compared to that observed in the presence of one
epitope alone, and is not dependant on presentation of APLs on the same APC (36).
Together these mechanisms could provide a significant in vivo immune evasion mechanism
and thus facilitate survival of co-habiting parasites that bear such antagonistic allelic epitope
regions. Gilbert et al. (36) proposed a mathematical model for co-habitation by such
mechanisms and in a follow up study (37) showed evidence for immune interference in the
dimorphic CD8+ cytotoxic T lymphocyte (CTL) epitopes, cp26 and cp29, from the liver-
stage circumsporozoite protein (CSP). Moreover, they also described ‘immune diversion’ a
mechanism whereby after priming CTLs to one epitope, exposure to the second APL variant
elicited a narrow response to the original epitope and reduced cross-reactivity (37). This
phenomenon is also observed in human immunodeficiency virus (HIV) (40) and hepatitis C
virus (HCV) infection (41). Consequently, the identification of such immune evasionary
mechanisms led to the concern that attempts to address the well-recognized problem of
antigenic polymorphism, by including bi-allelic sequences of P. falciparum antigens in the
same vaccine, may be more detrimental than beneficial for both the in vivo priming and
boosting of broad and effective T cell responses.

Until now, there has been no bi-valent blood-stage malaria vaccine tested in clinical trials
that was designed to induce strong T cell responses. Here we analyze the vaccine-induced
CD8+ and CD4+ T cell responses to both alleles of MSP1 and AMA1 delivered by the viral
vectored vaccines in malaria-naïve adult volunteers. We show that whilst there is a
significant bias towards the 3D7/MAD20 allele (over the Wellcome allele) in terms of T cell
responses to the dimorphic 33kDa region of MSP1 (MSP133), this is not observed for the
19kDa region of MSP1 (MSP119) or for the AMA1 antigen. Although the bias to a stronger
3D7 allele MSP133-specific response could be due to ‘immune interference’, we offer an
alternative explanation that limited recognition of class I HLA epitopes in the Wellcome
allele may result in similar observations. We also confirm that ‘immune antagonism’ does
occur at the minimal epitope level in vitro, as previously shown for the MSP1 antigen (38,
39), but we conclude these effects were too small to influence the overall antigen-specific
responses as measured by ex-vivo IFN-γ ELISPOT assay. Similarly, exposure of volunteers
to infectious challenge with 3D7 strain P. falciparum parasites does not appear to ‘immune
divert’ cellular responses towards the Wellcome allele, although interestingly we also
observed no apparent boosting of responses post-exposure. Overall, the data suggest host
HLA type may play a prominent role in determining the magnitude of measured T cell
responses to different alleles within these bi-valent blood-stage malaria vaccine candidates
and should be taken into consideration for immuno-monitoring in future studies.

MATERIALS & METHODS
Immunization Groups and Peripheral Blood Mononuclear Cells (PBMCs)

Frozen PBMC samples were used throughout this study and were obtained from Phase Ia
safety and immunogenicity clinical trials for the MSP1 (24) and AMA1 (25) candidate
vaccines, as well as a Phase IIa efficacy study where immunized volunteers underwent
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CHMI with vaccine homologous P. falciparum 3D7 strain sporozoites delivered by
mosquito bite (Figure S1)(26). In all cases, the two antigens were separately delivered by a
heterologous prime-boost immunization regime consisting of a priming intramuscular (i.m.)
vaccination with a recombinant replication-deficient ChAd63 vector (doses: 5 × 109 – 5 ×
1010 viral particles (vp)), followed eight weeks later by a boosting vaccination i.m. with
MVA vector (doses: 1.25 – 5 × 108 plaque forming units (pfu)) recombinant for the same
antigen. All necessary regulatory and ethical approvals were granted as previously described
(24-26), and the trials were registered with ClinicalTrials.gov. All volunteers gave written
informed consent prior to participation, and the studies were conducted according to the
principles of the Declaration of Helsinki and in accordance with Good Clinical Practice
(GCP). All volunteers participating in these clinical trials gave permission for samples to be
used for exploratory immunology analysis and HLA typing (Transplant, Immunology &
Immunogenetics Department, Churchill Hospital, Oxford NHS, UK). PBMC samples from
the trials were all prepared and frozen as previously described (24).

Antigens and Peptides
The composition of the bi-allelic vaccine inserts for MSP1 (34, 35) and AMA1 (32, 33) used
in both the ChAd63 and MVA vaccine vectors have been previously described. In the case
of AMA1, a bivalent transgene was optimized to consist of the 3D7 and FVO strain alleles
fused in tandem; whilst for MSP1 an insert was designed comprising both the 3D7/MAD20
and Wellcome alleles of the dimorphic 42kDa C-terminal region (MSP142 / sequence blocks
16+17) fused in tandem and preceded by the naturally conserved regions of MSP1 sequence
(blocks 1, 3, 5 and 12)(35). The MSP142 region is composed of an N-terminal 33kDa region
(MSP133, block 16) followed by a C-terminal 19kDa region (MSP119, block 17). Peptides
were designed as 20mers overlapping by 10 amino acids (αα) to cover the entire sequence
of each transgene insert, and were pooled according to sequence block for the MSP1 insert,
or by whether they were 3D7 allele-specific, FVO allele-specific or common to both in the
case of AMA1, all as previously described (24, 25). All new peptides used for the studies
here are listed in Table I. The epitope prediction software ‘SBS EpiToolKit’ (http://
www.epitoolkit.org/epipred) was used to select the minimal epitopes described in Table II.
All new peptides were purchased from Peptide Protein Research Ltd., UK, at a purity of
>75%. Peptides were reconstituted in 100% DMSO at 100-200mg/mL and then used to
create working peptide pool stocks of 10μg/mL for ELISPOT assay (2x final concentration).

Ex-vivo IFN-γ ELISPOT Assay
The ex-vivo IFN-γ ELISPOT was performed as previously described (24, 25). However
instead of using freshly isolated cells, frozen PBMC were thawed in a water bath at 37°C
and immediately transferred into warm medium. Cells were washed twice in medium, before
incubation in medium containing 1μL/mL benzonase (25units/μL) (Sigma-Aldrich) for a
minimum of 1h, then counted and resuspended at 5×106/mL. 50μL of cells were added to
the relevant wells of the ELISPOT plate to give 250,000 cells per well. Cells were re-
stimulated in duplicate with 50μL of the relevant peptide(s) (final concentration 5μg/mL of
each peptide), with a media/DMSO unstimulated negative control, and a PHA/SEB positive
control before incubation and development, all as previously described (24, 25). Results are
expressed as IFN-γ spot-forming units (SFU) per million PBMC. Background responses in
unstimulated control wells were almost always less than 20 spots, and were subtracted from
those measured in peptide-stimulated wells.

CD4+ and CD8+ T cell Depletion ELISPOT Assay
CD4+ and CD8+ T cell depletions were performed according to the manufacturer’s
instructions for the MACS magnetic column system, with human CD4 and CD8 microbeads
(Miltenyi Biotec, UK). Typically 10 million PBMC were thawed as previously described
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and divided equally to generate three samples (~3 million cells/sample after losses): i)
Undepleted; ii) CD4+ cells (CD8+ cell depleted) and iii) CD8+ cells (CD4+ cell depleted).
Microbeads were added to specifically bind to the fraction intended for depletion and then
incubated before application to the magnetic column. Labeled (unwanted) cells are attracted
to the magnetic field trapping them within the column whilst the remaining cells pass
through. The flow-through fraction was then resuspended to the original volume and a
standard ex-vivo IFN-γ ELISPOT assay performed, whilst the depleted cells were
discarded. A subset of samples was also analyzed by flow cytometry to assess the efficiency
of depletion. Cells were extracellularly stained using anti-human CD3 FITC (clone
UCHT1), anti-human CD4 PerCP-Cy5 (clone OKT4) and anti-human CD8α APC (clone
RPA-T8) antibodies (eBioscience) before analysis using a LSRII Flow Cytometer (BD
Biosciences, Franklin Lakes, NJ). Cells were gated by Lymphocytes/Singlets/CD3+ before
gating on CD4+ and CD8+. Depletion efficiency was >98% for CD4+ and >99% for CD8+

(Figure S2).

Statistical Analysis
Data were analyzed using GraphPad Prism version 5.03 for Windows (GraphPad Software
Inc., California, USA). Wilcoxon matched-pairs signed rank tests were carried out to
compare responses to pairs of alleles. A P value >0.05 was considered significant in all
cases.

RESULTS
Human vaccination with bi-allelic AMA1 and MSP1 vaccines induces IFN-γ T cell
responses to both alleles

Previous data have suggested that co-habiting P. falciparum parasites could interfere with
the priming of T cell responses by the phenomenon of ‘immune interference’ as well as re-
stimulation of memory responses by ‘immune antagonism’, whereby APL epitopes present
in dimorphic antigens antagonize responses to each other (38). This led to concerns about
the ability to prime and boost cellular immune responses with vaccines encoding more than
one allele of an antigen. In this study, healthy malaria-naïve adult volunteers were
immunized in a heterologous prime-boost immunization regime with viral vectored vaccines
encoding bi-allelic inserts for the MSP142 or AMA1 blood-stage malaria antigens (Figure
S1). Initially total IFN-γ producing T cell responses were assessed to each allele by ex-vivo
IFN-γ ELISPOT assay. AMA1-specific responses were calculated by summing the response
to pools containing peptides unique to each individual allele (3D7 or FVO) with the
response to pools containing peptides that were conserved between the two alleles. We have
previously reported that the responses at the peak time-points (day (d) 14 after the ChAd63
prime and d63 after the MVA boost) are broad and spread over each of the ten peptide pools
assayed (25), however the C-terminal domain (also included in the vaccine construct and
unique to the FVO sequence (32, 33) was excluded from the analysis reported here. Figure
1A shows the allele-specific responses for all time-points assayed in the Phase Ia study.
There were no significant differences between overall responses to the 3D7 or FVO alleles
of AMA1 by a Wilcoxon matched-pairs signed rank test at all time-points measured,
including those measured after the ChAd63 prime (d0 – d56) and after the MVA boost (d63
– d140).

MSP1 allele-specific IFN-γ T cell responses were also calculated by summing the response
to pools containing peptides specific to each individual allele (3D7 or Wellcome) of MSP133
and MSP119 contained within the vaccine antigen. Similar to AMA1, we have also
previously reported that the responses at the peak time-points (d14 after the ChAd63 prime
and d63 after the MVA boost) are broad and spread over each of the 12 peptide pools
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assayed (24). Here we show the allele-specific responses for all time-points assayed in the
Phase Ia study for both MSP133 (Figure 1B) and MSP119 (Figure 1C). In the case of the
MSP133 region, significant differences were observed between the responses to the 3D7 and
Wellcome alleles in a Wilcoxon matched-pairs signed rank test for all time points after the
priming and boosting vaccinations except d0 and d56, with 3D7 being the dominant allele as
reflected in the 3D7:Wellcome ratio. At the peak response post-prime (d14) and post-boost
(d63) the differences were most significant. Responses to MSP119 were, however,
comparable between the two alleles, with no significant differences observed. It should be
noted that the MSP119 3D7 pool contains three more peptides than its Wellcome equivalent
(24). These three peptide sequences are duplicated in the Wellcome sequence and therefore
were excluded in the second pool to avoid duplication of the response. It is highly unlikely
that these peptides contain strong epitopes given the lack of significant differences between
the responses to the two pools. These responses to MSP119 were also of much weaker
magnitude in comparison to MSP133 (in agreement with the smaller size of this domain) but
were not absent, as might be expected from preclinical data suggesting this conformational
region of MSP1 (34) is refractory to antigen processing and presentation to T cells (42, 43).
Overall, these data confirm that it is possible to both prime and boost T cell responses to
each component allele encoded in the bi-allelic vaccines, and only in the case of MSP133
was a dominant allele noted.

Infectious challenge with 3D7 clone parasites does not divert T cell responses
Previous data from studies of malaria, HCV and HIV have also described the phenomenon
of ‘immune diversion’ – a mechanism whereby after priming to one epitope, exposure to a
second APL variant elicited a narrow response to the original epitope and reduced cross-
reactivity. We explored this effect in the context of a CHMI study, whereby immunized
volunteers were experimentally exposed to five mosquito bites harboring infectious 3D7
clone P. falciparum sporozoites (26, 44). All the volunteers immunized with the MSP1 or
AMA1 vaccines alone developed blood-stage malaria infection, and were treated at the time
of patency as diagnosed by thin blood film microscopy (26). Volunteers had thus been
immunized with bi-allelic T cell-inducing vaccines followed by subsequent exposure to a
single malaria parasite clone (3D7 in this case). Total IFN-γ producing T cell responses
were again assessed to each allele by ex-vivo ELISPOT assay before and after malaria
exposure.

As before, the allele-specific responses are shown for all time-points assayed in the Phase
IIa efficacy study (Figure 2). In contrast to the Phase Ia trial (Figure 1A), small but
significant differences were observed between the 3D7 and FVO AMA1-specific responses
by Wilcoxon matched-pairs signed rank test after the ChAd63 prime (d0 – d56), although
this difference was less pronounced following MVA boost and prior to malaria infection
(d63 – dC-1) (Figure 2A). Following malaria sporozoite infection, blood-stage merozoites
are predicted to rupture out of the liver and enter the blood on days 6.5-7 post-challenge (dC
+6.5 and dC+7). Median time to patent parasitemia was 10.8 days, for both MSP1 and
AMA1 vaccinated volunteers compared to 9.7 for the controls (26). While PBMC samples
assayed up to 150 days post-challenge (dC+150) showed some small but significant
differences between the 3D7 and FVO allele-specific responses, there was no significant
boosting of 3D7 AMA1-specific T cell responses. Overall the median ratio of responses
between 3D7 and FVO AMA1 remained close to 1, and the significant differences observed
were primarily due to the paired analysis and slightly stronger 3D7 responses in the case of
most individuals.

In agreement with AMA1, very similar results were observed for the dimorphic MSP133 and
MSP119 responses (Figure 2B, C). Comparable results were observed to the Phase Ia clinical
trial data prior to malaria infection, and following challenge, the ratio of 3D7 and Wellcome
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responses for MSP133 were not affected. There was no significant boosting of 3D7 allele
responses, and no apparent diversion towards Wellcome-specific responses. Although the
dominance of the 3D7 MSP133 allele does become significantly greater at the dC+7 and dC
+35 time-points, this significance level is also observed at dC-1 prior to infection, and is less
pronounced at dC+90 and dC+150. For MSP119 there was also no change to the
3D7:Wellcome ratios towards a 3D7 bias after challenge except for dC+35 where there was
a small but significant enhancement of the 3D7-specific response. Overall, these data
suggest that controlled 3D7 clone blood-stage parasite exposure does not boost the IFN-γ T
cell response induced by the vaccine, nor is there significant diversion of responses towards
the non-infecting heterologous allele.

Priming of T cell responses in unimmunized control volunteers is predominantly strain-
specific

In the Phase IIa efficacy study, six malaria-naïve infectivity control volunteers were also
infected, and responses against MSP1 and AMA1 were assessed by ex-vivo IFN-γ
ELISPOT post-infection (Figure 3). An acute blood-stage exposure induced low level
responses against both antigens, peaking at dC+35 (Figure 3A). Analysis of the breakdown
of the responses to the MSP1 antigen (dC+35 after subtracting background at dC-1) showed
that infection induced T cells reactive to the conserved blocks of MSP1 sequence, in
particular Block 3 in 3/6 volunteers, as well as responses to the 3D7 MSP142 region in 3/6
volunteers (Figure 3B). Four out of six volunteers also showed detectable responses to the
Wellcome strain peptide pools, most notably for the MSP133 region. In contrast, for the
AMA1 antigen, the vast majority of the T cell response was to unique 3D7-specific peptide
pools along with some to the conserved peptides (Figure 3C), whilst those to the FVO
specific-peptide pools were negative or extremely low. The potential for the induction of
cross-reactive T cell responses following 3D7 clone parasite infection thus appears to be
more common for MSP133 than AMA1. Given that MSP133 3D7 and Wellcome only share
51% similarity, in comparison to 95% similarity between 3D7 and FVO in AMA1, it
appears that natural exposure may favor the induction of AMA1 strain-specific T cell
responses. This is in strong contrast to vaccination with the bi-allelic AMA1 vaccine, where
comparable T cell responses were observed to both the strain-specific and common peptides
(25).

Immune antagonism does occur at the minimal epitope level but does not impact overall
allele-specific responses

The previous analyses assessed overall IFN-γ T cell responses by ELISPOT assay, and
indicated that following secondary immunization there was no apparent immune antagonism
that prevented boosting of T cell responses to both alleles of the vaccine antigen. However,
it remained possible that more subtle effects would occur at the epitope-specific level or
within the CD4+ or CD8+ T cell subsets. Lee et al., have previously reported HLA class II
APL antagonistic epitope pairs within dimorphic regions of MSP1 (38, 39), and one pair of
epitopes (M7/8) reported by Lee et al. were also contained within the MSP133 region of the
vaccine construct (Table I).

Immune antagonism was assessed in vitro in the same manner as Lee et al., by ex-vivo IFN-
γ ELISPOT assay using peptides either alone or combined to re-stimulate PBMC from the
d63 time-point (peak response). Using this pair of minimal epitopes, referred to here as M7*
and M8*, we identified seven volunteers who responded significantly to at least one of the
epitopes (Figure 4A), indicating that responses had been induced in vivo by vaccination to
these epitopes and not completely prevented due to immune interference or antagonism. In
their studies, Lee et al. described antagonism as an arbitrary ≥30% reduction in the response
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following re-stimulation with both peptides (38). To increase stringency we increased the
cut-off to a ≥50% reduction.

Of the individuals tested, only one volunteer (#2) showed almost complete antagonism (98%
reduction) whilst three volunteers fell just short of the 50% cut-off (Figure 4B). It should be
noted that a single amino acid difference does exist between the sequence for M8* and that
found in the vaccine antigen sequence (V-Y substitution at the final position of M8*),
although vaccinated volunteers still responded to the M8* peptide re-stimulation, indicating
the final amino acid may not be critical for HLA class II molecule binding.

When we performed the same experiment using 20mer peptides (routinely used in the
clinical assays) that contain the M7/8 minimal epitopes (referred to here as M92 and M53,
Table I) (24) we observed a different result. Ten out of 12 volunteers responded to the
extended peptides (Figure 4C), possibly indicating the presence of other epitopes within the
extended peptides (e.g. volunteers #4, 5, 8, 9 and 11 responded more strongly in the assay
than when using the minimal peptides). However, none of these samples, including
volunteer #2, showed antagonism in vitro, and in most cases the combined M92/M53 pool
roughly equaled the response seen with the M92 pool alone (Figure 4D). These data suggest
that the 20mer peptides may be detecting responses to alternative epitopes that are not
antagonized, or that the 20mer is not sufficiently processed into the minimal antagonistic
APL.

To address this, we next tested each minimal epitope with its heterologous 20mer. Volunteer
#2 who had the notable M7* response, was again antagonized in the presence of M53, in
agreement with the observation in Figure 4A, and suggesting that the 20mer peptide M53
can be processed into an antagonistic APL (Figure 4E,F). We also observed volunteers (#4,
5, 8, 9, and 11) who responded better to M53 (Figure 4C,E) than to M8* (Figure 4A),
suggesting either the presence of another epitope, or that the optimal HLA binding sequence
in fact contains flanking αα only present in the 20mer peptide. In agreement with the latter,
these responses were all highly antagonized in the presence of M7* peptide (Figure 4F)
greatly exceeding the ≥50% cut-off. The opposite experiment, testing peptide M92 with
M8*, confirmed the absence of responses to M8* but improved responsiveness to the M92
20mer in comparison to M7* (Figure 4G), suggesting the presence of another epitope. In
agreement with this, these responses were not antagonized in the presence of M8* peptide
(Figure 4H).

We also tested a combination of two 20mer peptides, M85 and M48, which contained the
dimorphic minimal epitopes M30 and M31 shown by Lee et al. to be immunogenic (39) but
not previously tested for antagonism. In this case, 10/12 volunteers responded to these
peptides (Figure 4I) with none displaying antagonism (Figure 4J). In fact, for 3/12
volunteers, re-stimulation with both peptides gave an additive effect (>50% increase) in
comparison to the single peptide responses. Overall these data confirm that it is possible to
observe immune antagonism in vitro between APL variants, however, these differences can
be subtle and only observed when using specific peptide sequences.

We further speculated that the previous observations of antagonism could be specific to the
M7/8 epitope pair alone. Therefore in order to confirm whether an effect of immune
antagonism in vitro could be detected to the vaccine antigen overall, we performed similar
experiments using pools of 20mer peptides spanning the whole MSP133 regions. As before,
pools representing the 3D7 and Wellcome alleles were tested alone or in combination using
PBMC from the peak time-point following the MVA booster immunization (day 63). All 12
volunteers responded (Figure 5A) and only one (volunteer #3) showed moderate antagonism
of 45% that approached the arbitrary cut-off (Figure 5B). AMA1 was also tested in the same
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format using pools of peptides unique for the 3D7 and FVO alleles and PBMC from AMA1
vaccinated volunteers. No antagonism was observed, and for 5/8 volunteers the ratios of the
3D7:FVO responses were roughly even and only one volunteer (#5) displayed a bias
towards the 3D7 allele (Figure 5C,D).

Depletions show a lack of a Wellcome allele-specific CD8+ T cell response to MSP133

We had so far only observed immune antagonism in vitro when testing a previously
described minimal HLA class II epitope from MSP133 (38). Immune antagonism has been
reported for both HLA class I and class II malaria epitopes (37, 38), and we therefore also
assessed whether we could observe this effect in either the CD4+ or CD8+ T cell subsets.
Frozen PBMCs from 14 volunteers who had received the MSP1 immunization regime were
used for CD4+ and CD8+ T cell depletion studies. PBMC samples showing strong
immunogenicity at various time-points, and for which frozen cells were available (Figure
S3), were selected and depleted of the relevant T cell subset, before performing the
ELISPOT assays as before using the same MSP133 peptide pools. T cell depletion efficiency
was confirmed by flow cytometric analysis (as described in Methods) in four of the
volunteers and was shown to be >98% efficient (Figure S2). Undepleted cells (Figure 6A)
showed comparable responses to those seen previously (Figure 5A). Volunteer #3, who
previously displayed some evidence of antagonism at the d63 time-point, no longer showed
this effect when using PBMC from d84. Only 1/14 (volunteer #7) showed a stronger
response to the Wellcome allele, with the remaining 13 showing a stronger 3D7 response in
agreement with the previous result (Figure 1B, 2B). When the same assay was performed
with CD4+ (CD8+ depleted) T cells, the results showed roughly even 3D7/Wellcome
responses for 7/14 of the volunteers, with the remainder still having stronger 3D7 allele-
specific responses (Figure 6B). Moreover, no evidence of in vitro antagonism was observed.
The results for the CD8+ (CD4+ depleted) T cells showed that most volunteers had high 3D7
responses and low to negligible Wellcome allele responses (Figure 6C). Two volunteers (#1
and #14) displayed low responses but a roughly equal 3D7/Wellcome ratio, while a third
(#7) showed a strong, dominant Wellcome response. There was also no in vitro antagonism
observed for these CD8+ T cell responses. Taken together, these data indicated that the
previously observed dominance of the 3D7 MSP133 response over the Wellcome MSP133
response is possibly due to an apparently low CD8+ T cell response against the Wellcome
allele sequence.

Volunteers with HLA-B*1801 mount a CD8+ T cell response to Wellcome MSP133

We decided to further investigate why only a small subset of volunteers produce a CD8+ T
cell response to the Wellcome allele of MSP133. Volunteers are HLA typed routinely as part
of the clinical trial program and review of these data identified that volunteers #1 and #14,
both of which showed 3D7/Wellcome MSP133 ratios below 1 (indicating a stronger
Wellcome response) were heterozygous for HLA-B*1801. Moreover, volunteer #7 who
showed a much stronger Wellcome allele-specific response (as compared to 3D7) was found
to be homozygous for this same HLA type. To test for HLA-B*1801-specific CD8+ T cell
minimal epitopes, we ran the Wellcome MSP133 vaccine sequence through the epitope
prediction software ‘SBS EpiToolKit’ for HLA-B*1801 as well as other common HLA-B
types displayed in the volunteer population. Initially we analysed the routine trial ELISPOT
assay readout for volunteers, where the total responses to Wellcome MSP133 is measured
using three peptide pools (24). A breakdown of responses in these volunteers revealed a
dominance of responses in the “33a pool”, which contains the 10 N-terminal peptides. This
was most noticeable in volunteer #7 who had 92% of their Wellcome MSP133-specific
response in pool 33a. A summary of individual responses to the Well33a pool over time is
shown in Figure S3. In agreement with this, the prediction software for HLA-B*1801
predicted a large number of epitopes in this pool which were not present in the 3D7
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sequence. Several epitopes for other common HLA-B types were also predicted for
sequences in the 33a pool, many overlapping with the sequences predicted for HLA-
B*1801. Based on this observation twelve minimal epitopes were selected based on strongly
predicted HLA association, broad coverage of HLA types and no homology with the 3D7
sequence (Table II). These were then tested in a CD8+ (CD4+ depleted) T cell ELISPOT
assay. Of the 12 epitopes, three were found to give strong positive responses in volunteers
#1, #7 and #14, with volunteer #7 displaying the strongest response as would be predicted
for this HLA-B*1801 homozygote individual (Figure 7A). All other volunteers gave
essentially negative responses with no individual peptide response >15 SFU/million PBMC.
To confirm this observation, we tested the CD8+ T cell response in volunteer #7 using the
equivalent 20mers peptides (used in the routine trial assays) containing the predicted
epitopes Well33a2-6 (Figure 7B). Results indicated a strong response to both 20mers (M39
and M40) containing epitope Well33a5 and the 20mer (M37) containing epitopes Well33a2,
3 and 4 (see Table II). Overall these results suggest that the strong response to Wellcome
MSP133 in HLA-B*1801 volunteers is primarily due to a number of HLA class I epitopes,
situated towards the N-terminus of the MSP133 sequence (Figure 7C), and this may account
for weaker Wellcome MSP133 responses in volunteers lacking this HLA-B class I allele.

DISCUSSION
We have developed viral vectored blood-malaria vaccine candidates that encode bi-allelic
transgene inserts for the MSP1 and AMA1 antigens. These vaccines were developed with
the aim of providing a broad immunological response that can protect against multiple
strains of P. falciparum. The use of a ChAd63 vector to prime responses followed by a boost
with MVA eight weeks later has been shown to induce high levels of T cells and substantial
antibody responses in both animal models and Phase I/IIa clinical trials in humans for both
blood-stage vaccine candidate antigens (8, 24, 25). However, previous studies have raised
concerns that inclusion of multiple allelic variants in a vaccine may be detrimental to both
the priming and in vivo re-stimulation of antigen-experienced memory T cells owing to the
immune evasion effects of antagonistic APLs present in polymorphic antigens. Here we
explored the concepts of immune interference, antagonism and diversion of IFN-γ T cell
responses in the context of human vaccination with viral vectored vaccines and subsequent
malaria exposure following a Phase IIa CHMI study.

Previous studies have suggested that dimorphic malaria antigen variants arose and were
maintained in parasite populations due to a survival advantage in the context of parasite co-
habitation within the human host. MSP1 allelic T cell responses failed to correlate with
differential antigen exposure in The Gambia (39), and associated with this observation was
the inference from in vitro studies that co-habiting P. falciparum parasites could interfere
with the priming of T cell responses by the phenomenon of ‘immune interference’, and that
the same would be true for re-stimulation of memory responses by ‘immune antagonism’
(38). Such immune evasion mechanisms could be achieved by APL epitopes from both HLA
class I and class II molecules present in dimorphic antigens leading to antagonism of
responses (36-38). Ultimately, concerns were raised about the ability to prime and boost
cellular immune responses with vaccines encoding more than one allele of an antigen. Until
now, these concerns could not be fully explored in the context of human vaccination due to
the lack of bi-allelic malaria vaccine candidates that are capable of inducing strong cellular
immune responses in human volunteers. Here we investigated these effects following human
vaccination with the ChAd63-MVA viral vectored vaccine platform – one that has been
optimized for the induction of both humoral and cellular immunity (22, 23).

Initially we investigated the priming and boosting of T cell responses using the ex-vivo IFN-
γ ELISPOT assay. T cell responses, as measured against the 3D7 and FVO alleles of
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AMA1, appeared to be primed and boosted consistently, and the ratio of the responses was
roughly equal and also stable throughout the monitoring period. Similar results were
obtained for the MSP119 region of MSP1. In agreement with this, the two alleles of AMA1
(as encoded in the vaccine) differ by 24 αα and the ectodomains share 95% sequence
identity, and similarly, MSP119 shows 96% αα conservation between the 3D7 and
Wellcome alleles. In contrast, the MSP133 fragment only shows 51% αα conservation
between the two and in this case, responses towards the 3D7 allele were dominant over the
Wellcome allele in most volunteers. This was apparent after priming and was maintained
after boosting and throughout the memory phase. In the absence of a control GMP grade
vaccine encoding a single allele that could be used for human vaccination, it remains
impossible to establish whether responses against APL variants could display interference/
antagonism at the priming and/or boosting phase, thus leading to reduced responses in the
presence of both variants compared to the presence of one. However, the data clearly
establish that strong and detectable IFN-γ T cell responses can be primed and boosted by
immunization against both component alleles, and this was independently observed in two
clinical trials of the same vaccines. The observation of strong cellular responses against the
MSP133 region (in comparison to MSP119) is in good agreement with many previous studies
that have assessed T cell recognition within MSP142 in both animal models (20, 45) and
humans (46-49). It should also be noted that future studies could further assess such
phenomena in the context of other T cell phenotype readouts, including different cytokine
production.

We next assessed the potential effects of single strain blood-stage malaria parasite exposure
on vaccine-induced T cells responses. In this case, 3D7 clone parasites were used to assess
vaccine efficacy, following immunization with the bi-allelic vaccines (26). In this
experimental context, re-stimulation of heterologous epitope-specific T cell responses
(Wellcome allele in the case of MSP142 or FVO allele in the case of AMA1) by antagonistic
APLs from the 3D7 clone sequence could occur in conjunction with re-stimulation of the
homologous 3D7 responses. No significant boosting was observed to either allele of either
antigen during natural in vivo infection by 3D7 clone blood-stage malaria parasites. In all
cases, IFN-γ T cell responses post-malaria challenge continued to contract into the memory
phase with similar kinetics to those observed in the Phase Ia trials where volunteers were not
experimentally infected. It remains possible that the lack of boosting is due to a form of
immune diversion, however in the absence of a single allele comparator clinical-grade
vaccine, we cannot confirm responses were curtailed in such a manner. Interestingly, despite
any apparent boosting of vaccine-induced T cell responses, de novo T cell responses were
observed against both MSP1 and AMA1 in control volunteers who had not received any
vaccine. In the case of AMA1, responses were almost exclusively detected with peptides
specific for the 3D7 allele, rather than those in common with the FVO allele. This is in
contrast to vaccination where the common peptides are better recognized (25), and may
mean that immunization with two alleles can better focus T cell responses on conserved
epitopes. In the case of MSP133, responses that were cross-reactive with the Wellcome allele
were noted in some volunteers. This is potentially due to conserved sequences between the
two dimorphic MSP133 regions, or potentially represents T cells primed by 3D7 parasite
exposure that cross-react with Wellcome allele sequence variants.

Given we had seen no apparent effects in terms of the overall IFN-γ T cell response
following vaccination with bi-allelic antigens, we sought to confirm whether the APL
antagonism previously reported by Lee et al. (38) could also be observed here in vitro. One
pair of previously reported peptides (M7/8) represented minimal class II epitopes that
showed APL antagonism. These sequences were contained within our vaccine, and
responses were detectable to either one epitope or both in about half of the volunteers tested.
Interestingly, and in agreement with the previous data from naturally-exposed individuals,
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this epitope was shown to be convincingly antagonistic in 1/7 volunteers who possessed
detectable IFN-γ responses. However, when 20mer peptides were used that contained the
minimal epitopes, this antagonistic effect was no longer observed. Furthermore when
minimal epitopes were combined with heterologous 20mers, antagonism was observed
between M7* and M53 but not M8* and M92. The data suggested that the 20mer peptides
could be processed into antagonistic APLs, but also that more optimal HLA binding
sequences and/or other epitopes may be present within in the 20mers in comparison to the
minimal peptides. Further testing with larger pools of 20mer peptides representing both
alleles of MSP133 and AMA1 confirmed that there was no overall or obvious effect from
antagonism, as measured using this ELISPOT assay readout for either the CD4+ or CD8+ T
cell subsets. Neither antigen produced any antagonism in vitro and responses to the
combined allele peptide pools roughly equaled or were slightly greater than those seen to the
strongest single allele. This observation was the same for volunteers who had a reduced or
equivalent Wellcome MSP133 response as compared to 3D7, indicating that APL
antagonism at the time of booster vaccination is unlikely to be contributing to the observed
dominance of 3D7 responses.

Whilst performing the CD8+ T cell depletion assays, it became apparent that the 3D7
MSP133-specific CD8+ T cell responses were dominant over the Wellcome allele in most
volunteers, except those possessing HLA-B*1801. For two volunteers (#1, #14), who were
heterozygous for HLA-B*1801, the 3D7:Wellcome ratio of response was roughly equal,
whilst a third volunteer (#7) showed a dominant Wellcome response and was the only
person homozygous for this HLA type. This observation led us to hypothesize that it was
possibly a lack of HLA class I-specific epitopes in the Wellcome MSP133 sequence that may
be responsible for the observed difference in immunogenicity between the alleles. We
subsequently predicted twelve HLA-B*1801 epitopes, and of these, one showed dominant
responses in 3 of the 14 volunteers screened, with four other epitopes also showing
responses across the same volunteers. These were the three volunteers who possessed HLA-
B*1801, and the broadest observed response was seen in the homozygous volunteer. These
epitopes are all located close together toward the N-terminus of the Wellcome MSP133
fragment and are not present in the 3D7 sequence. Two previous studies (47, 49) have
reported that T cell responses to MSP133 are directed to conserved epitopes, however, our
data indicate this may not always be the case. Obvious differences exist between the studies,
and most notably those related to study of class I versus class II epitopes, as well as host
population genetics. Moreover, in the absence of single allele comparator clinical-grade
vaccines, we cannot formally exclude the possibility that the observed differences between
the 3D7 and Wellcome MSP133 responses are due to immune interference during T cell
priming. It remains possible that the presence of the 3D7 MSP133 allele interferes with
priming to the Wellcome allele in individuals, except in the case of certain HLA types such
as HLA-B*1801.

It also remains of interest to assess such vaccine-induced responses in a malaria-endemic
target population. A number of studies have characterized HLA types within and between
West African, South African (50) and East African populations (51). Focusing on the HLA
B locus, a number of typically African alleles such as HLA-B53 are seen across the
populations at high frequencies, while other alleles vary in frequency depending on location.
HLA-B*1801 was observed as the fifth highest allele frequency (6.21%) in a study in Kenya
(51), while lower frequencies have been described in West African populations such as The
Gambia (5%), and Mali (2.4%), with Europeans around 10% (50). Given that
3D7:Wellcome parasite ratios vary in different locations (52-54), a lack of recognition by
local HLA types as well as immune interference during co-infection would be of potential
advantage to parasites. Similarly, lack of vaccine antigen recognition by local HLA types
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following vaccination may lead to different levels of vaccine efficacy, highlighting the
importance of considering factors such as HLA types when undertaking vaccine field trials.

In summary, previous mechanistic studies have concluded that inclusion of multiple alleles
of an antigen in a vaccine may be detrimental to both the priming and boosting of T cells.
Our data, from human volunteers vaccinated with T cell-inducing viral vectored vaccines
against two different but polymorphic blood-stage malaria antigens, suggest that T cell
responses to bi-allelic antigens can be primed and boosted through vaccination. Following
controlled infection with a single P. falciparum strain, vaccine-induced responses did not
boost but neither were they apparently immune diverted to the heterologous strain, whilst
strain-specific de novo responses could be measured in unvaccinated controls. Responses
against the more conserved sequences of MSP1 and AMA1 are evenly distributed across the
two alleles; however for the more divergent regions such as the MSP133 fragment, there
does appear to be bias towards the 3D7 allele, most notably for CD8+ T cells. We cannot
exclude the possibility that immune interference due to invariant APLs occurred at the time
of priming, but we do report a paucity of HLA class I epitopes in the Wellcome allele
sequence recognized by UK volunteers. We could also observe APL antagonism to minimal
epitopes in vitro, however this effect did not appear to have a significant impact on the
overall antigen-specific IFN-γ T cell response. Although the fine epitope specificity of
responses is likely to be important in the context of vaccine-induced immunity, these data
suggest host HLA-type may more significantly affect the magnitude or breadth of T cell
responses. It will therefore remain of interest to further assess in target endemic populations
the potential impact of circulating parasite strains, HLA type distributions and prior malaria
exposure on vaccine immunogenicity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Glossary

AMA1 Apical membrane antigen 1

APL Altered peptide ligand

ChAd63 Chimpanzee adenovirus serotype 63

CHMI Controlled human malaria infection
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MSP1 Merozoite surface protein 1

MVA Modified vaccinia virus Ankara
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Figure 1.
Comparison of allele specific IFN-γ T cell responses to 3D7 (open circles) and FVO/
Wellcome (closed triangles) AMA1 and MSP1 in volunteers at key time-points during two
independent Phase Ia clinical trials of bi-allelic AMA1 and MSP1 vaccines. Graphs
represent the individual response and group median for T cell responses, expressed as IFN-γ
SFU/106 PBMC summed from pools containing overlapping peptides from the vaccine
insert. (A) AMA1 allele specific responses calculated by adding the allele specific response
(3D7 or FVO) to the common pool response for each individual. MSP133 (B) and MSP119
(C) fragment specific responses for each allele (3D7 or Wellcome) calculated by adding
responses from relevant peptide pools. Day 0 calculations are excluded from statistical
analysis. Ratios for the two median responses are also included (>1 = stronger 3D7
response). *P = <0.05, **P = <0.01.

Elias et al. Page 18

J Immunol. Author manuscript; available in PMC 2013 August 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2.
Comparison of allele specific IFN-γ T cell responses to 3D7 (open circles) and FVO/
Wellcome (closed triangles) AMA1 and MSP1 in volunteers at key time points during a
Phase IIa clinical trial of bi-allelic AMA1 and MSP1 vaccines. Volunteers underwent CHMI
~16 days post boosting vaccination. Graphs represent the individual response and group
median for T cell responses, expressed as IFN-γ SFU/106 PBMC summed from pools
containing overlapping peptides from the vaccine insert. (A) AMA1 allele specific responses
calculated by adding the allele specific response (3D7 or FVO) to the common pool
response for each individual. MSP133 (B) and MSP119 (C) fragment specific responses for
each allele (3D7 or Wellcome) calculated by adding responses from representative pools.
Day 0 calculations are excluded from statistical analysis. Ratios for the two median response
are also included (>1 = stronger 3D7 response). *P = <0.05, **P = <0.01.

Elias et al. Page 19

J Immunol. Author manuscript; available in PMC 2013 August 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 3.
CHMI induces allele-specific responses in unvaccinated control volunteers in a Phase IIa
efficacy study. (A) The total antigen specific IFN-γ T cell response peaks 35 days post
CHMI (dC+35). Peak response breakdown to individual pools for MSP1 (B) and AMA1 (C)
following 3D7 challenge, calculated by subtracting baseline response before CHMI (dC-1)
from response 35 days after CHMI (dC+35). Pools can be identified as containing conserved
sequences (light grey), 3D7-specific sequences (white), Wellcome/FVO-specific sequences
(dark grey), or FVO AMA1 C-terminal region sequences (black).
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Figure 4.
IFN-γ T cell responses in MSP1 vaccinated volunteers at d63 to single peptides from allelic
pairs both individually and combined in a single pool; (A) M7*/M8* 8-mers, (C) M92/M53
20-mers, (E) M7*/M53, (G) M92/M8* and (I) M85/M48 20mers. In the right hand graphs,
bars shows % change from the strongest single allele peptide response, to the response to the
pool containing both peptides; (B) M7*/M8* 8-mers, (D) M92/M53 20-mers, (F) M7*/M53,
(H) M92/M8* and (I) M85/M48 20mers. Antagonism is defined as a ≥50% reduction
(signified by dotted line) from the IFN-γ response measured to a single peptide compared to
when that peptide is combined with its opposing allele. Two volunteers (#10 and #12) are
not included in this analysis due to limited d63 PBMC availability, but are included in later
analyses. Only 7/12 volunteers were tested for E-H due to limited availability of d63 PBMC
samples. Responses are measured in duplicate, averaged and background subtracted.
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Figure 5.
IFN-γ T cell responses were measured against allele-specific pools both individually and
combined for MSP133 3D7/Well (A) and AMA1 3D7/FVO (C). In the right hand graphs,
bars shows % change from the strongest single allele peptide pool response, to the response
to the combined pool containing allelic peptides; MSP133 3D7/Well (B) and AMA1 3D7/
FVO (D). Antagonism is defined as a ≥50% reduction (signified by dotted line) from the
IFN-γ gamma response measured to a single peptide compared to when that peptide is
combined with its opposing allele. Two volunteers (#10 and #12) are not included in this
analysis due to limited d63 PBMC availability, but are included in later analyses. Responses
are measured in duplicate, averaged and background subtracted.
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Figure 6.
IFN-γ T cell subset responses in MSP1 vaccinated volunteers against peptide pools
containing either MSP133 3D7 peptides, MSP133 Wellcome peptides or a combined pool of
both allelic peptides. To compare IFN-γ responses from different T cell subsets
‘Undepleted’ PBMC (A), CD4+ (CD8+ depleted) PBMC (B) and CD8+ (CD4+ depleted)
PBMC (C) were prepared using a MACS magnetic column depletion kit and responses to
peptide pools measured. Graphs represent the individual responses expressed as IFN-γ SFU/
106 PBMC from various time-points selected for high responses and PBMC availability
(#10, 12 = d14; #1, 9, 14 = d63; #2, 3, 4, 8, 11 = d84; #5 = dC-1; #13 = dC+35; #7 = dC+90;
#6 = d140; see Figure S3). Ratios for the 3D7/Well median response are included (>1 =
stronger 3D7 response).
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Figure 7.
(A) IFN-γ CD8+ T cell responses to predicted minimal epitopes from the MSP133
Wellcome allele. Volunteers and time-points tested are equivalent to those in Figure 6.
HLA-B*1801 is heterozygous in volunteers, #1 and #14 and homozygous in volunteer #7.
Complete epitope sequences, predicted HLA associations, and equivalent trial peptide
location for all minimal epitopes can be found in Table II. (B) IFN-γ CD8+ T cell responses
from volunteer #7 to 20mer peptides containing minimal epitopes recognized previously.
(C) Location of CD8+ T cell minimal epitopes recognized by volunteers with HLA-B*1801.
Epitopes are located towards the N-terminus of the Wellcome MSP133 fragment.
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Table I
Amino acid sequences and allelic identity of peptides used to study in vitro antagonism.

For the ELISPOT assays, two MSP1 derived peptides, M7* (3D7) and M8* (Wellcome) were synthesized.
These peptides are identical to those used by Lee et al. (M7, M8) and were described as non-conserved
sequenced paired APL antagonists (38). These epitopes were present in two of the 20mer peptides previously
used in the MSP1 vaccine clinical trials (24): M92 (containing M7*) and M53 (containing M8* with one αα
change, Y-V indicated in bold). Additionally two more peptides from this trial M85 and M48 were used.
These were similarly dimorphic and contained African epitopes shown to be immunogenic (39) but have not
previously been tested for antagonism. For both pairs, the 3D7 or Wellcome peptides were made up
individually and in a combined pool, with each peptide at a concentration of 10μg/mL. Final concentration in
the ELISPOT assay was 5μg/mL.

Peptide Name Strain Sequence

M7* 3D7 D Y L I N L K A K I N D C

M8* Wellcome L F V I H L E A K V L N V

M92 3D7 L V N K I D D Y L I N L K A K I N D C N

M53 Wellcome N D K I D L F V I H L E A K V L N Y T Y

M85 3D7 F A Q E G I S Y Y E K V L A K Y K D D L

M48 Wellcome A N D V L G Y Y K I L S E K Y K S D L D
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Table II
Amino acid sequences of predicted CD8+ T cell minimal epitopes.

Twelve peptides representing minimal epitopes from the Wellcome MSP133 sequence were designed based on
the epitope prediction software ‘SBS EpiToolKit’. These minimal epitopes are unique to the Wellcome strain
and are not present in the 3D7 sequence. These were predicted to bind different HLA-B alleles possessed by
the trial volunteers, with strong responses predicted for minimal epitopes predicted to bind to HLA-B*1801.
All epitopes are also found in 20mer trial peptides (located in the trial peptide pool 33a previously described
(24)). The amino acid sequence of the Wellcome MSP133 fragment is also shown in Figure 7C.

Peptide Name Predicted HLA-B
association

8-mer Sequence 20-mer trial peptide
containing 8-mer

Trial peptide pool

Well33a1 0702 T P S V I D N I L M36 33a

Well33a2 1801 I E N E Y E V L M37 33a

Well33a3 1801 N E Y E V L Y L M37 33a

Well33a4 1801 Y E V L Y L K P M37 & M38 33a

Well33a5 1801 L E N N V M T F M39& M40 33a

Well33a6 1801 R E N F K N V L M42 33a

Well33a7 1801 L E S D L I P Y M42 & M43 33a

Well33a8 5101 E A V T P S V I M36 33a

Well33a9 5101 T P S V I D N I M36 33a

Well33a10 5101 L A G V Y R S L M38 & M39 33a

Well33a11 0801 Y R S L K K Q L M39 33a

Well33a12 0801 N V N V K D I L M40 33a
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