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Plasmodium falciparum apical membrane antigen 1 (PfAMAL1), a candidate malaria vaccine, is polymorphic.
This polymorphism is believed to be generated predominantly under immune selection pressure and, as a
result, may compromise attempts at vaccination. Alignment of 355 PfFAMA1 sequences shows that around 10%
of the 622 amino acid residues can vary between alleles and that linkages between polymorphic residues occur.
Using this analysis, we have designed three diversity-covering (DiCo) PfFAMALI sequences that take account of
these linkages and, when taken together, on average incorporate 97% of amino acid variability observed. For
each of the three DiCo sequences, a synthetic gene was constructed and used to transform the methylotrophic
yeast Pichia pastoris, allowing recombinant expression. All three DiCo proteins were reactive with the reduc-
tion-sensitive monoclonal antibody 4G2, suggesting the DiCo sequences had conformations similar to those of
naturally occurring PFAMA1. Rabbits were immunized with FVO strain PFAMAL1 or with the DiCo proteins
either individually or as a mixture. Antibody titers and the ability to inhibit parasite growth in vitro were
determined. Animals immunized with the DiCo mix performed similarly to animals immunized with FVO
AMA1 when measured against FCR3 strain parasites but outperformed animals immunized with FVO AMA1
when assessed against other strains. The levels of growth inhibition (~70%) induced by the mix of three DiCo
proteins were comparable for FVO, 3D7, and HB3, suggesting that a considerable degree of diversity in AMA1
is adequately covered. This suggests that vaccines based upon the DiCo mix approach provide a broader
functional immunity than immunization with a single allele.

Malaria is estimated to cause up to 500 million clinical cases
and 2 million deaths annually (28). Most of the severe mor-
bidity and mortality occurs through infection with Plasmodium
falciparum in young children and pregnant women of sub-
Saharan Africa (30). A vaccine that prevents or reduces infec-
tion and minimizes morbidity and mortality would be a very
useful additional tool for control and prevention programs.
Several potential molecular targets for vaccine development
have been identified, one of these being P. falciparum apical
membrane antigen 1 (PfAMAL1). The evidence for PFAMAL1 as
a vaccine target has recently been reviewed (27). Briefly,
PfAMAL is encoded by an essential single-copy gene (35),
evidence from rodent and nonhuman primate malaria models
shows that antibody responses to AMAL1 can reduce levels of
infection (1, 4, 6, 8, 9, 19), and antibodies to PFAMAL inhibit
asexual parasite multiplication in vitro (12, 15, 16). In areas
where malaria is endemic, humans make anti-AMA1 antibod-
ies in response to infection (7, 14, 26, 33) and these may
correlate with resistance to clinical malaria (26).

PfAMAL is initially expressed as an 83-kDa protein, com-
prising a large N-terminal ectodomain, a transmembrane re-
gion, and an ~50-amino-acid C-terminal cytoplasmic tail (20).
The ectodomain contains 16 conserved cysteine residues that
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form eight intramolecular disulfide bonds; these were used to
define a potential three-domain structure (13). The recent
elucidation of crystal structures for AMA1 (3, 5, 24) confirms
the three-domain structure and shows there is considerable
interaction between the domains. Antibody to AMAI1 blocks
merozoite invasion of erythrocytes (32) and merozoite reori-
entation at the erythrocyte surface (17), and asexual blood-
stage parasites devoid of AMA1 appear not to be viable (35),
suggesting that AMAL1 plays a critical and nonredundant role
in erythrocyte invasion. AMAL is also present in sporozoite
and liver stages of development (29), suggesting that vaccina-
tion with AMA1 may target more than just asexual erythrocytic
development.

AMAL1 has long been known to be polymorphic (34), although
unlike many other malarial surface proteins, this polymorphism is
not due to repetitive sequence but is entirely due to single amino
acid substitutions (5). Where they have been mapped, polymor-
phisms have been found to be restricted to the surface of AMAI,
mapping predominantly to one molecular face (3, 5, 24). Studies
of the rodent malaria parasite Plasmodium chabaudi have shown
how polymorphism in AMA1 may negatively affect vaccine out-
comes (8). Furthermore, immunization studies of rabbits have
shown that although antibodies to PPAMAL1 obtained from one
strain of malaria inhibit the growth of the homologous strain well,
other strains are inhibited to various lesser degrees (12, 15, 16).
This suggests that PPFAMA1 polymorphism may diminish the ef-
ficacy of PFAMAI-based vaccines and that the most effective
AMA1 vaccines will induce responses to conserved determinants
as well as to the broadest possible range of variable determinants.

Cost constraints mean that only a limited number of com-
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ponents can be developed for any one vaccine. As an approach
to this, we have designed, produced, and immunologically eval-
uated a limited number of artificial AMA1 sequences that
share conserved amino acids while covering a maximal degree
of polymorphism. By using only three PFAMAL1 sequences, we
have been able to include an average of 97% of the naturally
occurring amino acid substitutions.

MATERIALS AND METHODS

Cloning of DiCo AMAL1 sequences in P. pastoris. Three synthetic diversity-
covering (DiCo) genes, DiCol, DiCo2, and DiCo3, with optimized codon usage
for Pichia pastoris were designed, essentially comprising domains I, II, and III of
PfAMA1 (DNA2.0, San Diego, CA). These sequences were PCR amplified with
primers X1 (5" GCGAATTCATTGAAATTGTTGAAAGATC 3') and Y1 (5
GGGGTACCAACATCTTATCGTAAGTTGG 3'), X1 and Y2 (5" GGGGTA
CCGACATGTTATCGTAAGTTGGC 3'), and X1 and Y1 for DiCol, -2, and
-3, respectively. The PCR products were cloned into the EcoRI-Kpnl sites of the
pPicZaA vector (Invitrogen, Groningen, The Netherlands) and used to trans-
form Escherichia coli DH5a cells. After transformation of the E. coli DH5« cells,
plasmids were isolated, checked for the presence of the expected restriction sites,
and then used to transform P. pastoris KM71H according to the manufacturer’s
protocols. Transfected P. pastoris was tested for protein production by culture in
10 ml glycerol-containing medium in a 50-ml tube for 48 h at 29 to 30°C under
conditions of vigorous shaking. Cells were harvested by centrifugation (5 min,
2,500 rpm, tabletop centrifuge), resuspended in 4 ml methanol-containing me-
dium, and then cultured for 24 h at 29 to 30°C under conditions of vigorous
shaking. After low-speed centrifugation, the culture supernatant was harvested
and 20 pl was tested on a sodium dodecyl sulfate-polyacrylamide gel for proteins
with the expected size. The identity was confirmed by Western blotting with the
reduction-sensitive monoclonal antibody 4G2.

Protein production. Fermentation runs were performed in either 3- or 7-liter
fermentors (Applikon, Schiedam, The Netherlands), with initial starting volumes
of 1 or 2 liters, respectively. The P. pastoris clones were grown in BMGY (1%
yeast extract, 2% peptone, 1.34% yeast nitrogen base, 1% glycerol, 0.4 mg of
biotin per liter, 0.1 M K phosphate, pH 6.0) at 30°C for 24 h. An amount of 50
ml/liter was used to inoculate the fermentor containing minimal salt fermenta-
tion medium ([per liter of medium] MgSO, - 7H,0, 14.9 g; K,SO,, 18.2 g; CaCl,,
0.65 g; KOH, 4.13 g; glycerol, 40 g; 26.7 ml 85% H;PO,; and 12 ml PTM1 trace
salt solution) (www.invitrogen.com/content/sfs/manuals/pichiaferm_prot.pdf).
During the batch phase, air was sparged at 1 liter per liter initial medium volume.
The temperature was kept constant throughout the fermentation at 30°C, and the
pH was kept at 6.0, using 25% NH,OH or 85% H;PO,. The fed batch was started
after dissolved oxygen levels returned to 21% after being down to (almost) zero,
generally between 18 and 24 h. Subsequently, the culture was fed 50% glycerol
fortified with 12 ml/liter PTM1 trace salts at a rate of 32 ml/h per liter initial
medium volume for 20 to 24 h. During this fed-batch phase of the fermentation,
the medium was sparged with 100% oxygen to keep the dissolved oxygen
concentration at 21%. Last, the culture was induced by the addition of methanol,
for the first 3 h at a rate of 1 ml/h per liter initial medium volume, increasing to
3 ml/h per liter initial medium volume at 3 h, and continuing at the latter rate for
approximately 18 h. During the induction phase, in addition to sparging 100%
oxygen, air was continuously sparged (at 1 liter per liter initial fermentation
medium), as we found that use of pure oxygen alone reduced or prevented
expression of some proteins. After induction, the pH of the medium was
increased to 7.8 and cooled with a cryostat to 15°C or lower. Cells were removed
by centrifugation (25 min, 5,000 X g, 4°C), and culture medium was filtered
through a 0.22-um filter by using a Quixstand hollow-fiber cartridge (GE
Healthcare, Etten-Leur, The Netherlands) to remove all remaining yeast cells.
Protein in the culture supernatant was concentrated to approximately 100 ml by
using a Quixstand cartridge with a 10-kDa-cutoff hollow-fiber column and then
diluted with an equal volume of demineralized water and concentrated again, a
procedure repeated four times. Proteins were subsequently bound to a
hydroxyapatite column (Bio-Rad type I; Bio-Rad Laboratories, Veenendaal, The
Netherlands); equilibrated with 1 mM sodium phosphate buffer, pH 8.0; and
eluted with 50 mM sodium phosphate buffer, pH 8.0. This fraction was
concentrated to less than 1 ml and subjected to Superdex 75 preparative size
exclusion chromatography (26/60 prep grade; GE Healthcare, Etten-Leur, The
Netherlands). Fractions containing DiCo protein were pooled, concentrated, and
sterilized by filtration (0.22 pm).
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Rabbit immunizations. Rabbits were housed and immunized and blood was
sampled by Eurogentec SA, Seraing, Belgium, according to national animal
welfare regulations. Five groups of five rabbits were immunized on days 0, 28,
and 56 with Pichia-expressed DiCol (30 pg), DiCo2 (30 pg), or DiCo3 (30 pg);
FVO PfAMAL1 D123 (30 pg); or a mixture of DiCol, DiCo2, and DiCo3 (10 ng
each, for a total of 30 pug). Montanide ISA 51 (Seppic, Paris, France) was used
as the adjuvant (2). Vaccine formulations were prepared according to the man-
ufacturer’s instructions (50/50, mass/mass). Antisera obtained 2 weeks after the
third immunization (day 70) were tested for reactivity by an enzyme-linked
immunosorbent assay (ELISA) and for functional capacity by an in vitro growth
inhibition assay (GIA).

ELISA. ELISA was performed in duplicate on serum samples in 96-well
flat-bottomed microtiter plates (Greiner, Alphen a/d Rijn, The Netherlands)
coated with 500 ng/ml purified AMAL1 antigens according to published methods
(16). The secondary antibody was anti-rabbit immunoglobulin G (IgG) conju-
gated to alkaline phosphatase (Pierce, Rockford, IL). A standard curve was
included on each plate, and titers of the unknowns were calculated by a four-
parameter fit. Titers are expressed as arbitrary units (AU), where 1 AU yields an
optical density (OD) of 1.0. Thus, the amount of AU of a sample is the reciprocal
dilution at which an OD at 405 nm of 1 will be achieved.

IgG purification. Antibodies to be used for GIAs were purified on protein A
columns (Sigma, St. Louis, MO) by using standard protocols, exchanged into
RPMI 1640 by using Amicon Ultra-15 concentrators (30-kDa cutoff; Millipore,
Ireland), filter sterilized, and stored at —20°C until use. IgG concentrations were
determined using a Nanodrop ND-1000 spectrophotometer (Nanodrop Tech-
nologies, Wilmington, DE).

Parasites. P. falciparum strains 3D7, FCR3, and HB3 were cultured in vitro
using standard P. falciparum culture techniques in an atmosphere of 5% CO,,
5% O,, and 90% N,. FCR3 AMAL1 (GenBank accession no. M34553) (34) differs
by 1 amino acid (aa) in the prosequence from that of FVO AMA1 (GenBank
accession no. AJ277646) (16).

In vitro GIA. The effect of purified IgG antibodies on parasite invasion was
evaluated in triplicate using 96-well flat-bottomed plates (Greiner) with in vitro-
matured and -synchronized P. falciparum schizonts at a starting parasitemia of
0.2 to 0.4%, a hematocrit of 2.0%, and a final volume of 100 pl containing 10%
normal human serum, 20 pg ml~! gentamicin in RPMI 1640. After 40 to 42 h,
cultures were resuspended, and 50 pl was transferred into 200 pl ice-cold phos-
phate-buffered saline. The cultures were then centrifuged, the supernatant was
removed, and the plates were frozen. Inhibition of parasite growth was estimated
using a parasite lactate dehydrogenase assay as previously described (15). Para-
site growth inhibition, reported as a percentage, was calculated as follows: 100 —
[(ODexperimental — ODpackground)/(ODeontrol — ODyuckgrouna) X 100]. Control
IgG was isolated from rabbits that had been immunized with adjuvant only. All
GIA results reported are the averages of two independent GIA runs. The AMA1
expressed by each of the laboratory strains was verified to be correct by restric-
tion fragment length polymorphism analysis, and all parasite cultures used for
GIA tested negative for mycoplasma by PCR.

Protein sequence analysis. All available AMA1 sequences were aligned; vari-
able amino acid positions and their relative frequencies were identified from the
alignment. Linkages, both in the N- and in the C-terminal direction, were de-
termined by separate variable amino acid analyses for each of the potential
residues at the variable positions; for example, at position 162 (dimorphic with N
or K), the frequencies of N- and C-terminal variable residues were determined
for all sequences with an N and all sequences with a K. Positions were considered
linked at a frequency of 99% or higher.

Statistical analyses. All statistical analyses were performed using the R sta-
tistics package, version 2.6 (R Foundation for Statistical Computing, Vienna,
Austria). IgG titers were compared with analysis of variance (ANOVA), using
log-transformed IgG titers as the dependent variable and vaccine antigen as the
independent variable. GIA titers were analyzed with nonlinear mixed-effect
(NLME) models (23) to allow for the simultaneous comparison of GIA titers at
various IgG concentrations while correcting for pseudoreplication (22). A logis-
tic fit was applied for the GIA titer versus the log,-transformed IgG concentra-
tion. The upper and lower asymptotes for the logistic curve were set at 0 and
100%, respectively, and slope and midpoint were estimated by restricted
maximum likelihood. The parameterization used was GIA value = 100/
[1 + ellow1gGs ~log2IeG) xslope) where [gGs, is the value of the IgG concentration
where 50% inhibition is achieved, IgG is the concentration of IgG used in the
GIA (0.75, 1.5, 3, and 6 mg/ml, respectively), and slope is a parameter describing
the increase in GIA value with increasing IgG concentration, with higher values
indicating steeper curves. Various NLME models with different random-effect
structures and fixed effects for treatment on slope or IgG5, were fitted for each
of the strains tested by GIA, and the best-fitting model was selected based on
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Akaike’s information criterion. In the event the best-fitting models included
treatment effects, the statistical significance thereof was evaluated further by
ANOVA. To enable easier interpretation of the originally log,-transformed
1gGs values, IgGs, values are presented as 2'¢% with 95% confidence intervals.
Slope values are presented as untransformed estimates with 95% confidence
intervals. The statistical significance of group differences in slope and IgGs, is
expressed as the P value obtained from the NLME models, without correction
for multiple comparisons because the ANOVA P value for treatment effects
indicates whether at least two of the treatment groups differ significantly.

RESULTS

Analysis of polymorphisms in AMA variants. All P. falcip-
arum AMAL sequences, complete sequences and fragments,
available on 3 January 2005 (360 in total), were retrieved from
a nucleotide search of the PubMed database (www.ncbi.nlm
.nih.gov/). Duplicates were removed (PFU84348 [3D7],
AU087598 [FVO], PFU33274 [3D7], and AF061332 [KF1916]),
and two partial sequences for the NF7 strain were combined
(PFU33280 and PFAAMAIB). The ensuing 355 sequences
were aligned and polymorphic residues identified. To reduce
the risk of incorporating data resultant from sequencing errors,
polymorphic positions were defined as those that varied be-
tween sequences such that two or more of the 355 sequences
carried the same amino acid substitution at that site. Using this
definition, 64 of 622 amino acid positions were designated
polymorphic: nine in the prosequence (aa 1 to 96; 9.4%), 32 in
domain I (aa 97 to 303; 15.5%), 11 in domain II (aa 304 to 440;
8.0%), nine in domain III (aa 441 to 546; 8.5%), none in the
transmembrane region (aa 547 to 567; 0%), and three in the
cytoplasmic tail (aa 568 to 622; 5.5%). The alignment also
showed that the presence of a particular amino acid at one
polymorphic position was often linked to the presence of par-
ticular amino acids down- as well as upstream (i.e., in the
direction of the N terminus or the C terminus, respectively) of
the protein. Linkages were determined for all residues that
occurred in 10% or more of the sequences. Downstream link-
age was observed for 24 residues at 22 polymorphic sites (Ta-
ble 1), The most-N-terminal member of each downstream link-
age group tended not to be the predominant residue at that
position (for 21 out of 24 linked residues) but tended to be
linked to downstream residues that were the predominant
(consensus) residue. At position 197, two of the possible amino
acids (G and D) showed downstream linkage. As exceptions, in
both position 172 and position 283 the predominant residue
linked to downstream residues and in position 200 both the
predominant and the minor residues are linked.

Upstream linkage was observed for 26 residues at 22 poly-
morphic sites (Table 2). The most-C-terminal member of the
linkage group tended not to be the predominant residue at that
position, and the linked upstream residues were generally the
predominant (consensus) residues (for 23 out of 26 linked
residues). Exceptionally, at position 197, all residues showed
upstream linkage with position 196. The E at position 285
showed an unusual upstream linkage in that it is linked to the
nonconsensus L.283, and R503 is upstream linked to the non-
consensus residue M496.

All variable residues had the same codon usage, with the
exception of position 201 F (TTT, 79%), which is the consen-
sus residue, and L, the subdominant residue, with three differ-
ent codons used (CTT, TTG, and TTA). Position 228 N is the
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consensus residue (AAT, 97%) and K the subdominant resi-
due with two different codons used (AAA and AAG).

Design of artificial genes to cover diversity and incorporate
linkages. To reduce the complexity of downstream vaccine
development, it was considered reasonable that a maximum of
three DiCo sequences could be accommodated. These DiCo
sequences (DiCol, DiCo2, and DiCo3), each of which com-
prised domains I, II, and III (aa 97 to 545), were designed such
that, when taken together, the maximal number of naturally
occurring residues was incorporated, with the proviso that res-
idues with the lowest frequencies were linked, thereby restrict-
ing the variability in these sequences. Thus, at least 80% of
amino acids present at any given position in naturally occurring
sequences and most of the linkages that we have identified are
included in the DiCol, -2, and -3 combination. To restrict it to
three DiCo sequences, 12 positions at which less than 10% of
the sequences showed variation (residues 121 [99% E], 189
[92% L], 199 [99% R], 224 [99% M], 228 [97% N], 244 [92%
D], 245 [96% K], 269 [96% K], 325 [98% H], 330 [91% S], 395
[92% K], and 505 [96% F]) and four positions at which be-
tween 10 and 16% of sequences showed variation (residues 173
[85.7% N], 175 [89.6% D], 207 [83.7% Y], and 407 [84.4% Q])
were excluded and consensus amino acids were included at
these positions. Thus, of the 52 polymorphic positions in do-
mains I, II, and III, the 36 most variable were included in the
design of the DiCo proteins (21/32 positions, 7/11 positions,
and 8/9 positions in domains I, II, and III, respectively).

Three backbones were designed, taking linkages into ac-
count. DiCol was fully compliant to the down- and upstream
linkages. DiCo2 broke downstream linkage in that H296 is
linked to N448 rather than D448 as in natural AMALI se-
quences and upstream linkage in that D296 is restricted by
N448 while H296 is included. DiCo3 incorporated the least
prevalent amino acids, and two restricted downstream posi-
tions were not compliant. Normally, E206 is restricted by
D197/D200/L.201, while DiCo3 incorporates K206. In addition,
N332 is normally restricted by L201; in DiCo3, 1332 is incor-
porated. Two upstream linkages were not compliant: H200 and
F201 are restricted by K206, but D200 and L201 are included.

Nonlinked polymorphisms were subsequently incorporated,
respectively, into DiCol, DiCo2, and DiCo3 backbones ac-
cording to their frequency of occurrence. Because AMAL is
not believed to be N glycosylated in malaria parasites, NxS/
NxT motifs were also changed to remove potential N-glycosyl-
ation sites during expression in Pichia; nonpolymorphic resi-
dues were changed as previously described (16) (T288 — V,
S373 — D, N422 — D, S423 — K, and N499 — Q). Because
N162 of DiCol and DiCo2 is a linked polymorphic residue as
well as a potential N-glycosylation site, it was changed to Q162
to avoid introducing restrictions.

Figure 1 shows all resultant DiCo sequences in alignment
with HB3, 3D7, and FVO strain AMA1 and with the consensus
sequence derived from alignment of all 355 input sequences.
The differences between sequences are summarized in Table 3,
which includes a profile of differences according to AMA1
domain. DiCol is close to the consensus sequence (differing at
only three positions [all of which are in domain I] when not
considering mutated N-glycosylation sites and differing at nine
positions [five, three, and one position in domains I, I1, and III,
respectively] when also considering mutated N-glycosylation
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TABLE 1. Downstream-linked residues determined from the AMALI alignment

Linking parameter

Consensus residue at linked position®:

Positi . 172 173 175 187 190 196 200 204 206 207 225 230 243 283 285 296 308 332 407 448 451 485
osition Residue Frequency T E N D NMUDUDDE YO NI K K S oDTENOTD K K
162 N 0.77 e
K 0.23 T E N D*¥ - — - - - - - - - - - - D - = - = = =
167 T 0.74 - - - - - - - - = = = - - - = = - - - - - _
K 0.26 G - DY - - - - — E Y* N* — — — — — - - - - - =
172 E 0.55 - DbD* - - - - - = = = - - - = = N
G 0.45 - - - - - - - - - - - - = = = = = = = = =
173 N 0.86 - - - - - - = = = - - - = = N
K 0.14 D N - - - - E - - - - - - = - N - - - =
187 N 0.39 - - - - = = = - - - = = N
E 0.37 - - - - - - - - - = = = = = = = = =
K 0.24 M* D* - - - - = - - - - - - = = = = -
190 M 0.67 - - - - - - - - - - - - - = ===
I 0.33 — - — E - Nft — — — — - - - - - - =
196 D 0.74 - - - - - - - - - - === == -
N 0.25 b - E - N - - - - = - N - — - =
197 Q 0.33 .
G 0.24 b - g - N - - - - - - N - - - -
D 0.24 - - E - - - —-— - —-— —-— —-— N — — = -
200 D 0.45 - E - N*¥ — — - - - I
H 0.40 D - - - - - - - - - - - - - -
201 F 0.79 B - - - - - _
L 0.19 - E - - - - - - - - N - - - =
204 D 0.58 - - - - - - - = N
N 0.42 E - N - - - - - - - - - - =
206 E 0.78 e I
K 0.22 Y - K - - - D¥ - - —-— — — -
225 N 0.68 - - - - - -
I 0.32 K - - - - - - - - - -
242 Y 0.52 - - - - I
D 0.48 K - - - - - - - - -
243 K 0.63 - - - I
N 0.20 - - - E N - - — -
E 0.17 - - - I
282 K 0.67 - - - - - - = =
I 0.33 S Q - I
283 S 0.70 Q - - - - - - =
L 0.30 - - - - - -
296 D 0.80 - - - - -
H 0.20 - - - D - -
332 N 0.83 - - -
I 0.17 Q - - -
435 I 0.78 - - -
N 0.20 D K -
448 D 0.81 - -
N 0.19 M K
451 K 0.59 —
M 0.41 K

“ An asterisk indicates that the frequency of the designated residue is greater than 99% and less than 100%. A minus sign (—) indicates the absence of linkage for

the specified positions.

sites); as expected, DiCo2 and DiCo3 sequences differ mark-
edly from the consensus sequence, and overall the DiCo se-
quences differ quite considerably from one another (Table 3).
The overall coverage of naturally occurring polymorphisms
calculated as the average of the coverage at 52 variable sites
was 97% (a Q at position 162 was considered not different
from an N, because it is a potential N-glycosylation site). The
average coverage of the whole protein was 95.5% if a Q at
position 162 was considered different and coverage at position
162 was then 22.8%. Otherwise, all amino acid positions had
coverage above 80% and only five were less than 90%: posi-

tions 173 (85.7%), 175 (89.6%), 197 (80.1%), 207 (83.7%), and
407 (84.4%).

DiCo expression in P. pastoris. Expression in small-scale
fermentors resulted in protein levels of 40 mg/liter or more
before purification. DiCol was purified using Ni-immobilized
metal affinity chromatography. Although a six-His tag was also
incorporated into DiCo2 and DiCo3, these did not bind to
Ni-immobilized metal affinity chromatography and were in-
stead purified by sequential hydroxyapatite and size exclusion
chromatography.

Purified DiCo proteins were assessed for integrity and purity
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TABLE 2. Upstream-linked residues determined from the AMAI alignment

Linking parameter

Consensus residue at linked position®:

Position Residue Frequency 162 167 172173

175 187 190 196 200 201 204 206 207 225 230 242 282 283 296 407 435 448 496 503

N T E N D N M D D F D E Y N K Y K S D Q I D 1T N
167 T 0.74 -
K 026 N
172 E 055 - -
G 045 N -
173 N 08 - - -
K 014 N - -
175 D 090 - - - -
Y 010 - - - N
187 N 039 - - - - -
E 037 - - - N -
K 024 N T E N D
197 Q 03 - - - - D - - D
G 024 - - - - - - - N*
D 024 - - - - - - - D¢
200 D 045 - - - - - - - =
H 04 - T - - - - D
206 E 058 - - - - - - - - - - -
K 022 - T - N - - MD H F D
207 Y 084 - - - — - - - - - - - -
D 016 - - - - - - - - - - E
25 N 068 - - - — — - - - - - - - -
I 02 - T* - - - - - DY — - D - -
230 K 067 - - - — - - - - - - - - - -
E 27 - - - - D - - - - - - E - N
43 K 063 - - - — — - - - - - - - - - - -
N 020 - - - N - - - - - - - EB* - N K*Y
E 07 - - - N D - - - - - — — - - - Y
282 K 067 - - - — - - - — - - - - - - - - -
I 03 - - - - - - — — - — — - Y - - - -
283 S 070 - - - — — - - - - - - - - - - - -
L 03 - - - - - - — = - - — - - - - - K
285 Q 079 - - - — - - - - - - - - - - - - - -
E 020 - - - N* = - - - - - — - - - - - K L
29 D 080 - - - — — - - - - - - - - - - - - -
H 020 N - - - - - - — - - — E* - - - - - -
332 N 083 - - - — — - - - - - - - - - - - - - -
I 07 - - - N - - =D - - - = — — — — — — -
435 1 078 - - - — - - - - - - — - - - - - - - - -
N 020 - - - - - - — — - - — - - - - - - - -Q
48 D 081 - - - — = — = = - — — - - - - - - - - - -
N 09 - - - - - - - - - - — - - — - - - - D -1
451 K 059 - - - — - - - - - - — - - — - - - - - - - D
M 04 - - - - - - - - - - - - - - - - - - - - - -
503 N 058 — — — — — - - - - - — - - - - - - - - - - - -
R 04 - - - — — - — - - - - - - - - - - - - - - - M
52 K 053 - - - — = = = = = = — = — — - - - - - - - - - N
R 047 - - — — — - — = - - — - - - - - - - - - - - - -

“ An asterisk indicates that the frequency of the designated residue is greater than 99% and less than 100%. A minus sign (—) indicates the absence of linkage for

the specified positions.

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and for antigenicity by Western blot analysis
using the reduction-sensitive monoclonal antibody 4G2 (Fig.
2). The main band for all three DiCo proteins migrated with
the expected size (50 kDa) and reacted with 4G2. A proportion
of DiCol appears in a more slowly migrating band. Analysis
using a stain specific for glycosylation moieties (Emerald Q
glyco-stain; Molecular Probes, Leiden, The Netherlands) re-
vealed that part of the protein is glycosylated (data not shown).
Because incubation of the protein with PNGase did not result
in a band shift, it is likely that DiCol is partially O glycosylated,
as has previously been observed for other Pichia-produced

proteins. Western blot analysis also revealed a small amount of
dimerization for all three DiCo proteins; this has previously
been observed with the full-length-ectodomain (aa 25 to 545)
GMP product, where it did not result in loss of potency (B. W.
Faber, E. J. Remarque, C. H. Kocken, P. Cheront, D. Cingo-
lani, F. Xhonneux, M. Jurado, M. Haumont, S. Jespen, O.
Leroy, and A. W. Thomas, submitted for publication).
Immunological and functional assessment. Groups of five
rabbits were immunized three times with 30 wg of Pichia-
expressed and purified AMA1 from FVO strain, DiCol,
DiCo2, or DiCo3 or with a mix of 10 pg of each of the three
DiCo proteins (DiCo mix). Levels of antibodies to the immu-
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FIG. 1. Alignment of aa 100 to 545 of DiCol, DiCo2, DiCo3, and the yeast-expressed HB3 AMA1, 3D7 AMALI, and FVO AMAL1, as well as
the consensus sequence (Cons) that was derived from the alignment of the 355 PFAMAI1 sequences obtained from the GenBank database. Residues
that were changed in order to prevent N glycosylation in P. pastoris (residues 162, 288, 373, 422, 423, and 499) are underlined.

nizing antigen and to AMAI1 from three laboratory strains
were determined by ELISA (Fig. 3). Although none of these
DiCo sequences have been observed in nature, they were all
well-recognized by antibodies from rabbits that had been im-
munized with FVO PfAMAL; they all elicited antibodies that
were strongly reactive with the FVO, 3D7, and HB3 antigens,
indicating that they attained appropriate conformation. More-
over, the DiCo proteins showed reactivities indistinguishable
from those with naturally occurring alleles when tested with
sera from humans naturally exposed to malaria (data not
shown). Rabbits immunized with DiCo mix showed responses
that overall were comparable to those obtained by immuniza-
tion with single components. Notably, for all antigens under
investigation, the variation in IgG titers was smallest in the
group immunized with the DiCo mix. Titers against FVO, 3D7,

and HB3 PfAMAL did not differ significantly between the DiCol,
-2, and -3 treatment groups (P = 0.27, P = 0.48, and P = 0.35,
respectively). There was a tendency for the FVO-immunized
animals to have lower titers against DiCol than the DiCol and
DiCo mix groups (P = 0.09). Animals immunized with DiCo2
had higher titers overall than those immunized with DiCo mix
or DiCol. DiCo3-immunized animals had lower titers than
animals immunized with DiCo2 (P = 0.0035) and had signifi-
cantly higher DiCo3 titers than animals immunized with
DiCol, DiCo2, or DiCo mix (P = 0.002).

To assess antiparasitic effects in a GIA, IgG purified from
rabbit sera obtained 2 weeks after the final immunization was
added to synchronized asexual blood-stage cultures of 3D7,
FCR3, and HB3 strains (Fig. 4). The DiCo mix was always
among the three best-performing antigens, with about 70%

TABLE 3. Differences between Pichia-expressed sequences in domains I to III

No. of differences between Pichia-expressed sequences®

Sequence
Consensus FvO 3D7 HB3 DiCol DiCo2 DiCo3

Consensus 22 25 16 9 26 21
FVO 13,4, 5 24 18 20 9 25
3D7 11,9,5 17,5, 2 24 18 27 17
HB3 10, 5, 1 11, 2,5 14,5,5 16 21 18
DiCol 53,1 15,1, 4 8, 6,4 10, 5, 1 23 18
DiCo2 14, 5,7 4,3,2 19, 6, 2 13,3,5 15,2,6 34
DiCo3 10, 8, 3 15,4, 6 8,3,6 11,4, 3 11, 5,2 19,7, 8

¢ Entries with a single value show the total differences between alleles; entries with three values show differences according to domains I, II, and III, respectively.
Consensus, consensus sequence with N-glycosylation sites derived from the alignment. All Pichia-produced AMAL1 proteins have mutated N-glycosylation sites (FVO
N, six; 3D7 N, six; HB3 N, five; DiCol N, six; DiCo2 N, six; and DiCo3 N, five), namely, positions 162, 288, 373, 422, 423, and 499. HB3 and DiCo3 have a lysine (K)
at position 162 and therefore require only five mutations to remove potential N-glycosylation sites.
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FIG. 2. SDS-PAGE and Western blot analyses of purified DiCo
proteins. (A) SDS-PAGE analysis. Lane 1, benchmark marker; lane 2,
DiCol; lane 3, DiCo2; lane 4, DiCo3; lane 5, DiCo mix. (B) Western
blot analysis with 4G2 as the primary antibody. Lane 1, DiCol; lane 2,
DiCo2; lane 3, DiCo3; lane 4, DiCo mix. Samples were not reduced.

INFECT. IMMUN.

inhibition at 6 mg/ml for all three strains tested in the inhibi-
tion assay (Fig. 4 and 5). Moreover, the DiCo mix performed
nearly as well as the homologous (FVO) antigen in inhibiting
growth of FCR3. All separate DiCo antigens elicited antibod-
ies in rabbits that were active in inhibiting parasite growth. The
DiCo3 antigen was less effective in inducing antibodies that
inhibited FCR3 but induced good functional responses to 3D7
and HB3, despite differing from them by 17 (3D7) or 18 (HB3)
aa. These observations further suggest that all antigens at-
tained an appropriate conformation.

For the FCR3 strain, the highest levels of growth inhibition
were observed for the DiCo2-immunized group, followed by
the FVO-, DiCo mix-, DiCol-, and DiCo3-immunized groups,
respectively (Fig. 4 and 5). NLME analysis revealed significant
treatment effects on slope and IgGs, (P = 0.016 and P =
0.0003, respectively, by ANOVA); the DiCo2-immunized
group had the steepest curve compared to all other groups,
while the other groups did not differ significantly between one
another (Table 4). The IgG concentration required to reach
50% GIA activity was lowest in the animals immunized with
the FVO and DiCo2 antigens (1.6 and 1.2 mg/ml, respectively)
(Table 4). DiCo mix-immunized animals had an IgGs, of 2.2
mg/ml, which was not statistically different from that of FVO-
or DiCo2-immunized animals (P values of 0.52 and 0.19 for
FVO and DiCo2, respectively). IgGs, values were significantly
higher for animals immunized with DiCol (3.4 mg/ml) and
DiCo3 (11.5 mg/ml) than for the DiCo2 group and significantly
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FIG. 3. IgG antibody levels to various AMALI variants. The box at the top of each panel indicates the ELISA coating antigen, and the antigen(s)
used for immunization is listed on the x axis. The box indicates medians and 25 and 75 percentiles. For each treatment group, open circles (O)
represent rabbit 1, filled circles (@) rabbit 2, open squares ([]) rabbit 3, filled squares (M) rabbit 4, and open diamonds (<) rabbit 5.
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FIG. 4. Growth-inhibiting titers versus IgG concentration in individual rabbits according to vaccine antigen and test strain. The top line
of each panel indicates the test strain used for the GIA, and the second line indicates the antigen(s) used for immunization. For each
treatment group, open circles (O) represent rabbit 1, filled circles (@) rabbit 2, open squares ([]) rabbit 3, filled squares (M) rabbit 4, and

open diamonds () rabbit 5.

higher for animals immunized with DiCo3 than for the FVO
group (Table 4).

For the HB3 strain, the highest levels of growth inhibition
were observed for the DiCo mix group, followed by the DiCo3,
DiCol, FVO, and DiCo?2 groups, respectively (Fig. 4 and 5). A
picture for IgGs, determined by GIA similar to that of FCR3
emerged, albeit not statistically significant, with the IgGs, for
the DiCo mix group estimated at 2.5 mg/ml, that for the
DiCol, -2, and -3 groups approximately 3.1 mg/ml, and that for
the FVO group at 3.8 mg/ml.

For the 3D7 strain, the highest levels of growth inhibition
were observed for the DiCo3 and DiCo mix groups, followed
by the DiCol, FVO, and DiCo2 groups, respectively (Fig. 4
and 5). NLME analysis revealed significant treatment effects
on IgGs, (P = 0.0096 by ANOVA); the DiCo3 and DiCo mix
groups had the lowest IgGs, value (1.2 mg/ml for both). These
differed significantly from those in the FVO and DiCo2 groups
(all P values were <0.02 [Table 4]). The IgGs, value for the
DiCol group (1.9 mg/ml) did not differ significantly from those
for all other groups, although there was a trend with the FVO
group (P = 0.10).

The DiCol sequence, which is closest to the overall consen-
sus, performed well against all three strains tested by GIA, with
1gGs, values of 3.4, 3.1, and 1.9, respectively, for FCR3, HB3,
and 3D7. The IgGs, values for the DiCo mix were consistently
lower, at 2.2, 2.5, and 1.2 mg/ml, respectively, for FCR3, HB3,
and 3D7, although this trend was not statistically significant.

DISCUSSION

Despite the promise shown by many animal models, the
development of an effective P. falciparum AMAI1-based vac-
cine may be problematic because of the polymorphic nature of
the vaccine candidate. The polymorphism is thought to be due
in large part to immune selection pressure (25). An effective
vaccine will probably need to induce responses to conserved
determinants as well as to the broadest range of allele-specific
determinants. Failure to cover a sufficient number of the allele-
specific determinants found in AMA1 will, most likely, favor
the survival of parasites carrying AMAT1 alleles that differ from
the vaccine, compromising vaccine efficacy. AMA1-based vac-
cines currently in development are based on one or two natu-
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FIG. 5. Growth-inhibiting titers versus IgG concentration in groups
of rabbits according to vaccine antigen and test strain. The top line of
each panel indicates the test strain used for the GIA, and the symbols
indicate the antigen(s) used for immunization. For each treatment
group, open circles (O) represent DiCo mix, filled circles (@) DiCol,
open squares ([]) DiCo2, filled squares (M) DiCo3, and open dia-
monds (¢) FVO AMAL.

rally occurring allelic forms of AMA1 (15, 16, 21, 31) and may
therefore not cover an amount of variation sufficient to prevent
the escape of certain allelic forms.

Coverage may be improved by simply extending the number
of alleles included, but in practice there is a limit to the number
of alleles that can be included, and it is not clear how responses
to one allele may affect responses to others. This becomes even
more important when several different vaccine target mole-
cules are to be combined, as is generally envisaged for an
ultimate vaccine. An alternative to improved coverage is
through the use of a limited number of artificial variants op-
timally designed to cover polymorphism. Here we show that
DiCo sequences, including a sequence that is very close to the
consensus, can be produced. The DiCo proteins all react with
a conformation-sensitive monoclonal antibody recognizing a
conserved epitope. Moreover, sera elicited by the DiCo se-
quences all react with naturally occurring alleles and elicit
antibodies that inhibit parasite growth, indicating that each
DiCo protein has an authentic conformation.

The DiCo approach could be considered somewhat naive, as
many epitopes within AMA1 are conformational and may also
be discontinuous (3, 5, 24). However, by incorporating most of
the linked residues, stretches of naturally occurring amino ac-
ids are present in each single DiCo and therefore a number of
conformational epitopes are likely to be preserved. This is
corroborated by the observation that all individual DiCo se-
quences induce growth-inhibiting antibodies to the three lab-
oratory strains tested. In addition, there is added value in
combining the DiCo sequences because, unlike for immuniza-
tion with any single DiCo, animals immunized with the DiCo

INFECT. IMMUN.

mix showed comparable levels of growth inhibition for all three
strains tested. Because the ultimate target population of our
vaccine is immunologically naive young children in regions of
malaria endemicity, the optimal strategy may well be to evoke
as wide a response as possible by immunizing with a broad
variant mix. In addition to providing immediate benefits in
terms of coverage, this strategy may help to avoid imprinting
against one antigenic form of PFAMA1 (original antigenic sin),
which may occur when immunizing with a more limited num-
ber of naturally occurring alleles (18). This also begs the ques-
tion as to which naturally occurring alleles are the most suit-
able to include in a vaccine to adequately cover naturally
occurring polymorphisms.

Here we show that immunization with a combination of
three artificial alleles induces levels of growth-inhibiting anti-
bodies to three diverse strains (FCR3, 3D7, and HB3) that are
comparable to levels induced when immunizing and testing by
GIA with homologous antigen/parasite systems (e.g., immuni-
zation with PFAMA1 FVO and testing on FCR3), suggesting
that a considerable degree of diversity is covered by the com-
bination. Moreover, the DiCo3 antigen yielded high levels
(£70%) of growth-inhibiting antibody to the 3D7 and HB3
strains, despite being 17 and 18 aa different from the 3D7 and
HB3 antigens, respectively (Table 3). Immunization with the
DiCol antigen alone, which is close to the consensus sequence,
showed very promising broad-acting immune responses. How-
ever, there was a notably consistent trend for improved per-
formance by the DiCo mix, as reflected by lower I1gGs, values.
Addition of DiCo2 and DiCo3 clearly was not deleterious to
the performance, and given the breadth of allelic variation in
natural populations, the DiCo mix is likely to provide signifi-
cant extra coverage. Having chosen the DiCo mix as our pre-
ferred platform, we have recently evaluated this in rhesus
monkeys, employing either a water-in-oil or an oil-in-water
adjuvant, and obtained essentially the same breadth of re-
sponse as in the rabbits (E. J. Remarque, B. W. Faber, and A.
Thomas, unpublished data). Based on these combined results,
the three DiCo proteins are entering our pipeline for clinical
evaluation.

Kennedy et al. have shown that immunization of rabbits
with two naturally occurring alleles (FVO and 3D7) yields a
functional response pattern that is essentially a combination
of the best responses elicited by both antigens (15). How-
ever, strains that are inhibited poorly by either component
are not improved by combining, which has the potential to
result in escape and diminished vaccine efficacy. The data
presented in this paper show that although this “best of
either” principle applies to the DiCo mix when analyzed
with the 3D7 and HB3 strains, it does not hold for the DiCo
mix when analyzed with FCR3. In fact, for FCR3, the
breadth of the response induced by the DiCo mix is best
illustrated by a difference in growth inhibition levels be-
tween the highest and the lowest (DiCo2 and -3) of over
50%. It seems quite possible that the DiCo mix could yield
antibody levels that inhibit growth of parasites with other
PfAMAL alleles to a degree similar to that observed here,
and this is an area that is being addressed.

A recent paper by Dutta et al. (10) suggests that two regions
with antigenic escape residues (AER) account for much of the
escape advantage of the parasite. The highest-impact cluster
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TABLE 4. Slope and IgGs, estimates from NLME models
P value with indicated group”
. Parameter and . L Slope or IgGs
Strain Estimate (95% CI :
group ( : P value Pico DiCol DiCo2 DiCo3 FVO
FCR3 Slope
DiCo mix 0.750 (0.624-0.876) 0.0001 0.1291 0.0337 0.3773 0.9427
DiCol 0.619 (0.506-0.733) 0.0001 0.1290 0.0008 0.7101 0.1088
DiCo2 0.980 (0.810-1.149) 0.0001 0.0336 0.0008 0.0086 0.0377
DiCo3 0.657 (0.491-0.824) 0.0001 0.3772 0.7100 0.0086 0.3430
FvVO 0.756 (0.632-0.880) 0.0001 0.9427 0.1088 0.0377 0.3430
IgGsg
DiCo mix 2.229 (1.145-4.341) 0.0191 0.3918 0.1861 0.0017 0.5150
DiCol 3.356 (1.712-6.579) 0.0006 0.3918 0.0319 0.0171 0.1350
DiCo2 1.187 (0.610-2.310) 0.6094 0.1861 0.0319 0.0001 0.4981
DiCo3 11.467 (5.451-24.123) 0.0001 0.0017 0.0171 0.0001 0.0002
FVO 1.637 (0.841-3.187) 0.1446 0.5150 0.1350 0.4981 0.0002
HB3 Slope
All groups 0.684 (0.625-0.743)
IgGso
All groups 3.233 (2.560-4.083)
3D7 Slope
All groups 0.520 (0.467-0.572)
IgGsg
DiCo mix 1.229 (0.713-2.120) 0.4525 0.2719 0.0137 0.9558 0.0069
DiCol 1.885 (1.094-3.247) 0.0230 0.2719 0.1596 0.2493 0.0966
DiCo2 3.256 (1.896-5.591) 0.0001 0.0137 0.1596 0.0119 0.7872
DiCo3 1.203 (0.697-2.077) 0.5018 0.9558 0.2493 0.0119 0.0059
FVO 3.614 (2.092-6.243) 0.0001 0.0069 0.0966 0.7872 0.0059

“95% CI, 95% confidence interval. IgGs, values are given in milligrams per milliliter.
b P values for the slope represent the probability that the slope equals 0, and P values for IgGs, represent the probability that the log, IgGs, equals 0, as the estimates
are presented as the antilog values. The P value for IgGs, thus represents the probability that IgGs, = 2° = 1 (see Materials and Methods). All other columns represent

P values for comparisons between the various treatment groups.

for 3D7 (C1-L) comprised 5 aa; 3 are found in DiCo3, the only
differences being D at position 197 and K at 206 (with E at 197
occurring only in 8% of natural sequences from the database,
and with E at 206 included in DiCo3). In the second most
important cluster in domain II, 3 out of 4 aa are identical to
those of DiCo3 (with P at 330 occurring in only 9% of natural
sequences from the database). The corresponding FVO-type
AER in clusters 1 and 2 are identical to those in DiCo2 (10).
It is notable that, despite these differences in the 3D7 AER, we
find a high inhibitory capacity against 3D7 for antibodies elic-
ited by both DiCol and DiCo mix.

When comparing heterologous GIA responses as pre-
sented here with those obtained by others (10, 15), it ap-
pears that the amount of GIA activity against heterologous
alleles (viz., FCR3 versus 3D7 for FVO-immunized animals)
is somewhat larger in our system. Despite close similarities
in the assay procedures, heterologous GIA responses in
rabbits have consistently been somewhat higher in our stud-
ies than in others (16). This may well be due to the rabbits
used. To address this question, substantial effort is currently
being put into harmonization efforts between the laborato-
ries involved, incorporating the same standards into com-
parative assays.

A further aspect of the DiCo proteins is that they may be
combined with one another into recombinant fusion proteins,
thereby further reducing the number of components in a can-
didate malaria vaccine. This fusion protein may also be ex-
tended further by the inclusion of other, preferably small,
vaccine candidates. One such candidate is MSP1,,, for which a
fusion protein with domains I and IT of AMAI has recently
been produced and shown to induce parasite-inhibitory anti-
bodies (11). Given the likely size constraint for Pichia of pro-
teins up to 150 kDa, a fusion protein comprising AMA1 do-
mains I and II of the three DiCo proteins combined with two
MSP1,, alleles (140 kDa) seems feasible, and preliminary
evidence from our lab suggests that such a protein can be
expressed.

In summary, a combination of three artificial sequences rep-
resenting to the greatest extent possible the naturally occurring
polymorphism of the PPAMAL1 ectodomain has been shown to
induce immune responses that are functional against a range of
parasites carrying diverse PPAMAL alleles. This approach may
offer a means by which vaccines targeting PFAMA1 can be
produced such that a strong and functional protection against
the broad range of naturally occurring PFAMAL1 alleles can be
induced.
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