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ABSTRACT Malaria is caused by parasites of the genus Plasmodium, which are
transmitted to humans by the bites of Anopheles mosquitoes. After the elimination
of Plasmodium falciparum, it is predicted that Plasmodium vivax will remain an im-
portant cause of morbidity and mortality outside Africa, stressing the importance of
developing a vaccine against P. vivax malaria. In this study, we assessed the immu-
nogenicity and protective efficacy of two P. vivax antigens, apical membrane antigen
1 (AMA1) and the 42-kDa C-terminal fragment of merozoite surface protein 1
(MSP142) in a plasmid recombinant DNA prime/adenoviral (Ad) vector boost regimen
in Aotus monkeys. Groups of 4 to 5 monkeys were immunized with plasmid DNA
alone, Ad alone, prime/boost regimens with each antigen, prime/boost regimens
with both antigens, and empty vector controls and then subjected to blood-stage
challenge. The heterologous immunization regimen with the antigen pair was more
protective than either antigen alone or both antigens delivered with a single vaccine
platform, on the basis of their ability to induce the longest prepatent period and the
longest time to the peak level of parasitemia, the lowest peak and mean levels of
parasitemia, the smallest area under the parasitemia curve, and the highest self-cure
rate. Overall, prechallenge MSP142 antibody titers strongly correlated with a de-
creased parasite burden. Nevertheless, a significant proportion of immunized animals
developed anemia. In conclusion, the P. vivax plasmid DNA/Ad serotype 5 vaccine
encoding blood-stage parasite antigens AMA1 and MSP142 in a heterologous prime/
boost immunization regimen provided significant protection against blood-stage
challenge in Aotus monkeys, indicating the suitability of these antigens and this reg-
imen for further development.
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Recent reports indicate a decrease in malaria cases worldwide; nevertheless, approx-
imately 0.4 million deaths from malaria still occurred in 2015, with these deaths

largely being caused by Plasmodium falciparum and mainly occurring in sub-Saharan
Africa (1, 2). While Plasmodium vivax is responsible for fewer deaths, it is more
widespread across the globe than P. falciparum and also exacts a heavy toll. Even if
elimination of P. falciparum were to be successful, it is predicted that P. vivax will remain
an important cause of morbidity and mortality (3), especially in Asia and Central and
South America, in part due to the relapses occurring months to years after infection,
which are characteristic of this species of Plasmodium and which make the infection
harder to eliminate from the human reservoir (4).

The development of vaccines against malaria is considered a priority by interna-
tional health experts (5). A phase 3 trial in 6- to 12-week-old infants and 5- to
17-month-old children with the most developed vaccine candidate (RTS,S/AS01)
showed that it conferred partial protection against clinical disease (vaccine efficacy in
the two age groups, 25.9% [95% confidence interval {CI}], 19.9 to 31.5] and 36.3% [95%
CI, 31.8 to 40.5], respectively) but little protection against infection (6–9), and a 6-year
follow-up of individuals who participated in an earlier RTS,S trial showed an increase in
rebound malaria cases in the fifth and sixth years in highly exposed children, reducing
the 7-year efficacy to 4.4%. A positive scientific opinion on the use of RTS,S/AS01 was
provided by the European Medicines Agency’s Committee for Medicinal Products for
Human Use on the basis of its review of the results of the phase 3 study; however, the
World Health Organization has recommended that additional studies be performed
before the vaccine is licensed for use, in particular, to address concerning safety signals
arising in the phase 3 trial. The slow progress in the development of malaria vaccines
reflects the challenges facing vaccine developers, which include the identification of
protective antigens, the selection of optimal vaccine delivery systems, and formulation
of the vaccine with appropriate adjuvants to consistently elicit protective immune
responses. One approach to improve protection is to combine multiple antigens, and
a second is to use heterologous prime/boost immunization strategies (10).

The blood-stage antigens apical membrane antigen 1 (AMA1) and the 42-kDa
C-terminal fragment of merozoite surface protein 1 (MSP142) have individually been
shown to induce partially protective immune responses in monkeys of the genus Aotus,
which are New World primates that support the blood-stage development of these
parasites (11–14); immunization with the P. falciparum AMA1 protein conferred delayed
or undetected patency and lower peak levels of parasitemia (5), while immunization
with P. falciparum MSP142 provided various degrees of protection in this model (13).
AMA1 has also induced protection in humans: when it was delivered as a recombinant
protein, strain-specific protection was documented in an area of endemicity (15), and
when it was delivered as a plasmid DNA prime/adenovirus (Ad) vector boost regimen
in combination with Plasmodium circumsporozoite protein (CSP), 27% of individuals
were sterilely protected against controlled human malaria parasite infection (16, 17).
Protection in this clinical trial appeared to be associated primarily with CD8� T cell
responses to AMA1, which is also expressed in the sporozoite and liver stages (16, 17).
MSP142, delivered as a recombinant protein, has induced antibody (Ab) responses in
humans that are inhibitory to blood-stage parasites in vitro (18), and when it was
delivered in a gene-based adenovirus vector prime/modified vaccinia virus Ankara
boost regimen in combination with AMA1, it induced partial protection in humans (19).
Based on these data, we elected to combine AMA1 and MSP142 and deliver them in a
heterologous gene-based prime/boost regimen in order to improve protection in the
Aotus model of challenge with blood-stage P. vivax parasites, anticipating that the
antibody responses to these blood-stage antigens would be protective.

The ability of replication-deficient recombinant adenovirus (rAd) vectors to elicit
strong cellular (CD8� T cell), humoral, and innate immune responses (1) makes these
vectors an ideal vaccine platform. Adenovirus serotype 5 (Ad5) vectors have been used
for immunization against malaria with relative success (1). The immunogenicity of Ad5
encoding CSP or liver-stage antigen 1 (LSA1) in a heterologous prime/boost vaccine
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schedule with Ad35 elicited enhanced T cell responses in rhesus macaques (20). Other
experiments using different heterologous prime/boost platforms that included priming
with plasmids (DNA) or alphavirus replicons (VRP) and boosting with attenuated Ad5 or
attenuated poxvirus (COPAK) encoding preerythrocytic antigens CSP and SSP2/TRAP
and erythrocytic antigens AMA1 and MSP142 achieved 60% sterile but short-lived
protection in Plasmodium knowlesi sporozoite-challenged rhesus monkeys (21). Also, as
mentioned above, protection was achieved in humans when a regimen consisting of a
plasmid DNA prime and a boost with Ad5 encoding the antigens CSP and AMA1 was
used (16). Priming with DNA can markedly increase the antibody responses to adeno-
virus vectors in humans, although it may not be better than priming with an initial dose
of an adenovirus vector (22).

Previous trials of malaria vaccine candidates have shown the Panamanian Aotus
monkey/P. falciparum model to be useful for supporting malaria vaccine development,
as it allows the assessment of the humoral immunogenicity of vaccine antigens,
different routes of administration, and various vaccine platforms, including gene-based
vaccines. For instance, immunogenicity studies of a plasmid DNA vaccine encoding the
Plasmodium yoelii (rodent malaria) CSP (PyCSP) in Panamanian Aotus monkeys demon-
strated that the intradermal (i.d.) route of inoculation induced higher levels of anti-
bodies than the intramuscular (i.m.) route. Antibody levels were comparable to those
generated with a multiple-antigen synthetic peptide (MAP) vaccine delivered with an
adjuvant and were increased 4-fold when a booster was given 46 weeks after the
primary immunization (23). We have used the plasmid DNA platform to test the
immunogenicity of single or multigene plasmid vaccines in this model (24). Subse-
quently, different vaccine formulations and different routes and methods of adminis-
tration with a comparable hepatitis B virus plasmid DNA vaccine were explored in
Panamanian Aotus lemurinus lemurinus monkeys in order to elucidate the best route
and methods of immunization for a plasmid DNA vaccine (25). Further studies with
multiple plasmids encoding EBA175, MSP142, and AMA1 did not show antigenic
competition when these vaccines were delivered as a mixture to Panamanian Aotus
monkeys (24). Also tested in Panamanian Aotus monkeys was the induction of anti-
bodies by recombinant protein-based vaccines, such as the ligand EBA175 region II (RII),
capable of blocking the binding of RII to erythrocytes and inhibiting parasite invasion
of erythrocytes (26). When EBA175 was tested in Panamanian Aotus monkeys using a
plasmid DNA prime/recombinant protein boost approach, no protection against chal-
lenge with the P. falciparum FVO strain was observed. However, in the same experi-
ment, animals immunized with a recombinant MSP142 protein/peptide vaccine formu-
lation were partially protected (unpublished data). These results contrasted with those
obtained previously in Aotus nancymae monkeys from Peru, where partial protection
was achieved with EBA175 RII using the same formulation and approach (27, 28).
Finally, in the Aotus monkey model, high-grade (sterile) protection can be achieved by
repeated blood-stage challenges with P. falciparum (29), indicating the suitability of the
model for assessing whole-parasite vaccines. These sterilely protected animals were
partially protected against challenge with a heterologous strain.

In the study described here, based on these rationales for the choice of antigens,
viral vector, and animal model, we assessed the immunogenicity and protective efficacy
of the P. vivax AMA1 (PvAMA1) and P. vivax MSP142 (PvMSP142) antigens administered
in a plasmid DNA prime/Ad5 boost regimen to Aotus l. lemurinus monkeys. Our
hypothesis was that the heterologous prime/boost, gene-based approach using two
antigens would induce an immune response stronger and broader than that induced
by other vaccines and better engage humoral immunity than other vaccines do,
improving protection, as shown by reduced levels of parasitemia in Aotus monkeys
challenged with blood-stage P. vivax parasites.

RESULTS
Parasitemia. All animals became parasitemic following blood-stage challenge (no

sterile protection). To evaluate partial protection, we compared the active immuniza-
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tion regimens (groups B to F) to the control regimens (groups A and G) for the day of
parasitemia onset, the mean and peak levels of parasitemias, and the rate of self-cure
(in which no rescue treatment was required). To evaluate the benefit of antigen
combinations, we compared the partial protection obtained following prime/boost
immunization in the group receiving the AMA1-MSP142 antigen pair (group D) to the
protection obtained in the groups receiving a single antigen (groups B and C). To
evaluate the benefit of a heterologous regimen, we compared the results for animals
receiving both platforms in sequence (group D) to those for animals receiving only the
plasmid DNA prime (group E) or the Ad boost (group F).

(i) Prepatent period. Figure 1 shows the mean parasitemia counts for each group,
and Fig. 2 shows the parasitemia counts for each monkey, the results for which are
color coded and separated into separate panels by group. All six control animals
(groups A and G; Fig. 1 and 2a and g) became positive and remained actively
parasitemic until day 35 postinoculation (p.i.), indicating a successful challenge and an
inability to self-cure. Five of the six groups that received active immunization regimens
(groups B to F), however, showed various patterns of self-curing infections, with
differences in the proportion of self-cures without rescue treatment and in the peak
and mean densities of parasitemia being seen and with group D showing a highly
significant difference in the proportion of self-cured monkeys compared with that for
control group A (P � 0.001, chi-square test) (Table 1; Fig. 1 and 2d). Immunized
monkeys became parasitemic at between days 5 and 9 according to the findings on
Giemsa-stained thick smears, with one animal in the AMA1 group being an outlier; that
animal turned positive on day 15. Once this animal became positive, however, it
followed the same course of infection as the others in group B. The majority of these
animals became positive at between days 5 and 7, but three animals (in addition to the
outlier in group B) showed delays: in group A (control), Aotus monkey MN13165 was
positive on day 9 p.i., in group B (in which the animals were immunized with AMA1

FIG 1 Mean levels of parasitemia in Aotus monkeys immunized in a prime/boost regimen with plasmid
DNA/Ad5 encoding P. vivax blood-stage antigens AMA1 and MSP142 and challenged with P. vivax SAL-1.
Group A, plasmid/virus control (n � 4); group B, AMA1/AMA1 (n � 5); group C, MSP142/MSP142 (n � 5);
group D, AMA1-MSP142/AMA1-MSP142 (n � 5); group E, control/AMA1-MSP142 (n � 4); group F,
AMA1-MSP142/control (n � 4); group G, infection control (n � 2). A level of parasitemia of 0.001 � 103

parasites/�l was considered negative or undetectable by microscopy.
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alone), monkey MN13141 was positive on day 9 p.i., and in group E (in which the
animals were immunized with a plasmid DNA prime only), monkey MN13090 was
positive on day 9 p.i. In summary, there did not appear to be any significant delays in
the prepatent period.

(ii) Parasitemia levels and self-cure. Parasitemia data are presented in Table 1. As
with the prepatent period, there were no statistically significant differences among the
groups in the number of days to peak parasitemia, with the longest interval being
shown by groups B and D (day 19). However, the parasite densities varied between the
groups, and in some cases they showed statistically significant differences. The control
animals showing the highest peak parasite levels (54.9 � 103 and 80.5 � 103 para-
sites/�l for groups A and G, respectively) and the total areas under the parasitemia
curve (AUCs) (398 and 474 for groups A and G, respectively), while group D showed the
lowest peak level of parasitemia (29.4 � 103 parasites/�l), mean level of parasitemia
(5.8 � 103 parasites/�l) (P � 0.0001, 2-way analysis of variance [ANOVA] with the
Bonferroni multiple-comparison test), and total AUC (Table 1). Moreover, individual
monkeys in groups C, D, E, and F controlled their parasitemias during follow-up,
including 4/5 monkeys in group D (P � 0.01, chi-square test), while no monkey in group
A, B, or G was able to do so (Table 1). One animal from group C (monkey MN13145)
exhibited self-cure and was negative by day 34 postchallenge (PoC); in the same way,
four monkeys in group D self-cured and were negative between days 27 and 32, while
one animal each from groups E (monkey MN13090) and F (monkey MN13013) self-
cured on days 34 and 28, respectively. All the others monkeys in groups A to F
remained positive at levels of �10 � 103 parasites/�l until rescue treatment on day 35
p.i. All monkeys but one from group C (MSP142 prime/MSP142 boost) and one from
group E (DNA prime only) showed suppression of parasitemia to low levels but
remained positive until day 35. During the experiment, three animals died of Klebsiella
pneumoniae peritonitis (30) (Table 1).

FIG 2 Levels of parasitemia in individual Aotus monkeys immunized in a prime/boost regimen with plasmid DNA/Ad5 encoding P. vivax blood-stage antigens
AMA1 and MSP142 and challenged with P. vivax SAL-1. (a) Group A, plasmid/virus control (n � 4); (b) group B, AMA1/AMA1 (n � 5); (c) group C, MSP142/MSP142

(n � 5); (d) group D, AMA1-MSP142/AMA1-MSP142 (n � 5); (e) group E, control/AMA1-MSP142 (n � 4); (f) group F, AMA1-MSP142/control (n � 4); (g) group G,
infection control (n � 2). (h) Kaplan-Meier survival plot of animals not treated with MQ, color coded by group, to day 35 PoC. Red arrows, MQ rescue treatment
for anemia (HCT less than 50% of that at the baseline); a, the animal was treated for anemia; T, the animal was treated to the end of the experiment on day
35 PoC; d, the animal died of causes unrelated to malaria. A level of parasitemia of 0.001 � 103 parasites/�l was considered negative or undetectable by
microscopy.
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When the peak, mean, and cumulative levels of parasitemia at day 35 PoC were
analyzed for each group, statistically significant differences emerged among some of
the immunized groups. For instance, animals in group D had the lowest peak level
of parasitemia (29.4 � 103 parasites/�l) (P � 0.0992, t test), the lowest mean level of

TABLE 1 Parasitemia outcome in Aotus monkeys immunized with plasmid DNA/Ad5 encoding AMA1 and MSP142 in a prime/boost
regimen against a Plasmodium vivax SAL-1 challengea

Group and monkey no. Sexb Wt (g)

Mean (SD)
prepatent
period (days)

Parasitemia

Day of MQ treatment
and no. of monkeys
treated/total no. of
monkeys in groupc:

Day of SC and no.
of monkeys with
SC/total no. of
monkeys in group

Day of
deathd

Day and mean
(SD) day of
peak

Peak and mean
(SD) peak no.
of parasites
(103)/�l

Group mean
(SD) no. of
parasites
(103)/�l

Individual
AUC and
total
group AUC

Before
day 28

Days
29–34 Day 35

A
13096 1 769 5 21 50.4 273 35
13107 2 830 6 15 39.1 203 35
12955 1 964 5 16 95.0 825 35
13165 1 840 8 21 35.3 290 35

Summary values 7 (2) 18 (3) 54.9 (27.4) 13 (12) 398 0/4 0/4 4/4 0/4

B
13144 1 774 6 17 12.8 47 21e

13130 1 910 8 26 34.5 216 35
13131 2 845 7 16 30.0 132 21e

13143 1 803 6 17 75.8 344 28e

13141 1 967 8 17 31.5 151 35
Summary values 9 (3) 19 (4) 36.9 (23.3) 7.0 (7.4)f 218 3/5 0/5 2/5 0/5

C
13135 2 876 5 15 59.2 272 35
13168 1 819 5 17 56.5 267 35
13166 1 924 7 20 45.6 217 23
13145 1 866 6 16 49.5 150 35 34
13146 2 830 6 16 25 108 21e

Summary values 7 (1) 17 (2) 47.16 (13.5) 6.8 (10)f 209 1/5 0/5 3/5 1/5

D
13173 1 862 5 23 39.5 199 34e 32 35
13156 2 805 6 19 33.5 230 31 30
13149 1 849 6 16 36.8 226 35
13157 1 796 5 22 27.0 177 34 31
13158 2 760 5 17 10.7 67 31 27

Summary values 6 (1) 19 (3) 29.4 (11.5) 5.8 (7.3)g 180 0/5 4/5 1/5 4/5f

E
13090 1 758 8 19 16.8 119 35 34
13091 2 781 5 21 24.8 146 35
13178 2 890 5 16 72.4 297 35
13179 1 848 5 14 74.0 90 15

Summary values 6 (1) 17 (3) 47.0 (30.4) 7.0 (10)h 216 0/4 0/4 3/4 1/4

F
13134 1 698 6 16 48.3 315 35
13076 1 936 6 16 50.2 267 28f

13013 2 916 6 16 22.5 94 31 28
13177 1 800 6 16 60.5 431 35

Summary values 6 16 45.38 (16.2) 9.3 (12)i 287 1/4 1/4 2/4 1/4

G
13190 2 855 4 18 49.9 337 35
13174 1 764 5 17 111.0 612 35

Summary values 4 (1) 17 (1) 80.5 (43.20) 15 (22)i 474 0/2 0/2 2/2 0/2

aAUC, area under the parasitemia curve; MQ, mefloquine at 20 mg/kg orally once; SC, self-cured. Boldface indicates statistically significant different data.
b1, male; 2, female.
cRescue treated.
dThe animals died of causes unrelated to malaria.
eThe animal had anemia.
fP � 0.01.
gP � 0.0001.
hP � 0.001.
ins, not significant.
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parasitemia (5.8 � 103 parasites/�l) (P � 0.0001, 2-way ANOVA with the Bonferroni
multiple-comparison test), and the smallest total AUC by day 35 PoC (Table 1). In the
same way, the mean levels of parasitemia between control group A and groups B and
C were significantly different at the level of a P value of �0.01 and group E at the level
of a P value of �0.001 (Table 1).

During the 35-day follow-up period PoC, 6 of the 23 immunized monkeys required
rescue treatment for anemia (Table 1; Fig. 2h). Notably, 3/5 animals from group B
(AMA1 prime/AMA1 boost), 1/5 from group C (MSP142 prime/MSP142 boost), and 1/4
from group F (DNA control/AMA-MSP142 boost) needed treatment before day 28 PoC
and were considered to have early cases of anemia. Nevertheless, the proportion of
anemic animals from group B (3/5, 0.60) was borderline significantly different from that
of anemic animals from control group A (P � 0.0578, chi-square test) (Table 1). On the
other hand, 1/5 animals from group D (AMA1-MSP142 prime/AMA1-MSP142 boost)
developed anemia between days 29 and 34 PoC and were considered to have late cases
of anemia. No case of anemia was detected among the animals in group E. Remarkably,
none of the 6 control animals from groups A and G (malaria naive) developed anemia
until the end of the experiment on day 35 PoC, when they were treated for persistent
parasitemia (Table 1; Fig. 1 and 2).

In summary, animals in group D showed the lowest peak and group mean levels of
parasitemia, the smallest total AUC, and the highest self-cure rate among the immu-
nized groups. Group D animals also had a relatively long prepatent period and a
relatively long period to peak parasitemia (19 � 3 days). Some monkeys in the group
immunized with the single MSP142 antigen (group C) and the group immunized only
with the plasmid DNA antigen pair (group E) had a pattern of self-limited infection
similar to that of monkeys in group D. The group immunized with Ad5 only (group F)
appeared to be less protected than the other immunized groups, with half of the
monkeys still being parasitemic at the end of the challenge at day 35 p.i. Table 1 shows
that the results for this group were not significantly different from those for control
group A (P � 0.05, t test).

Serology. Figures 3Aa to e show the antibody responses to AMA1 in group A
(control), group B (AMA prime/AMA boost), group D (AMA1-MSP142 prime/AMA1-
MSP142 boost), group E (AMA1-MSP142 prime/control), and group F (control/AMA1-
MSP142 boost). Statistically significant antibody responses were found in the animals in
group B (AMA1 prime/AMA1 boost) after two plasmid DNA immunizations (P � 0.0284,
t test) and in their prechallenge (PC) serum samples after the Ad5 boost (P � 0.0038,
t test) (Fig. 3Ab). In the same way, the PC serum samples from the animals in group D
(Fig. 3Ac) (AMA1-MSP142 prime/AMA1-MSP142 boost) developed statistically significant
antibody responses after the Ad5 boost (P � 0.0061, t test). No significant antibody
responses were detected in the animals in groups A, E, and F (Fig. 3Aa, d, and e). A
6-fold lower PC antibody response to AMA1 was observed in the group immunized
with the antigen pair (group D) than in the group immunized with AMA1 alone
(group B) (Fig. 3Ab and c), indicating potential interference by the inclusion of
MSP142 in group D.

Figures 3Ba to e show the antibody responses to MSP142 in group A (control), group
C (MSP142 prime/MSP142 boost), group D (AMA1-MSP142 prime/AMA1-MSP142 boost),
group E (AMA1-MSP142 prime/control), and group F (control/AMA1-MSP142 boost),
respectively. Again, there were no detectable antibody responses following three
plasmid DNA immunizations in groups A, C, E, and F (Fig. 3Ba, b, d, and e), antibody
responses were detected in group D only after the second plasmid DNA immunization
(P � 0.05, t test) (Fig. 3Bc), and Ad5 provided a strong boost, as shown in Fig. 3Bb and
c for groups C and D, although the increase was statistically significant only for group
D. However, unlike with AMA1, there was no apparent inhibition of the response to
MSP142 in the group receiving both antigens (group D).

When the levels of Ab against AMA1 in the prime/boost regimens were compared
for groups A, D, E, and F (Fig. 3Aa, c, d, and e), the single-platform regimen (three
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plasmid DNA immunizations or one Ad5 immunization) also did not generate a
significant antibody response against AMA1, indicating that the heterologous prime/
boost greatly enhanced the antibody responses. Figures 3Ba, c, d, and e show the same
data for MSP142, comparing groups A, D, E, and F. As with AMA1, neither single-
platform regimen (three plasmid DNA immunizations or one Ad5 immunization) gen-
erated a significant antibody response against MSP142, while the heterologous regimen
greatly enhanced the antibody responses.

Postchallenge antibody responses. Exposure to parasites markedly boosted the
antibody titers in the vaccinated groups. Figure 3A shows the effect of the immuniza-
tion regimens on the levels of antibodies against AMA1 postchallenge, revealing the
following hierarchy of response: AMA1-MSP142 plasmid DNA/Ad encoding AMA1-
MSP142 (group D) � plasmid DNA of a single antigen/Ad encoding a single antigen
(group B or C) � AMA1-MSP1423 plasmid DNA (group E) or Ad encoding AMA-MSP142

(group F) � control (group A). The antibody titers (group means) in the vaccinated
groups increased up to 1,800-fold compared with those detected prechallenge. Anti-
body titers (group means) increased up to 980-fold compared with those in the controls
postchallenge. Thus, exposure to whole parasites strongly boosted the antibody re-
sponses in all of the immunized groups. Even though there was no measurable
antibody response prechallenge, the titers in both monkeys immunized with plasmid
DNA alone and monkeys immunized with Ad5 alone were much higher than those in
the controls PoC (P � 0.01, t test), indicating that both platforms can prime for boosting
on exposure to parasites.
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FIG 3 ELISA antibody titers (relative Ab units) for Aotus monkeys immunized in a prime/boost regimen with plasmid DNA/Ad5 encoding P. vivax blood-stage
antigens AMA1 and MSP142. (A) Levels of Ab against AMA1; (B) levels of Ab against MSP142.
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Figure 4 shows the correlation between PC enzyme-linked immunosorbent assay
(ELISA) antibody titers and the levels of parasitemia to day 35 PoC by immunization
group. As shown in Fig. 4a, there was a weak negative correlation (r � �0.36; reference
r values for a weak correlation, 0.20 to 0.39) between the antibody titers and the mean
levels of parasitemia to day 35 PoC for AMA1 but a strong negative correlation (r �

�0.68; reference r values for a strong negative correlation, 0.60 to 0.79) for MSP142.
Similarly, as shown in Fig. 4c, a weak negative correlation between Ab titers and the
cumulative levels of parasitemia to day 35 PoC was detected for AMA1 (r � �0.35) and
a strong negative correlation was detected for MSP142 (r � �0.67). As seen in Fig. 4b,
a moderate negative correlation (reference r values for a moderate negative correlation,
0.40 to 0.59) between Ab titers and peak levels of parasitemia was detected for both
AMA1 (r � �0.45) and MSP142 (r � 0.59).

DISCUSSION

Adenovirus vaccine delivery systems, when used alone or in heterologous prime/
boost immunization regimens, have shown favorable safety and tolerability profiles and
have induced strong antimalarial immunity targeting both preerythrocytic and blood-
stage malaria parasite antigens in animals (31) and humans (19, 32, 33). It has been
thought for some time that both humoral and cellular immunity likely contribute to
protection, and this concept has recently been tested in clinical trials with some
success, although the protection against preerythrocytic stages observed with adeno-
virus vectors appears to be primarily mediated by CD8� T cell responses and not by
antibodies (19, 34), and the antibody responses in humans following the use of
heterologous regimens are relatively weak compared to the findings obtained in animal
models (35). Efforts are now focused on inducing stronger antibody responses in
combination with an already robust T cell response (36). This is particularly important
for inducing protective responses against blood-stage antigens, where antibodies are
known to play an important role (37).

In this study, we tested a plasmid DNA prime/Ad5 boost regimen in Aotus monkeys,
using two P. vivax antigens, AMA1, which is both a preerythrocytic and blood-stage
antigen, and MSP142, which is a blood-stage antigen. We focused on the induction of
antibody responses, comparing the results obtained with the combined antigen prime/
boost regimen to those obtained with priming alone, boosting alone, or prime/boost
regimens with each individual antigen. Based on the findings of prior studies in Aotus
monkeys showing the more robust induction of antibodies using intradermal injection,
we selected this route for vaccine administration. The monkeys were assessed, via
blood-stage challenge, for sterile immunity or for partial protection, with the latter
being determined from the delays in the onset of parasitemia, the time to the peak
level of parasitemia, the density of parasites at the time of the peak level of parasitemia,

FIG 4 Correlation between prechallenge antibody titers and levels of parasitemia and those at day 35 postchallenge. (a) Mean level of parasitemia; (b) peak
level of parasitemia; (c) cumulative level of parasitemia. The level of parasitemia is given as the number (103) of parasites per microliter. r, Pearson’s correlation
coefficient; PC, prechallenge.
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the group mean level of parasitemia, the overall level of parasitemia determined by the
area under the parasitemia curve, and the ability of the monkeys to self-cure without
the need for rescue treatment. Because the study focused on antibody responses,
blood-stage challenge seemed the most appropriate due to the importance of humoral
immunity for limiting parasitemia in nature (37). While no animals were sterilely
protected, the full two-antigen heterologous prime/boost regimen (group D) was
superior to all other regimens by measures of partial protection, showing the longest
delay to the peak level of parasitemia, the lowest parasite densities (peak and group
mean levels of parasitemia [P � 0.0001, t test]), and the highest frequency of self-cures
(P � 0.01, chi-square test). We also found a strong negative correlation between
MSP142 antibody titers and the level of parasitemia and a weak to moderate negative
correlation between AMA1 antibody titers and the level of parasitemia, suggesting that
prechallenge antibody titers correlated with a decreased parasite burden. This indi-
cated that both heterologous immunization regimens and the antigen combination
were beneficial. Overall, the results support the multiantigen, prime/boost approach to
vaccine design.

However, the study also indicated the limitations of this approach. For example,
there appeared to be significant interference in the antibody response to AMA1 when
AMA1 was combined with MSP142, mirroring the results seen more recently in humans
(38). This interference was not detected in an earlier study (24), but this may have been
due to the fact that the earlier study examined antibody responses only after plasmid
DNA immunization, whereas in our study the interference was manifest after the Ad
boost. Antibody responses to MSP142, in contrast, were not inhibited by combination
with AMA1, indicating a hierarchy of antigen interference and the importance of
identifying compatible antigen mixtures for vaccine development (17, 39). Because the
results obtained with animal models may not translate to humans, clinical trials of
subunit combinations should compare groups immunized with single antigens and
antigens in combination to ascertain whether interference is an issue and downselect
compatible antigens accordingly.

We used 10 intradermal injections for each vaccine administration, a regimen that
would be impractical for use in humans. While this seemed appropriate in our proof-
of-concept study, clinical application would require a more practical approach, and
clinical studies of other malaria vaccines have shown that more efficient methods of
intradermal injection, such as the use of jet injection devices, may be able to circum-
vent this concern (40).

An important limitation relates to the known extensive polymorphisms of P. vivax
AMA1 (41) and the relative lack of cross-strain immunity induced by immunization with
P. falciparum AMA1 in field protection studies (15), a finding which would presumably
apply to P. vivax AMA1 as well. Overcoming the limitations of strain-specific immunity
is an active area of investigation in the field, with several promising avenues being
pursued (42).

Another potential issue is that the prior exposure of all animals to a single blood-
stage infection with P. falciparum may have affected the immune responses, despite
evidence in humans that cross-species protection is minimal after a single exposure
(43). However, as the intent of the study was to compare regimens, we assumed that
any such effect would have been equalized among the groups. In addition, prior to
immunization, all animals were negative when they were tested for antibody responses
to P. vivax antigens.

A striking finding of this study was that none of the controls animals in groups A and
G developed anemia during infection, but those immunized with AMA1 (group B) or
MSP142 (group C) alone developed early cases of anemia (before day 28 PoC), while
those immunized with the dual-antigen vaccines (AMA1 and MSP142) (group D) devel-
oped anemia only at the end of infection (days 29 to 34 PoC) (Fig. 2h). This finding
suggests that early anemia appears to be an indication of incomplete protection,
manifested in this study by a low level of parasitemia in the presence of antibodies
against a single antigen, as has been observed in other single-immunogen P. falciparum
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vaccine efficacy trials using AMA1 (44), RH5 (31), and EBA175 (45), which partially
protected Aotus monkeys. However, during a recent P. falciparum blood-stage vaccine
trial, partial control of parasitemia was not considered a likely explanation for the
anemia observed in AMA1-immunized individuals (46), raising questions about the
safety of the intervention. On the other hand, a correlation between low-level anti-
AMA1 antibodies and protection against severe anemia in Kenyan children less than 2
years old has been reported (47). Other likely explanations for the early cases of anemia
observed in this study may involve autoimmune or other immune-mediated events
that led to the lysis of noninfected erythrocytes (45). An understanding of the vaccine-
induced anemia in this nonhuman primate model could yield important information on
the contribution of specific immunogens to the development of anemia in human
malaria vaccine trials.

Significantly, we found that immunization primed for boosting by exposure to
parasites, with the full prime/boost regimen that was the most effective at enhancing
the immune response induced by challenge being a plasmid DNA prime/Ad5 boost,
which was more effective than Ad5 alone or plasmid DNA alone, partially overcoming
the antigen interference noted prior to challenge. This characteristic could be advan-
tageous if it was applied to humans living in areas where malaria is endemic. The
appearance of marked differences between regimens in antibody titers (up to 128-fold)
following challenge indicates the need for caution when interpreting the readouts of
immunological assays, such as those of ELISAs, in vaccine trials when challenge is not
performed (which presents a risk of not identifying the most immunogenic regimens).

In summary, the combination of PvAMA1 and PvMSP142 in a plasmid DNA prime/
Ad5 boost regimen was partially efficacious in an Aotus monkey model of blood-stage
challenge, significantly suppressing parasitemia compared to that in the controls, and
appeared to be more efficacious than either antigen or either platform alone, despite
a degree of antigen interference. Our results support the use of this antigen combi-
nation and suggest that it will be a useful approach for increasing the protection
provided by candidate vaccines. Further development of PvAMA1 and PvMSP1 should
be considered, especially if additional blood-stage antigens that add to protection can
be identified. The study also demonstrated the value of heterologous prime/boost
regimens for increasing vaccine potency.

MATERIALS AND METHODS
Ethics statement. The experimental protocol entitled Efficacy and immunogenicity of a plasmid DNA

vaccine against Plasmodium vivax infection in Aotus monkeys was approved and registered at the ICGES
Institutional Animal Care and Use Committee (CIUCAL) under accession number 2006/02 and was
approved by the WRAIR/NMRC Institutional Animal Care and Use Committee (protocol number NP42). It
was conducted in accordance with the Animal Welfare Act and the Guide for the Care and Use of
Laboratory Animals of the Institute of Laboratory Animal Resources, National Research Council (48), and
the laws and regulations of the Republic of Panama.

Animals. The study used 30 adult male and female spleen-intact Aotus l. lemurinus Panamanian owl
monkeys of karyotypes VIII and IX (49). The weight range was from 698 to 967 g. All monkeys had
previously been experimentally exposed to P. falciparum once between the years 1999 and 2003 and had
been cured of their infections. Previous experiments indicated that exposure of Aotus monkeys to P.
falciparum blood-stage challenge does not cross-protect against challenge with P. vivax (unpublished
data). Similarly, no cross protection against P. falciparum, as measured by the frequency of fever or by
the parasite density in blood, was observed in human patients treated for neurosyphilis with P. vivax
sporozoites (43). Even though we could not ensure that there was residual protection from the previous
challenge with P. falciparum, the fact that the preimmunization serum was negative for the P. vivax
blood-stage antigens tested indicated to us that these animals were suited for use in vaccine studies. In
addition, since each animal had received a single prior infection with P. falciparum, any effect or
preexisting immunity would be equalized across groups. The animals were assigned by weight and sex
into 6 experimental groups of 4 or 5 monkeys each. Briefly, the animals were first listed by weight in
ascending order. Male and female animals were then assigned to each experimental group, alternating
between low- and high-weight animals. Two animals were assigned to the infection control group. One
animal was used as a donor of blood for use in the challenge inoculation. The animals were cared for and
maintained as previously described (50).

DNA plasmid vaccines. Full-length genes for the P. vivax SAL-1 strain apical membrane antigen 1
(AMA1; GenBank accession number AF063138) and the 42-kDa C-terminal fragment of merozoite surface
protein 1 (MSP142; GenBank accession number AF435593) were cloned into the VR1020 mammalian
expression vector (Vical Inc., San Diego, CA). This vector contains a human cytomegalovirus (CMV)
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promoter and a human tissue plasminogen activator (TPA) signal sequence. Each gene was cloned into
a separate plasmid. Both plasmids were previously shown to be immunogenic after immunization in
mice (51). The plasmids were diluted in phosphate-buffered saline (PBS; pH 7.2) prior to injection.

Viral vectors. The same sequences of the P. vivax genes were cloned into the shuttle plasmid
pShuttle-CMV (52) downstream from the CMV early promoter in the correct orientation. Homologous
recombination between the pShuttle-CMV-P. vivax antigen plasmids and the adenoviral backbone
plasmid pAdEasy-1 was allowed to occur in Escherichia coli BJ5183 cells, followed by generation of the
replication-incompetent E1/E3-defective Ad5 vectors encoding the P. vivax antigens in HEK293 cells as
described previously (52, 53). A separate Ad5 vector was generated for each P. vivax antigen and
subsequently purified by ultracentrifugation over a cesium chloride gradient.

Immunization regimens. Previous studies performed to optimize the antibody responses in Aotus
monkeys after immunization with plasmid DNA vaccines demonstrated that the intradermal (i.d.) route
of immunization in multiple sites in the lower back was better than the intramuscular route (23);
moreover, the antibody responses obtained by the intradermal route were augmented 6-fold by the
addition of E. coli DNA and were more potent than the antibody responses obtained by the i.m. route
with a plasmid expressing DNA encoding a hepatitis B virus antigen (25). For these reasons, the
intradermal route was selected.

Each group of monkeys was immunized as shown in Table 2. Group A (n � 4 monkeys) was the
negative-control group, and the monkeys in this group received three immunizations with the empty
plasmid and one boost with the empty adenovirus 5 vector with no P. vivax sequence insertion. Monkeys
in group B (n � 5) received an AMA1 plasmid DNA prime and a boost with adenovirus encoding AMA1.
Monkeys in group C (n � 5) received an MSP142 plasmid DNA prime and a boost with adenovirus
encoding MSP142. Monkeys in group D (n � 5) received an AMA1-MSP142 plasmid DNA prime and a
boost with adenovirus encoding AMA1-MSP142. Monkeys in group E (n � 4) received an AMA1-MSP142

plasmid DNA prime and a boosted with the empty adenovirus control. Monkeys in group F (n � 4)
received priming immunizations with the empty DNA control and a boost with adenovirus encoding
AMA1-MSP142. Monkeys in group G (n � 2) received no immunizations (infectivity controls). Each
regimen consisted of three priming plasmid DNA immunizations administered 4 weeks apart, as
described previously (23, 25), followed by a recombinant Ad5 boost 12 weeks after the last plasmid DNA
immunization (Fig. 5).

The doses administered were as follows: for plasmid DNA, a total of 500 �g (250 �g AMA1 and 250
�g MSP142) per immunization delivered by i.d. injection with a 29-gauge insulin needle in the skin of the
lower back in an amount not to exceed 0.1 ml at each of 10 different sites for a total of 1 ml as described
previously (27), and for Ad5, a total of 1 � 1010 viral particles (vp) per immunization (0.5 � 1010 vp AMA1
and 0.5 � 1010 vp MSP142) delivered i.d. in the same way described above. For those groups receiving
a single antigen, an amount of the second antigen equivalent to that in the vector control was
administered: 250 �g vector DNA or 0.5 � 1010 vp expressing no antigen. Prior to immunization, the
animals were sedated with ketamine (100 mg/ml) at a dose of 10 to 20 mg/kg of body weight i.m.

Serology. Serum samples were collected before each immunization and 30 days after challenge, as
shown in Fig. 5 (a few samples were not obtained from the monkeys in groups B, C, and F). Serum
samples were collected before rescue treatment with mefloquine (MQ), which was administered once at
10 mg/kg on day 35 postchallenge or earlier in the case of anemia (Table 1). Antibody titers were
measured using a standard enzyme-linked immunosorbent assay (ELISA) as previously described (54)
with slight modifications. Briefly, ELISA plates were coated with 100 units of recombinant AMA1
expressed in E. coli (equivalent to 0.4 �g/ml) and 100 units of MSP142 (equivalent to 0.2 �g/ml) in PBS

TABLE 2 Immunization regimen

Group Monkey no. DNA primea Ad5 boost

A 13096, 13107, 12955, 13165 Control plasmid Control Ad5 vector
B 13144, 13130, 13131, 13143, 13141 AMA1 AMA1
C 13135, 13168, 13166, 13145, 13146 MSP142 MSP142

D 13173, 13156, 13149, 13157, 13158 AMA1-MSP142 AMA1-MSP142

E 13090, 13091, 13178, 13179 AMA1-MSP142 Control Ad5 vector
F 13134, 13076, 13013, 13177 Control plasmid AMA1-MSP142

G 13190, 13174 Infection control Infection control
aThree DNA prime immunizations were used.

FIG 5 Immunization and bleeding schedule for Aotus monkeys immunized in a prime/boost regimen
with plasmid DNA/Ad5 encoding P. vivax blood-stage antigens AMA1 and MSP142. Animals that were
parasitemic received mefloquine treatment on day 35 (End). pRBC, parasite-infected red blood cells.
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and incubated for 6 h at room temperature. The antigen wells were then blocked with a blocking buffer
(PBS, pH 7.0, containing 0.5% Tween 20 and 3% nonfat dried skim milk) at 4°C overnight. A standard
consisting of a pool of serum samples known to be positive, test sera, the internal control, and blank
samples, all of which were diluted in PBS, pH 7.0, were added, and the plates were incubated for 2 h at
room temperature. The wells were washed three times with PBS-Tween 20 before the plates were
incubated for 1 h with a 1:1,000 dilution of conjugated goat anti-human immunoglobulin G (IgG) for 2
h at room temperature. The wells were then washed three times and incubated with the respective
substrate solution for 20 min. The color reaction was measured in a micro-ELISA reader by determination
of the optical density (OD) at 405 nm. The assays were performed in quadruplicate. The absorbance of
individual test samples was converted into ELISA units using a standard curve, generated by serially
diluting the standard in the same plate, and the results are shown as the OD of a 1:100 dilution of the
serum sample on a relative scale based on the results obtained with a pool of serum samples known to
be positive.

Cellular immunity. Human and chimpanzee adenovirus vectors have been used to deliver malaria
vaccine candidates. These vectors have been tested in mice (55), rhesus macaques (56), and humans
showing consistent antimalarial T cell immune responses (57). However, the small size of the Aotus
monkeys (weight, 700 to 1,000 g), the small amount of blood that could be safely obtained from the
Aotus monkeys (less than 3 ml of blood every 10 to 15 days), and the lack of species-specific reagents
at the time that the study was conducted precluded the use of this metric to correlate the level of
parasitemia and cellular immune responses to the candidate malaria vaccines in this animal model.
Therefore, T cell immune responses were not measured in this experiment.

Malaria parasite challenge. Previous studies in Aotus monkeys have demonstrated that the best
time for challenge after immunization with repeated P. falciparum blood-stage infections is 	4 to 5
weeks after the last immunization, when all animals challenged with an heterologous strain are partially
protected (29). A frozen stabilate of erythrocytes infected with P. vivax SAL-1 (originally obtained from
William C. Collins at CDC in 1997) was thawed, washed three times with RPMI medium, and resuspended
in 1 ml of RPMI medium for intravenous (i.v.) inoculation into the saphenous vein of donor animal
MN13127 using a 25-gauge butterfly needle catheter attached to a 3-ml syringe. When the level of
parasitemia reached a peak of 39,800 parasites/�l, a dilution of blood was made in RPMI to get a total
inoculum of 10,000 parasites/ml. All animals received 1 ml of the inoculum through the saphenous vein
as described above.

Animal monitoring. Following infection, all monkeys were monitored daily for parasitemia begin-
ning at day 5 postchallenge (PoC). A complete physical exam, determination of weight, complete blood
count, and chemistry profile were performed for each animal on days �7, 6, 13, 17, 21, and 28. Anemia
was defined as a hematocrit (HTC) of less than 50% of that at the baseline. This HTC level triggered rescue
treatment with MQ at 20 mg/kg once orally. The proportion of anemic animals before day 28 (early
anemia) and between days 29 and 34 PoC (late anemia) was recorded for each group to determine the
contribution of AMA1 or MSP142 alone or AMA1 and MSP142 in combination to the development of
anemia in the immunized group compared to the control group. Correspondingly, a Kaplan-Meier
survival curve was plotted to determine the percentage of animals remaining without treatment for
anemia at the end of the experiment on day 35 PoC.

Parasitemia determination and follow-up. Daily thick Giemsa-stained blood smears were prepared
from blood obtained from a prick in the marginal ear vein for determination of the level of parasitemia
by the method of Earle and Perez (58). Parasitemia outcomes were defined as cleared if the blood was
negative for two consecutive days (parasitemia, �10 parasites/�l or undetectable by microscopy),
cleared and self-cured if the blood was negative for more than 2 days without recrudescence, or
recrudescent if the blood was cleared and was then positive 2 days after it became negative. If the level
of parasitemia reached �150,000 parasites/�l, the hematocrit dropped to 50% below the baseline level,
or the platelet count reached �50,000/�l prior to day 28 p.i., the animals were rescue treated with a
single oral dose of 20 mg/kg of MQ. If an animal was treated for anemia on the second day of clearance,
the parasitemia was considered cleared. Otherwise, follow-up analysis for parasitemia continued until
day 35 p.i. when any monkeys not previously treated were treated. At between days 28 (the last day that
the CBC was performed) and 35 p.i., if an animal presented with persistent parasitemia (10 parasites/�l),
severe thrombocytopenia (�50,000 platelets), or anemia (an HCT less than 50% of that at the baseline)
(59), a decision was left to the veterinarian to treat the animal with MQ before the end of the experiment
on day 35 PoC. The reason for extending the experiment to day 35 rather than ending it on day 28, as
in prior studies, was to provide a longer period over which to obtain self-cure or parasite clearance data
before the end of the experiment.

Protection was classified as sterile (no parasites observed) or partial. Partial protection was measured
as a statistically significant difference between the immunized groups and the controls for the number
of days to patency (prepatent period), the number of days to the peak level of parasitemia, the group
mean level of parasitemia (the group mean level of parasitemia was calculated from the mean daily level
of parasitemia for the group during follow-up), or the total area under the parasitemia curve (AUC) or
differences in the rate of self-cure from that for the controls (need for rescue treatment due to a level
of parasitemia of �150,000 parasites/�l, a drop in the HTC of �50% of that at the baseline, or the
persistence of parasitemia on day 35 PoC) (Table 1).

Statistical analysis. To analyze the data obtained during this experiment, the Prism (version 5)
plotting and statistical software package (GraphPad Software Inc., La Jolla, CA) was used to compare
means using unpaired t tests and a 2-way ANOVA with the Bonferroni correction for multiple compar-
isons. Similarly, the chi-square test was used to determine the statistical significance of the difference
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between proportions. Prism (version 5) software was also used to measure the total AUC for each
individual animal and the mean level of parasitemia for each treatment group, as well as to generate
Kaplan-Meier survival curves for treatment outcomes and determine Pearson’s correlation coefficients for
prechallenge ELISA antibody levels at the time of the mean, peak, and cumulative levels of parasitemia
at day 35 PoC for each immunized group.
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