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Efficacy trials of antibody-inducing protein-in-adjuvant
vaccines targeting the blood-stage Plasmodium falciparum
malaria parasite have so far shown disappointing results.
The induction of cell-mediated responses in conjunction
with antibody responses is thought to be one alternative
strategy that could achieve protective efficacy in humans.
Here, we prepared chimpanzee adenovirus 63 (ChAd63)
and modified vaccinia virus Ankara (MVA) replication-
deficient vectors encoding the well-studied P. falciparum
blood-stage malaria antigen merozoite surface protein 1
(MSP1). A phase la clinical trial was conducted in healthy
adults of a ChAd63-MVA MSP1 heterologous prime-boost
immunization regime. The vaccine was safe and gener-
ally well tolerated. Fewer systemic adverse events (AEs)
were observed following ChAd63 MSP1 than MVA MSP1
administration. Exceptionally strong T-cell responses were
induced, and these displayed a mixed of CD4* and CD8*
phenotype. Substantial MSP1-specific serum immuno-
globulin G (IgG) antibody responses were also induced,
which were capable of recognizing native parasite anti-
gen, but these did not reach titers sufficient to neutralize
P. falciparum parasites in vitro. This viral vectored vaccine
regime is thus a leading approach for the induction of
strong cellular and humoral immunogenicity against diffi-
cult disease targets in humans. Further studies are required
to assess whether this strategy can achieve protective effi-
cacy against blood-stage malaria infection.
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INTRODUCTION
Plasmodium falciparum malaria continues to account for ~0.8 mil-
lion deaths and over 200 million cases every year.! Vaccine strategies

targeting the blood-stage of malaria infection have almost exclu-
sively aimed to induce high-titer functional antibodies against tar-
get antigens that are involved in host red blood cell (RBC) invasion,
such as the well-studied merozoite surface protein 1 (MSP1)** and
apical membrane antigen 1.* Sustained efforts over many years have
led to the clinical development of a number of candidate blood-stage
malaria vaccines that are recombinant proteins formulated in a vari-
ety of adjuvants.” Nonetheless, despite some encouraging clinical
immunogenicity and the induction of functional antibodies capable
of exerting growth inhibitory activity (GIA) against P. falciparum
parasites in vitro,® there has been no reported statistically signifi-
cant efficacy with regard to clinical outcome in any phase ITa/b clini-
cal trial published to date® and the relationship between in vitro GIA
and protective immunity in vivo remains far from clear.”’* In recent
years, experimental studies in human,'*? nonhuman primate,” and
mouse'*'® malaria challenge models have indicated the potential for
a protective contribution of T-cell responses, often independent of
antibodies, against the blood-stage parasite. Importantly, no blood-
stage malaria vaccine trialed to date has sought to induce effector
T-cell responses in addition to protective antibodies against blood-
stage malaria antigens, despite calls for such an approach."”
Vectored vaccine platforms were originally developed follow-
ing the demonstration that these technologies are particularly
suited for the induction of T-cell responses.?® Recently, candidate
vaccines based on the human adenovirus serotype 5 (AdHu5)
have been tested as candidate vaccines against human immunode-
ficiency virus-1 (HIV-1) in clinical trials.?"** Despite encouraging
levels of cellular immunogenicity, safety concerns in the HIV-1
STEP vaccine trial regarding the use of this vaccine vector in the
context of pre-existing AdHu5 immunity in humans® have led
researchers to focus on other vectors. One alternative has been
the development of simian adenoviral vaccine vectors,* some of
which can maintain the high levels of immune potency seen with
AdHu5% and against which there is little pre-existing immunity in
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Figure 1 Flow chart of the study. All vaccinations were administered
intramuscularly. Chimpanzee adenovirus 63 (ChAd63) merozoite surface
protein 1 (MSP1) dose-escalation was assessed (groups 1 versus 2), as
well as the effect of modified vaccinia virus Ankara (MVA) MSP1 boosting
(groups 1A versus 1B, and groups 2A versus 2B+C). The dose of MVA MSP1
was 5 x 10 plaque forming units (pfu). The three volunteers in group 2C
(otherwise identical to group 2B) were subsequently recruited into a phase
lla sporozoite challenge safety and efficacy study (S.H. Sheehy et al., manu-
script in preparation) at the day 84 time-point. Safety and immunogenicity
data are included for these three volunteers up until that time-point.

human populations.?® Preclinically, the deployment of such vec-
tors in an adenovirus-poxvirus heterologous prime-boost immu-
nization regime has demonstrated the ability of this approach to
stimulate remarkably strong cellular as well as humoral immune
responses in mice, rabbits, and nonhuman primates.”’-*! This vac-
cine platform, encoding antigens such as MSP1 and apical mem-
brane antigen 1, can mediate protective efficacy in rodent malaria
models against both the blood-?” and liver-stage®® parasites and
induces functional antibodies against P. falciparum.?*3*3!

Here, we sought to test the safety and immunogenicity of this
approach in an open-label dose-escalation phase Ia study using
replication-deficient ChAd63 and the attenuated orthopoxvirus-
modified vaccinia virus Ankara (MVA) encoding P. falciparum
MSP1. MSP1 is synthesized as a large surface glycoprotein that
undergoes proteolytic processing by the parasite upon erythro-
cyte invasion.” At this time the 42-kDa C-terminus (MSP1,) is
cleaved into 33-kDa (MSP1,,) and 19-kDa (MSP1,,) fragments.*
The ChAd63 and MVA viral vaccines encode an insert that is
composed of the conserved blocks of sequence (1, 3, 5, and 12)
from P. falciparum MSPI1 followed by the two most divergent
allelic sequences (3D7 and Wellcome strains) encoding MSP1,
fused in tandem? (Supplementary Figure S1). The MSP1 antigen
encoded by the vectors was designed to address antigenic poly-
morphism and to attempt to induce strain-transcending cellular
and humoral immunity.?® Here, we show that this vaccine strategy
is safe in malaria-naive adults and, in agreement with the preclini-
cal data, can induce substantial MSP1-specific antibody responses
in addition to exceptionally strong T-cell responses.

RESULTS

Study recruitment and vaccinations

In total 16 healthy malaria-naive adult volunteers (9 female and
7 male) from the Oxford area were enrolled and immunized as
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Figure 2 Systemic and local adverse events (AEs) deemed definitely,
probably, or possibly related to immunization. Only the highest inten-
sity of each AE per subject is listed. Local and systemic reactogenicity was
evaluated at clinic visits and graded for severity (mild, moderate, severe),
outcome and association to vaccination as per the criteria outlined in
Supplementary Tables $1-S4. Data are combined for all AEs for all
volunteers receiving the same vaccine at the stated dose. There were no
immunization related serious AEs. Immunizations took place between
November 2009 and January 2010 (during a time of high local inci-
dence of upper respiratory tract infections). (a) Local and (b) systemic
AEs post-chimpanzee adenovirus 63 (ChAd63) merozoite surface protein
1 (MSP1). (c) Local and systemic AEs post-modified vaccinia virus Ankara
(MVA) MSP1. “Other” AEs are detailed in Supplementary Materials
and Methods.

described (Figure 1). The mean age of volunteers was 22.6 years
(range 19-30 years). Vaccinations began in November 2009 and
all follow-up visits were completed by September 2010.

Safety and reactogenicity

No unexpected or serious adverse events (AEs) occurred dur-
ing the study and no volunteers were withdrawn due to AEs.
ChAd63 MSP1 demonstrated an excellent safety profile at both
5 x 10° viral particles and 5 x 10" viral particles doses; with
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Figure 3 Cellular immunogenicity of chimpanzee adenovirus 63 (ChAd63) merozoite surface protein 1 (MSP1) and ChAd63-modified vac-
cinia virus Ankara (MVA) MSP1 immunization regimes. Median ex-vivo interferon-y (IFN-y) ELISPOT responses in peripheral blood mononuclear
cells (PBMC) to the MSP1 insert (summed response across all the individual peptide pools) are shown over time for (a) groups 1A and 2A, and
(b) group 1B and groups 2B+C (d0-d84 time-points include data combined for groups 2B+2C, d140 time-point includes only data from group 2B).
() The percentage of the amino acid sequence within the MSP1 vaccine insert (Supplementary Figure $1) that is attributable to each block is
shown (top). Data show the median total response to each block of sequence within the MSP1 insert according to group (1 or 2) and immunization
regime (Ad = ChAd63, AdM = ChAd63-MVA) at the peak time-point (d14 after ChAd63 and d63/d84 after ChAd63-MVA).

the vast majority of local and systemic AEs mild in severity
(97%) and all resolving completely (Figure 2a,b). MVA MSP1,
administered at the relatively high poxviral dose of 5 x 108
plaque-forming units (pfu), was more reactogenic than ChAd63
MSP1 (Figure 2¢); all vaccines experienced injection site pain,
which was moderate or severe in 75% of volunteers. Other local
AEs were mild in severity with the exception of two cases of
delayed onset (3-5 days post vaccination) moderate or severe
erythema, developing distal to, and not including the vaccine
sites. All vaccinees described one or more systemic AEs post-
MVA MSP1; whereas the majority of these were mild in sever-
ity, three volunteers (25%) experienced a constellation of severe
systemic AEs (including rigors, malaise, myalgia, fatigue, and
feverishness) which developed within 24 hours of vaccination
and fully resolved within 5 days. Two volunteers received 5 x
10® pfu MVA MSP1 administered as two separate injections of
2.5 x 10° pfu in each deltoid to assess if split-dosing reduced
local site pain and systemic reactogenicity. However, both these
volunteers experienced severe systemic AEs and either moder-
ate or severe local pain.

Molecular Therapy vol. 19 no. 12 dec. 2011

ChAd63-MVA MSP1 T-cell immunogenicity assessed
by ex-vivo IFN-y ELISPOT

T-cell responses to the MSP1 vaccine insert were assessed over
time by ex-vivo interferon-y (IFN-y) enzyme-linked immunosor-
bent spot (ELISPOT). Group medians are shown in Figure 3a,b,
with individual responses shown in Supplementary Figure S2.
Following the ChAd63 MSP1 prime, there was a trend for stron-
ger median responses in the higher dose group at the peak of
the response on day 14 (median 2,785 versus 979 spot-forming
units (SFU)/million peripheral blood mononuclear cells (PBMC)
in groups 2 versus 1, respectively, n = 10 versus 6, P = 0.07)
(Figure 3a). Responses contracted by day 56 and were main-
tained at day 90 in groups 1A and 2A. Administration of MVA
MSP1 at day 56 significantly boosted these responses in all vol-
unteers as measured 1 week later. The median response in group
2B+C was higher at day 63 in comparison to group 1B but this
did not reach significance (median 5,090 versus 2,868 SFU/mil-
lion PBMC in groups 2B+C versus 1B, respectively, n = 8 versus 4,
P =0.37) (Figure 3b). Responses again contracted but were main-
tained at high levels at the end of the study period (day 140) with
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Figure 4 Multifunctionality of the CD3* T-cell responses was assessed by polychromatic flow cytometry and intracellular cytokine staining
(ICS) following chimpanzee adenovirus 63 (ChAd63)-modified vaccinia virus Ankara (MVA) immunization at d84. PBMC from (a) group 1B
and (b) group 2B+C were restimulated with a pool of merozoite surface protein 1 (MSP1) peptides or cryopreserved iRBCs. Individual data points
and the median are shown for the % CD4" and CD8* T cells positive for CD107a, interferon-y (IFN-y), interleukin-2 (IL-2), or tumor necrosis factor-o.

(TNF-c). Responses <0.01% are not shown.

significantly higher responses in group 2B in comparison to group
1B (median 1,640 versus 1,347 SFU/million PBMC in groups 2B
versus 1B, respectively, n = 5 versus 4, P = 0.02).

Breadth of the MSP1 T-cell response

T-cell responses in all volunteers were detected in multiple peptide
pools spanning the entire MSP1 vaccine insert in the ELISPOT
assay. Individual responses are shown according to magnitude of
the response (Supplementary Figure S3) or as a percentage of the
total summed ELISPOT response (Supplementary Figure $4).
Irrespective of whether the responses are analyzed after the prim-
ing immunization or following the MVA MSP1 boosting immu-
nization, the individual and median responses broadly mirror
the composition of the vaccine antigen (Figure 3c). These data
indicate that no single immunodominant region exists within the
MSP1 transgene insert.

MSP1 T-cell multifunctionality

Antigen-specific CD3" T-cell functionality was assayed at the d84
time-point (Figure 4). Following peptide restimulation, detect-
able MSP1-specific CD3" T-cells consisted of a mixed CD4*
and CD8" phenotype, with stronger median responses seen for
both subsets in group 2B+C in comparison to group 1B. CD8"
T cells upregulated CD107a expression (marker of degranula-
tion), and produced IFN-y and tumor necrosis factor-o. but only
negligible levels of interleukin (IL)-2. In comparison the CD4*
T cells produced IFN-y, tumor necrosis factor-o, and IL-2, but
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did not upregulate CD107a expression. Following restimulation
with cryopreserved iRBCs, comparable CD4" T-cell responses
were evident to those seen following peptide restimulation but, in
contrast, CD8™ T-cell responses were barely detectable. Distinct
populations of CD41 and CD8* T cells expressing 1+, 2+, 3+, or
4+ functional markers/cytokines were evident following a bool-
ean gate analysis (Supplementary Figure S5).

ChAd63-MVA MSP1 antibody immunogenicity

Serum immunoglobulin G (IgG) antibody responses against
MSP1,, were assessed by enzyme-linked immunosorbent assay
(ELISA). Group geomeans are shown in Figure 5a,b, with individ-
ual responses shown in Supplementary Figure S6. Significantly
stronger responses were measured in the higher dose group at the
peak of the primary response on day 28 (geomean titer 53.1 versus
7.8 MSP1 AU in groups 2 versus 1, respectively, n = 10 versus 6, P =
0.03) (Figure 5a). Responses subsequently declined by day 56 and
were only maintained above the detection limit at day 90 in group
2A. Administration of MVA MSP1 at day 56 significantly boosted
these responses in all volunteers, with serum IgG responses peak-
ing 4 weeks later as measured on day 84 (Figure 5b). At this time-
point, MSP1 -specific IgG responses only tended to be stronger
in group 2B+C in comparison to group 1B (geomean titer 4,266
versus 1,618 MSP1 AU in groups 2B+C versus 1B, respectively, n
=8 versus 4, P = 0.21) (Figure 5b). Responses again declined over
time but were maintained at high levels at the end of the study
period (day 140) with responses in group 2B again tending to be
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Figure 5 Antibody immunogenicity of chimpanzee adenovirus 63 (ChAd63) merozoite surface protein 1 (MSP1) and ChAd63-modified vac-
cinia virus Ankara (MVA) MSP1 immunization regimes. (a) Total immunoglobulin G (IgG) enzyme-linked immunosorbent assay (ELISA) responses
against 3D7 PfMSP1,, (ETSR/Mad20 allele) as measured in the serum over time following immunization. The geometric mean response is shown for
each group and the dotted line represents the limit of detection of the assay. (a) groups 1A and 2A, and (b) group 1B and groups 2B+C (d0-d84
time-points include data combined for groups 2B+2C, d140 time-point includes only data from group 2B). (c) Spearman’s correlation of serum IgG
ELISA titers against PfMSP1,  for the 3D7 ETSR versus Wellcome QKNG alleles after ChAd63 MSP1 priming at d28, n = 16 (left panel), and at the
peak time-point (d84) after ChAd63-MVA MSP1 immunization, n = 12 (right panel). (d) Immunofluorescence (IFA) showing the recognition of 3D7
strain P. falciparum schizonts by immunoglobulin G (IgG) (green) in the sera of ChAd63-MVA MSP1 vaccinated volunteers. Day 84 sera from all 12
volunteers in groups 1B and 2B+C tested positive, but two representative results from vaccines (V) are shown (top row). DNA was counterstained
with DAPI (blue). A representative control (C) testing pooled preimmunization sera was negative (bottom right), and a human monoclonal antibody
(mAb) specific for PIMSP1, was included as a positive control (+) (bottom left). (e) ELISA titers against 3D7 and FVO PfMSP1,, inug/ml for group
1B (n = 4) and groups 2B+C (n = 8) at the peak time-point (d84). Individual data points and the median are shown. Groups 1B and 2B (open sym-
bols), group 2C (closed symbols). (f) Relationship between 3D7 strain % GIA using purified immunoglobulin G (IgG) at T0mg/ml and serum 3D7
PfMSP1,-specific IgG ELISA titer. Samples testing less than the minimal detection level by ELISA were set at 5.0 ELISA units. All individual data points
for all time-points assayed are shown (n = 30).

stronger than those in group 1B. Serum IgG responses against the
Wellcome allele of MSP1,, (which differs from the 3D7/Mad20
allele by four amino acids) were assessed by ELISA, and a strong
correlation was evident between the responses against the two
alleles (Figure 5c¢). Recognition of native parasites by sera of all
ChAd63-MVA MSP1 immunized volunteers was confirmed by
immunofluorescence against 3D7 strain P. falciparum schizonts
(Figure 5d).

Molecular Therapy vol. 19 no. 12 dec. 2011

Antibody responses against the other regions of MSP1 were
assayed by ELISA (Supplementary Figure S7). Responses were
dominated by the MSP1,, region, with no antibodies detectable
against the MSP1_ and MSP1, regions also present in the vaccine
antigen. Concentrations of serum IgG specific for both alleles of
MSP1,, were quantified by ELISA at the peak time-point (d84),
with median titers of 39.5 and 27.3 pug/ml anti-MSP1,, 3D7 and
FVO IgG, respectively, in group 2B+C (Figure 5e). In agreement
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with published data for other MSP1-based protein vaccines,”* IgG
responses of this magnitude did not induce functional GIA above
baseline against the 3D7 strain of P. falciparum in vitro (Figure 5f
and Supplementary Figure S8).

DISCUSSION

In this phase Ia dose-escalation and safety study, we have shown
in healthy adult volunteers that a recombinant ChAd63-MVA
heterologous prime-boost immunization regime can induce
substantial antigen-specific antibody responses in addition to
exceptionally strong T-cell responses—an attribute unparalleled
to date by other subunit vaccination strategies. Although both
vectors were safe, the MVA MSP1 vaccine was less well tolerated
than ChAd63 MSP1, an effect likely related to the relatively high
dose of MVA used. A subsequent study has now shown compa-
rable immunogenicity with a more acceptable tolerability profile
when MVA MSPI is used at a lower dose of 2 x 10* pfu (S.H.
Sheehy, C.J.A. Duncan, S.C. Elias, K.A. Collins, A.V.S. Hill, S.J.
Draper et al., manuscript in preparation).

A growing body of data now indicates the potential for a pro-
tective contribution of T-cell responses to blood-stage malaria
immunity."” Despite the fact that parasites reside within RBCs,
which lack MHC molecules capable of directly presenting parasite
antigen, it is suggested that T helper 1 (Thl)-type CD4%1 T-cells
may activate macrophages in the spleen leading to enhanced
opsonization of infected RBCs. Alternatively, Thl-type CD4* T
cells may bias the induction of cytophilic, rather than neutralizing,
antibodies from B cells that can mediate antiparasitic neutrophil
respiratory activity®® or antibody-dependent cellular cytotoxicity
via monocytes.* Moreover, CD8* T-cell responses against classical
“blood-stage” antigens, including MSP1, can target the preceding
late liver-stage parasite forms (given such antigens are expressed
by parasites towards the end of hepatic development).*>*”** The
ChAd63-MVA delivery platform was thus developed to induce
effector T-cell responses in addition to functional antibodies against
a target blood-stage malaria antigen in humans. The data presented
here show that MSP1-specific T cell responses peaked at a median
level of >5,000 SFU/million PBMC in the full-dose ChAd63-MVA
group. This median response is, to our knowledge, the highest yet
reported following immunization with any vectored, or other type
of, vaccine regimen.” Data for candidate HIV-1 vaccines have
shown average T-cell responses of lower magnitude following the
use of recombinant human adenoviruses in prime-boost regimes
in primates or humans.?>** Given recent concerns surrounding
the use of AdHu5 in humans,” it remains encouraging that such
strong T-cell immunogenicity can be achieved in adult volunteers
by using just two immunizations and a nonhuman serotype chim-
panzee adenovirus (ChAd) and MVA vaccine vectors.

T-cell responses in mice and humans vaccinated with MSP1 ,
have frequently been reported in the MSP1,, region®**! and these
can provide essential CD4™ T cell help for B cell responses against
MSP1,, as well as CD8* T-cell responses that can reduce the liver-
stage parasite burden in the Plasmodium yoelii mouse model.*> In
this study, T-cell responses as measured by ELISPOT were detected
across the entire 3.33 kbp MSP1 antigen insert. Although a large
portion of this response was focused on the two allelic regions of
MSP1,, contained within the vaccine antigen, responses were also
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detected against the more conserved blocks of sequence. This is in
contrast to preclinical mouse data,”® but in agreement with limited
data from naturally exposed individuals.*> T-cell responses can
thus be induced by vaccination in humans against relatively con-
served epitopes, as well as against naturally dimorphic sequences
contained within the same antigenic insert, and these data bode
well for the potential to induce cellular immune responses that
may contribute to strain-transcending immunity in the field.

MSP1-specific CD3" T cells consisted of a mixed CD4" and
CD8* phenotype, and in vitro restimulation of these cells with MSP1
peptides confirmed the presence of multifunctional subsets. Given
the wealth of phenotypic and functional markers that can now be
assayed, it will remain an important area of work within the field to
ascertain the protective contribution, if any, of such cellular pheno-
types against P. falciparum malaria. Interestingly, restimulation of
PBMC with iRBC showed comparable CD4™ but not CD8* T-cell
responses in immunized volunteers. It remains to be determined
whether this is due to impaired or insufficient antigen processing and
crosspresentation of native parasite MSP1 onto class I MHC mole-
cules, and whether in vitro analysis using peptide or parasite restimu-
lation is most relevant to the elucidation of T cell functions in vivo.

The ChAd63-MVA prime-boost regime also induced substan-
tial MSP1-specific serum IgG antibody responses, as predicted
by animal models.?”?® Unlike studies in rabbits® and naturally
exposed adults,” antibodies were almost exclusively detected
against the MSP1,, region of the antigen. Within MSP1 ,, anti-
body responses against MSP1 , but not MSP1,,, are associated
with protection against malaria incidence in naturally exposed
individuals,* and have also been shown to account for the protec-
tive immunity induced by this antigen in animal models.**® The
vaccine-induced MSP1 ,-specific antibodies were broadly cross-
reactive by ELISA against both alleles of MSP1,, and were capable
of recognizing native parasite MSP1 when tested by immunofluo-
rescence, however, purified IgG failed to show detectable GIA in
vitro. This is in agreement with published data suggesting titers
of >600 pg/ml MSP1-specific human IgG are required to achieve
50% GIA against 3D7 strain parasites in this assay.* When quan-
tified by a standardized ELISA, the concentrations of MSP1 -
specific IgG induced by ChAd63-MVA at the peak of the response
(median 39.5pg/ml against the 3D7 strain antigen) were com-
parable to or higher than MSP1,, protein vaccines formulated in
Alum’ or AS02,% but three- to fourfold lower than Alum + CpG.”
These data confirm that antibody titers, comparable to some pro-
tein-in-adjuvant formulations, can be generated in humans by an
adenovirus-MVA vectored vaccine regime. Further studies are
now essential to ascertain whether the induction of strong cellular
immunity, in conjunction with this level of antibody response, can
enhance vaccine efficacy against blood-stage infection in malaria
challenge phase Ila studies.

Overall, vaccine developers targeting challenging diseases such
as HIV-1, malaria, and cancer have struggled for many years to
translate promising immunogenicity in animal models into high
magnitude immune responses in humans. This work indicates that
the ChAd63-MVA viral vectored vaccine regimen now provides a
safe and clinically relevant strategy for the development of highly
immunogenic vaccines where strong cellular and/or humoral
immune responses are likely to be required for protection.
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MATERIALS AND METHODS
Study design, participants, vaccination, and follow-up. Full details
relating to trial protocol are provided in Supplementary Materials and
Methods. Sixteen volunteers were recruited for the study under a pro-
tocol approved by the UK Gene Therapy Advisory Committee (GTAC
166) and the UK Medicines and Healthcare products Regulatory Agency
(Ref: 21584/0253/001-0001). All volunteers gave written informed con-
sent before participation. The study was conducted according to the
principles of the Declaration of Helsinki and in accordance with Good
Clinical Practice. The trial was registered with ClinicalTrials.gov (Ref:
NCT01003314). Volunteers were not screened for pre-existing neutralizing
antibodies to the ChAd63 vector,” and there was no selection of volunteers
on the basis of low neutralizing antibodies titers. Six volunteers (group 1)
were vaccinated with 5 x 10° viral particles ChAd63 MSP1 intramuscu-
larly and four of these were subsequently vaccinated with 5 x 10° pfu MVA
MSP1 intramuscularly 56 days later. Another 10 volunteers (group 2) were
vaccinated with 5 x 10'° viral particles ChAd63 MSP1 intramuscularly and
eight of these were subsequently vaccinated with 5 x 10® pfu MVA MSP1
intramuscularly 56 days later (Figure 1).

Volunteers attended clinical follow-up at days 2, 14, 28, 56, and
90 following ChAd63 MSP1 immunization (groups 1A and 2A), and
days 2, 14, 28, 56, 58, 63, 84, and 140 following ChAd63-MVA MSP1
immunization (groups 1B and 2B+C). A time window ranging between 1
and 14 days was allowed for vaccination and follow-up visits. Throughout
the paper, study day refers to the nominal time-point for a group and not
the actual day of sampling.

Vaccines. The ChAd63 (previously termed AdCh63) and MVA vaccines
encode an insert previously termed PfM128.% Recombinant ChAd63
MSP1# and markerless recombinant MVA MSP1* were manufac-
tured under Good Manufacturing Practice conditions by the Clinical
Biomanufacturing Facility, University of Oxford (ChAd63 MSP1), and IDT
Biologika, Rosslau, Germany (MVA MSP1). Each vaccine lot underwent
comprehensive quality control analysis to ensure that the purity, identity,
and integrity of the virus met predefined specifications.

Ex-vivo IFN-y ELISPOT. Detailed methodologies for all immunological
analyses are provided in Supplementary Materials and Methods. Briefly,
fresh PBMC were prepared and used in all ELISPOT assays as previously
described,”” except that 50 ul/well MSP1 peptide pools (Supplementary
Table S5) (final concentration each peptide 5ug/ml) were added to test
wells. Results are expressed as IFN-y SFU per million PBMC. Background
responses in unstimulated control wells were almost always <20 spots, and
were subtracted from those measured in peptide-stimulated wells.

Multiparameter flow cytometry. Cytokine secretion by PBMC was assayed
by intracellular cytokine staining followed by flow cytometry. Frozen PBMC
were restimulated for 18 hours in the presence of MSP1 vaccine insert-spe-
cific peptides or with cryopreserved RBCs infected with schizont/late tro-
phozoite stage 3D7 strain P. falciparum parasites (iRBC). Cells were stained
with a live/dead maker as well as antihuman CD4, CD14, CD20, CD8o,
CD3, IFN-y, tumor necrosis factor-o, CD107a, and IL-2 (Supplementary
Figure S9) before analysis using a LSRII Flow Cytometer (BD Biosciences,
Franklin Lakes, NJ), FlowJo v8.8 (Tree Star, Ashland, OR), and SPICE v5.1,
downloaded from http://exon.niaid.nih.gov/spice.*® Background responses
in unstimulated peptide and uninfected RBC control cells were subtracted
from the MSP1 peptide and iRBC-stimulated responses, respectively.

Total IgG ELISA. The production of recombinant GST-PfMSP1, (either
ETSR 3D7/Mad20 allele or the QKNG Wellcome/K1 allele) or GST control
protein for ELISA assays has been described elsewhere.”® Diluted sera were
tested for PIMSP1 -specific antibody responses according to published stan-
dardized ELISA methodology.* All sera tested against the GST control pro-
tein were less than the minimal detection level of the assay (data not shown).
Antibodies against PIMSP1,, (3D7 and FVO alleles) were assayed by the GIA
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Reference Center, National Institutes of Health, as previously described,”
and these OD-based ELISA units were converted to ug/ml also as described
previously.** Antibodies against the PIMSP1, PIMSP1,, PfMSP1,,, and
PfMSP1,, regions of MSP1 were assayed as previously described.*

Immunofiuorescence assay. Cultured P. falciparum (3D7 strain) parasites
were smeared onto glass slides, fixed, permeabilized, quenched, and then
blocked. Volunteer sera were diluted 1:100 and allowed to bind, before the
addition of goat antihuman IgG-Alexa 488 conjugate (Invitrogen, Paisley,
UK). A negative control was included, consisting of a pool of preimmuniza-
tion sera. A positive control was included consisting of a human PMSP1 -
specific monoclonal antibody (a human IgG3 recognizing epitope CI1*)
tested at 2 pg/ml (a kind gift from Prof Richard Pleass, Liverpool School of
Tropical Medicine, Liverpool, UK). DNA was counterstained with DAPI,
and the slides were viewed under a Leica DMI3000 microscope (Leica
Microsystems, Milton Keynes, UK ).

In vitro GIA assay. The ability of induced anti-MSP1 antibodies to inhibit
growth of P. falciparum 3D7 parasites was assessed by a standardized GIA
assay using purified IgG as previously described.* Briefly, each test IgG
(10mg/ml in a final test well) was incubated with synchronized P. falci-
parum parasites for ~48 hours and relative parasitemia levels were quanti-
fied by biochemical determination of parasite lactate dehydrogenase.

Statistical analysis. Data were analyzed using GraphPad Prism version
5.03 for Windows (GraphPad Software, La Jolla, CA). Geometric mean or
median responses are shown for each group. Significance testing of dif-
ferences between two group means used the two-tailed Mann-Whitney
U-test. Correlations were analyzed using Spearman’s rank correlation coef-
ficient () for nonparametric data. A value of P < 0.05 was considered sig-
nificant in all cases.

SUPPLEMENTARY MATERIAL

Figure $1. MSP1 vaccine insert.

Figure S2. Individual ex-vivo IFN-y ELISPOT data.

Figure $3. Breakdown of ex-vivo IFN-y ELISPOT data according to to-
tal response.

Figure S4. Breakdown of ex-vivo IFN-y ELISPOT data according to %
response.

Figure $5. T-cell multifunctionality following ChAd63-MVA MSP1
immunization.

Figure $6. Individual IgG ELISA data.

Figure $7.19G ELISA against all regions of MSP1.

Figure $8. Functional GIA of purified I1gG.

Figure §9. Gating strategy for analysis of MSP1-specific T-cell
responses.

Table S1. Assessment of severity.

Table $2. Assessment of local AEs.

Table $3. Assessment of outcome.

Table $4. Assessment of relatedness.

Table $5. MSP1 overlapping peptides.

Materials and Methods.
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