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SUMMARY

Antigenic diversity has posed a critical barrier
to vaccine development against the pathogenic
blood-stage infection of the human malaria parasite
Plasmodium falciparum. To date, only strain-specific
protection has been reported by trials of such vac-
cines in nonhuman primates. We recently showed
that P. falciparum reticulocyte binding protein
homolog 5 (PfRH5), a merozoite adhesin required
for erythrocyte invasion, is highly susceptible to vac-
cine-inducible strain-transcending parasite-neutral-
izing antibody. In vivo efficacy of PfRH5-based
vaccines has not previously been evaluated. Here,
we demonstrate that PfRH5-based vaccines can pro-
tect Aotusmonkeys against a virulent vaccine-heter-
ologous P. falciparum challenge and show that such
protection can be achieved by a human-compatible
vaccine formulation. Protection was associated
with anti-PfRH5 antibody concentration and in vitro
parasite-neutralizing activity, supporting the use of
this in vitro assay to predict the in vivo efficacy of
future vaccine candidates. These data suggest that
PfRH5-based vaccines have potential to achieve
strain-transcending efficacy in humans.

INTRODUCTION

The development of a highly effective and deployable malaria

vaccine remains an urgent priority for improving global public

health. Despite recent strides in disease prevention and control,

the Plasmodium falciparum human malaria parasite continues to

exert a huge toll in terms of morbidity andmortality (Murray et al.,

2012). The most advanced malaria subunit vaccine, a virus-like

particle known as RTS,S, has shown only modest efficacy in
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young children in Phase III clinical trials (Agnandji et al., 2012),

and thus new approaches are urgently needed (Moorthy et al.,

2013).

RTS,S induces antibodies that reduce liver infection by the

parasite (Foquet et al., 2014). An alternative and complementary

strategy is to vaccinate against the subsequent blood-stage

infection (which causes clinical disease and against which natu-

ral immunity is slowly acquired). Such a vaccine could prevent

death and reduce incidence of disease, parasitemia, and onward

transmission (Hill, 2011). However, despite 25 years of develop-

ment, vaccine candidates targeting P. falciparum’s asexual

blood stage have failed to overcome the challenge posed by

the parasite’s antigenic diversity. Two of the most critical road

blocks have included exceptionally high thresholds for protec-

tive levels of antibody against known target antigens, coupled

with problematic levels of antigen polymorphism. To date, no

vaccine candidate has overcome these hurdles to achieve in vivo

protection in human clinical trials (Goodman and Draper, 2010;

Thera et al., 2011). In previous nonhuman primate (NHP) studies

(which provide the only opportunity to study the effect of vac-

cines against an uninterrupted P. falciparum blood-stage infec-

tion), blood-stage vaccine candidates have proven protective

only against vaccine-homologous parasite lines, and only

when administered with non-human-compatible adjuvants

(Dutta et al., 2009; Lyon et al., 2008).

P. falciparum reticulocyte-binding protein homolog 5 (PfRH5)

is a recently identified merozoite protein, secreted from the api-

cal organelles of the parasite during the red blood cell (RBC) in-

vasion process (Baum et al., 2009). In vitro data have identified

PfRH5 as the highest priority target in the blood-stage malaria

vaccine field for over a decade (Douglas et al., 2011). Antibodies

induced by PfRH5 vaccination of mice and rabbits overcome the

two major difficulties outlined above: (i) antibodies can block

erythrocyte invasion to high efficiency (with lower EC50 in terms

of mg/ml antigen-specific antibody than against all other known

antigens) (Douglas et al., 2014; Miura et al., 2009; Williams

et al., 2012) and (ii) most importantly, these antibodies cross-

inhibit all P. falciparum lines and field isolates tested to date
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(Bustamante et al., 2013; Douglas et al., 2011; Reddy et al., 2014;

Williams et al., 2012).

The PfRH5 protein is now known to mediate a critical non-

redundant interaction with the human RBC surface protein

basigin during invasion (Crosnier et al., 2011). The PfRH5 gene

is also refractory to genetic deletion (Baum et al., 2009; Hayton

et al., 2008), unlike many other blood-stage antigens, confirming

the essential nature of its function. In the context of natural infec-

tion, PfRH5 does not appear to be a dominant target of naturally

acquired immune responses in endemic populations (Douglas

et al., 2011; Tran et al., 2014; Villasis et al., 2012), but when de-

tected, such antibody responses correlate with protective clin-

ical outcome (Tran et al., 2014), and affinity-purified anti-PfRH5

human antibodies can neutralize parasites in vitro (Patel et al.,

2013; Tran et al., 2014). The high degree of PfRH5 sequence

conservation is thus associated with low-level natural immune

pressure, but also functional constraints linked to basigin bind-

ing. Importantly, it has been shown that minimal amino acid sub-

stitutions in PfRH5 account for loss of basigin binding and/or

host RBC tropism (linked to binding basigin orthologs from other

species), suggesting the antigen may not easily escape vaccine-

induced immune pressure (Hayton et al., 2008, 2013; Wanaguru

et al., 2013). However, to date, no study has assessed the pro-

tective efficacy of PfRH5-based vaccines in vivo, and it remains

unclear whether the encouraging observations made in vitro us-

ing an assay of parasite neutralization will translate into biologi-

cally relevant antiparasitic activity. This question is of particular

importance, given the current lack of a clear correlate of vaccine

efficacy against blood-stage infection in humans (Duncan et al.,

2012) and the need to design improved strain-transcending ma-

laria vaccines that can be progressed to clinical development.

In this study, we quantitatively assessed the immunogenicity

of PfRH5-based vaccines delivered to Aotus monkeys by three

different immunization regimens, including protein-in-adjuvant

formulations (de Cassan et al., 2011) and an adenovirus/poxvirus

vectored platform previously optimized for Phase I/IIa clinical

development (Draper et al., 2008; Sheehy et al., 2012). We

also evaluated the protective efficacy of these vaccines against

a stringent vaccine-heterologous P. falciparum challenge

(Stowers and Miller, 2001). This study enabled us to monitor

the ability of PfRH5-based vaccines to both control and clear a

virulent blood-stage infection. We report that significant protec-

tion against challenge with heterologous-strain blood-stage

P. falciparum can be achieved in vivo by these vaccines,

including when using the human-compatible viral vectored

delivery platform. This protection was associated with anti-

PfRH5 antibody concentration and parasite-neutralizing activity,

supporting the use of this assay to predict the in vivo efficacy of

future vaccine candidates. These results suggest that PfRH5-

based vaccines have the potential to achieve strain-transcend-

ing efficacy in humans.

RESULTS

Evaluation of PfRH5 Vaccine Efficacy in Aotus Monkeys
31 Aotus nancymaae monkeys were randomized to groups that

received protein-in-adjuvant and/or viral vectored vaccination

regimes targeting either P. falciparum RH5 or apical membrane

antigen 1 (PfAMA1), a well-studied comparator antigen that
Cell Host
elicits strain-specific antibodies (Dutta et al., 2009; Remarque

et al., 2008; Thera et al., 2011) (Figure 1A). The PfRH5 protein

immunogen was pure (Figure S1A) and shown to be correctly

folded by demonstration of binding to its receptor, basigin (Cros-

nier et al., 2011) (Figure S1B). Group A received sham vaccines,

chimpanzee adenovirus serotype 63 (ChAd63) expressing

Renilla luciferase (RLuc) prime, PBS with Abisco-100 adjuvant

boost; Group B received PfRH5 protein with complete or incom-

plete Freund’s adjuvant (CFA, IFA); Group C received ChAd63

expressing PfRH5 prime, PfRH5 protein with Abisco-100 boost;

Group D received ChAd63-PfRH5 prime, modified vaccinia virus

Ankara (MVA) expressing PfRH5 boost; and Group E received

ChAd63-PfAMA1 prime, PfAMA1 protein with Abisco-100 boost.

The ChAd63-MVA vaccine delivery platform used here has now

been progressed to human clinical testing for a wide variety of

difficult disease targets, including malaria, HIV-1, and hepatitis

C virus (de Cassan and Draper, 2013; Draper and Heeney,

2010), while the use of mixed-modality adenoviral priming-pro-

tein-boost regimens has shown promise in small animals as

well as initial clinical studies (de Cassan et al., 2011; Draper

et al., 2010) (Hodgson et al., 2014). In the case of this study,

the PfRH5 vaccines encoded the 3D7 allele of the antigen, while

for PfAMA1 the ChAd63 vector expressed two alleles of the an-

tigen (3D7 and FVO), and FVO allele PfAMA1 protein was used

for the boost. The Group A sham-vaccinated animals served

as protocol-specified infectivity controls in order to confirm

consistent infection by the FVO parasite inoculum and its appro-

priate adaptation to growth in Aotus.

To evaluate the protective efficacy of the vaccines, animals

were challenged 15 days after the final vaccination by intrave-

nous administration of 104 PfRH5-vaccine-heterologous FVO

strain P. falciparum infected red blood cells (iRBC) taken from

a donor monkey. The parasitemia (Figures 1B–1F) and hemato-

crit (Hct) (Figures S1C–S1G) in the challenged animals were

monitored over time. Challenge infection with this parasite line

has proven highly virulent in Aotus nancymaae over the course

of numerous studies, requiring treatment in all control animals

administered complete Freund’s adjuvant without a blood-stage

vaccine antigen (n = 55, Table S1 and Supplemental Informa-

tion). In contrast, none of the animals immunized here with

PfRH5 protein in Freund’s adjuvant (Group B) required treat-

ment. Efficacy in this group was significant, both comparing

treatment status versus adjuvant-matched historical controls

(the protocol-specified primary analysis for this group; Kendall’s

tB = 0.703, p < 0.001 versus historical controls) and comparing

log10 cumulative parasitemia (LCP) up to the first day on which

an animal was treated (day 10) versus Group A in the current

study (p = 0.002 by Mann-Whitney test, Figure 1G). No parasites

were seen by thin-film microscopy at any point in two of the an-

imals, with only a single parasite seen on one occasion in a third

animal; the remaining three animals self-cured after periods of

microscopically patent parasitemia at levels <10,000 parasites/

ml (p/ml) (Figure 1C). To our knowledge, such robust protection

has not been observed even after vaccine-homologous chal-

lenge of Aotus immunized with P. falciparum AMA1, merozoite

surface protein 1 (PfMSP1), PfMSP3, or the erythrocyte binding

antigen 175 kDa (PfEBA175) formulated with Freund’s adjuvant

(Hisaeda et al., 2002; Jones et al., 2001; Stowers et al., 2001,

2002). Here, the PfRH5 antigen of the challenge strain, FVO,
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Figure 1. PfRH5 Vaccines Protect against P. falciparum Challenge

(A) Vaccination regimes. Immunizations were performed by the intramuscular route on days 0 and 54, with the exception of those containing Freund’s adjuvant,

whichwere given subcutaneously on days 0, 26, and 54. Doses usedwere 53 109 infectious units (ifu) for ChAd63 vaccines, 23 108 plaque-forming units (pfu) for

MVA, 50 mg for protein vaccines, 250 ml for Freund’s adjuvant, and 48 mg for Abisco-100.

(B–F) Time course of parasitemia for individual animals in Group A (B), Group B (C), Group C (D), Group D (E), and Group E (F). Upper horizontal dashed line

indicates the 200,000 p/ml threshold for initiation of antimalarial treatment (Rx) because of hyperparasitemia; lower horizontal dotted line indicates absence of

thin-film detectable parasites. P indicates treatment due to hyperparasitemia; A indicates treatment due to anemia; SPx30 at day 28 in Group B indicates

cessation of follow-up of three animals that had been microscopically subpatent since day 4; SC indicates self-cure in animals that had experienced sustained

parasitemia; + indicates a single animal found dead on day 16; occasional unexpected deaths have previously been recorded among Aotus both before and

during P. falciparum challenge (Darko et al., 2005; Hisaeda et al., 2002; Singh et al., 2006).

(G) Cumulative parasitemia up to day 10, the first day on which an animal was treated. *p < 0.01 versus Group A byMann-Whitney test performed with Bonferroni

correction for multiple comparison (this was the prespecified primary analysis for Groups C–E; secondary analysis for Group B).

(H) Kaplan-Meier plot of percentage untreated survival by group. Symbols are as in (B)–(F). Comparing time to treatment in each group to Group A was done by

Mann-Whitney test with Bonferroni correction for multiple comparison, p = 0.02 for each of Groups B and D.

See also Figures S1 and S5 and Table S1.
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C D

B Figure 2. Lack of Relationship between

ELISpot and ICS Responses and Challenge

Outcome

(A–C) Relationships between challenge outcome

(LCP) and PfRH5-specific ELISpot responses (A),

IFN-g+ CD4+ T cell responses (B), and IFN-g+ CD8+

T cell responses (C) in PfRH5-vaccinated animals

(n = 17 for ELISpot, n = 16 for ICS; Groups B, C, D,

excluding the two animals for which ELISpot re-

sults were not obtained and the three animals for

which ICS results were not obtained). All panels

plot responses after subtraction of responses in

negative control unstimulated wells. Dashed line

marked ‘‘< Background’’ indicates responses of

less than the mean plus three standard deviations

(SD) of the apparent response in Group A animals.

(D) Lack of statistically significant Spearman’s rank

correlation between ELISpot and ICS-measured

immunological parameters and outcome parame-

ters (LCP or peak parasitemia; no Bonferroni

correction was made). Measurements that did

not exceed background (defined as above) were

treated as tied observations.

See also Figure S2.
differed at four amino acid loci from the 3D7 clone upon which

the vaccine was based (Hayton et al., 2008). No greater level

of divergence from the 3D7 antigen was identified among 227

field parasite strains recently sequenced (Manske et al., 2012;

Williams et al., 2012).

Significant vaccine efficacy was also observed in the animals

immunized with human-compatible ChAd63-MVA PfRH5 vac-

cines (Group D), as judged using the prespecified primary

endpoint for Groups C–E of LCP up to day 10 as compared to

Group A (Figure 1G; p = 0.007 by Mann-Whitney test with Bon-

ferroni correction for multiple comparison). Similar to Freund’s

adjuvant, there are abundant pre-existing data across multiple

species to demonstrate that there is no nonspecific effect of

the viral vector vaccines used in Group D upon the rate of

Plasmodium blood-stage infection, including for P. falciparum

in malaria-challenged humans as compared to unvaccinated

infectivity controls (Ewer et al., 2013; Sheehy et al., 2012), as

well as in three rodent malaria species: P. yoelii, P. berghei, or

P. chabaudi (Biswas et al., 2012; Goodman et al., 2013). There

was also no nonspecific effect of vaccination with COPAK (a

poxvirus similar to theMVA) upon the course of P. knowlesi para-

sitemia in rhesus macaques (Weiss et al., 2007). However, as is

typical in this model, a number of animals that developed but

controlled relatively high-level parasitemia in Groups C and D

subsequently required treatment due to anemia (Figures 1H

and S1C–S1G), the severity and timing of which correlated

with the level and timing of peak parasitemia (Figures S2H–

S2J). Most importantly, unlike previous trials of a human-

compatible blood-stage vaccine delivery platform in this model,

self-cure of infection without severe anemia was observed in 4/6

animals in the ChAd63-MVA PfRH5 group and 1/7 in the

ChAd63-Protein PfRH5 group (Figures 1D, 1E, and 1H). The

four self-curing animals in the ChAd63-MVA PfRH5 group expe-

rienced median peak parasite density of 48,000 p/ml (median
Cell Host
peak percentage parasitemia 0.9%) and were afebrile and

clinically well throughout.

Immunologic Correlates of Protection
The rationale for the development of these PfRH5 vaccines was

the observation that PfRH5-specific antibodies could achieve

high levels of parasite-neutralizing in vitro growth inhibitory activ-

ity (GIA) (Bustamante et al., 2013; Douglas et al., 2011; Williams

et al., 2012). We therefore hypothesized prior to the trial that pro-

tection achieved by PfRH5 vaccines would be associated with

anti-PfRH5 antibody concentrations and in vitro GIA, but not

necessarily with cellular responses against PfRH5. To test this

hypothesis, we initially assessed humoral and cellular immune

responses by ELISA, interferon-g (IFN-g) ELISpot, and intracel-

lular cytokine staining (ICS) assays.

Antigen-specific T cell responses to a subunit vaccine have

rarely been measured in Aotus, but we were able to detect

PfRH5 and PfAMA1-specific IFN-g-producing PBMCs by

ELISpot (Figures S2A–S2C) and resolve these into CD4+ and

CD8+ T cells by ICS (Figures S2D–S2G). Therewas no correlation

between ELISpot or ICS responses and LCP or peak parasitemia

(Figures 2A–2D).

The vaccines also induced substantial PfRH5-specific anti-

body responses, as measured by ELISA with conversion into ab-

solute antigen-specific antibody concentrations achieved via

surface plasmon resonance (SPR) calibration-free concentration

analysis (CFCA) (Williams et al., 2012) (Figures 3A, S3, and S4A–

S4F). Geometric mean day-of-challenge (DoC) PfRH5-specific

antibody concentrations achieved were 700 mg/ml in Group B

(PfRH5 protein in Freund’s adjuvant), 54 mg/ml in Group C

(ChAd63-Protein PfRH5), and 320 mg/ml in Group D (ChAd63-

MVA PfRH5); the corresponding geometric mean anti-PfAMA1

(FVO allele)-specific antibody concentration in Group E was

140 mg/ml. There was a strong and statistically significant
& Microbe 17, 130–139, January 14, 2015 ª2015 The Authors 133
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C D

B Figure 3. Protection Is Associated with

Prechallenge Anti-PfRH5 Antibody Con-

centration

(A) Plasma were tested by ELISA on the day of

challenge (DoC, day 69) for anti-PfRH5 (3D7) allele

(left y axis) or anti-PfAMA1 (FVO) allele (right y axis)

total IgG responses. Individual responses and

geometric mean are shown for each group. Arbi-

trary ELISA units were converted to mg/ml con-

centrations following definition of a conversion

factor by CFCA (Figure S3).

(B–D) Relationships between DoC plasma anti-

body concentration and challenge outcome. For

the 19 PfRH5-vaccinated animals, Spearman’s

rank correlation coefficient (rs) and p value are

shown for the relationship of anti-PfRH5 total IgG

concentration on DoC with the primary endpoint

(LCP) (B) and peak parasitemia (C). (D) The rela-

tionship between IVGI and antigen-specific anti-

body concentration (anti-PfRH5 in the 19 PfRH5

vaccinated animals, and anti-PfAMA1 for the 6

PfAMA1-vaccinated animals). A nonlinear regres-

sion curve was fitted to the points from the PfRH5-

vaccinated animals and used to estimate IVGI

EC50, as reported in the text. There were insuffi-

cient data for curve fitting to the PfAMA1-vacci-

nated animals.

See also Figures S3 and S4.
correlation between anti-PfRH5 antibody concentration and

challenge outcome (Figures 3B–3D). These correlations were

maintained when the analysis was conducted among animals

within Groups B and D (Figures S4G and S4H). Given that these

animals serve asmatched controls for each other within a group,

such a correlation would be unlikely if protection was attributable

to a nonspecific effect of the adjuvant or the viral vaccine vector.

In vivo growth inhibition was also calculated (IVGI; the per-

centage reduction in the parasite multiplication rate (PMR) in

each animal relative to the mean in the control group, as has

been previously described; Mahdi Abdel Hamid et al., 2011).

Using nonlinear least-squares regression, the concentration of

anti-PfRH5 immunoglobulin G (IgG) required to achieve 50%

IVGI (IVGI EC50) was estimated at 185 mg/ml (95% CI 100–

330 mg/ml, using data from Groups B–D). The relationship be-

tween PfAMA1-specific antibody concentration and IVGI was

suggestive of a higher IVGI EC50 for anti-PfAMA1 IgG than for

anti-PfRH5 IgG (Figure 3D). These in vivo growth inhibition

data are thus in line with previous in vitro GIA data using purified

antigen-specific anti-PfRH5 and anti-PfAMA1 IgG from rabbits

and humans (Miura et al., 2009; Tran et al., 2014), suggesting

that parasites are quantitatively more susceptible to anti-

PfRH5 than to anti-PfAMA1 antibodies.

We subsequently assessed the functional ability of the vac-

cine-induced antibody responses to neutralize parasites in the

GIA assay. The ability of a range of concentrations of protein

G-purified total IgG to neutralize FVO (challenge-strain) parasites

was assessed (Figure 4A). There was a strong and statistically

significant relationship between GIA at 2.5 mg/ml total IgG and

IVGI, the protocol-specified primary analysis for an immunolog-

ical correlate of protection (Figure 4B). Immunological correlates

of vaccine-induced protection against other pathogens are

commonly the attainment of a particular level of in vitro activity
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at a certain serumdilution titer (Plotkin, 2010). Here, we observed

that the total plasma IgG concentration of animals immunized

with different regimes differed substantially (Figure 4C). We

therefore calculated a GIA50 titer, defined as the dilution factor

from the plasma IgG concentration to the IgG concentration

achieving 50% GIA. GIA50 titer was closely associated with

challenge outcome (Figure 4D), with attainment of a GIA50 titer

exceeding five appearing predictive of untreated survival.

Impact of Infection on Vaccine-Induced Responses
We alsomonitored immune responses in the period following the

challenge infection. Consistent with the poor immunogenicity of

PfRH5 in the context of natural infection (Douglas et al., 2011;

Tran et al., 2014; Villasis et al., 2012), the effect of parasite expo-

sure on PfRH5-specific antibody levels was variable (Figure 5A)

when assessing the day of challenge (day 69) versus the end of

the challenge follow-up period (day 107). In contrast, median

anti-PfAMA1 IgG levels increased across all the groups, but

most notably in Group E (Figure 5B). Nearly every animal experi-

encing a patent infection seroconverted to the 19 kDaC terminus

of PfMSP1 (PfMSP119; Figure 5C), consistent with the abundant

and immunodominant nature of this merozoite surface antigen,

supported by similar data from controlled human malaria infec-

tion (CHMI) studies in malaria-naive adult volunteers (Elias

et al., 2014). Changes in GIA measured at a constant total IgG

concentration of 2.5 mg/ml in the same period were small, with

no significant change in PfRH5-vaccinated, PfAMA1-vacci-

nated, or sham-vaccinated animals (median changes of �7%,

�3%, and 6%; p = 0.21, 0.81, and 0.14, respectively, by Wil-

coxon signed-rank test). Nonetheless, GIA50 titers increased

substantially in many cases, due to increases in total plasma

IgG concentration after parasite exposure (Figures 5D and 5E).

Follow-up of animals to day 230 (161 days after challenge)
uthors
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C D

B Figure 4. Attainment of 50% GIA at a Sub-

physiological IgG Concentration Predicts

Protection

(A) The in vitro GIA of purified IgG (DoC time point)

was assessed against FVO strain parasites for all

animals at a fixed concentration of 2.5 mg/ml.

Percent GIA is reported following a single cycle of

parasite growth. For animals in Groups B, C, and

D, the assays were repeated with a dilution series

of the purified IgG. The results for each individual

animal are shown.

(B) Prespecified primary analysis for an immuno-

logical correlate of protection: relationship be-

tween percent GIA using 2.5 mg/ml purified IgG in

the assay and the percent IVGI modeled from the

parasitemia data. Across all animals (n = 31),

Spearman’s rs = 0.86, p < 0.0001; among non-

control vaccinated animals only (Groups B–E, n =

25, as shown), rs = 0.92, p < 0.0001. The dashed

lines identify animals in the top right quadrant that

did not require treatment following challenge. GIA

was predictive of outcome independent of group

allocation (p = 0.004 by likelihood-ratio test

comparing a bivariate model relating IVGI with

group versus a multivariate model relating IVGI

with group plus GIA at 2.5 mg/ml).

(C) The plasma concentration of IgG in mg/ml was

assayed at the DoC time point. Individual results

and group medians are reported.

(D) GIA50 titer was calculated for Groups B, C, and D (by dividing the plasma total IgG concentration by the total IgG GIA EC50) and is plotted against peak

parasitemia. Three animals in Group C, which all required treatment, did not achieve 50%GIA at 2.5 mg/ml and were assigned tied GIA50 titers of 1. Spearman’s

rank correlation coefficient is shown.

See also Figure S5.
demonstrated that, in several animals, anti-PfRH5 antibody con-

centrations were maintained at levels in excess of the IVGI EC50

for a number of months after challenge (Figure S5A).

DISCUSSION

Overall, these results demonstrate that PfRH5-based vaccines

have the potential to overcome the shortcomings of previous

blood-stage vaccines against P. falciparum (Wright and Rayner,

2014). The attainment of cross-strain protection in vivo by an an-

tigen selected on the basis of its ability to induce cross-strain GIA

in vitro strongly hints that the relationship between GIA and

protection is causal, encouraging the continued use of the assay

for candidate vaccine selection. Our findings are also consistent

with previous data linking protection with the attainment of 60%

GIA against the challenge strain at 2.5 mg/ml total IgG, suggest-

ing that the quantitative relationship between GIA and protection

may be roughly similar for different antigens (Singh et al., 2006).

Importantly, the efficacy observed here would also have been

readily detectable in a Phase IIa CHMI clinical trial (Figures

S5B and S5C). These data thus support the assertion that an effi-

cacious blood-stage vaccine candidate should be able to

demonstrate in vivo biological effects in CHMI trials prior to field

trials (Sheehy et al., 2013).

Protection in this study appeared to be mediated by pre-

formed anti-PfRH5 antibody present at the time of infection, as

distinct from a recall response against PfRH5 after challenge.

Antigen-specific antibody concentrations exceeding 100 mg/ml

have been attained in humans by other malaria vaccines
Cell Host
including RTS,S and those targeting PfAMA1 (Kester et al.,

2009; Spring et al., 2009), but long-term maintenance of

such high-level responses may be challenging, particularly if

P. falciparum infection does not appreciably boost vaccine-

induced anti-PfRH5 responses. We have recently demonstrated

that antibodies of other specificities can act synergistically

with anti-PfRH5 antibodies in GIA assays, thus supporting an

ongoing strategy to achieve protection with substantially lower

and more easily maintained antibody concentrations (Williams

et al., 2012).

Like the functionally critical surface proteins of other chal-

lenging vaccine targets, such as HIV-1 and influenza virus, the

immunodominant antigens of Plasmodium spp. are highly vari-

able (Riley and Stewart, 2013). PfRH5 is also functionally critical,

but analogous to the pre-erythrocytic malaria antigen circum-

sporozoite protein (the basis of the RTS,S vaccine), the response

to it in the context of infection is unlikely to be of sufficient magni-

tude to be a substantial contributor to natural immunity (Douglas

et al., 2011; Murungi et al., 2013; Tran et al., 2014). Although this

immune evasion strategy is clearly successful in permitting

P. falciparum to establish repeated and chronic infections, it

has left a conserved whole-protein target that appears more

susceptible to subunit vaccination than the conserved epitopes

presented by HIV-1 and influenza.

The clinical implications of these data for PfRH5-based vac-

cines remain unknown for now and will require clinical trials to

assess immunogenicity and efficacy in humans (Figure S5D).

However, given the attainment of an unprecedented level of pro-

tection in a stringent model, this study has clearly demonstrated
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Figure 5. Post-Challenge Measures of Immunogenicity

(A–E) Plasma antigen-specific total IgG responses and GIA were also assessed

in thepost-challengeperiod. Individual responsesareshownand linked for each

animal in each group at the DoC time point (day 69) and at the end of the chal-

lenge monitoring period (day 107, 38 days post-challenge). Median responses

are indicated,wherepossible, byablackcross. Anti-PfRH5 (A), anti-PfAMA1 (B),

and anti-PfMSP119 (C) ELISA data are shown. (D) Plasma IgG concentration in

mg/ml. (E)GIAwasassessed as in Figure 4, initially testing all samples at 2.5mg/

ml purified IgG. If >50% GIA was observed, samples were diluted in the assay,

and theGIA50 titerwascalculated. For each animal at each timepoint,GIA50 titer

is shown on the top left y axis (where possible to calculate); otherwise, the

percent GIA at 2.5 mg/ml is indicated on the lower right y axis.

See also Figure S5.
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that the problem of interstrain blood-stage antigen variation is

tractable. It is worth noting that the FVO strain of P. falciparum

has been selected for rapid growth and virulence in Aotus mon-

keys; as a result, it is considerably more virulent in these animals

(essentially universally fatal in untreated animals) than is the case

for P. falciparum in humans (in which the probability of severe

disease is thought not to exceed 15% per episode even in ma-

laria-naive infants) (Collins et al., 1994; Gupta et al., 1999). More-

over, having defined two significant correlates of protection, it

will now be possible to rationally improve PfRH5-based immuno-

gens and their delivery in order to maximize functional antipara-

sitic immunity. The optimization of PfRH5 vaccine formulations

to achieve and maintain the highest possible levels of antibody

will also be a major focus of human clinical trials that should

commence within the coming year, supported by a greater

weight of preclinical evidence than any previous blood-stage

vaccine candidate. In summary, this study provides the initial

proof of concept in NHPs that the development of a strain-tran-

scending blood-stage vaccine against P. falciparum is possible

and provides important insight into a correlate of protection

against the human malaria parasite.

EXPERIMENTAL PROCEDURES

Full experimental methods are provided in detail in the Supplemental

Information.

Vaccines

All PfRH5 vaccines were based upon the P. falciparum 3D7 clone sequence.

The production of recombinant MVA expressing full-length PfRH5 has previ-

ously been described (Douglas et al., 2011). For the current study, a ChAd63

vector expressing the same PfRH5 transgene was produced using previously

describedmethods (Goodman et al., 2010). The production of the ChAd63 and

protein PfAMA1 (FVO allele) vaccines have been reported elsewhere (Biswas

et al., 2011; Kennedy et al., 2002). The PfRH5 3D7 protein was expressed

and tested for basigin binding essentially as described (Crosnier et al., 2011).

Animals, Immunizations, Challenge, and Sample Collection

Adult female owl monkeys (Aotus nancymaae) were housed at the US Naval

Medical Research Unit No. 6 (NAMRU-6). Randomization to groups was strat-

ified by pretrial weight. All immunizations were administered under ketamine

anesthesia and performed by the intramuscular route (into the caudal quadri-

ceps), with the exception of those containing Freund’s adjuvant, which were

given subcutaneously (into the interscapular area). The study protocol was

approved by NAMRU-6’s Institutional Animal Care and Use Committee (proto-

col number NAMRU-6 11-12), the Department of the Navy Bureau of Medicine

and Surgery (NRD-748), the University of Oxford Animal Care and Ethical

Review Committee, and the Institut Nacional de Recursos Naturales (INRENA)

at the Peruvian Ministry of Agriculture.

15 days after the final vaccination, animals were challenged intravenously

with 104 FVO-strain P. falciparum iRBC taken from a donor monkey, as previ-

ously described (Stowers et al., 2001). From day 72, daily thin-film parasitemia

quantification and alternate-day Hct measurements were conducted. Animals

were treated (i) when parasite density reached R200,000/ml, (ii) when Hct

fell to %25%, (iii) upon reaching challenge day 28 (C+28) if no parasites had

been seen in the preceding week, or (iv) upon reaching C+38 (study day

107). Blood samples for immunological assays were collected from all animals’

saphenous veins under ketamine anesthesia. EDTA-anticoagulated blood was

prepared using standard methods to obtain plasma and PBMC.

Cellular Immune Assays

Ex vivo IFN-g ELISpot and ICS were performed essentially as previously

described (Draper et al., 2010). Assays used frozen PBMC and pools of

PfRH5 and PfAMA1 peptides.
uthors



ELISA, CFCA, and GIA

PfAMA1 ELISAs used the same recombinant PfAMA1 FVO protein as that used

for immunization. The production of PfMSP119 protein (QKNG allele) has been

previously described (Goodman et al., 2010). Monobiotinylated PfRH5 protein

was produced for ELISAs by transient transfection of HEK293E cells (Durocher

et al., 2002). The ELISA antigen encoded the version of the PfRH5 antigen

expressed in the viral-vector vaccines (which lacks the CD4 d3+4 and His6

tags present in the protein vaccine). ELISAs were performed essentially

according to published methodology (Sheehy et al., 2011). The OD-based

ELISA results for PfAMA1 and PfRH5were converted to mg/ml using the results

of CFCA analyses, similar to that previously described (Williams et al., 2012).

Assays of GIA were performed at the PATH-MVI GIA reference laboratory,

NIAID, NIH, using purified total IgG, FVO strain P. falciparum parasites, and

a previously published method (Miura et al., 2009). A single-lifecycle assay

was performed, followed by growth quantification by colorimetric detection

of parasite lactate dehydrogenase. For each sample achieving >50% GIA at

2.5 mg/ml, total IgG GIA EC50 was calculated in terms of total IgG concentra-

tion in the well by linear interpolation. The total IgG concentration in each

plasma sample was measured using Protein A biosensors on a Fortebio Blitz

instrument (ForteBio). For each animal achieving >50% GIA at 2.5 mg/ml, the

GIA50 titer was then calculated by dividing the plasma total IgG concentration

by the total IgG GIA EC50.

Analyses and Statistics

Throughout, all reported p values are for two-tailed tests. Vaccine efficacy

endpoints were recorded, as used in a previous Aotus-P. falciparum chal-

lenge study (Lyon et al., 2008) and a study of P. knowlesi infection of rhesus

macaques (Mahdi Abdel Hamid et al., 2011). Kendall’s tau-b was used to

test a null hypothesis of equivalent outcome between Group B and historical

Freund’s control animals (see Table S1 and Supplemental Information)

using the ordinally ranked outcome data. As a secondary efficacy outcome

measure for this group (using non-adjuvant-matched control data from the

current study), LCP was compared between Groups B and A by Mann-

Whitney test. The protocol-specified primary analysis of efficacy in Groups

C, D, and E was comparison of LCP in each group to Group A by Mann-

Whitney test with Bonferroni correction for multiple comparison. A post

hoc secondary analysis of efficacy in terms of effect upon time to treatment

was performed using a Mann-Whitney test with Bonferroni correction for

multiple comparison, comparing each of Groups B, C, D, and E to Group

A. The majority of immunological parameters were nonnormally distributed,

and thus, unless detailed otherwise in the Supplemental Information,

analyses of association between immunological parameters and continuous

outcome variables were performed by Spearman’s rank correlation. The

protocol-specified primary analysis for a correlate of protection, in the

event that GIA EC50 data could not be estimated for every animal (as

was the case here for a number of the animals in Groups C and E), was

examination of the correlation between GIA at a fixed total IgG concen-

tration and IVIG.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and one table and can be found with this article online at http://

dx.doi.org/10.1016/j.chom.2014.11.017.
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SUPPLEMENTAL FIGURE LEGENDS 

Figure S1, related to Figure 1: Production of PfRH5 protein vaccine and analysis of 

haematocrit in challenged animals 

(A) Coomassie-stained SDS-PAGE gel of the PfRH5 protein vaccine immunogen run under reducing 

conditions. The protein is the 3D7 allele of PfRH5 with a C-terminal fusion of rat Cd4 domains 3 and 4 

followed by a hexa-histidine tag (PfRH5-Cd4-His6). As previously described (Bustamante et al., 2013), 

two principle bands are present, at approximately 85kDa and 65kDa. The 85kDa band represents the 

full-length PfRH5 protein (66kDa) plus the C-terminal tags, with the 65kDa species constituting a 45kDa 

processing product of PfRH5 plus tags, following loss of the N-terminus (similar to the processing 

product observed in parasite culture supernatant (Baum et al., 2009)). The 28kDa species is primarily 

cleaved Cd4 tag (data not shown). (B) Equilibrium binding analysis of PfRH5-Cd4-His6 to its receptor 

basigin, quantified using surface plasmon resonance (SPR). Serial dilutions of the purified PfRH5-Cd4-

His6 protein preparation (used for Aotus immunizations) were injected over the basigin protein 

immobilized on a sensor chip. Reference-subtracted curves are shown, demonstrating that 

equilibrium was reached (inset) and that binding was saturable. An equilibrium dissociation constant 

of 1.92 ± 0.03 µM was calculated from the binding data (see Methods). 

 (C-G) Timecourse of hematocrit (Hct) for individual animals in Groups A-E respectively. Horizontal 

dotted lines indicate 25% Hct threshold for initiation of antimalarial treatment because of anaemia. 

Symbols as per Figure 1B-E. (H) Relationship between peak parasitemia and RBC/µL 'lost' due to 

malaria among the 14 animals which self-controlled microscopically-patent parasitemia (i.e. excluding 

animals treated for hyperparasitemia and the 3 animals in Group B with ≤1 microscopically observed 

parasite throughout the study; calculation based upon 107 cells per μL packed RBCs). A significant 

correlation was observed (Spearman’s rS=0.76, P=0.002). (I) A median of 30 'lost' RBC per iRBC was 

observed at the peak of parasitemia [data shown in panel H, represented as fall in Hct divided by peak 

parasitemia]. (J) For each of the 14 parasite-controlling animals, a line at the level of peak parasitemia 
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(y-axis) extends from the time of peak parasitemia (left end of line) to the time of minimum Hct (right 

end of line), illustrating the median delay of 8 days between these events. Among these 14 animals, 

significant negative correlations were observed between magnitude of peak parasitemia and i) timing 

of peak parasitemia (Spearman’s rs=-0.73, P=0.003) and ii) timing of minimum Hct (Spearman’s rs=-

0.69, P=0.007), such that animals controlling parasitemia at a lower level did so later, and had later 

nadirs in their Hct. These results are suggestive of destruction of uninfected erythrocytes, which may 

be immunologically mediated. 
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Figure S2, related to Figure 2: ELISpot and ICS responses on day of challenge. 

Ex-vivo IFN-γ ELISpot was conducted from frozen PBMC samples collected on day 69 (day of challenge; 

DoC). Cells from all animals produced >1000 spot forming units (SFU) per million PBMC in response to 

positive control SEB/PHA stimulation (not shown). Insufficient cells were available for two animals 

from Group D. (A) Individual responses (mean of duplicate wells) and group median responses are 

plotted from the unstimulated control wells. High levels of non-peptide-specific responses were 

consistently seen in animals from Group B, possibly due to Freund's adjuvant-induced innate cell 

activation. Individual responses (mean of duplicate wells) and group median responses are plotted for 

(B) PfRH5 peptide pool-stimulated and (C) PfAMA1 peptide pool-stimulated wells after subtraction of 

responses in negative control unstimulated wells; horizontal dashed line indicates mean plus three 

standard deviations (SD) of the apparent response in Group A animals (peptide stimulated minus 

unstimulated). Mainly PfRH5-specific responses were seen in animals receiving a viral vectored PfRH5 

vaccine in Groups C and D, whilst PfAMA1-specific responses were similarly observed in Group E. 

Unexpectedly some animals in Groups C and D appeared to have PfAMA1-specific responses; the 

reason for this is unclear, but it is possible this may reflect previous exposure of these animals to 

environmental apicomplexa. (D-G) ICS was conducted on frozen PBMC samples. Cells were as for the 

ELISpot assay with the exception that insufficient cells were available for one further animal (from 

Group C). (D) Gating strategy for a representative sample showing the PfRH5 peptide pool-stimulated 

response (top row) and unstimulated control (bottom row). Lymphocytes were gated, followed by live 

cells, then CD4+ or CD8+ subsets, followed by IFN-γ+ cells within each subset. (E) The % of live IFN-γ+ 

cells in the lymphocyte gate was assessed. Individual responses and group median are plotted. As with 

ELISpot, the highest levels of non-specific IFN-γ were detected in Group B. PfRH5-specific responses 

as the % of (F) live CD4+ cells and (G) CD8+ cells which are IFN-γ+ in PfRH5 peptide pool-stimulated 

wells, after subtraction of responses in negative control unstimulated wells. Individual responses 

(points) and group median responses (lines) are plotted; horizontal dashed line as for panels B-C.  
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Figure S3, related to Figure 3: Calibration free concentration analysis (CFCA) of antibody 

responses. 

CFCA was performed using a Biacore T200 instrument in order to measure absolute (µg/mL) 

concentrations of antigen-specific antibody in pooled plasma collected on day 69 (DoC) from Group D 

(anti-PfRH5) and Group E (anti-PfAMA1). Throughout, binding at low sample flow rate (5µL/min) is 

indicated by black lines while binding at high flow (100µL/min) is indicated by red lines.  

 

(A-C) depict processing of the data used to make a single measurement of anti-PfRH5 IgG 

concentration. (A) Binding of PfRH5-immune plasma (Group D pool, solid lines) and control plasma 

(Group A pool, dashed lines) to the PfRH5-coated flow cell (Fc2) at the two flow rates, as above. (B) 

Binding of PfRH5-immune and control plasma at the two flow rates, after subtraction of binding to the 

non-PfRH5 coated reference flow cell (i.e. graph shows Fc2-1). (C) Final double-subtracted PfRH5-

specific binding at the two flow rates, after subtraction of control sample binding from reference-

subtracted PfRH5-immune sample binding (i.e. graph shows difference between solid and dashed lines 

in (B)). The slopes of these lines, as estimated by the CFCA function in the T200 evaluation software, 

were used to calculate antigen-specific antibody concentration in the PfRH5-immune sample.  

 

(D) and (E) depict double-subtracted results of replicate measurements of (D) PfRH5-specific binding 

in the Group D pool and (E) PfAMA1-specific binding in the Group E pool.  

 

(F) Tabulated overall CFCA results, indicating calculated concentration of 347 µg/mL PfRH5-specific 

antibody in the Group D pool and 153 µg/mL PfAMA1-specific antibody in the Group E pool. SE = 

standard error of fit. 
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Figure S4, related to Figure 3: ELISA timecourses and within-group association of 

protection with pre-challenge anti-PfRH5 antibody concentration. 

(A-F) Anti-PfRH5 and anti-PfAMA1 plasma total IgG responses were monitored over time by ELISA. 

Plots show the results for each individual animal, and the joining black line links the medians at each 

time-point. All animals received their first vaccine on day 0. The black vertical dashed lines indicate 

booster immunization time-points for each group, and the red vertical dashed line indicates the DoC.  

Plasma were tested at days 0, 28, 54 and 69 (DoC). (A-E) Anti-PfRH5 (3D7) responses for Groups A-E 

respectively, and (F) Anti-PfAMA1 (FVO) responses for Group E. Arbitrary ELISA units were converted 

to µg/mL titers following definition of a conversion factor by CFCA. 

 

Panels (G-H) show relationship between DoC plasma antibody concentration and challenge outcome 

within (G) Group B, and (H) Group D. For each group, Spearman’s rank correlation coefficient (rs) and 

P value are shown for the relationship of anti-PfRH5 total IgG concentration on DoC with peak 

parasitemia. 
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Figure S5, related to Figures 1, 3, 4 and 5: Impact of PfRH5 vaccines upon Phase IIa 

CHMI end-points, long-term maintenance of anti-PfRH5 antibody concentrations after 

challenge, and context of current study relative to other experiments. 

(A) ELISA measured antibody concentrations between day of challenge and day 230 of the study (day 

161 after challenge) are shown for animals which self-cured infection. Dotted horizontal line 

indicates estimated IVGI EC50 of 185 µg/mL. 

(B) Kaplan-Meier plot of % animals remaining with microscopically sub-patent parasitemia (subjects 

in Phase IIa controlled human malaria infection (CHMI) trials must be treated at the time of 

microscopic patency (Sauerwein et al., 2011)). For clarity, this includes only the control group (A) and 

the two groups (B and D) for which vaccine efficacy was significant as assessed by the primary efficacy 

endpoint (Figure 1G). Comparing sub-patent survival to Group A by Mann-Whitney test without 

correction for multiple comparisons, P=0.06 for Group B and P=0.09 for Group D. As an alternative to 

measuring time to microscopically patent parasitemia in CHMI studies, PMR can be measured by 

curve-fitting to PCR-quantified sub-patent parasitaemia (Douglas et al., 2013). (C) Challenge outcome 

versus IVGI, i.e. the percentage reduction in the PMR in each animal relative to the mean in the control 

group. PMR reductions in excess of 65% appear to be required to enable these malaria-naïve Aotus to 

survive blood-stage P. falciparum FVO strain challenge without treatment. Such large changes in PMR 

would be readily detectable after CHMI (Sanderson et al., 2008), supporting the assertion that 

efficacious blood-stage vaccines should be able to demonstrate in vivo biological effects in CHMI trials 

prior to field trials (Sheehy et al., 2013).  

 (D) Context of the data reported in this manuscript as related to past and future studies; the future 

studies referred to will be necessary for validation of vaccine-induced GIA as an achievable 

mechanism of protection of humans against P. falciparum. Manuscripts cited are as follows. 

(Crosnier et al., 2011; Deans et al., 1982; Douglas et al., 2011; Dutta et al., 2009; Freeman et al., 

1980; Sheehy et al., 2013; Stowers et al., 2002; Thera et al., 2011).   



Supplemental Information                                                                                                             Douglas et al. 

7 | P a g e  
 

SUPPLEMENTAL TABLE 

Table S1, related to Figures 1 and S1: A review of previous Aotus nancymaae – P. 

falciparum challenge studies. 

Fifty-five Aotus nancymaae monkeys have previously been challenged with 104 FVO parasites after 

control immunizations using Freund’s adjuvant; not a single one of these has survived the challenge 

without treatment. 
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SUPPLEMENTAL METHODS 

Vaccines  

All PfRH5 vaccines were based upon the P. falciparum 3D7 clone sequence (NCBI XM_001351508.1). 

The production of recombinant adenovirus and modified vaccinia virus Ankara (MVA) viral vector 

vaccines, expressing full-length PfRH5, has previously been described (Douglas et al., 2011). In this 

case the PfRH5 transgene encodes amino acids (αα) 26-526, ENAI…PLTQ, with substitutions N38Q and 

N214Q to remove two sites of potential N-linked glycosylation. For the current study, a chimpanzee 

adenovirus serotype 63 (ChAd63) expressing the same PfRH5 transgene was produced, using 

previously described methods (Douglas et al., 2011; Goodman et al., 2010; Goodman et al., 2013). The 

production of the ChAd63 PfAMA1 vaccine (expressing a bi-allelic transgene encoding the 3D7 and 

FVO strain sequences) and of the PfAMA1 protein based upon the FVO allele have been reported 

elsewhere (Biswas et al., 2011; Kennedy et al., 2002). Recombinant ChAd63 expressing Renilla 

luciferase (Orubu et al., 2012) was produced using the same methods and a transgene insert as 

previously described (Dicks MDJ et al., manuscript in preparation). 

 

The PfRH5 3D7 protein was expressed essentially as described (Crosnier et al., 2011). Briefly, the full-

length 3D7 PfRH5 coding sequence was expressed as a secreted recombinant protein following 

transient transfection of HEK293E cells (Bushell et al., 2008; Durocher et al., 2002). The PfRH5 coding 

sequence was synthesized (Geneart GmbH, Regensburg, Germany) and codon optimized for 

expression in human cells. The protein was fused in-frame at the C-terminus to rat CD4 domains 3 and 

4 (CD4d3+4) followed by a hexa-histidine (His6) tag for detection and purification. To prevent 

inappropriate glycosylation when expressed in mammalian cells, the four threonine residues in the 

context of potential N-linked glycosylation sites (N-X-S/T) were mutated to alanine (T40A, T216A, 

T286A and T299A) and the signal peptide was replaced with a high-scoring exogenous signal peptide 

from a mouse light chain antibody (Crosnier et al., 2010). The supernatant was harvested five days 

post-transfection and cellular debris removed by 0.2 µm filtration. Imidazole was added to a final 
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concentration of 10mM and NaCl supplemented to a final concentration of 500mM, and the protein 

was purified using a HiTrap Ni2+-NTA Sepharose column (GE Healthcare) and eluted with 400mM 

imidazole. Eluted fractions containing the purified protein were pooled and the protein was assessed 

as >90% pure by SDS-PAGE and dialysed three times against 1L of PBS at 4°C for 24 h. Four independent 

purifications, which were essentially identical to each other as assessed by SDS-PAGE, were combined 

to create a single 3mL preparation of purified PfRH5-CD4-His6 at a final concentration of 0.9mg/mL 

(Figure S1A). Three aliquots (one x 1mL and two x 500µL) of the protein were snap-frozen on dry ice 

and kept frozen during storage and shipping until thawing just prior to immunization. The remaining 

protein was stored at 4°C and reserved for an additional quality control check for biochemical activity. 

For this, we used surface plasmon resonance (SPR) as implemented in a T100 BIAcore instrument 

essentially as described (Crosnier et al., 2011). Briefly, mono-biotinylated basigin-CD4d3+4-biotin was 

immobilized in a flow cell of a streptavidin-coated sensor chip, with an approximate molar equivalent 

of a CD4d3+4-biotin control protein used for reference subtraction. Binding data were plotted using 

the BIAevaluation software supplied by the manufacturer and an equilibrium dissociation constant 

was calculated using non-linear regression fitting of a simple (1:1) Langmuir binding isotherm to the 

data (Figure S1B).  

 

Animals, Immunizations, Challenge and Sample Collection 

Adult female owl monkeys (Aotus nancymaae) were obtained from the Instituto Veterinario de 

Investigaciones Tropicales y de Altura de la Universidad Nacional Mayor de San Marcos (IVITA-San 

Marcos University), Peru and transported to the animal facility at US Naval Medical Research Unit No. 

6 (NAMRU-6). All animals were quarantined for 4 weeks before the initiation of the study. 

Randomization to groups was stratified by pre-trial weight. Immunizations were performed by the 

intramuscular route (into the caudal quadriceps) on days 0 and 54, with the exception of those 

containing Freund's adjuvant, which were given subcutaneously (into the interscapular area) on days 

0 (complete), 26 (incomplete) and 54 (incomplete). Doses used were 5 x 109 infectious units (ifu) for 
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adenoviruses, 2 x 108 plaque-forming units (pfu) for MVA, 50μg for protein, 250μL for complete and 

incomplete Freund's adjuvant (Sigma), and 48μg for Abisco-100 (Isconova), with the final injection 

volume made up to 500µL with sterile PBS. All immunizations were administered under ketamine 

anaesthesia.  

 

Groups were as follows (n=6/group unless otherwise stated): Group A: sham vaccines – ChAd63 

expressing Renilla luciferase (RLuc) prime, PBS with Abisco-100 adjuvant boost; Group B: PfRH5 

protein with complete or incomplete Freund's adjuvant (CFA, IFA); Group C: ChAd63 expressing PfRH5 

prime, PfRH5 protein with Abisco-100 boost (n=7); Group D: ChAd63-PfRH5 prime, MVA expressing 

PfRH5 boost; Group E: ChAd63-PfAMA1 prime, PfAMA1 protein with Abisco-100 boost. Group sizes 

were chosen using a sample size calculation based upon review of results of previous studies in this 

model, and reviewed by the University of Oxford Centre for Statistics in Medicine; full details are 

available on request from the corresponding author.   

 

The study protocol was approved by NAMRU-6's Institutional Animal Care and Use Committee 

(protocol number NAMRU-6 11-12); the Department of the Navy Bureau of Medicine and Surgery 

(NRD-748); the University of Oxford Animal Care and Ethical Review Committee; and the Institut 

Nacional de Recursos Naturales (INRENA) at the Peruvian Ministry of Agriculture. NAMRU-6 is a facility 

accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC); 

therefore all husbandry and experimental procedures reported herein were conducted in compliance 

with the Animal Welfare Act and in accordance with the principles set forth in the “Guide for the Care 

and Use of Laboratory Animals,” Institute of Laboratory Animals Resources, National Research Council, 

National Academy Press, 1996. 

 

15 days after the final vaccination (i.e. study day 69), animals were challenged intravenously with 104 

FVO-strain P. falciparum infected red blood cells (RBC) taken from a donor monkey, as described 
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(Stowers et al., 2001). From day 72, daily thin-film parasitemia quantification and alternate-day 

hematocrit (Hct) measurements were conducted. Laboratory staff were blinded to animals' vaccine 

allocation. Animals were treated when i) parasite density reached ≥200,000/μL; or ii) Hct fell to ≤25%; 

or iii) upon reaching challenge day 28 (C+28) if no parasites had been seen in the preceding week; or 

iv) upon reaching C+38 (study day 107). Parasite density (p/μL) was calculated using the following 

formula, in order to take account of animals’ varying hematocrits as well as the percentage 

parasitemia: 

Parasite density = (
Percentage parasitemia

100
) ∗ (

Percentage hematocrit

100
) ∗ 107 

Pre-trial red cell counts (data not shown) were consistent with the value of 107 erythrocytes per µL 

packed cells used in this formula. 

Blood samples for immunological assays were collected from all animals’ saphenous veins under 

ketamine anaesthesia on days 0, 26, 54, 69 (day of challenge, DoC), and 107 (C+38). EDTA-

anticoagulated blood was prepared using standard methods to obtain plasma and PBMCs. 

 

ELISpot 

Ex-vivo interferon-γ (IFN-γ) ELISpot was performed essentially as previously described (Draper et al., 

2010), with the following modifications. Anti-human IFN-γ antibodies were used, as in previous Aotus 

ELISPOT experiments (Jordan-Villegas et al., 2011): mAb 1-D1-K for capture, and biotinylated mAb 7-

B6-1 as secondary (both from Mabtech). Assays were performed from frozen PBMC with all samples 

tested at the same time. The final assay used 100,000 PBMC per well. PfRH5 peptides (20mers 

overlapping by 10 αα spanning the PfRH5 antigen sequence, n=50) were synthesised by Mimotopes 

Ltd, resuspended in DMSO to 100mg/mL, and pooled. PfAMA1 peptides (20mers overlapping by 10 

αα spanning the bi-allelic PfAMA1 antigen sequence present in the ChAd63 vaccine) have previously 

been described (Sheehy et al., 2012a). Peptide pools for both PfRH5 and PfAMA1 were diluted in 

complete R10 medium (RPMI 1640, supplemented with 10% FCS, 4 mM L-glutamine, 100 U/mL 
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penicillin, 100 μg/mL streptomycin, 10 mM HEPES buffer, and 50 μg/mL gentamicin [all from Sigma]) 

and used at a final in-well concentration of 5µg/mL of each peptide with no more than 0.5% total 

DMSO. Wells containing 10µg/mL phytohaemagglutinin (PHA) and 20ng/mL staphylococcal 

enterotoxin B (SEB) (both from Sigma) were used as positive controls; negative control wells contained 

R10 with 0.5% DMSO only. Cells from each animal were tested in duplicate for PfRH5 and PfAMA1 

peptide-containing wells and negative control wells, and in a single positive control well.  

  

Intracellular Cytokine Staining 

Antigen-specific IFN-γ production by T cells from frozen PBMC samples was assayed by an intracellular 

cytokine staining (ICS) assay based upon a previously published method (Draper et al., 2010). Briefly, 

PBMC were stimulated for 16 h in the presence of anti-human CD49d (BD Biosciences), brefeldin A 

(GolgiPlug, BD Biosciences), and monensin (Golgi Stop, BD Biosciences). The following stimulation 

conditions were included for each sample: i) positive control: 50 ng/mL of Phorbol 12-myristate 13-

acetate (PMA) and 0.5 µg/mL of ionomycin (both from Sigma); ii) antigen-specific stimulation: either 

PfAMA1 or PfRH5 peptide pools, as described above for ELISpot; and iii) unstimulated control: 0.11% 

total DMSO in R10 media. Cells were stained the next day using Live/Dead Red stain (Invitrogen) and 

a cocktail of fluorochrome-conjugated monoclonal antibodies: phycoerythrin-Cy7- (PECy7) conjugated 

anti-human CD4 (clone SK3) and phycoerythrin- (PE) conjugated anti-human CD8α (clone RPA; both 

from BD Biosciences). After this surface staining, cells were fixed with Cytofix/Cytoperm (BD 

Biosciences) for 10 min at 4°C before intracellular staining in Permwash (BD Biosciences) with 

fluorescein isothiocyanate- (FITC) conjugated anti-human IFN-γ (clone B27, BD Biosciences). All 

antibody clones had previously been tested for specific recognition of their respective molecules in 

Aotus cells and titrated to identify optimal working concentrations. Stained cells were analyzed using 

a FACS Calibur instrument (BD Biosciences) and FlowJo v7.6 software (Tree Star Inc, USA). IFNγ+CD4+ 

and IFNγ+CD8+ cells were calculated as percentages of total live CD4+ and total CD8+ lymphocytes 
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respectively. Background responses in the unstimulated condition were subtracted from antigen-

specific responses.  

 

ELISA and CFCA 

For PfAMA1 ELISAs, Nunc-Immuno Maxisorp plates were coated in PBS containing 2 µg/mL of the 

same recombinant PfAMA1 FVO protein used for immunization (Kennedy et al., 2002) and left over-

night. For PfRH5 ELISAs, enzymatically mono-biotinylated PfRH5 protein was produced by transient 

transfection of suspension adapted and serum-free adapted HEK293E cells. The ELISA antigen 

encoded the version of the PfRH5 antigen expressed in the viral-vector vaccines (which lacks the CD4 

d3+4 and His6 tags present in the protein vaccine). This sequence was amplified by PCR and ligated 

into a mammalian expression vector under the control of the human immediate-early CMV promoter 

(Sridhar et al., 2008) expressing the antigen fused to a C-terminal purification tag consisting of an 

AviTag biotin acceptor peptide followed by a StrepII tag, in tandem. The PfRH5 antigen cassette was 

preceded by an in-frame N-terminal human tissue plasminogen activator leader sequence (Draper et 

al., 2008) for the secretion of recombinant protein into the culture supernatant. The plasmid vector 

was amplified in DH5α Escherichia coli and purified using an EndoFree plasmid maxi kit (QIAGEN). 

Suspension cultures of HEK293E cells were transfected with DNA using the method of Durocher et al. 

(Durocher et al., 2002). Culture medium was Freestyle293 (Gibco) supplemented with 1% FBS. 84 h 

post-transfection, HEK293E cell culture supernatant was harvested, filtered through a 0.22µm 

polyethersulfone membrane (Millipore) and extensively buffer-exchanged with a 10kDa MWCO 

SnakeSkin dialysis membrane (Thermo) into PBS overnight at 4˚C. 100 µL protein supernatant was 

used to coat 96 well Nunc Immobilizer streptavidin-coated plates and left over-night. 

 

The next day plates were washed 6x in PBS containing 0.05% Tween 20 (PBS/T) and blocked for 1h 

with Casein block solution (Pierce, UK). Plates were washed again, and then a standard plasma sample, 

test plasma, internal control and blank samples all diluted in Casein block solution were added to each 
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plate for 2 h according to published methodology (Miura et al., 2008; Sheehy et al., 2011). The 

standards for PfRH5 and PfAMA1 were prepared from a pool of Group B and E plasma (from the day 

69 time-point) respectively. The pool was serially diluted on every plate to make a standard curve. 

Test plasma were diluted 1:300 and tested in duplicate wells. Plates were washed again, followed by 

addition for 1 h of alkaline phosphatase-conjugated rabbit anti-monkey IgG (whole molecule) (Sigma) 

diluted 1:5000 in Casein block solution. Plates were washed again and bound antibodies were 

detected by adding p-nitrophenylphosphate substrate (Sigma) diluted in diethanolamine buffer 

(Fisher Scientific, UK). Optical density was read at 405nm (OD405) using an ELx800 microplate reader 

(BioTek, UK). The ELISA antibody unit (AU) value of the standard was assigned as the reciprocal of the 

dilution giving an OD405 of 1.0 in the standardized assay. The OD405 of individual test samples was 

converted into AU by using the standard curve and Gen5 ELISA software v1.10 (BioTek, UK). If the 

OD405 of test plasma was too high to read off the linear part of the curve, the assays were repeated, 

testing plasma at a higher dilution (typically 1:1000 – 1:10000). The OD-based ELISA AU results were 

converted to μg/mL using the results of calibration-free concentration analyses (CFCA), as described 

below.  

 

For PfMSP119 ELISAs, the production of recombinant glutathione S-transferase (GST) protein and 

PfMSP119-GST fusion protein (QKNG allele) has been previously described (Goodman et al., 2010). 

Plates were coated with 2µg/mL protein in PBS and left over-night. Plasma were diluted 1:300, added 

in duplicate and the ELISA method otherwise followed as above. Plates were developed, and the 

average OD405 reading is reported for each sample. All plasma tested against the GST control protein 

showed no detectable response above background levels (data not shown). 

 

CFCA analyses were performed with a method similar to that previously described (Williams et al., 

2012), using a Biacore T200 machine, a Biotin CAP chip, and T200 control and evaluation software (all 

from GE Lifesciences, Amersham, UK). The PfRH5 antigen used for CFCA had the same sequence as 
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the protein vaccine and was produced by transient transfection of HEK293E cells, as previously 

described (Crosnier et al., 2011). The PfAMA1 antigen used for CFCA was produced as described above, 

by generating a plasmid encoding the FVO PfAMA1 sequence (identical to both the protein and 

ChAd63 vaccines), codon-optimized for mammalian expression (Draper et al., 2010), and with C-

terminal Avitag and StrepII tags. Both antigens were enzymatically mono-biotinylated by co-

transfection of the cultures with a plasmid encoding BirA (Bushell et al., 2008), then dialysed 

extensively against PBS prior to CFCA. Plasma pools were prepared from Group A (control), Group D 

(PfRH5-immunized) and Group E (PfAMA1-immunized) samples obtained on day 69 (DoC). Three 

replicate dilutions of each (1:1250 in running buffer) were prepared. Mass-transport limited binding 

conditions were obtained by capturing a minimum of 800 response units (RU) of antigen on flow cell 

2. The chip was regenerated with the manufacturer's supplied regeneration and CAP reagents and 

fresh antigen prior to each application of antibody; variation in the level of antigen capture between 

cycles was typically <2%. 

 

As shown in Figure S3A-C, antigen-specific antibody binding was measured by double reference 

subtraction, firstly of binding to a flow cell coated only with the biotin capture reagent, and secondly 

of the binding of the control (Group A) samples from the immune (Group D or E) sample. Initial rates 

of antigen-specific binding at 5 µL/min and 100 µL/min were measured and compared to permit 

measurement of concentration and the level of mass-transport limitation. The binding model used a 

molecular weight of 150 kDa for IgG and a diffusion coefficient of IgG under the test conditions (37°C, 

running buffer) of 5.5×10−11 m2/s25. 

 

All results reported were within the instrument manufacturer's recommended quality control 

parameters, namely initial binding rates in the range 0.3RU to 15 RU/s at 5 µL/min flow, and QC ratio 

>0.13 (reflecting adequate mass transport limitation for concentration estimation).  
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The CFCA-measured antigen-specific antibody concentrations in the Group D and Group E pools were 

combined with the known ELISA AU measurements for the same samples to derive an AU-to-µg/mL 

conversion factor which was applied to express other ELISA results in terms of µg/mL units. 

  

Assays of Growth Inhibitory Activity (GIA) 

Assays of GIA were performed at the PATH-MVI GIA reference laboratory, NIAID, NIH, using a 

previously published method (Miura et al., 2009). Total IgG was purified using protein G (Pierce). 

Human O+ RBC and FVO strain P. falciparum parasites were used. A single-lifecycle assay was 

performed, followed by growth quantification by colorimetric detection of parasite lactate 

dehydrogenase. All plates included controls as follows: no-parasite (zero growth); no-antibody 

(maximum growth); rabbit-anti PfAMA1 IgG (positive control standard at two concentrations, which 

performed comparably to previous assays with this parasite line). All samples were tested in triplicate 

wells. Duplicate experiments were performed with total IgG at a final in-well concentration of 

2.5mg/mL; in the second experiment, GIA was further measured with 3-fold serial dilutions of total 

IgG concentration down to a minimum of 0.03mg/mL. 

 

For each sample achieving >50% GIA at 2.5mg/mL, total IgG GIA EC50 was calculated in terms of total 

IgG concentration in the well by linear interpolation (identification of the value on a log10-transformed 

x-axis at the intercept of a straight line between the IgG concentrations achieving  immediately in 

excess of and below 50% GIA). 

 

The total IgG concentration in each plasma sample was measured using Protein A biosensors on a 

Fortebio Blitz instrument  (ForteBio, Menlo Park, USA). A standard curve was generated using 

Protein G purified Aotus IgG and the Create Standard Curve module in the Blitz Pro Data Analysis 

software. Sample IgG concentration was then quantified relative to this standard curve using the 

manufacturer’s recommended protocol for the Quantitate Sample module. For each animal 
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achieving >50% GIA at 2.5mg/mL, the "GIA50 titer" was then calculated by dividing the plasma total 

IgG concentration by the total IgG GIA EC50. 

 

Analyses and Statistics 

Throughout, all reported P values are for two-tailed tests. 

 

Efficacy analyses 

The following vaccine efficacy endpoints were recorded, as used in a previous Aotus – P. falciparum 

challenge study (Lyon et al., 2008) and a recent study of P. knowlesi infection of rhesus macaques 

(Mahdi Abdel Hamid et al., 2011). 

 

1. Ordinally-ranked treatment status (treatment for parasitemia [TxP]; treatment for anaemia 

[TxA]; no treatment). 

2. As a continuous variable, log10(cumulative parasitemia) (LCP) up to the day on which the first 

animal in the study required treatment (in this case, day 10). 

 

The Group A sham vaccinated animals served as the protocol pre-specified infectivity controls, in order 

to confirm consistent infection by the FVO parasite inoculum and its appropriate adaptation to growth 

in Aotus. For Group B (Freund's adjuvant), no adjuvant-matched control group was thus included in 

the study, but historical control data were available from 15 previously-published studies in which 

Aotus nancymaae were subjected to FVO-strain challenge after receiving Freund's adjuvant without a 

blood-stage antigen (Table S1). Of a total of 55 such animals, 48 required treatment for uncontrolled 

parasitemia, while 7 required treatment for anaemia. Kendall's tau-b was used to test a null hypothesis 

of equivalent outcome between Group B and historical Freund's control animals using the ordinally 

ranked outcome data. As a secondary efficacy outcome measure for this group (using non-adjuvant-
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matched control data from the current study), LCP was compared between Groups B and A by Mann-

Whitney test. 

 

For Groups C and E, Group A was an adjuvant-matched control group. No ChAd63-MVA control group 

was included for Group D, and there is no direct historical control available for these animals. 

Extensive experience from rodent malaria studies (using three Plasmodium spp.) and Phase IIa P. 

falciparum controlled human malaria infection (CHMI) trials suggests that MVA immunization two 

weeks prior to infection does not confer any non-specific inhibitory effect upon blood-stage malaria 

parasite growth (Biswas et al., 2012; Draper et al., 2009; Goodman et al., 2013; Sheehy et al., 2012b). 

There was also no non-specific effect of vaccination with COPAK (a poxvirus similar to the MVA) upon 

the course of P. knowlesi parasitemia in rhesus macaques (Weiss et al., 2007). Group A was thus the 

most relevant available comparator for Group D. The protocol-specified primary analysis of efficacy in 

Groups C, D and E was therefore comparison of LCP in each Group to Group A by Mann-Whitney test 

with Bonferroni correction for multiple comparison. 

 

A post-hoc secondary analysis of efficacy in terms of effect upon time to treatment was performed 

using a Mann-Whitney test with Bonferroni correction for multiple comparison, comparing each of 

Groups B, C, D and E to Group A (a log-rank survival analysis was felt inappropriate in view of doubt 

regarding the validity of its proportional hazards assumption). 

 

Analyses of association between immunological parameters and outcome 

The majority of immunological parameters were non-normally distributed and thus, unless further 

detailed below, analyses of association between immunological parameters and continuous outcome 

variables were performed by Spearman’s rank correlation. 
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The protocol-specified primary analysis for a correlate of protection, in the event that GIA EC50 data 

could not be estimated for every animal (as was the case here for a number of the animals in Groups 

C and E), was examination of the correlation between GIA at a fixed total IgG concentration and in 

vivo growth inhibition (IVGI; the percentage reduction in the parasite multiplication rate (PMR) in each 

animal relative to the mean in the control group, as has been previously described (Mahdi Abdel 

Hamid et al., 2011)).  

 

To calculate IVGI, initial in vivo PMR was estimated for all animals. We have recently reported that a 

simple linear model performs comparably to more complex parasite growth models in estimating PMR 

in CHMI trials (Douglas et al., 2013), and used a similar approach here. We sought to achieve accurate 

estimation of the initial PMR by using all microscopically-quantified parasitemias up to day 10 post-

challenge, or the 4th day of microscopic patency (whichever was later). We felt this approach offered 

an appropriate balance between excessive reliance on very early and inaccurately quantified low-level 

parasitemia measurements and the likelihood of progressively altering PMR later in infection due to 

the development of secondary infection-induced (as opposed to vaccine-induced) immune responses. 

The initial parasitemia in p/µL was calculated by dividing the inoculum (10,000) by each animal's blood 

volume, corrected for weight (estimated at 70mL/kg). For each animal, the initial parasitemia and this 

subset of the observed parasitemia data were log10 transformed and the slope, m, of a linear 

regression line through these points was calculated. PMR (fold per 48 hours) was then calculated as 

102m. Finally, in vivo growth inhibition (IVGI) was estimated as:  

100 ∗ (1 − [
𝑃𝑀𝑅𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙

𝑃𝑀𝑅𝐺𝑟𝑜𝑢𝑝 𝐴 𝑚𝑒𝑎𝑛
]) 

 

For animals in Group B that did not become microscopically patent at any point (and the one animal 

in Group B in which a single parasite was seen on day 3 only), PMRs were estimated by arbitrarily 
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assigning parasitemias of 400p/µL, around the threshold of detection, on day C+28 of the study (the 

day on which they were treated).  

In view of the fact that group allocation was clearly associated with challenge outcome, a further 

analysis was undertaken to establish that GIA was independently predictive of challenge outcome. 

Linear regression models of the relationship of IVGI with group only (bivariate model) and of IVGI with 

group plus GIA at 2.5mg/mL (multivariate model) were compared by likelihood-ratio test, using Stata 

12.0 (StataCorp, USA). 

The relationship between antigen-specific antibody concentration and IVGI (Figure 3D) was assessed 

by fitting a variable slope dose-response curve using the equation:  

% IVGI = 100 / (1+10ˆ((log10EC50 – log10[IgG]) * Hill Slope)) 

The curve was constrained to a maximal level of IVGI of 100% and was fitted using Prism v5.03 

software (GraphPad Software). Residuals were not significantly non-normal (Shapiro-Wilk, P=0.10), 

nor was a systematic pattern evident upon visual examination of a residual plot. 
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