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 Current vaccine strategies against the asexual blood stage of  Plasmodium falciparum  are mostly 

focused on well-studied merozoite antigens that induce immune responses after natural 

exposure, but have yet to induce robust protection in any clinical trial. Here we compare human-

compatible viral-vectored vaccines targeting ten different blood-stage antigens. We show 

that the full-length  P. falciparum  reticulocyte-binding protein homologue 5 (PfRH5) is highly 

susceptible to cross-strain neutralizing vaccine-induced antibodies, out-performing all other 

antigens delivered by the same vaccine platform. We fi nd that, despite being susceptible to 

antibody, PfRH5 is unlikely to be under substantial immune selection pressure; there is minimal 

acquisition of anti-PfRH5 IgG antibodies in malaria-exposed Kenyans. These data challenge 

the widespread beliefs that any merozoite antigen that is highly susceptible to immune attack 

would be subject to signifi cant levels of antigenic polymorphism, and that erythrocyte invasion 

by  P. falciparum  is a degenerate process involving a series of parallel redundant pathways.         
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 T
he leading malaria vaccine candidate,  ‘ RTS,S ’ , achieves par-
tial effi  cacy by blocking  Plasmodium falciparum  infection in 
the liver 1 ; however, no vaccine has yet managed to emulate 

naturally acquired immunity by protecting against the disease-caus-
ing blood-stage parasite in clinical trials 2 . Two  P. falciparum  blood-
stage antigens, merozoite surface protein 1 (PfMSP1) 3  and apical 
membrane antigen 1 (PfAMA1) 4 , have dominated blood-stage vac-
cine development, but seem to require high antibody concentra-
tions to induce protection and suff er antigenic diversity rendering 
vaccine-induced antibodies strain-specifi c 5 – 8 . Th ere has never been 
a systematic head-to-head comparison of these and other candi-
date antigens delivered using the same human-compatible vaccine 
platform. More broadly, malaria vaccine development has been 
hampered by the diffi  culty of expressing recombinant plasmodial 
proteins, and by the need for potentially reactogenic chemical 
adjuvants to induce high-titre antibody responses in humans 2 . 

 Th ere is thus a pressing need for validation of novel and recently 
identifi ed antigens using technologies that allow rapid translation 
into clinical trials. We have recently shown that viral-vectored 
vaccines (replication-defi cient adenoviruses and poxviruses that 
express antigen  in vivo ) can induce antibody responses in mice 9 – 11 , 
rabbits 12,13 , rhesus macaques 14  and humans 15  that compare 
favourably with leading protein-adjuvant formulations, and have 
an acceptable tolerability profi le. 

 In this study, we produced viral-vectored vaccines expressing ten 
diff erent  P. falciparum  blood-stage antigens and conducted a head-
to-head comparison of their ability to induce antibodies in rabbits 
that neutralized parasites in the widely used  in vitro  assay of growth 
inhibitory activity. We report data that suggests that  P. falciparum  
reticulocyte-binding homologue 5 (PfRH5) is an attractive candi-
date for blood-stage vaccine development.  

 Results  
  Vaccine production and immunogenicity   .   We developed viral-
vectored vaccines expressing ten diff erent  P. falciparum  (Pf) blood-
stage antigens ( Fig. 1a ). Th ese ten included the leading vaccine 
candidates PfMSP1 (refs   3, 13) and PfAMA1 (refs   4, 12); rhoptry-
associated protein 3 (PfRAP3), which was selected on the basis that 
it is a close homologue of PfRAP2 — an antigen that has demonstrated 
protection in a nonhuman primate  P. falciparum  challenge model 16 ; 
merozoite surface protein 9 (PfMSP9), which was selected on the basis 
of evidence that it can induce growth inhibitory antibodies 17 ; Pf38, 
which is a recently identifi ed but untested potential vaccine antigen 18,19 ; 
and fi ve members of the erythrocyte binding-like and reticulocyte 
binding-like (or  P. falciparum  reticulocyte-binding homologue 
(PfRH)) proteins which have been implicated as important targets 
of the committed attachment process during red blood cell (RBC) 
invasion by  P. falciparum  merozoites 20 – 22 . All of the tested antigens 
are known to be expressed by  P. falciparum  3D7 strain parasites with 
the exception of PfRH1 (refs   19, 23 – 27), and were based on the 3D7 
strain sequence with the exception of  P. falciparum  erythrocyte binding 
antigen 175 (PfEBA175) F2 domain from the Camp strain 28 . 

 Importantly, delivery of all ten antigens using the viral-vectored 
vaccine platform showed the antigens to be immunogenic in rab-
bits, inducing IgG antibodies that were able to recognize native 
malaria parasites as assessed by indirect immunofl uorescence assay 
(IFA) ( Fig. 1b ), including cysteine-rich antigens such as Pf38 that 
can be diffi  cult to express as recombinant proteins. Although the 
IFA data provide a suffi  cient confi rmatory readout for induction 
of malaria antigen-specifi c IgG following a candidate vaccine-
screening programme, we further confi rmed antibody induction 
by vaccination when recombinant protein antigen was available by 
ELISA. Th e ELISA demonstrated antibody titres exceeding 10,000 
for PfEBA175, PfRH2, PfRH5, PfMSP9 and Pf38 antigens ( Fig. 1c ); 
ELISA data demonstrating the immunogenicity of the PfMSP1 and 
PfAMA1 vaccines used here has been published elsewhere 12,13 .   

  3D7 parasite neutralization by vaccine-induced antibodies   .   We 
next tested the ability of vaccine-induced rabbit IgG to neutral-
ize parasites in the widely used assay of growth inhibitory activity 
(GIA) 7  against 3D7 strain  P. falciparum  parasites. Th is assay employs 
total purifi ed IgG (of which only a fraction will be vaccine-induced 
and antigen-specifi c). IgG induced by vectors expressing the anti-
gen PfRH5FL (full-length reticulocyte-binding protein homologue 
5) was potently growth inhibitory ( Fig. 2a ). Th e potent inhibition 
shown by anti-PfRH5FL IgG contrasted with modest inhibition by 
antibodies induced by vectors expressing a PfRH5 fragment that, 
when previously tested as a bacterially expressed immunogen, had 
failed to show signifi cant GIA  in vitro  when using intact human 
RBCs 24 . Another vaccination study utilizing a diff erent bacterially 
expressed fragment of the PfRH5 antigen also reported a failure 
to show GIA  in vitro  29 . Th e conformational accuracy of these bac-
terially expressed fragments is unknown; for now, the full-length 
PfRH5 immunogen seems to be required to induce functional 
growth inhibitory antibodies following immunization. Unlike any 
other reported antigen to date, anti-PfRH5FL IgG was more eff ec-
tive than antibodies to the leading antigens PfAMA1 and PfMSP1 
when tested against vaccine-homologous 3D7 parasites (the strain 
used for controlled human malaria infection vaccine-effi  cacy 
trials 30 , and on which the vaccine antigen was based). 

 Data generated, using a twofold dilution of total IgG, allows for 
a more accurate comparison of the eff ect of anti-PfRH5FL IgG with 
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       Figure 1    |         Vaccine antigens and immunogenicity. ( a ) Subcellular 

localization of vaccine-targeted merozoite antigens. ( b ) Indirect 

immunofl uorescence images of  P. falciparum  schizonts stained with rabbit 

IgG (green) induced by 10 viral-vectored vaccines expressing malaria 

antigens, and negative control vectors lacking a malaria antigen. Nuclei are 

counterstained with 4,6-diamidino-2-phenylindole (blue). All sera were 

tested against 3D7 strain parasites, with the exception of anti-PfRH1 for 

which FVO strain parasites were used. All images to same scale as Giemsa-

stained image (top left, on which scale bar indicates 5    μ m). ( c ) Rabbit sera, 

taken two weeks after fi nal immunization with PfEBA175, PfMSP9, Pf38, 

PfRH2 and PfRH5FL vaccines, contain IgG antibodies that recognize the 

corresponding recombinant proteins by ELISA at serum dilutions exceeding 

1:10,000. Each point is the mean of two replicate wells for an individual 

rabbit. Line indicates group median.  



ARTICLE   

3

NATURE COMMUNICATIONS  |    DOI:  10.1038/ncomms1615 

NATURE COMMUNICATIONS  |  2:601  |    DOI:  10.1038/ncomms1615   |  www.nature.com/naturecommunications

© 2011 Macmillan Publishers Limited. All rights reserved.

that of anti-PfAMA1 IgG. Th is shows that the eff ective concentra-
tion of total IgG from PfRH5FL-immunized rabbits, required to give 
50 %  GIA (EC 50 ) against 3D7 strain parasites, is twofold lower than 
that observed with PfAMA1 ( Fig. 2b ;  Table 1 ). Given that excep-
tionally high levels of anti-PfAMA1 antibodies (and correspond-
ingly high levels of GIA) do seem to be associated with protection in 
nonhuman primates and trend towards protective eff ects in human 
challenge 6,31,32 , such reductions in the antibody concentration 
required to achieve an eff ect could facilitate the achievement of a 
protective level of GIA in humans.   

  Neutralization of vaccine-heterologous parasites   .   We proceeded 
to test the anti-PfRH5FL-induced rabbit IgG in assays of GIA against 

vaccine heterologous parasite strains. Sequencing of the PfRH5 gene 
in 18 laboratory parasite strains has previously showed limited poly-
morphism (10 amino acid sites) 33 . We thus selected fi ve vaccine-
heterologous parasite strains (FVO, Dd2, GB4, Camp and 7G8) on 
the basis of their genetic divergence from 3D7 ’ s PfRH5 sequence, 
and their diff ering patterns of ligand – receptor invasion  ‘ pathway ’  
usage 33,34 . Together, these strains included amino acid changes at 
every polymorphic locus previously identifi ed. Additionally, FVO, 
Dd2, Camp and GB4 parasites are known to vary substantially from 
3D7 parasites in their ability to invade  Aotus nancymaae  erythro-
cytes, a phenotype believed to be associated with PfRH5 polymor-
phisms that may aff ect receptor recognition 33 . Of 18 laboratory 
strains for which the PfRH5 gene has been sequenced and  Aotus  
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        Figure 2    |         Growth inhibitory activity of rabbit IgG against parasite 3D7. ( a ) GIA of rabbit IgG tested against 3D7 strain parasites at various 

concentrations. IgG from all rabbits immunized with each antigen was pooled, with the exception of PfAMA1 and PfRH5FL, for which GIA was performed 

with IgG purifi ed from individual rabbits. Values are mean of two independent experiments, typically with three replicate wells. Error bars indicate 

inter-well s.d., with the exception of PfAMA1 and PfRH5FL, for which bars indicate inter-rabbit s.d. ( b ) Comparison of effects of PfRH5FL-induced IgG 

(blue), IgG induced by vaccination with 3D7-strain PfAMA1 (green), and IgG induced by vaccination with a bivalent PfAMA1 vaccine (red) in assays of 

GIA against parasite strains 3D7, FVO, Dd2, GB4, Camp and 7G8. Lines indicate dose-response curves fi tted by nonlinear least squares regression as 

described in methods section. All assays were performed using IgG purifi ed from pooled serum of two PfRH5FL-vaccinated rabbits and single rabbits 

vaccinated with each PfAMA1 vaccine (see Methods for further details). Values are mean of 2 independent experiments with 3 replicate wells, with the 

exception of assays against 7G8 and Camp strains and monovalent PfAMA1 versus FVO (for which results are mean of 3 wells in a single experiment). 
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RBC invasion effi  ciency quantifi ed, FVO was most divergent from 
the 3D7 strain on which the vaccine was based 33 . 

 Strikingly, antibodies against PfRH5FL remained highly eff ec-
tive against all fi ve extra parasite strains tested, in marked contrast 
to antibodies induced by both monovalent (3D7) and bivalent 
(3D7 and FVO) PfAMA1 vaccines ( Fig. 2b ). Using the same data, 
we estimated EC 50  values for the GIA eff ect of anti-PfRH5FL and 
anti-PfAMA1 IgG against the various parasite strains ( Table 1 ). Th e 
EC 50  of anti-PfRH5FL was even lower against vaccine-heterologous 
parasite strains than against 3D7 parasites. Taken together with the 
higher EC 50  values for anti-PfAMA1 against vaccine-heterologous 
parasites, this resulted in a     >    5-fold reduction in EC 50  for anti-
PfRH5FL relative to anti-PfAMA1 against all vaccine-heterologous 
parasite strains. Th e breadth of cross-strain parasite-neutralizing 
activity, induced by the PfRH5FL antigen, may thus represent an 
intriguing gap in  P. falciparum  ’ s highly evolved immune evasion 
strategies and is, to our knowledge, unique to date among mono-
valent blood-stage vaccine candidates. 

 Our key observations were independently confi rmed, with a 
notable degree of similarity, by the GIA Reference Center funded by 
the PATH malaria vaccine initiative (MVI) ( Fig. 3 ), as recommended 
by other studies of invasion-ligand candidate vaccines 20 . Given the 
lack of PfRH1 expression by 3D7 parasites, we additionally tested 
our anti-PfRH1 IgG against FVO parasites, which do express this 
antigen 27,35 ; no GIA was detectable at 10   mg   ml     −    1  total IgG.   

  Assessment of naturally acquired PfRH5 antibody responses   . 
  We hypothesize that, despite being vulnerable to antibody, PfRH5 

may not be under substantial immune selection pressure. Consist-
ent with this, we found that malaria-experienced Kenyans have lit-
tle or no antibody against PfRH5, in contrast to all other antigens 
we were able to test for which recombinant protein was available as 
an ELISA-coating antigen ( Fig. 4a,b ). Mammals may be tolerant to 
proteins with extensive primary amino acid homology with mam-
malian proteins, but this is not the case for PfRH5; a Protein BLAST 
search yielded no match with an  E -value    <    1 between PfRH5 and 
any mouse or human protein; the closest match for both species was 
a SLIT-ROBO RhoGTPase, with limited similarity to residues 160 –
 303 of PfRH5 (within this limited stretch, PfRH5 had 26 %  sequence 
identity with the human GTPase and 27 %  identity with the mouse 
homologue). Indeed, antibodies to PfRH5FL are readily inducible 
by vaccination of mice (geometric mean endpoint titre 85,000, 
range 35,000 – 216,000,  n     =    5) and rabbits ( Fig. 1c ), confi rming the 
antigen is not inherently non-immunogenic in mammals.    

 Discussion 
 Th e reason for the lack of anti-PfRH5 antibody in naturally exposed 
Kenyans is unclear. Th e facts that anti-PfRH5FL IgG induced in ani-
mals by these viral-vectored vaccines binds to both the ELISA anti-
gen and native parasites by IFA ( Fig. 1b ), and that our ELISA coating 
antigen has been confi rmed to bind to its host RBC receptor 36 , indi-
cate that incorrect conformation of our PfRH5 ELISA coating anti-
gen is highly unlikely to account for poor detection of anti-PfRH5 
IgG in humans. PfRH5 messenger RNA has also been shown to be 
expressed in fi eld isolates cultured  ex-vivo  both from Th e Gambia 
in West Africa 37 , and Kenya in East Africa 38 , suggesting this inher-
ent lack of immune recognition is not due to the absence of PfRH5 
expression by parasites circulating in endemic areas. Selective down-
regulation of PfRH5 in parasites infecting malaria-experienced indi-
viduals who control parasitemia (as suggested by Gomez-Escobar 
 et al.  37 ) might lead anti-PfRH5 IgG titres to be higher in children 
than in adults. However, further ELISA assays conducted using 
serum from Kenyan children ( Fig. 4c ) yielded results comparable 
to those observed in adults ( Fig. 4a ). Th e mechanism by which this 
crucial antigen escapes immune recognition in both adults and 
children thus requires further investigation. 

 Th e density of known polymorphisms in PfRH5 (10 out of 526 
amino acids) is 3.3-fold lower than in the well-characterized 19   kDa 
Carboxy terminus of PfMSP1 (PfMSP1 19 ) (6 out of 96 amino 
acids) 39 , which in itself is widely regarded as a highly conserved vac-
cine target. Data from nonhuman primate models demonstrate that 
the amino acid polymorphism in PfMSP1 can result in strain-spe-
cifi c effi  cacy of vaccine-induced anti-PfMSP1 antibody responses 5 . 
Th ere may thus be a contrast in the immunological eff ect of the 
polymorphism in PfMSP1 versus that in PfRH5. It is possible that 
non-immune mechanisms such as adaptation to host erythrocyte 

100 3D7 100 FVO 100

40

60

80

G
IA

 (
%

)

40

60

80

G
IA

 (
%

)

40

60

80

G
IA

 (
%

) 
(O

xf
or

d)

1 10
0

20

IgG concentration (mg per ml)

1 10
0

20

IgG concentration (mg per ml)

0 20 40 60 80 100
0

20

GIA  (%) (NIH)

    Figure 3    |         GIA at reference laboratory. GIA performed at the PATH MVI funded GIA reference laboratory at NIH, USA against 3D7 strain parasites 

( a ) and FVO parasites ( b ). Blue, PfRH5FL (3D7) and red, AMA1 biallelic (3D7 and FVO).  Error bars indicate range of results for the two PfRH5FL-

vaccinated rabbits. ( c ) Comparison of GIA results obtained in Oxford and at NIH. Each point represents the result obtained for a single rabbit at a single 

IgG concentration. Pearson  r     =    0.90.  

   Table 1      |    EC 50  values for various parasite strain and vaccine 
antigen combinations. 

        Parasite strain    Vaccine antigen (strain of antigen sequence)  

  
  PfRH5FL 

(3D7)  
  PfAMA1 bivalent 

(3D7    +    FVO)  
  PfAMA1 

monovalent (3D7)  

   3D7  1.11  2.14  2.18 
   FVO  [    <    0.625]  3.68  [    >    10] 
   Dd2  0.84  [10.1]  [    >    10] 
   GB4  0.77  5.02  ND 
   Camp  [    <    0.625]  3.99  ND 
   7G8  [    <    0.625]  3.50  ND 

     Estimation of the concentration of total IgG (in mg   ml     −    1 ) necessary to induce 50 %  growth 
inhibitory activity (EC 50 ) was performed using nonlinear least squares regression (as described 
in Methods). Square brackets indicate estimated EC 50  values falling outside the range of tested 
IgG concentrations. ND — not done. For all strains, there was a statistically signifi cant difference 
between the EC 50  values of the tested PfRH5FL and bivalent PfAMA1 samples ( P     <    0.001 by 
extra sum-of-squares  F -test).   
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variability could drive the apparent excess of non-synonymous rela-
tive to synonymous mutations in PfRH5 (refs   33, 40, 41). 

 Attempts to delete the PfRH5 gene have failed repeatedly, sug-
gesting it is essential for parasite viability 24,33 , and immunization 
against rodent malaria homologues of the PfRH family provides 
protection in a mouse challenge model 42  — a fi nding fi rst reported 
in 1980, but not translated into a human-compatible vaccine for-
mulation against  P. falciparum  until now. Complementing our 
data obtained using PfRH5FL as a vaccine target, we have recently 
identifi ed an erythrocyte receptor for PfRH5 and demonstrated a 
critical role for this receptor – ligand interaction 36 . In contrast to 
the prevailing views that erythrocyte invasion by  P. falciparum  is a 
degenerate process mediated by multiple ligand – receptor pairs and 
that any merozoite antigen susceptible to antibody is highly poly-
morphic, PfRH5-mediated invasion seems to be both essential and 
vulnerable to blockade. 

 Multiple strands of evidence now suggest that PfRH5FL is the 
best candidate for blood-stage malaria vaccine development to 
emerge from the  P. falciparum  genome to date. Th e traditional 
immuno-epidemiological approach to antigen identifi cation may 
have focussed vaccine-development eff orts more on immunogenic 
but polymorphic  ‘ decoy antigens ’  than  ‘ Achilles ’  heels ’  43,44 . Assay-
ing parasite growth inhibition by vaccine-induced antibodies has, 
instead, directly demonstrated strain-transcending antibody eff ects 
obtained with an antigen that would not have seemed to be an 
important target of naturally acquired responses. In this study, anti-
PfRH5FL IgG outperformed anti-PfAMA1 IgG against homologous 
3D7 strain parasites when induced by the same vaccine delivery 
platform, and, importantly for clinical signifi cance, also showed 
strain-transcending neutralization against other strains. Recently 
a 3D7 strain AMA1 protein-in-adjuvant vaccine has demonstrated 
signifi cant strain-specifi c effi  cacy in a pre-specifi ed secondary 
analysis of a Phase IIb study in Malian children 8 . Th is result further 
encourages the development of blood-stage vaccines, but highlights 
that antigenic polymorphism is a central problem for the fi eld and 
the one currently shared by all leading blood-stage vaccine candi-
date antigens. Our fi ndings reported here suggest that the PfRH5FL 
antigen off ers a solution to this problem. 

  P. falciparum  possesses over 5,000 genes. Although the genome 
sequence of  P. falciparum  was published in 2002 (ref.   45), PfMSP3 
(fi rst described in 1994 (ref.   46)) is the most recently identifi ed anti-
gen to have entered clinical trials as a candidate blood-stage vac-
cine 2 . Although genome sequence data has substantially advanced 
basic scientifi c knowledge, vaccinologists working on complex 
human pathogens such as  P. falciparum  have yet to fully exploit 
pathogen genome data to identify, comparatively assess and validate 
much needed novel antigens 47 . Th is study has highlighted PfRH5FL 
from a small candidate panel: continued and similar eff orts with 
a larger panel of antigens should thus yield further promising 
pre-erythrocytic, blood-stage and sexual-stage malaria vaccine 
candidates as well as permit truly eff ective exploitation of the 
genomes of other challenging vaccine targets.   

 Methods  
  Viral vectors   .    P. falciparum antigen genes  were  codon-optimized for human 
expression  and synthesized by  GeneArt GmbH . Unless otherwise stated, antigens 
were based on the 3D7 strain coding sequence. PfEBA175, PfRH1, PfRH2, and 
PfRH4 constructs were based on fragments known to include erythrocyte-binding 
domains 25,27,28,48 . Remaining constructs encoded full-length proteins, omitting 
signal peptides and transmembrane domains where applicable. In some cases, 
predicted  N -glycosylation sites were removed by  N  —  Q  or  S  —  A  substitution. 

 Th e following antigens were used (GenBank Nucleotide core accession 
codes are provided): PfEBA175, Genbank X52524 from Camp strain, amino 
acids 447 – 795, ELRE … RDDD, the  ‘ F2 ’  erythrocyte-binding region 28 ; PfMSP9, 
NCBI XM_001350647.1, amino acids 25 – 719, KNDK … EESK, with substitutions 
N529Q, N580Q, N621Q; Pf38, NCBI XM_001351602.1, amino acids 23 – 327, 
VENK … REEI, with substitutions S166A, N294Q, S297A, N301Q; PfRAP3, NCBI 
XM_001351538.1, amino acids 23 – 399, NKCK … NIFK, with substitutions N50Q, 
N246Q; PfRH1, NCBI XM_002808591.1, amino acids 500 – 833, LQIV … LTN, with 
substitutions N685Q, N830Q; PfRH2, from the PfRH2a sequence NCBI XM_
001350047.1, amino acids 2,030 – 2,531, ELRE … MLLN, a sequence shared between 
PfRH2a and PfRH2b and previously termed PfRH2A9 (ref.   48) (becomes 48); 
PfRH4, NCBI XM_001351509, amino acids 28 – 766, PSKE … MQNI and previously 
termed PfRH4.9 (ref.   25); PfRH5 fragment (PfRH5frag), NCBI XM_001351508.1, 
amino acids 191 – 359, NSIY … IRYH, as previously expressed in  E.scherichia coli  24 ; 
PfRH5 full-length (PfRH5FL), NCBI XM_001351508.1, amino acids 26 – 526, 
ENAI … PLTQ, with substitutions N38Q and N214Q. 

 Antigens were cloned into replication-defi cient adenovirus human serotype 5 
(AdHu5) and poxvirus (modifi ed vaccinia virus Ankara, MVA) genomes down-
stream of a mammalian secretory signal (from bovine tissue plasminogen activa-
tor), and viruses prepared using previously described techniques for MVA 9  and 
AdHu5 (ref.   49). AdHu5 was chosen as a model adenovirus without intellectual 
property restrictions and suitable for antigen screening. Th e immunogenicity and 
effi  cacy of AdHu5 vaccines can be readily matched by clinically applicable simian 
adenoviruses: we have recently shown that the immunogenicity of AdHu5 and 
various simian adenoviruses is comparable in animal studies 12,13,50 , and 
that a chimpanzee adenovirus serotype 63 (ChAd63) virus expressing PfMSP1 is 
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           Figure 4    |         Human antibody responses to multiple antigens. ( a ) Semi-

quantitative comparison of levels of IgG (as indicated by optical density, 

OD 405   nm, in ELISA) against multiple antigens in 24 Kenyan adult sera 

relative to background in 6 malaria-na ï ve healthy UK adults. Boxes enclose 

interquartile range, central lines represents median, whiskers indicate 10th 

and 90th centile. Blue, Kenyan and red, UK. ( b ) Prevalence of antigen-

specifi c IgG among 24 Kenyan adult sera (samples from 3A). The threshold 

for positivity was defi ned as the mean OD 405   nm plus 3 standard 

deviations of results for 6 malaria-na ï ve UK adults. ( c ) Age-related 

acquisition of IgG antibodies to blood-stage antigens, such as PfAMA1 

is commonly observed in children in malaria-endemic areas. The data 

compare acquisition of anti-PfAMA1 and anti-PfRH5 IgG in 55 – 60 children 

from each of 5 age groups; acquisition of antigen-specifi c IgG is minimal for 

PfRH5. Boxes enclose interquartile range, central lines represents median, 

whiskers indicate 10th and 90th centile. Blue, AMA1 and red, RH5.  
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highly immunogenic and safe in healthy adult volunteers as assessed in a Phase Ia 
clinical trial 15 . 

 AdHu5 viruses expressed antigen under the control of the intron-containing 
native cytomegalovirus immediate-early promoter, modifi ed in the case of PfMSP9, 
Pf38, PfRAP3, PfRH1, PfRH4 and PfRH5FL expressing viruses to include tandem 
tetracycline operators in proximity to the TATA box by ligation of a fragment 
containing these into the SacI restriction site 51,52 . Such  ‘ tet repressed ’  viruses were 
cultured on  Trex293 cells  ( Invitrogen ). Th e production of monovalent (3D7) and 
bivalent (3D7 and FVO) adenoviral- and MVA-vectored vaccines against PfMSP1 
(previously termed  ‘ PfM128 ’ ) and PfAMA1 has been described elsewhere 12 – 14 . 
Viral-vectored vaccines that did not express malaria antigens were used as negative 
controls (an AdHu5 virus without an antigen insert, and an MVA virus express-
ing an infl uenza antigen) 10,53 . Adenoviruses were titred by immunostaining, 
carried out by infection of Trex293 cells with serial dilutions of virus. Forty-eight 
hours post-infection, cells were stained with  anti-hexon antibody  ( Cambridge 
Bioscience ) and detected with  HRP-conjugated secondary antibody  ( Cambridge 
Bioscience ) and  ImmPact DAB reagent  ( Vector Labs ).   

  Recombinant proteins   .   GST-tagged PfRH2A9 (referred to in the ELISA data as 
PfRH2) was produced, as described previously for the 3D7 ( ‘ ETSR ’ ) allele of the 
19 kDa region of PfMSP1 (PfMSP1 19 ) 13 . Th e latter is referred to as PfMSP1 in the 
ELISA data. An amino-terminally His 6 -tagged PfRH4 fragment (referred to in 
the ELISA data as PfRH4, NCBI refseq XM_001351509 from 3D7 strain, amino 
acids 1,329 – 1,607, NHIK … NAYY, the most C-terminal region before the trans-
membrane domain, not overlapping with our vaccine antigen 54 ) was produced 
by cloning the fragment into the  pTrcHisC plasmid  ( Invitrogen ), transforming 
Rosetta-strain  E. coli , inducing expression and purifying protein, according to 
the instructions of  the Qiagen Ni-NTA fast-start kit  ( Qiagen ). Recombinant 
PfEBA175_F2 (referred to in the ELISA data as PfEBA175) and 3D7 strain 
PfAMA1 ( Fig. 4a,b ) were produced as previously described and were a kind gift  
from Dr Chetan E Chitnis (ICGEB, New Delhi, India) 12,14,28 . 

 PfAMA1 (used for the ELISA in  Fig. 4c ), PfMSP2, PfMSP9, Pf38 and PfRH5 
proteins were produced as enzymatically monobiotinylated soluble recombinant 
proteins by transient transfection of HEK293E cells, as previously described 36,55 . 
Supernatants were extensively dialysed against PBS, expression levels normalized, 
and captured on streptavidin-coated microtitre plates for ELISAs. Th e PfRH5 
protein produced in this manner was confi rmed to bind to its erythrocyte receptor, 
basigin, by surface plasmon resonance 36 .   

  Animals and immunization regimes   .   Mouse and rabbit work was approved by the 
University of Oxford Animal Care and Ethical Review Committee (in its review of 
the application for Home Offi  ce project license PPL 30 / 2414), and performed in 
accordance with all applicable regulations. 

 Six-week-old Balb / c female mice were housed under specifi ed-pathogen-free 
conditions, immunized with 1 × 10 8  infectious units AdHu5 PfRH5FL, and boosted 
with 1 × 10 7  plaque-forming units MVA PfRH5FL 122 days later. Sera were collected 
14 days aft er the boost immunization. 

  Rabbit work  was conducted by  Agrobio , and  Biogenes . Female New Zealand 
white rabbits (2 – 4 per group) housed under nonspecifi ed-pathogen-free condi-
tions were immunized with 7 × 10 7  – 4.5 × 10 8  infectious units of recombinant 
AdHu5 on day 0, 5 × 10 7  – 1 × 10 8  plaque-forming units MVA on day 56, and, in the 
case of the PfRH2 and PfEBA175 groups, received a third immunization on day 
114 with 100    μ g of either PfRH2 or PfEBA175 recombinant protein mixed with 
20    μ l (18    μ g)  Abisco adjuvant  ( ISCOM Matrix M ) 11,14,56 . Serum was collected 
two weeks aft er fi nal vaccination. Rabbits immunized with the same negative 
control vaccines and positive control vaccines (bivalent PfAMA1) were included 
in each study.   

  Indirect immunofl uorescence assay   .   Parasite cultures containing mainly sch-
izonts were smeared onto slides, fi xed in 4 %  paraformaldehyde, permeabilized with 
0.1 %  Triton X100 and quenched with 0.01 %  sodium borohydride. Slides were then 
blocked for 1   h in 10 %  goat serum, 1 %  BSA in PBS before the addition of purifi ed 
rabbit IgG (see below). Bound IgG was detected with  goat anti-rabbit IgG-Alexa 
488 conjugate  ( Invitrogen ). Nuclear DNA was counterstained with 4,6-diamidino-
2-phenylindole. Slides were viewed under a  Leica   DMI3000 microscope . 3D7 strain 
parasites were used for all IFA except for PfRH1, for which the FVO strain was 
used, as this antigen is known to be poorly expressed in 3D7 (ref.   27).   

  Human serum samples   .   UK Adult sera ( Fig. 4a,b ) were obtained from pre-vac-
cination samples taken from healthy malaria-na ï ve adult volunteers enrolled 
in a Phase I / IIa malaria vaccine clinical trial with appropriate ethical approval 
(EudraCT number 2008-006804-46, OXREC-A reference 09 / H0604 / 9) 15 . 

 Kenyan adult sera ( Fig. 4a,b ) were collected during adult cross-sectional 
surveys between 2006 and 2008 from the villages surrounding the Chonyi area 
in Kilifi , Kenya that experiences moderate malaria transmission with an EIR of 
10 – 100 infective bites / person / year; these adults are considered to have substantial 
naturally acquired immunity as evidenced by the decline in clinical episodes of 
malaria with age 57 . Scientifi c and ethical approvals for the Kenyan serum samples 
were granted by the Kenya National Scientifi c and Research Ethics Committees, 
respectively, SSC No. 1131. 

 Kenyan Child sera ( Fig. 4c ) samples were obtained from a cohort that has been 
extensively used to analyse naturally acquired antibodies against leading blood-
stage malaria vaccine candidate antigens 58 . Th e present work focused on children 
aged up to 10 years of age because they accounted for nearly 90 %  of all the malaria 
episodes and thus are in the process of actively acquiring immunity.   

  ELISA   .   To generate the rabbit ELISA data in  Figure 1c , PfRH2, PfRH4 and PfE-
BA175 proteins (described above) were coated on Nunc Maxisorp plates at 100   ng 
per well, or wells of streptavidin-coated plates (Nunc Immobilizer) were saturated 
with biotinylated Pf38, PfMSP2, PfMSP9 or PfRH5 in PBS and left  over-night. Th e 
next day, plates were washed 6 ×  in PBS containing 0.05 %  Tween 20 (PBS / T). Plates 
were blocked with 10 %  skimmed milk in PBS / T for 1   h, dilution series of serum 
samples (threefold from 1:300) were added for 2   h, before the plates were washed 
again.  Alkaline-phosphatase-conjugated goat anti-rabbit IgG  ( Sigma ) was used 
for detection. Plates were washed again, and bound antibodies were detected by 
adding  p -nitrophenylphosphate substrate ( pNPP ,  Sigma ) diluted in  diethanolamine 
buff er  ( Fisher Scientifi c ). OD 405   nm was read 20   min aft er addition of substrate, 
using an  ELx800 microplate reader  ( BioTek ). End-point titres were taken as the 
 x -axis intercept of the dilution curve at an absorbance value three standard devia-
tions (s.d.) greater than the OD405 for na ï ve rabbit serum. Mouse ELISA was 
conducted using an identical method, with the exception of the use of  alkaline-
phosphatase-conjugated goat anti-mouse IgG  ( Sigma ) for detection. 

 To generate the human ELISA data in  Figure 4a,b , GST – PfMSP1 19  (ETSR 
3D7 / Mad20) or 3D7 AMA1 (described earlier) protein was coated onto 96-well 
Nunc Immuno Maxisorp plates at a concentration of 2    μ g   ml     −    1  in PBS and left  
overnight. Th e next day, plates were washed 6x in PBS containing 0.05 %  Tween 
20 (PBS / T) and blocked for 1   h with  Casein block solution  ( Pierce ). Plates were 
washed again, and, then, a standard, test sera, internal control and blank samples 
all diluted in Casein block solution were added to each plate for 2   h according 
to published methodology 15,59 . Th e standard was prepared from adult Kenyan 
immune serum and was serially diluted on every plate to make a standard curve. 
Plates were washed again, followed by addition for 1   h of  alkaline phosphatase-
conjugated goat anti-human IgG ( γ -chain)  ( Sigma ) diluted 1:1,000 in Casein block 
solution. Plates were washed and developed as above. Th e ELISA unit value of the 
standard was assigned as the reciprocal of the dilution giving an OD 405  of 1.0 in the 
standardized assay. Th e OD 405  of individual test samples was converted into ELISA 
units by using the standard curve and  Gen5 ELISA soft ware v1.10  ( BioTek ). All 
sera tested against the GST control protein were less than the minimal detection 
level of the assay. 

 Alternatively, PfRH2, PfRH4 and PfEBA175 proteins were coated on Nunc 
Maxisorp plates at 100   ng per well, or wells of streptavidin-coated plates (Nunc 
Immobilizer) were saturated with biotinylated Pf38, PfMSP2, PfMSP9 or PfRH5 
in PBS and left  overnight. All test sera were diluted 1:300 in Casein block solution. 
Washing, blocking and detection were as for PfMSP1 and PfAMA1. OD 405   nm 
was measured 35   min aft er substrate addition, using an  ELx800 microplate reader  
( BioTek ). 

 To generate the human ELISA data in  Figure 4c , streptavidin-coated plates 
( NUNC Immobilizer Streptavidin ,  Th ermo Fisher Scientifi c ) were washed 3 times 
with PBS-Tween (PBS-0.1 %  Tween 20). Individual wells were coated with 100    μ l 
of antigen and incubated for 45   min at room temperature (RT). Plates were then 
washed 4 times with Hepes-buff ered saline-Tween (HBS-Tween: 0.14   M NaCl, 
5   mM KCl, 2   mM CaCl 2 , 1   mM MgCl 2 , 10   mM HEPES, 0.1 %  Tween 20) before 
incubation with 100    μ l of test serum sample at a 1 / 1,000 dilution (in HBS-Tween) 
for 1   h at RT. Wells were then washed four times, with HBS replacing HBS-Tween 
in the fi nal wash. Plates were then incubated for 1   h at RT with 100    μ l of  horserad-
ish peroxidase-conjugated rabbit anti-human IgG  ( Dako ) at a 1 / 5,000 dilution in 
HBS-Tween before the fi nal wash and detection with H 2 O 2  and  o-phenylenedi-
amine  ( Sigma ). Th e reaction was stopped with 25    μ l of 2   M H 2 SO 4  per well, and 
absorbance was read at 492   nm. Identical positive controls (hyperimmune sera) 
were run in duplicate on each day of the experiment, on each plate, to allow for 
standardization of day-to-day and plate-to-plate variations. Twenty sera from UK 
residents, never exposed to malaria, were used as negative controls.   

  Assay of growth inhibitory activity   .   3D7 and FVO strain parasites were provided 
to the Jenner Institute by the PATH MVI GIA Reference Center. Dd2 parasites 
were provided by Bob Pinches (University of Oxford, UK). GB4, Camp and 7G8 
parasites were provided by MR4 (reagents MRA-925, MRA-328 and MRA-152 
respectively;  MR4 ,  ATCC ). Th e assays of GIA were all performed at the Jenner 
Institute, Oxford University using the method of the MVI PATH GIA Reference 
Center 7 , except for the experiments reported in  Figure 3  that were performed using 
the same method at the GIA Reference Center. Total IgG was purifi ed using Protein 
G (Pierce). Briefl y, each test IgG (at the concentration specifi ed on each fi gure) was 
incubated with synchronized  P. falciparum  late trophozoites. Relative parasitemia 
levels were quantifi ed by colorimetric determination of parasite lactate dehydro-
genase aft er one complete life-cycle (40 – 42   h for 3D7; 48   h for all other parasite 
strains). Results were calculated relative to growth in the presence of 10   mg   ml     −    1  
IgG from a rabbit immunized with non-malaria control vaccines. 

 Experiments depicted in  Figure 2b  were performed using IgG purifi ed from 
pooled serum of two PfRH5FL-vaccinated rabbits and single rabbits vaccinated 
with each PfAMA1 vaccine. Th e selection of these rabbits was performed in a 
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manner designed to underestimate the diff erences between PfRH5FL and PfAMA1 
vaccines: PfRH5FL-vaccinated rabbits chosen exhibited GIA activity at or below 
the median of the PfRH5FL-vaccinated rabbits illustrated in  Figure 2a , whereas the 
PfAMA1-bivalent-vaccinated rabbit exhibited GIA activity exceeding the median 
of the PfAMA1-vaccinated rabbits illustrated in  Figure 2a . Th e GIA assays per-
formed at NIH ( Fig. 3 ) used IgG from the same sera as the experiments in 
 Figure 2b , with the exception that IgG from the two PfRH5FL-vaccinated rabbits 
was not pooled.   

  Data analysis and statistics   .   Estimation of the concentration of total IgG 
necessary to induce 50 %  GIA (EC 50 ) was performed using nonlinear least squares 
regression in  Prism 5 soft ware  ( GraphPad Soft ware ). For each vaccine – parasite 
strain combination, a four-parameter sigmoidal dose-response curve was fi tted to 
the relationship between log 10 [total IgG] and percentage GIA, constraining the 
bottom of the curve to 0 %  GIA, and the top of the curve to 100 %  GIA. For each 
parasite strain, an extra sum-of-squares  F -test was used to test a null hypothesis 
of equal EC 50  for the tested IgG samples.                
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In the Methods section of this Article, the species of the tissue plasminogen activator secretory signal used in adenovirus vector
construction was stated incorrectly and should have been given as human.
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