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Aotus lemurinus monkeys were immunized with pools of either lipid-tailed peptides injected in PBS or pep-
tides in Montanide ISA-51, all derived from four Plasmodium falciparum pre-erythrocytic antigens, namely, LSA1,
LSA3, SALSA, and STARP. These formulations were well tolerated. Their immunogenicity was demonstrated
by the induction of both B- and T-cell responses to most of the peptides studied (of the 12, 10 induced antibody
production, 9 induced T-cell proliferative responses, and all 12 induced gamma interferon secretion). Inmune
responses proved to be long lasting, since some were still detectable 210 days after immunization. Of particular
importance is the fact that B- and T-cell responses elicited in this way by synthetic peptides were specific for
native parasite proteins on P. falciparum sporozoites and liver stage parasites.

The possibility of developing malaria vaccines based on pre-
erythrocytic antigens was first considered following the obser-
vation that immunization with X-radiation-attenuated sporo-
zoites could induce protective immunity (17, 30). However,
more recent studies carried out in parallel under in vivo and in
vitro conditions have shown in both humans and rodents that
protection depends on the abilities of irradiated sporozoites to
penetrate hepatocytes and, further, to transform into uninu-
cleate liver trophozoites (14). The indication that persistent
liver form parasites are required to induce protection (14, 38,
46) was confirmed recently (34, 44).

Based on this rationale, we have focused our recent work on
the identification and characterization of liver stage antigens
(24, 35). Four of them, namely, LSA1, LSA3, SALSA, and
STARP, were recently characterized (4, 12a, 21, 22). The B-
and T-cell antigenicity of several regions of these four mole-
cules was established by epidemiological studies (3a, 4, 12a, 21,
22), and the corresponding synthetic peptides were produced
to study their immunogenicity.

Taking into account, on the one hand, the known potential
of Aotus lemurinus as a model for erythrocytic stages of Plas-
modium falciparum malaria (8, 10) and, on the other hand, the
susceptibility of monkeys in the family Cebidae to P. falciparum
liver stage development (11, 12, 13a, 14, 16), the aim of the
present study was to gather preliminary indications about their
capacity to develop an immune response to these antigens
compared to mice, chimpanzees, and humans before embark-
ing on systematic studies involving larger numbers of monkeys.

Immunization. Four A. lemurinus griseimembra monkeys (from
northern Colombia) with karyotype II or III were enrolled in
immunization experiments using 12 synthetic peptides derived
from the above-described four pre-erythrocytic-stage antigens,
together with one control. Each of the four animals was im-
munized with one of the four molecules by using a mixture of
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peptides as described in Table 1. Immunizations were per-
formed subcutaneously three times at intervals of 20 days. The
final volume per injection was 500 I containing 200 g of each
peptide. Six of the peptides were lipid-tailed peptides coupled
with a palmitic acid at the carboxyl-terminal end using a lysine
residue as a linker, which, on the basis of previous good im-
munogenicity results (3, 36), were injected in saline only, i.e.,
without an adjuvant. The remaining six peptides (without a
lipidic component) were emulsified in Montanide ISA-51. All
were produced by the stepwise solid-phase fert-butoxycarbonyl
technique (39) in a 430A automated peptide synthesizer (Ap-
plied Biosystems, Foster City, Calif.) and checked for homo-
geneity by analytical reverse-phase high-pressure liquid chro-
matography and for identity by amino acid analysis (3).

Antibody production in response to peptide immunization.
A high level of production of antibodies against 10 of the 12
peptides tested was observed. Sera collected from Aofus mon-
keys 15 and 210 days after the third immunization were tested
in parallel by using standard enzyme-linked immunosorbent
assay (ELISA) procedures described previously (6), except that
rabbit anti-Cebidae monkey immunoglobulin G (IgG) (a gift of
T. Fandeur, Institut Pasteur de Guyane, Cayenne, French Gui-
ana), diluted 1/2,000, was used as the second antibody and re-
vealed by peroxidase-conjugated anti-rabbit IgG (Biosys, Com-
piegne, France) at a dilution of 1/4,000.

As shown in Table 2, detectable antibodies against peptides
LSA1-NR, LSA1-TER, and LSA1-REP were induced by the im-
munization scheme and, interestingly, found to increase there-
after, despite the fact that no further boosting had been per-
formed. Only LSA1-J/Lipo did not induce antibodies; however,
we observed in chimpanzees that the antibody response to this
peptide was one which varied the most from one animal to
another (3a). Responses to both SALSA peptides, which do
not share cross-reactive epitopes (4), were elicited, and that
against SALSA-2 was much stronger than that against SALSA-
1. This is similar to what has been observed in immunized mice
and chimpanzees, as well as in exposed African humans (4),
confirming that SALSA-2 contains a potent B-cell epitope(s).
Antibody responses to both STARP-R and STARP-M, two re-
lated peptides, were obtained; however, the response was strik-
ingly stronger for STARP-M, which is a convergent combina-
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TABLE 1. Immunization scheme”

Protein (Aotus monkey) Peptide or compound

Sequence

LSAI (M21) LSA1-J/Lipo
LSAI-NR
LSAI-REP

LSA1-TER

LSA3-NRI
LSA3-NRII/Lipo
LSA3-RE
LSA3-CT1/Lipo

LSA3 (M23)

SALSA (M4) SALSA-1/Lipo

SALSA-2
STARP (M48) STARP-R/Lipo
STARP-M/Mixotope/Lipo

Adjuvant (V63) Montanide ISA-51

ERRAKEKLQEQQSDLEQRKADTKK K(Pam)-NH2
DTKKNLERKKEHGDILAEDLYGRLEIP

LAKEKLQEQQSDLEQERLAKEKLQEQQSDLEQERLAKEKLQ

NSRDSKEISIIEKTNRESITTNVEGRRDIHKGHKGHL

DELFNELLNSVDVNGEVKENILEESQ
LEESQVNDDIFNSLVKSVQQEQQHNV K(Pam)-NH2
VESVAPSVEESVAPSVEESVAENVEESV
LLSNIEEPKENIIDNLLNNI K(Pam)-NH2

SAEKKDEKEASEQGEESHKKENSQESA K(Pam)-NH2
NGKDDVKEEKKTNEKKDDGKTDKVQEKVLEKSPK

STDNNNTKTISTDNNNTKTI K(Pam)-NH2
STDNNNTKTISTDNNNTNTI K(Pam)-NH2
L---T-NTIKA---S-IT-N

«--D--D-NL------D-T

------- Kememmeen-K-K

“ Aotus monkeys were immunized with combinations of (i) lipopeptides (Lipo) injected in phosphate-buffered saline without an adjuvant at one location (pooled when
there was more than one lipopeptide from each molecule) and (ii) pools of peptides emulsified with Montanide ISA-51 adjuvant (SEPPIC, Paris, France) injected on
the same day at another site. STARP-M/Mixotope/Lipo consists of a mixed-epitope degenerated sequence as indicated above and described in reference 20.

® Peptide linked to palmitic acid (Pam) via a lysine residue.

torial library of peptides, or mixotope, obtained in a single
synthesis by introducing degenerated sequences into the 10-
amino-acid repeat region of the protein (see Table 1). This
result is in keeping with epidemiological observations (21) and
with previous studies using viral models in which the mixotope
strategy was found to enhance immunogenicity (18, 23). The
antibody responses to STARP peptides are also of interest
because in vitro studies have indicated that they can signifi-
cantly reduce sporozoite invasion in human hepatocytes and
therefore may play a role in protection (20). Antibodies to
three of the four LSA3 peptides, LSA3-CT1, LSA3 NR-II, and
LSA3-RE, were produced, although at low titers only. These
were nevertheless specific, since preimmunization sera were
negative even when tested at 1:20, as were postimmunization
samples tested with the control antigens RESA (47) and MSP3
(40). Although titers were low, they persisted for a long time,
i.e., up to 7 months, after immunization. This lower immuno-
genicity of LSA3 peptides in the single Aotus monkey studied
contrasts with the high titers induced in mice of various breeds
and in outbred chimpanzees (3, 3a). It is noteworthy that we
obtained strong antibody responses not only to repetitive mo-
tifs, as is frequently the case (31), but also to nonrepetitive
regions of the molecules (e.g., LSA1-NR, LSA1-TER, and
SALSA-2).

Production of T-cell responses. Remarkably, all of the 12 pep-
tides derived from the four P. falciparum pre-erythrocytic mol-
ecules contained T-cell epitopes capable of inducing either
proliferation, high gamma interferon, (IFN-y) production, or,
more frequently, both in Aotus lymphocytes (Fig. 1). In this
case, production of IFN-v has particular significance, since it is
recognized as a major mechanism of defense against liver stage
parasites (45). Aotus cells collected on day 0 (preimmuniza-
tion) and 15 days after the third immunization were tested by
lymphoproliferation with 10 pg of each peptide per ml as
described elsewhere (26). IFN-y concentrations in superna-
tants collected from triplicate wells on day 5 were assessed by
a two-site capture ELISA (3, 4, 22) using a combination of
anti-human IFN-y monoclonal antibodies identified as able to

react with Aotus IFN-y. Each of the four LSA1 peptides con-
tained T-cell determinants capable of stimulating IFN-y pro-
duction, and three of the four peptides induced a significant
proliferative response. When tested 210 days postimmuniza-
tion, a strong lymphoproliferation in response to two of the
four peptides, LSA1-NR and LSA1-REP, was still detectable
(data not shown). We found secretion of IFN-y in response to
each of the four LSA3 peptides and T-cell proliferation in
response to two of the four peptides, LSA3-NRI and LSA3-

TABLE 2. Antibody responses”

ELISA titer on post-
immunization day:

Monkey Antigen
15 210
M21 LSA1-J <100° <100
LSA1-NR 2,700 8,100
LSA1-REP 100 300
LSA1-TER 2,700 8,100
M23 LSA3-NRI <100 <100
LSA3-NRII 100 100
LSA3-RE 100 100
LSA3-CT1 100 100
M4 SALSA-1 100 100
SALSA-2 2,700 8,100
M48 STARP-R 2,700 2,700
STARP-M 24,300 8,100

¢ Titers determined in samples taken 15 and 210 days postimmunization cor-
respond to the dilution of the test sera whose optical density at 450 nm was above
the mean of control Aotus sera plus 2 standard deviations. Controls included (i)
sera from 10 Aotus monkeys with no history of exposure to malaria, as well as
preimmunization sera from the immunized monkeys, and (ii) peptides RESA
and MSP3. The mean optical densities of the control Aotus sera against each of
the peptides, used to define the cutoff values, ranged between 0.02 and 0.18.

? Negative at a dilution of 1:100.
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FIG. 1. T-cell proliferative responses and IFN-y secretion. The stimulation index was calculated as the mean number of counts per minute of triplicate test cultures
divided by the mean number of counts per minute of triplicate control cultures (nonstimulated cells) and was considered positive when >2. IFN-y concentrations were
calculated from a standard curve included in each plate and made by using culture medium containing known amounts of a standard IFN-y (NIH-IFN-y Gp23-901-530).
Negative and positive controls (unstimulated cells and cells stimulated with phytohemagglutinin [PHA]) were included in each assay. Supernatants from human and
Aotus phytohemagglutinin-stimulated blasts yielded similar values in the assay. Synthetic peptides and sonicated P. falciparum (P.f) sporozoite extracts (NF54 strain;
a gift of W. Eling) were adjusted to a final protein concentration of 10 pg/ml. P. vivax (P.v) sporozoites (obtained from Anopheles albimanus mosquitoes fed on human
blood samples) and noninfected A. albimanus mosquito salivary gland extracts were used as controls.

RE. This is reminiscent of studies with rodents in which LSA3-
CT1/Lipo was capable of inducing a T-cell response that could
only be revealed in terms of IFN-y production (41a). The pres-
ence of T-cell epitopes for Aotus lymphocytes within both
SALSA-1 and SALSA-2 was shown by the induction of both
proliferative and IFN-y responses to these peptides. Cellular
responses were also positive with the two STARP peptides.
They were also long lasting, as they remained detectable 210
days postimmunization (data not shown). As was the case for
antibody production, both lymphoproliferation and IFN-y pro-
duction were slightly higher with the multiepitope peptide
STARP-M. The specificity of the above-described responses
was ascertained by negative results recorded for two control
monkeys tested in parallel, as well as with preimmunization
lymphocyte samples from immunized Aotus monkeys.

Relevance to native parasite proteins. Synthetic peptides
may not always properly mimic the conformation of epitopes
within the whole parasite protein. This question is of particular
importance, as it can affect firstly the protective properties of
the immune responses and secondly the ability of the parasite
to boost it upon challenge. It was thus addressed at both the B-
and T-cell levels. Antibody titers were determined by testing
twofold serial dilutions in a “wet” indirect fluorescent-antibody
test (IFAT) as previously described for sporozoites (15) and
using Carnoy-fixed P. falciparum liver schizont sections as pre-
viously described for liver stage parasites (16).

Antibodies induced in the four immunized monkeys rec-
ognized the corresponding P. falciparum native proteins ex-

pressed on the sporozoite surface and/or in liver stage schi-
zonts (Table 3). In agreement with our ELISA results, anti-
STARP antibodies were the most reactive.

Aotus sera did not react with P. vivax sporozoites (titers of
<1/20; data not shown), which do not share any homologous
protein with the four P. falciparum antigens studied. The serum
of Aotus monkey M21, immunized with LSA1 peptides, react-
ed specifically with liver schizonts but, as expected, not with

TABLE 3. IFAT determination of stage-specific
antibody responses”

Source of Sporozoites Liver stage parasites
Monkey immunizing
peptides Day 15 Day 210 Day 15 Day 210
M21 LSA1 <20° <20 100 100
M23 LSA3 100 100 100 100
M4 SALSA 100 100 <20 <20
M48 STARP 3,200 3,200 200 100

“ Twofold serial dilutions in phosphate-buffered saline of serum from each
monkey were tested in an IFAT, starting at 1:20. Each value is the reciprocal of
the highest positive antibody dilution. Rabbit anti-Saimiri monkey IgG diluted
1/200 was employed, as in an ELISA, as the second antibody and detected with
fluorescein-conjugated goat anti-rabbit IgG (heavy and light chains; Diagnostic
Pasteur France) diluted at 1/100. Sera from 10 Aotus monkeys with no history of
malaria were used as controls and found to be negative at a dilution of 1:20.

 Negative at a dilution of 1:20.
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other parasite stages, thus confirming the strict liver stage ex-
pression of this molecule (22).

For technical reasons, T-cell responses can be assessed only
with sporozoites (the output of in vitro and in vivo methods of
liver stage P. falciparum production is too low). Nevertheless,
it is interesting that an in vitro challenge with P. falciparum
sporozoites, but not with P. vivax (used as a control), could
induce specific lymphoproliferation and IFN-y production in
cells from each of the three animals immunized with the three
molecules expressed at the sporozoite stage, but not with
LSA1, which is expressed only at the liver stage (Fig. 1). In our
previous studies with chimpanzees (3a), each animal was im-
munized with LSA3 together with each of the other three
molecules, and this impeded the precise determination of
which pre-erythrocytic molecule was responsible for the T-cell
proliferation observed with sporozoite extracts. The present
results obtained with animals immunized with single molecules
indicate that, in addition to LSA3, both synthetic peptides
STARP and SALSA can also induce T-cell responses specific
to native T-cell epitopes on sporozoites. Thus, the immune
responses induced by artificial immunization were stage spe-
cific and relevant to native proteins.

Although the number of monkeys used in this study was
small, the immune responses observed confirm the high immu-
nogenicity of our molecules and stress the interest of the li-
popeptide strategy. In recent years, synthetic lipopeptide tech-
nology has received more consideration for vaccine delivery (5,
13, 36, 49). Although the design of the experiment does not
permit immunogenicity comparisons between identical pep-
tides in adjuvants versus lipopeptides, the present results ob-
tained with Aofus monkeys support previous indications (3).
We tested six lipopeptides in Aotus monkeys, and, remark-
ably, all of them were able to induce high T-cell and/or hu-
moral responses without an adjuvant. This contrasts with an-
other study in which human immunodeficiency virus-derived
lipopeptides were injected into macaques and the animals re-
sponded to this formulation only when it was mixed with in-
complete Freund’s adjuvant (5) and is in favor of the immu-
nogenicity of the pre-erythrocytic molecules under study. We
cannot exclude the possibility that the Montanide adjuvant
injected with the peptides into the same animal, albeit at a
different site, indirectly influenced the immunogenicity of the
lipopeptides. However, it is noteworthy that the strongest im-
mune responses in our experiments were generated in the
Aotus monkey immunized with lipopeptides only, and the same
has been previously observed in mice and chimpanzees (3, 3a).

Indeed, the results sound promising when compared to those
of other trials performed with Saimiri and Aotus monkeys and
antigens derived from Plasmodium organisms at various stages
of the life cycle. These were done by using different antigen
formulations and different adjuvants and therefore cannot be
strictly compared. Nevertheless, it is striking that strong im-
mune responses were obtained in the above studies only with
powerful adjuvants, the majority of the studies relying on
Freund’s adjuvant (7, 19, 25, 27, 32, 41-43). Despite this fact,
only 10% of the animals developed strong immune responses,
44% developed moderate responses, 35% developed weak re-
sponses, and 9% did not respond at all (1, 7, 9, 19, 25, 27, 32,
33, 41-43). In contrast, the substantial and long-lasting re-
sponses obtained by using lipopeptides without any adjuvant or
a mixture of peptides with an adjuvant which can be used in
humans compare favorably with those in previous studies with
the same animal species.

The strategy employed to identify both the four antigens and
the specific peptides may have particularly favored the selec-
tion of more immunogenic molecules (35). The screening pro-

INFECT. IMMUN.

cess of an initial set of 120 clones encoding P. falciparum pre-
erythrocytic molecules included several steps which involved
the selection of immunodominant B- and T-cell epitopes. Strong
B-cell epitopes were identified by screening with human anti-
bodies obtained from different sources: (i) a set of 15 African
human sera from areas of endemicity, (ii) antibodies affinity
purified on each recombinant protein and tested upon sporo-
zoites and liver stage parasites, and (iii) sera from “postim-
mune” individuals who had left the area of endemicity several
years before to determine if the immune response were long
lasting. It is our belief that this strategy favored the selection of
more conserved and immunodominant antigens containing not
only B-cell epitopes but also strong T-helper epitopes associ-
ated with them. The T-cell epitopes were selected by taking
advantage of the observation that they are frequently localized
in unstable regions close to regularly organized structures sus-
ceptible to proteolysis and therefore susceptible to being pro-
cessed and associated with major histocompatibility complex
molecules (3). Since it has been shown that T-cell epitopes
could overlap and segregate within a relatively small area of a
given molecule (2, 28, 37, 48), the synthesis of medium-size
peptides (20 to 41 amino acids) was chosen to increase the
chance of getting several T-cell epitopes recognized by various
class II antigens in one given peptide.

We have found that the immunization of Aotus monkeys
with the 12 peptides described above corroborated data about
their antigenicity obtained with individuals exposed to malaria:
among the 12 peptides, 11 were found to define B-cell epitopes
in human populations with high antibody production, and all
12 defined T-cell epitopes with high prevalence to 9 of the 12
peptides (4, 12a, 21, 22). Moreover, the value of each of the
four molecules was supported by the identification of numer-
ous cytotoxic T-lymphocyte epitopes (3, 3a, 4, 29). Data ob-
tained with Aofus monkeys therefore confirm the previous
indications about the good antigenicity of these four molecules
in various species (3, 3a, 4, 6a, 12a, 21, 22) and show that these
medium-size peptides can associate with major histocompati-
bility complex class I antigens of the Aotus species as they do
with those of humans (22).

So far, Aotus monkeys have been used mainly for assessment
of the immunogenicity and protective efficacy of several blood
stage antigens (7, 9, 10, 27, 32, 42) but not much for pre-eryth-
rocytic vaccine development; hence, the reproducibility of this
model, in parasitological terms, has yet to be defined. Never-
theless, preliminary studies conducted with Aotus, Saimiri, and
Cebus monkeys have indicated that, in contrast to blood stage
parasites, liver schizogony can be readily obtained with P. fal-
ciparum strains without the need for previous adaptation to
these monkeys (11, 12, 13a, 14, 16). This, together with the
good antigenicity and immunogenicity of the pre-erythrocytic-
stage molecules described in this paper and the relevance of
responses to native proteins, suggests that Aofus monkeys have
potential for preclinical steps in the development of pre-eryth-
rocytic-stage malaria vaccines.
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