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CONSPECTUS

Seventeen million people die of transmittable diseases and 2/3 of the \
world’s population suffer them annually. Malaria, tuberculosis, AIDS, 5 f ; ol ey
hepatitis, and reemerging and new diseases are a great threat to human- B ST/ PR mey | RS
kind. A logical and rational approach for vaccine development is thus des- SN st e

perately needed. > hin

Protein chemistry provides the best tools for tackling these problems. The 2 ]
tremendous complexity of microbes, the different pathways they use for
invading host cells, and the immune responses they induce can only be
resolved by using the minimum subunit-based (chemically produced ~20-
mer peptides), multiantigenic (most proteins involved in invasion), multi-
stage (different invasion mechanisms) vaccine development approach.

The most lethal form of malaria caused by Plasmodium falciparum
(killing 3 million and affecting 500 million people worldwide annually) was used as target disease since many of its pro-
teins, its invasion pathways, and its genome have been described recently. A New World primate (the Aotus monkey) is highly
susceptibly to human malaria; its immune system molecules are 80-100% identical to those of its human counterpart, mak-
ing it an excellent model for vaccine development.

Chemically synthesized ~20-mer peptides, covering all the P. falciparum malaria proteins involved in red blood cell (RBC)
invasion were synthesized by the classical t-Boc technology (based on synthetic SPf66 antimalarial vaccine information for
identifying targets) and assayed in a highly sensitive, specific, and robust test for detecting receptor-ligand interactions
between high-activity binding peptides (HABPs) and RBCs. HABPs were identified, some in which the molecule displays genetic
variability (to be discarded due to their tremendous complexity) and elicits a strain-specific immune response and others
that are conserved (no amino acid sequence variation).

Conserved HABPs were synthesized in a polymeric form by adding cysteines at their N- and C-terminal ends to be used
for monkey immunization. They became nonimmunogenic (no antibodies were induced) nonprotection inducers (monkeys
were not protected against P. falciparum malaria challenge with a highly infective strain) suggesting a code of immuno-
logical silence or nonresponsiveness for these conserved HABPs.

A large number of monkey trials involving a considerable number of Aotus monkeys were performed to break this code of
immunological silence by replacing critical residues (determined by glycine peptide analogue scanning) to find that the following
amino acid changes had to be made to render them antibody and protection inducing: F~R; W<>Y; L<>H; I<>N; M<K; P<D;
Q<E; C-T.

The three-dimensional (3D) structure of >100 of these native modified HABPs (determined by "H NMR) revealed that the fol-
lowing structural changes had all to be achieved to allow a better fit into the major histocompatibility complex class Il (MHC
1) —peptide—TCR complex to properly activate the immune system: o-helix shortening, modifying their 5-turn, adopting segmen-
tal o-helix configuration, changing residue orientation, and increasing the distance of those residues fitting into the MHC Il mol-
ecules from antigen-presenting cells. More than 100 such highly immunogenic, protection-inducing (against P. falciparum malaria)
modified HABPs have been identified to date with this methodology, showing that it could lead to developing a highly effective
subunit-based, multiantigenic, multistage synthetic vaccine against diseases scourging humankind, malaria being one of them.
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Rationale for Multiantigenic Multistage
Vaccine Development

The tremendous complexity of microbes and the way they
interact with host cells combined with the immune responses
elicited by them have led to the search for a logical and ratio-
nal methodology for vaccine development including the mul-
tiple proteins (multiantigenic) or their fragments involved in
the different stages of microbial invasion of susceptible cells
(multistage). Rather than administering the whole microorgan-
ism as a vaccine, which could induce undesired effects, chem-
ical synthesis allows the delivery of multiple functionally
relevant (~20 amino acid) peptides, establishing the basis for
minimal subunit-based synthetic vaccine development.

This task has proved to be extremely difficult in the case of
malaria due to this parasite’s complex life cycle within both
mammal and invertebrate hosts (humans and Anopheles mos-
quitoes, respectively; Figure 1A), requiring the interaction of at
least 58—90 proteins in just one of it stages, the red blood cell
(RBC) invasion process."

A brief description of the Plasmodium falciparum (the most
lethal malarial parasite) life cycle is required to better under-
stand its molecular interactions in invasion. Following the bite
of a malarial parasite-infected mosquito, the inoculated
sporozoites (larva-like parasites present in the mosquito’s sal-
ivary glands) migrate to the liver and invade hepatocytes
through the interaction of a yet unknown large number of
proteins®~* [step a in Figure 1A].

After entering a hepatocyte, each parasite differentiates and
proliferates within a week, ending up with the release of
30 000 parasites having a pear-shaped morphology, named
merozoites [step b in Figure 1A and Figure 1B], and a new set
of molecules,>® which will target RBCs or erythrocytes for their
reproduction.

Invasion of the RBC begins with the merozoite rolling over
the RBC surface, a process mediated by weak receptor—ligand
interactions carried out by the merozoite surface protein (MSP)
family, of which 10 members (MSP1 to MSP10) have been
described in P. falciparum to date,”~'° as well as some other
proteins named Pf12, Pf38, Pf41, Pf92 Pf113, and SERA [Fig-
ure 1B].

The parasite then, in a process mainly mediated by apical
merozoite antigen-1 (AMA-1) protein,’" orientates its apical
pole to bring it into direct contact with the RBC. Parasite entry
and invasion follows proteins being released from intracyto-
plasmic organelles (named micronemes and rhoptrias) [Fig-
ure 1B], a process taking place in less than 40 s.
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FIGURE 1. (A) The P. falciparum malaria-parasite life cycle in its human
and mosquito hosts and (B) the merozoite structure with its most
important cellular compartments and organelles, as well as the most
important molecules involved in invasion of RBCs.

The erythrocyte binding antigen (EBA) family (including
EBA-175, -180, -140 and -160 kDa proteins)'2~'* is of par-
ticular interest among microneme molecules [Figure 1B], since
this group of proteins has been shown to be essential in
invasion.

Some of these membrane and microneme merozoite pro-
teins are anchored to the surface by a glycosyl phosphatidyl
inositol (GPI) tail or a transmembrane domain, establishing a
strong interaction with RBC and aiding formation of the para-
sitophorous vacuole (PV) in which the merozoite multiplies.

Other equally important rhoptry-localized proteins (found to
be invasion mediators) are the rhoptry proteins (Rhop-1-3),'>
rhoptry-associated proteins (RAP1-3),'® rhoptry H1-148/
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CLAG9Y, and the CLAG family (CLAG-1—9)'” [Figure 1B]. How-
ever, their role has still to be fully established.

Multiple molecules are thus involved in different parasite
invasion stages, even more so when the parasite is able to
switch-on or turn-off the expression of different proteins when
sensing an immune response to an already expressed mole-
cule or whenever the target receptor is not present on the host
cell. This occurs when receptors for merozoite EBA-175, -140,
and -181 proteins are not present on RBCs and the PfRh2b
molecule is thus synthesized for invasion instead.'® This also
occurs in field isolates where some use high expression lev-
els of Rh1 versus Rh2b proteins, or EBA-175 versus Rh4 pro-
teins to mediate RBC invasion.'® P. falciparum parasites are
thus able to use multiple pathways to invade their target cells.

Following such adhesion and invasion processes, the par-
asite’s intraerythrocyte development cycle continues through
different stages (ring, trophozoite, schizont) [step c in Figure
1A], all of them being inside the RBC and difficult for the
immune system to reach because they are hidden within the
host cell. A vaccine against the whole array of proteins
expressed during these intraerythrocyte maturation stages
would thus have little or very limited efficacy.

New merozoites are released following RBC rupture [step ¢
in Figure 1A] to invade new RBCs, such process repeating itself
every 48 h (in the case of P. falciparum), sometimes leading
to death due to the host’s excessive physiological and immu-
nological response against such proliferation.

Some merozoites (pear-shaped parasite forms) differenti-
ate into male and female gametes displaying a banana-
like form [step d in Figure 1A] and then are transported to a
mosquito’s midgut during its blood meal. They mate and
undergo a series of transformations there in a sexual cycle
[step e in Figure TA] culminating in the development of new
sporozoites, which migrate to the mosquito’s salivary glands
to be inoculated into another human host [Figure 1A], start-
ing the cycle over again.

A completely effective vaccine must therefore contain not
one but most of the molecules involved in the different stages
of parasite invasion of host cells (i.e., it must be multiantigenic
and multistage).

Rationale for Subunit-Based Synthetic
Peptide Vaccine Development

The parasite’s tremendous genetic variability represents
another formidable obstacle to overcome when develop-
ing a completely effective vaccine (there are only small pro-
tein fragments with no genetic amino acid sequence

variations or conserved regions in MSP-1, -2, -3, and -6
proteins or AMA-1).7/820-22

Including all the parasite’s genetic variants (thousands)
involved in invasion, thereby trying to saturate the immu-
nologic system for preventing a single parasite’s escape
from the immune response would be an impossible task,
even more so when these genetic variants are found very
close to functionally relevant amino acid sequences (such
as those binding to host cells), thus biasing the immune sys-
tem toward responding against functionally irrelevant
regions.

These genetic variants induce clearly established biased
parasite escape mechanisms (such as immune system nonre-
sponsiveness), suppressing the immune response to other par-
asite genetic variations of the protein,?® inducing or
programming the death (or apoptosis) of specific immune
response cells, etc.* This data clearly suggests the need for
designing minimal subunit-based vaccines (preferentially syn-
thetic ones) so as not to fall into the genetic variant-induced
immunological traps described above.

The Basis of Our Approach
Our institute thus began developing synthetic-peptide-based
(15—25-mer), chemically synthesized vaccines containing sev-
eral peptides derived from different parasite proteins and
stages. The first such multiantigenic, multistage subunit-based
chemically synthesized vaccine was produced 20 years ago
after testing dozens of synthetic peptides in intravenously
challenged Aotus monkeys, after vaccination, with a highly
infective P. falciparum strain.?® Those partially protective pep-
tides were later synthesized in a single 45-mer synthetic pep-
tide polymerized via N- and C-terminal cysteine addition,
named SPf66.2° After all monkey trials and safety and immu-
nogenicity trials involving thousands of humans, this first syn-
thetic vaccine (produced 20 years ago) was safe and
immunogenic and provided ~35% protection in people older
than 1 year in large field trials carried out in different parts of
the world.?”~2° One lot produced elsewhere proved nonpro-
tective.?°

It was also found that two out of the three merozoite-de-
rived amino acid sequences included in this vaccine®' were
derived from peptides that bound with high affinity to RBC.
The fourth one was a sporozoite-derived peptide that bound
with equally high affinity to hepatic cells, suggesting that what
had been included in this vaccine were amino acid sequences
having high host cell binding ability.
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Strong genetic control of the immune response was also
found when using SPf66; this was associated with major
histocompatibility complex class 1l (MHC Il) molecules,
particularly HLA-DR, since individuals immunized with SPf66
who did not produce antibodies against the vaccine nor the
parasite (nonresponders) and developed malaria in natural
conditions were typed as being individuals carrying the
HLA-DRB1* 0401 genetic characteristic.* It was also observed
that nonresponders were preferentially using T-lymphocyte
receptor (TCR) VA3, -10, and -11 families.?3 This suggested an
imperfect SPf66 vaccine fit into the complex formed by
MHC II—peptide—TCR molecules in such nonresponding
individuals.

Our Approach

Based on the fact that SPf66 synthetic vaccine included pep-
tides having high RBC binding ability, a highly robust, spe-
cific, and sensitive methodology was designed for recognizing
those relevant peptides in all proteins involved in RBC inva-
sion. Sequences of 20 amino acids having high host cell bind-
ing ability®>* were thus assayed, leading to identification of
peptides having high specific binding activity (HABPs).>> Ana-
lyzing the polymorphism of HABPs led to us to find that some
of these HABPs had conserved amino acid sequences>*~4°
and others had variable ones, in addition to regions neigh-
boring conserved HABPs having tremendous genetic polymor-
phism, perhaps used by the parasite as a distraction
mechanism for evading the immune response. Faced by such
tremendous genetic polymorphism and related immunologi-
cal biasing effects, the rational and logical development of
vaccines focused on producing a conserved HABP-induced
protective immune response.

However, another insurmountable immunological problem
hindered finding a rapid solution; conserved HABPs are immu-
nologically silent (i.e., they are not seen by the immune sys-
tem), and therefore, in natural infection conditions, they do not
induce antibody, cellular, or protective immune responses
directed against them. On the other hand, variable HABPs are
highly antigenic (visible by the immune system during natu-
ral infection) inducing very high but strain-specific antibody
levels.

Very strong antibody-mediated (humoral) or cellular
immune responses have been found by our institute against
variable sequences (irrespective of their binding property) and
humoral or cellular immune response against conserved
sequences that did not bind to the host cell; however, no
immune response has so far been found against conserved
HABPs. The immunological code of silence (or immunologi-
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cal nonresponsiveness) is thus mainly directed toward con-
served HABPs.

How To Resolve the Problem

Many studies have been carried out on a significant number
of Aotus monkeys to resolve the problem of the immunolog-
ical code of silence toward conserved HABPs. These primates
are highly susceptible to developing human malaria, besides
having an almost identical immune system to that of humans,
as assessed by cloning and sequencing the most relevant
immune system molecules, such as immunoglobulins, T cell
receptors o and yd, MHC class | and Il proteins, cytokines,
etc. They were immunized with polymerized modified con-
served HABPs (homogenized with Freund’s adjuvant) in which
some critical residues in RBC binding (previously identified by
glycine analogue peptide scanning) were replaced in the
search for some immune response and thereby a break in the
HABP immunological code of silence.*’

Most of these modifications provided totally negative
results (group C in Tables 1 and 2); however, some changes
made to these modified HABPs during the last 10 years have
led to induction of high short-lived antibody titer production
(determined by immunofluorescence (IFA) and Western blot)*?
and the absence of protection against experimental challenge
performed 20 days after the third immunization, when they
were experimentally challenged using a 100%-infective dose
of an Aotus-adapted P. falciparum strain (group B in Tables 1
and 2).

Some changes in these modified HABPs induced high long-
lived antibody titers without inducing protection against exper-
imental infection of Aotus monkeys (group B in Tables 1 and
2), phenomena related to the residues’ orientation and pep-
tide configuration in modified HABPs.*?

However, certain specific amino acid replacements did
induce high long-lived antibody titers associated with protec-
tion against experimental challenge (group A in Tables 1 and
2).

Physicochemical and biological principles began to
emerge from these studies performed in the Aotus mon-
key; one of them stressed that the critical amino acids in
RBC binding (as assessed by glycine analogue scanning)of
these conserved HABPs must be replaced by others hav-
ing similar mass, volume, and surface, but opposite polar-
ity to make these conserved and immunologically silent
HABPs become immunogenic and protection-inducing.
Therefore, the following amino acid pairs can be mutually
substituted: F~R; W<Y; L<H; [<==N; M<>K; P<~D; Q<E; and
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TABLE 1. Antibody-Mediated Immune Response and Protective Efficacy

Induced by 5501 (MSP-1 derived HABP) and Its Analogues®® @

polymerized peptide no. peptide sequence IFA 2nd® IFA 3rd¢ nr. of protected monkeys group
5501 MLNISQHQCVKKQCPQNS 0/5 0/5 0/5
12926 0 —-—--——- S----IS--- 0/5 1 (640) 1/5
12924 e S----AD--- 0/5 1(640) 1/5
12920 - —--——- S----SD--- 1(160) 0/5 1/5 A
15522 e T-MMMT---- 2(640) 0/3 1/3
24148a 0 0 -—--- ML-T-MMMT--K- 2 (2560) d 2/8
24148 0 ————- ML-T-MMMT--K- 1(640) d 1/8
15968 -H----L-T----TD--- 1(320) 0/6 0/5
13466 0 - M-S----SD--- 3(1280) 0/6 0/6
13978  ———e——- S-M-MSD--- 3(640) 0/5 0/5
15524 -H------T-MMMT---- 1(320) 0/3 0/3
22788 —--——- M-V----SD-K- 1(640) d 0/10 B
22810  —--——- M-V----VD-K- 1 (640) d 0/10
23754 -H----L-V---MV--K- 1 (640) d 0/8
13984 -H------S-MMMSD--- 0/6 2(320) 0/5
13980 -H------S-M-MSD--- 0/6 1(320) 0/4
13982 e S-MMMSD--- 0/6 1(640) 0/6
7556 -G------ S-G------- 0/5 0/5 0/4
7560 -G--———- S---G---—-- 0/5 0/5 0/5
7562 -G---—-- S----G---- 0/5 0/5 0/4
7370 e S---G-G--- 0/5 0/5 d
9582 0 e S----GG--- 0/5 0/5 0/5
9576 ——--———- S---GG---- 0/5 0/5 0/5
908 @ - S-G-GG---- 0/5 0/5 0/5
12922 ———me——- S----VD--- 0/5 0/5 0/5
13468 - L-S----SD--- 0/5 0/4 0/4
13470 -H----M-S----SD--- 0/6 0/6 0/6
13472 -H----L-S----SD--- 0/6 0/6 0/6
13750 ------M-S-M-MSD--- 0/5 0/5 0/5
13746  -————- M-S---MSD--- 0/5 0/5 0/5
13754 - M-S----VD--- 0/5 0/5 0/5
13756 -H----M-S----VD--- 0/5 0/5 0/5
13760 -H----M-S---MVD--- 0/5 0/5 0/5
13762 ------M-S-M-MVD--- 0/5 0/5 0/5 C
13764 -H----M-S-M-MVD--- 0/5 0/5 0/5
15520 -H------T-M-MT---- 0/5 0/4 0/4
15528 -H------T-M-MTD--- 0/5 0/5 0/5
24326 000 ----- ML-T-M-MT--K* 0/7 d 0/7
15530  —-—-m——- T-MMMTD--- 0/5 0/5 0/5
15532 -H------T-MMMTD--- 0/4 0/4 0/4
13758 - M-S---MVD--- 0/5 0/5 0/5
13478 -H----L-S----PV--- 0/6 0/6 0/6
15970 -H---——- T----TD--- 0/6 0/4 0/4
13474 -H----M-S----PV--- 0/6 0/6 0/6
17946 -—--—- M-S---ISD*-- 0/6 0/6 0/6
15966 -H------ T----T---- 0/6 0/6 0/6
15972 ———me——- T----TD--- 0/6 0/4 0/4
22446 -H----L-S----ADK* 0/6 d 0/6
2808 -H----M-V----VD-K* 0/10 d 0/10
3282 - M-S---MAD-K* 0/10 d 0/10
24074 -H----M-V---MVD-K* 0/9 d 0/9
controls 0/100 0/100 0/100

@ Antibody titers were assayed by immunofluorescence antibody test (IFA) 15 days after the second (Il,5) and 20 days after the third (lll,,) immunization.
Protection was defined as being the complete absence of parasites in immunized monkey blood for 15 days following challenge. Control as well as nonprotected
monkeys developed patent parasitemia by days 5 or 6 that required treatment by days 8 or 9. ” Number of monkeys with antibody titer by IFA >1:160 after the
second immunization. < Number of monkeys with antibody titer by IFA >1:160 after the third immunization. ¢ Not determined.

C<=T. S, A, and G, being very small amino acids lacking
counterparts having opposite polarity, need special consid-
eration. Modifications to critical binding residues would thus
seem to have broken the immunological code of silence of
the conserved binding sequences (Tables 1 and 2).

Native and Modified HABP 3D Structure

It has been argued for a long time that short synthetic pep-
tides do not display the same structure that they show in
native proteins, casting doubts on a minimal subunit-based
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TABLE 2. Antibody Response and Protection Induced by 4325 (AMA-1 Derived HABP) and Its Analogues in Aotus Monkeys>* ¢

polymerized peptide no. peptide sequence IFA 2nd® IFA 3rd¢ nr. of protected monkeys group
4325 MIKSAFLPTGAFKADRYKSH 0 0 0/6
13486 ---AS-D------ SP----- 3(2560) 2(1280) 2/5
15516 ---A--H----- MS--W--- 1(1280) 1(160) 1/4
20034 ——-A---—--—-- M-—--—-- 2(320) 1(160) 2/8 A
20032 B S et 1(160) 1(160) 1/8
22784 ---VG-D------ SP----- 1(2560) d 1/10
23404 ---V8-D-—-—- MS--——-—- 2(320) d 1/10
23406 ---VS-DD----MS-----~ 1(320) d 1/10
14518 -——VG-H---—-——- SP-W--- 1(320) 0 0/3
14520 ---VG-H----- MSP----- 2 (640) 0 0/3 B
17934 -—-AS-HV----MS---———- 2(320) 0 0/7
17936 ---AS-HV----MSP-W--- 2 (640) 0 0/5
9192 B € 0 0 0/5
9196 0 ——mmme————— G--—--- 0 0 0/5
10100 ---RG----—-—--—-———- 0 0 0/5
10102 ——-FG-—————————————— 0 0 0/5
10104 --—GT----—-—-- - 0 0 0/5
12708  —mmmmm e W--- 0 0 d
15512 ——-A--——--——- S—-W--- 0 0 0/4
15510 ———A--—--———- S-—--—-- 0 0 0/4
16000 B e 0 0 0/5 C
16008 0 - H--—---- P-—-—- 0 0 0/4
16002 --—-8-H-------—-—-—- 0 0 0/5
16004 --—-S-H------- P-—-—- 0 0 0/5
16006 ————S-——mm - P--—-- 0 0 0/5
17932 ---AS-D------ SP-W--- 0 0 0/7
23178 ---VS-D------—---—- G- 0 d 0/9
23774 ---VS-HD---MS-----~ 0 d 0/9
22424 ---SS-HV------ P--—-- 0 d 0/8
23000 ---V--D----—- SP----- 0 d 0/7
controls 0/60 0/60 0/60

|FA titers are the maximum reciprocal dilution in this group of monkeys, where 3 (2560) means that 3/10 monkeys had a 1:2560 titer. ® Number of monkeys
with antibody titer by IFA >1:160 after the second immunization. < Number of monkeys with antibody titer by IFA >1:160 after the third immunization. ¢ ND=

not determined, since they received only two doses instead of three.

synthetic vaccine approach. This could be true for very short
5-10-mer peptides; however, we have observed that our
18-25 amino acid conserved native HABP three-dimensional
(3D) structures determined by 'H NMR studies could be prac-
tically superimposed on the corresponding amino acid
sequences in the few recombinant malarial molecules whose
3D structures had been determined by X-ray crystallography.
An example of this can be seen when superimposing con-
served HABP 1783 structure [shown in blue in Figure 2] deter-
mined by 'H NMR** on top of its corresponding residues
580-599 (red) from EBA-175 region Il recombinant protein
fragment (yellow) determined by X-ray crystallography** [Fig-
ure 2]. Root mean square deviation (rmsd) was 0.89. Further-
more, the same crystallographic studies have shown that
glycan residues from RBC glycophorin A specifically bind to
this conserved HABP.*> The same occurs with other conserved
HABPs such as AMA-1-derived 4325 and MSP-derived 4044.

The biological functions that have been determined for these
native conserved HABPs (i.e., host cell binding ability>*~*°) and
immunological characteristics such as an immunological code of
silence could thus be equal to or very similar to those presented
by native proteins, strongly supporting our approach aimed at
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HABP 1783

FIGURE 2. X-ray crystallography determined 3D structure of the recom-
binant EBA-175 region Il (yellow),** and localization of HABP 1783 (red)
in residues 580—599 (top panel). At the bottom, the almost complete
superimposition of EBA-175 recombinant region Il amino acid sequence
(red) on conserved HABP 1783 3D structure (blue) as assessed by 'H
NMR,** displaying 0.89 rmsd.

working with 15—25-mer, chemically synthesized peptides as a
logical and rational methodology for minimal subunit-based syn-
thetic vaccine development.
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Structural and Binding Characteristics of
HLA-DR Molecules

A peptide must be appropriately adjusted in the binding
groove of antigen-presenting cell MHC class Il molecules, con-
sisting of two membrane-anchored chains [o. and f], to
become immunogenic, thereby allowing residues interacting
with amino acids from the P,, P,, P, and Po pockets of these
molecules*® to fit appropriately into such pockets*” [Figures
3A,B] and thereby leading to H-bond formation between the
backbone atoms of the peptide and class Il amino acid
residues.*®~*° These 11 H-bonds stabilize peptide binding to
this molecule, and if the other residues (—P,, =P, P, P5, Ps,
P,, Pg, and P,,) are appropriately orientated in the opposite
direction to the class Il molecule groove, then these residues
interact with the different variable regions of the TCR chains
(o and p) called CDR,, CDR,, and CDR; to form the correct
MHC lI—peptide—TCR complex, thereby inducing appropri-
ate immune system activation*”~*° and antibody production.

Independently of native conserved HABP three-dimensional
structure (a-helix, g-turn, random structure), these peptides’
fundamental characteristic is that they do not bind to class II
molecule groove or do so imperfectly, thus hampering the
appropriate and stable MHC—peptide—TCR complex forma-
tion for inducing an appropriate immune response.

On the other hand, modified HABPs acquire structural char-
acteristics slightly different from their native parental ones, such
as shortening their o-helices, adopting short a-helical structures
in those peptides presenting a random structure, modifying their
p-turns, elongating those in which molecules are adjusted to cer-
tain HLA-DR alleles by 21.5 + 1.5 A or elongating to 25.5 A
those that bind to others, changing residue orientation, or chang-
ing affinity for certain alleles.*'#*>°~8 This distance was 6.5 =+
0.5 Aand 4.5 + 1.5 A shorter in short-lived and long-lasting anti-
body-inducing but non-protection-inducing modified HABPs,
respectively, than in immunogenic, protection-inducing ones; res-
idue orientation was also different.*>*3 In essence, immunogenic
protection-inducing modified conserved HABPs have been mod-
ified so that they can fit perfectly into the MHC ll—peptide—TCR
complex for triggering an appropriate immune response, provid-
ing tremendous support for using chemically synthesized, specif-
ically modified conserved HABPs in vaccine development.

Because innumerable physicochemical and biological fac-
tors are involved in developing a totally protective vaccine, it
must be based on small conserved subunits to avoid falling
into the trap of microbial genetic variability. It must be multi-
antigenic to cover all microbial host cell ligands (and their
switch on and turn off strategy to evade the immune response

or host cell genetic polymorphism)'®'9 and must include all
modified HABPs derived from the microbe’s different inva-
sive stages (multistage). Chemical synthesis represents the
most stable, rapid, economic, easily reproducible way of doing
this.

Modifications made to conserved HABPs have shown an
appropriate fit in the groove of HLA-DRS1* 0403 molecules
[Figure 3C] suggesting that such modifications led to the
appropriate formation of the MHC lI—peptide—TCR complex
for inducing an immune response, which was not just immu-
nogenic but also induced protection against experimental
challenge. This occurred when Aotus monkeys were immu-
nized with peptide 24112 analogue modified from MSP-2
protein HABP 4044.2 This modified HABP induced very high
antibody titers and complete protection in 66% of the immu-
nized Aotus carrying the HLA-DR 51" 0403 genetic character-
istic, as assessed by DNA sequencing. Molecular modeling and
docking of this modified 24112 HABP structure (as deter-
mined by 'H NMR)>? into the HLA-DRB1* 0401 (as reported
by X-ray crystallography studies)*” allowed the spontaneous
formation of seven out of the eleven H-bonds between the
backbone atoms of this modified HABP and the correspond-
ing atoms of the interacting amino acids of the HLA-DR mol-
ecule. This supported the suggestion that modifications
performed on this modified HABP allowed a better fit into the
MHC IlI—peptide—TCR complex despite the different method-
ologies used for determining their 3D structure. It is worth stat-
ing that native parental HABP 4044 did bind to anyone of the
HLA-DR molecules studied, did not induce antibodies against
the P. falciparum parasite or protection against experimental
challenge (manuscript in preparation), and displayed a com-
pletely different 3D structure as assessed by 'H NMR.>2

These results essentially show that conserved HABPs must
be modified to achieve the appropriate formation of the
MHC—peptide—TCR complex to induce an appropriate
immune response and thereby break the immunological code
of silence of these highly relevant amino acid sequences
required for two very important microbial survival mecha-
nisms: adhesion and invasion.

Elegant proteomic and transcriptome studies have shown
how a minimum of 58 proteins mediate merozoite invasion
of RBC;' a similar number of molecules must thus be
blocked.?*~*° Our group has identified numerous conserved
HABPs from these proteins; many of these modified HABPs
have been proved to be able to induce a long-lived antibody
response as well as their protection-inducing ability when
faced by experimental challenge.*'##>978 The 3D structures
for more than a hundred of them (native and modified) have
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FIGURE 3. (A) Ribbon diagram of the HLA-DRB1*0401 molecule,
showing the o-chain in pink and the $-chain in light blue. Amino
acids and their surfaces forming pocket 1 are displayed in fuchsia,
those of pocket 4 in blue, those of pocket 6 in light brown, and
those of pocket 9 in green.®* (B) HLA-DRA1*0401 molecule surface
highlighting the pockets. (C) Docking immunogenic P. falciparum
malaria protection-inducing peptide 24112 into the HLA-
DRB1*0401 molecule. Van der Waals surface color code for 24112
peptide amino acids and those conforming the MHC II—
peptide—TCR complex are the same as those fitting into pockets 1,
4, 6 and 9, with the other residues in red (P2), turquoise (P3), rose
(P5), gray (P7), and yellow (P8).
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been determined by our 'H NMR studies,*'#4>°7>8 |eading to
emphasis of the universality of the principles defined here. It
has not escaped us that this methodology can be used for any
other type of microbial agent, as ongoing work in our insti-
tute is being directed toward this end.>97°2

Basically, developing particular vaccines against malaria,
which causes more than 500 million cases annually, killing 3
million people, mainly children aged less than 5 in sub-Sa-
haran Africa,®? is a very complex event involving an extremely
elaborate chemical, physical, biological, and immunological
approach in an attempt to resolve it.

This Account provides logical and rational reasoning for
developing multiantigenic, multistage, subunit-based vaccines
by chemically synthesizing peptides and establishing princi-
ples for this, opening up a promising field for controlling
humanity’s main transmissible diseases, which take more than
17 million lives annually, malaria being one of them.
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lating this manuscript.

BIOGRAPHICAL INFORMATION

Manuel Elkin Patarroyo (born in 1946) received his M.D.
degree from the Universidad Nacional de Colombia (National Uni-
versity of Colombia, School of Medicine) in 1971, where he is Full
Professor for Molecular Pathology. He did postdoctoral studies at
Rockefeller University in the United States with Professor Henry
Kunkel and on Tumor Immunology at Karolinska Institute, Swe-
den, with Professor George Klein. In 1976, he founded the Insti-
tuto de Inmunologia at the San Juan de Dios Hospital, fully
devoted to the development of chemically synthesized vaccines,
malaria being one of them, with the advice of Professors Bruce
Merrifield and David Andreu (Rockefeller University), and Profes-
sor Richard Lerner (Scripps Research Institute). The first chemi-
cally synthesized vaccine against this scourging disease was
published in Nature in 1987 followed by a large series of clini-
cal and field trials in different parts of the world that allowed the
conclusion of the feasibility of chemically synthesized vaccines.
He has received numerous awards including the Award of the
Third World Academy of Science (TWAS) in 1988, the Prince of
Asturias Award in Science and Technology (Spain) in 1994, the
Robert Koch Award (Germany) in 1994, the Medicin de I'année
Award (France) in 1995, the Edinburgh Medal (England) in 1995,
the National Science Award (Colombia) in 1986, 1984, 1982, and
1978, and 26 Honoris Causa Doctor degrees from different uni-
versities throughout the world. He is founder and current direc-
tor of the Fundacion Instituto de Inmunologia de Colombia since
2001.

Manuel Alfonso Patarroyo (born in 1972) obtained both his
M.D. and Dr.Sc. degrees from the National University of Colom-



Subunit-Based, Multiantigenic, Multistage Vaccines Patarroyo and Patarroyo

bia. He is currently Full Professor at the Universidad del Rosario
School of Medicine in Bogota, Colombia, and Adjunct Professor at
the National University of Colombia School of Medicine. His
research interests have been mainly focused on developing vac-
cines against Plasmodium vivax malaria and tuberculosis. He and
his group have successfully tested a recombinant vaccine candi-
date against P. vivax in Aotus monkeys, becoming one of the
leading groups in vaccine development against this scourging dis-
ease. Besides his work on infectious diseases, Professor Patar-
royo has also been working on the molecular characterization of
the immune system components of the Aotus monkey, an ideal
experimental model for testing vaccines for humans. He is cur-
rently the head of the Molecular Biology Department at the Fun-
dacion Instituto de Inmunologia de Colombia.

FOOTNOTES

*To whom correspondence should be addressed. Mailing address: Fundacion Instituto de
Inmunologia de Colombia. Carrera 50#26-00. Bogota, Colombia. Phone: +57-1-
4815219, Fax: +57-1-4815269. E-mail: mepatarr@mail.com.

REFERENCES

1 Bozdech, Z,; Llinas, M.; Pulliam, B. L.; Wong, E. D.; Zhu, J.; DeRisi, J. L. The
transcriptome of the intraerythrocytic developmental cycle of Plasmodium
falciparum. PLoS Biol. 2003, 1, E5.

2 LeRoch, K. G.; Zhou, Y.; Blair, P. L.; Grainger, M.; Moch, J. K.; Haynes, J. D.; De La
Vega, P.; Holder, A. A.; Batalov, S.; Carucci, D. J.; Winzeler, E. A. Discovery of gene
function by expression profiling of the malaria parasite life cycle. Science 2003,
301, 1503-1508.

3 Garcia, J. E.; Puentes, A.; Patarroyo, M. E. Developmental biology of sporozoite-host
interactions in Plasmodium falciparum malaria: implications for vaccine design. Clin.
Microbiol. Rev. 2008, 4, 686—707.

4 Kappe, S. H.; Buscaglia, C. A.; Nussenzweig, V. Plasmodium sporozoite molecular
cell biology. Annu. Rev. Cell. Dev. Biol. 2004, 20, 29-59.

5 Guerin-Marchand, C.; Druilhe, P.; Galey, B.; Londono, A.; Patarapotikul, J.;
Beaudoin, R. L.; Dubeaux, C.; Tartar, A.; Mercereau-Puijalon, O.; Langsley, G. A
liver-stage-specific antigen of Plasmodium falciparum characterized by gene
cloning. Nature 1987, 329, 164-167.

6 Ishino, T.; Yano, K.; Chinzei, Y.; Yuda, M. Cell-passage activity is required for the
malarial parasite to cross the liver sinusoidal cell layer. PLoS Biol. 2004, 2, E4.

7 Holder, A. A.; Freeman, R. R. Biosynthesis and processing of a Plasmodium
falciparum schizont antigen recognized by immune serum and a monoclonal
antibody. J. Exp. Med. 1982, 156, 1528-1538.

8 Fenton, B.; Clark, J. T.; Khan, C. M.; Robinson, J. V.; Walliker, D.; Ridley, R.; Scaife,
J. G.; McBride, J. S. Structural and antigenic polymorphism of the 35- to 48-
kilodalton merozoite surface antigen (MSA-2) of the malaria parasite Plasmodium
falciparum. Mol. Cell. Biol. 1991, 11, 963-971.

9 Oeuvray, C.; Bouharoun-Tayoun, H.; Grass-Masse, H.; Lepers, J. P.; Ralamboranto,
L.; Tartar, A.; Druilhe, P. A novel merozoite surface antigen of Plasmodium
falciparum (MSP-3) identified by cellular-antibody cooperative mechanism
antigenicity and biological activity of antibodies. Mem. Inst. Oswaldo Cruz 1994, 89,
77-80.

10 Trucco, C.; Fernandez-Reyes, D.; Howell, S.; Stafford, W. H.; Scott-Finnigan, T. J.;
Grainger, M.; Ogun, S. A.; Taylor, W. R.; Holder, A. A. The merozoite surface protein
6 gene codes for a 36 kDa protein associated with the Plasmodium falciparum
merozoite surface protein-1 complex. Mol. Biochem. Parasitol. 2001, 772, 91-101.

11 Peterson, M. G.; Marshall, V. M.; Smythe, J. A.; Crewther, P. E.; Lew, A,; Silva, A.;
Anders, R. F.; Kemp, D. J. Integral membrane protein located in the apical complex
of Plasmodium falciparum. Mol. Cell. Biol. 1989, 9, 3151-3154.

12 Gilberger, T. W.; Thompson, J. K.; Triglia, T.; Good, R. T.; Duraisingh, M. T.;
Cowman, A. F. A novel erythrocyte binding antigen-175 paralogue from Plasmodium
falciparum defines a new trypsin-resistant receptor on human erythrocytes. J. Biol.
Chem. 2003, 278, 14480-14486.

13 Thompson, J. K.; Triglia, T.; Reed, M. B.; Cowman, A. F. A novel ligand from
Plasmodium falciparum that binds to a sialic acid-containing receptor on the surface
of human erythrocytes. Mol. Microbiol. 2001, 47, 47-58.

14 Sim, B. K,; Orlandi, P. A.; Haynes, J. D.; Klotz, F. W.; Carter, J. M.; Camus, D.;
Zegans, M. E.; Chulay, J. D. Primary structure of the 175K Plasmodium falciparum

erythrocyte binding antigen and identification of a peptide which elicits antibodies
that inhibit malaria merozoite invasion. J. Cell Biol. 1990, 71717, 1877-1884.

15 Cooper, J. A.; Ingram, L. T.; Bushell, G. R.; Fardoulys, C. A.; Stenzel, D.; Schofield,
L.; Saul, A. J. The 140/130/105 kilodalton protein complex in the rhoptries of
Plasmodium falciparum consists of discrete polypeptides. Mol. Biochem. Parasitol.
1988, 29, 251-260.

16 Baldi, D. L.; Good, R.; Duraisingh, M. T.; Crabb, B. S.; Cowman, A. F. Identification
and disruption of the gene encoding the third member of the low-molecular-mass
rhoptry complex in Plasmodium falciparum. Infect. Immun. 2002, 70, 5236-5245.

17 Kaneko, O.; Yim Lim, B. Y.; Iriko, H.; Ling, I. T.; Otsuki, H.; Grainger, M.; Tsuboi, T.;
Adams, J. H.; Mattei, D.; Holder, A. A.; Torii, M. Apical expression of three RhopH1/
Clag proteins as components of the Plasmodium falciparum RhopH complex. Mol.
Biochem. Parasitol. 2005, 143, 20-28.

18 Baum, J.; Maier, A. G.; Good, R. T.; Simpson, K. M.; Cowman, A. F. Invasion by P.
falciparum merozoites suggests a hierarchy of molecular interactions. PLoS Pathog.
2005, 1,e37.

19 Nery, S.; Deans, A. M.; Mosobo, M.; Marsh, K.; Rowe, J. A.; Conway, D. J.
Expression of Plasmodium falciparum genes involved in erythrocyte invasion varies
among isolates cultured directly from patients. Mol. Biochem. Parasitol. 2006, 749,
208-215.

20 Miller, L. H.; Roberts, T.; Shahabuddin, M.; McCutchan, T. F. Analysis of sequence
diversity in the Plasmodium falciparum merozoite surface protein-1 (MSP-1). Mol.
Biochem. Parasitol. 1993, 59, 1-14.

21 McColl, D. J.; Anders, R. F. Conservation of structural motifs and antigenic diversity
in the Plasmodium falciparum merozoite surface protein-3 (MSP-3). Mol. Biochem.
Parasitol. 1997, 90, 21-31.

22 Pearce, J. A.; Triglia, T.; Hodder, A. N.; Jackson, D. C.; Cowman, A. F.; Anders,

R. F. Plasmodium falciparum merozoite surface protein 6 is a dimorphic antigen.
Infect. Immun. 2004, 72, 2321-2328.

23 Gilbert, S. C.; Plebanski, M.; Gupta, S.; Morris, J.; Cox, M.; Aidoo, M.; Kwiatkowski,
D.; Greenwood, B. M.; Whittle, H. C.; Hill, A. V. Association of malaria parasite
population structure, HLA, and immunological antagonism. Science 1998, 279,
1173-1177.

24 Lee, E. A.; Flanagan, K. L.; Minigo, G.; Reece, W. H.; Bailey, R.; Pinder, M.; Hill,

A. V.; Plebanski, M. Dimorphic Plasmodium falciparum merozoite surface protein-1
epitopes turn off memory T cells and interfere with T cell priming. Eur. J. Immunol.
2006, 36, 1168-1178.

25 Patarroyo, M. E.; Romero, P.; Torres, M. L.; Clavijo, P.; Moreno, A.; Martinez, A.;
Rodriguez, R.; Guzman, F.; Cabezas, E. Induction of protective immunity against
experimental infection with malaria using synthetic peptides. Nature 1987, 328,
629-632.

26 Patarroyo, M. E.; Amador, R.; Clavijo, P.; Moreno, A.; Guzman, F.; Romero, P.;
Tascon, R.; Franco, A.; Murillo, L. A.; Ponton, G.; Truijillo, G. A synthetic vaccine
protects humans against challenge with asexual blood stages of Plasmodium
falciparum malaria. Nature 1988, 332, 158-161.

27 Valero, M. V.; Amador, L. R.; Galindo, C.; Figueroa, J.; Bello, M. S.; Murillo, L. A.;
Mora, A. L.; Patarroyo, G.; Rocha, C. L.; Rojas, M.; Aponte, J. J.; Sarmiento, L. E.;
Lozada, D. M.; Coronell, C. G.; Ortega, N. M.; Rosas, J. E.; Alonso, P. L.; Patarroyo,
M. E. Vaccination with SPf66, a chemically synthesised vaccine, against
Plasmodium falciparum malaria in Colombia. Lancet 1993, 341, 705-710.

28 Alonso, P. L.; Smith, T.; Schellenberg, J. R.; Masanja, H.; Mwankusye, S.; Urassa,
H.; Bastos de Azevedo, I.; Chongela, J.; Kobero, S.; Menendez, C. Randomised trial
of efficacy of SPf66 vaccine against Plasmodium falciparum malaria in children in
southern Tanzania. Lancet 1994, 344, 1175-1181.

29 Noya, O.; Gabaldon Berti, Y.; Alarcon de Noya, B.; Borges, R.; Zerpa, N.; Urbaez,

J. D.; Madonna, A.; Garrido, E.; Jimenez, M. A.; Borges, R. E. A population-based
clinical trial with the SPf66 synthetic Plasmodium falciparum malaria vaccine in
Venezuela. J. Infect. Dis. 1994, 170, 396—-402.

30 Nosten, F.; Luxemburger, C.; Kyle, D. E.; Ballou, W. R.; Wittes, J.; Wah, E.;
Chongsuphajaisiddhi, T.; Gordon, D. M.; White, N. J.; Sadoff, J. C.; Heppner, D. G.
Randomised double-blind placebo-controlled trial of SPf66 malaria vaccine in
children in northwestern Thailand. Shoklo SPf66 Malaria Vaccine Trial Group. Lancet
1996, 348, 701-707.

31 Calvo, M.; Guzman, F.; Perez, E.; Segura, C. H.; Molano, A.; Patarroyo, M. E.
Specific interactions of synthetic peptides derived from P. falciparum merozoite
proteins with human red blood cells. Pept. Res. 1991, 4, 324-333.

32 Patarroyo, M. E.; Vinasco, J.; Amador, R.; Espejo, F.; Silva, Y.; Moreno, A.; Rojas,
M.; Mora, A. L.; Salcedo, M.; Valero, V.; Goldberg, A. K.; Kalil, J. Genetic control of
the immune response to a synthetic vaccine against Plasmodium falciparum.
Parasite Immunol 1991, 13, 509-516.

33 Murillo, L. A.; Rocha, C. L.; Mora, A. L.; Kalil, J.; Goldenberg, A. K.; Patarroyo, M. E.
Molecular analysis of HLA DR4-beta 1 gene in malaria vaccinees. Typing and
subtyping by PCR technique and oligonucleotides. Parasite Immunol. 1991, 13,
201-210.

Vol. 41, No. 3 = March 2008 = 377-386 = ACCOUNTS OF CHEMICAL RESEARCH = 385



Subunit-Based, Multiantigenic, Multistage Vaccines Patarroyo and Patarroyo

34 Urquiza, M.; Rodriguez, L. E.; Suarez, J. E.; Guzman, F.; Ocampo, M.; Curtidor, H.;
Segura, C.; Truijillo, E.; Patarroyo, M. E. Identification of Plasmodium falciparum
MSP-1 peptides able to bind to human red blood cells. Parasite Immunol. 1996, 18,
515-526.

35 Rodriguez, L. E.; Urquiza, M.; Ocampo, M.; Suarez, J.; Curtidor, H.; Guzman, F.;
Vargas, L. E.; Trivinos, M.; Rosas, M.; Patarroyo, M. E. Plasmodium falciparum EBA-
175 kDa protein peptides which bind to human red blood cells. Parasitology 2000,
120 (Part 3), 225-235.

36 Ocampo, M.; Urquiza, M.; Guzman, F.; Rodriguez, L. E.; Suarez, J.; Curtidor, H.;
Rosas, J.; Diaz, M.; Patarroyo, M. E. Two MSA 2 peptides that bind to human red
blood cells are relevant to Plasmodium falciparum merozoite invasion. J. Pept. Res.
2000, 55, 216-223.

37 Urquiza, M.; Suarez, J. E.; Cardenas, C.; Lopez, R.; Puentes, A.; Chavez, F.; Calvo,
J. C.; Patarroyo, M. E. Plasmodium falciparum AMA-1 erythrocyte binding peptides
implicate AMA-1 as erythrocyte binding protein. Vaccine 2000, 19, 508-513.

38 Rodriguez, L. E.; Ocampo, M.; Vera, R.; Puentes, A.; Lopez, R.; Garcia, J.; Curtidor,
H.; Valbuena, J.; Suarez, J.; Rosas, J.; Rivera, Z.; Urquiza, M.; Patarroyo, M. E.
Plasmodium falciparum EBA-140 kDa protein peptides that bind to human red blood
cells. J. Pept. Res. 2003, 62, 175-184.

39 Rodriguez, L. E.; Curtidor, H.; Ocampo, M.; Garcia, J.; Puentes, A.; Valbuena, J.;
Vera, R.; Lopez, R.; Patarroyo, M. E. Identifying Plasmodium falciparum merozoite
surface antigen 3 (MSP3) protein peptides that bind specifically to erythrocytes and
inhibit merozoite invasion. Protein Sci. 2005, 14, 1778-1786.

40 Vera-Bravo, R.; Valbuena, J. J.; Ocampo, M.; Garcia, J. E.; Rodriguez, L. E.;
Puentes, A.; Lopez, R.; Curtidor, H.; Torres, E.; Trujillo, M.; Tovar, D. R.; Patarroyo,
M. A.; Patarroyo, M. E. Amino terminal peptides from the Plasmodium falciparum
EBA-181/JESEBL protein bind specifically to erythrocytes and inhibit in vitro
merozoite invasion. Biochimie 2005, 87, 425-436.

41 Espejo, F.; Cubillos, M.; Salazar, L. M.; Guzman, F.; Urquiza, M.; Ocampo, M.; Silva,
Y.; Rodriguez, R.; Lioy, E.; Patarroyo, M. E. Structure, immunogenicity, and
protectivity relationship for the 1585 malarial peptide and its substitution analogues.
Angew. Chem., Int. Ed. 2001, 40, 4654—4657.

42 Patarroyo, M. E.; Alba, M. P.; Vargas, L. E.; Silva, Y.; Rosas, J.; Rodriguez, R.
Peptides inducing short-lived antibody responses against Plasmodium falciparum
malaria have shorter structures and are read in a different MHC Il functional register.
Biochemistry 2005, 44, 6745-6754.

43 Patarroyo, M. E.; Salazar, L. M.; Cifuentes, G.; Lozano, J. M.; Delgado, G.; Rivera,
Z.; Rosas, J.; Vargas, L. E. Protective cellular immunity against P. falciparum
malaria merozoites is associated with a different P7 and P8 residue orientation in
the MHC-peptide-TCR complex. Biochimie 2006, 88, 219-230.

44 Cifuentes, G.; Guzman, F.; Alba, M. P.; Salazar, L. M.; Patarroyo, M. E. Analysis of a
Plasmodium falciparum EBA-175 peptide with high binding capacity to erythrocytes
and their analogues using 1TH NMR. J. Struct. Biol. 2003, 141, 115-21.

45 Tolia, N. H.; Enemark, E. J.; Sim, B. K.; Joshua-Tor, L. Structural basis for the EBA-
175 erythrocyte invasion pathway of the malaria parasite Plasmodium falciparum.
Cell 2005, 722, 183-193.

46 Stern, L. J.; Brown, J. H.; Jardetzky, T. S.; Gorga, J. C.; Urban, R. G.; Strominger,
J. L.; Wiley, D. C. Crystal structure of the human class Il MHC protein HLA-DR1
complexed with an influenza virus peptide. Nature 1994, 368, 215-221.

47 Dessen, A.; Lawrence, C. M.; Cupo, S.; Zaller, D. M.; Wiley, D. C. X-ray crystal
structure of HLA-DR4 (DRA*0101, DRB1*0401) complexed with a peptide from
human collagen II. Immunity 1997, 7, 473-481.

48 Jones, E. Y.; Fugger, L.; Strominger, J. L.; Siebold, C. MHC class Il proteins and
disease: A structural perspective. Nat. Rev. Immunol. 2006, 6, 271-282.

49 Rudolph, M. G.; Wilson, I. A. The specificity of TCR/pMHC interaction. Curr. Opin.
Immunol. 2002, 14, 52—65.

386 = ACCOUNTS OF CHEMICAL RESEARCH = 377-386 = March 2008 = Vol. 41, No. 3

50 Bermudez, A.; Cifuentes, G.; Guzman, F.; Salazar, L. M.; Patarroyo, M. E.
Immunogenicity and protectivity of Plasmodium falciparum EBA-175 peptide and its
analog is associated with c-helical region shortening and displacement. Biol. Chem.
2003, 384, 1443-1450.

51 Cifuentes, G.; Espejo, F.; Vargas, L. E.; Parra, C.; Vanegas, M.; Patarroyo, M. E.
Orientating peptide residues and increasing the distance between pockets to enable
fitting into MHC-TCR complex determine protection against malaria. Biochemistry
2004, 43, 6545-6553.

52 Cifuentes, G.; Patarroyo, M. E.; Urquiza, M.; Ramirez, L. E.; Reyes, C.; Rodriguez, R.
Distorting malaria peptide backbone structure to enable fitting into MHC class Il
molecules renders modified peptides immunogenic and protective. J. Med. Chem.
2003, 46, 2250-2253.

53 Cubillos, M.; Alba, M. P.; Bermudez, A.; Truijillo, M.; Patarroyo, M. E. Plasmodium
falciparum SERA protein peptide analogues having short helical regions induce
protection against malaria. Biochimie 2003, 85, 651-657.

54 Cubillos, M.; Salazar, L. M.; Torres, L.; Patarroyo, M. E. Protection against
experimental P. falciparum malaria is associated with short AMA-1 peptide analogue
o-helical structures. Biochimie 2002, 84, 1181-1188.

55 Patarroyo, M. E.; Cifuentes, G.; Salazar, L. M.; Espejo, F.; Alba, M. P.; Bermudez, A.
Based on HLA-DR beta1* allele binding specificities, striking differences in distance
and TCR contacting residue orientation can be observed in modified protection-
inducing malarial synthetic peptides. Curr. Med. Chem. 2005, 12, 2849-2865.

56 Patarroyo, M. E.; Cifuentes, G.; Vargas, L. E.; Rosas, J. Structural modifications
enable conserved peptides to fit into MHC molecules thus inducing protection
against malaria. ChemBioChem 2004, 5, 1588—1593.

57 Purmova, J.; Salazar, L. M.; Espejo, F.; Torres, M. H.; Cubillos, M.; Torres, E.;
Lopez, Y.; Rodriguez, R.; Patarroyo, M. E. NMR structure of Plasmodium falciparum
malaria peptide correlates with protective immunity. Biochim. Biophys. Acta 2002,
1571, 27-33.

58 Torres, M. H.; Salazar, L. M.; Vanegas, M.; Guzman, F.; Rodriguez, R.; Silva, Y.;
Rosas, J.; Patarroyo, M. E. Modified merozoite surface protein-1 peptides with short
alpha helical regions are associated with inducing protection against malaria. £ur.
J. Biochem. 2003, 270, 3946-3952.

59 Garcia, J. E.; Puentes, A.; Suarez, J.; Lopez, R.; Vera, R.; Rodriguez, L. E.; Ocampo,
M.; Curtidor, H.; Guzman, F.; Urquiza, M.; Patarroyo, M. E. Hepatitis C virus (HCV)
E1 and E2 protein regions that specifically bind to HepG2 cells. J. Hepatol. 2002,
36, 254-262.

60 Ocampo, M.; Vera, R.; Eduardo Rodriguez, L.; Curtidor, H.; Urquiza, M.; Suarez, J.;
Garcia, J.; Puentes, A.; Lopez, R.; Truijillo, M.; Torres, E.; Patarroyo, M. E.
Plasmodium vivax Duffy binding protein peptides specifically bind to reticulocytes.
Peptides 2002, 23, 13-22.

61 Urquiza, M.; Lopez, R.; Patino, H.; Rosas, J. E.; Patarroyo, M. E. Identification of
three gp350/220 regions involved in Epstein-Barr virus invasion of host cells. J. Biol.
Chem. 2005, 280, 35598-35605.

62 Plaza, D. F.; Curtidor, H.; Patarroyo M. A.; Chapeton, J. A.; Reyes C.; Barreto, J.;
Patarroyo, M. E. The Mycobacterium tuberculosis membrane protein Rv2560-
biochemical and functional studies. FEBS J. 2007, in press.

63 Snow, R. W.; Guerra, C. A.; Noor, A. M.; Myint, H. Y.; Hay, S. I. The global
distribution of clinical episodes of Plasmodium falciparum malaria. Nature 2005,
434, 214-217.

64 Patarroyo, M. E.; Cifuentes, G.; Baquero, J. Comparative molecular and three-
dimensional analysis of the peptide-MHC Il binding region in both human and Aotus
MHC-DRB molecules confirms their usefulness in antimalarial vaccine development.
Immunogenetics 2006, 58, 598—606.





