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1. INTRODUCTION

The worldwide increase in infectious and transmissible dis-
eases exerts a tremendous toll on humankind, as more than 17
million people are killed annually, afflicting two-thirds of the
world’s population. Intrinsic and extrinsic factors, such as drug
and insecticide resistance, the susceptible host’s immune com-
promise, human migration into previously nonaccessible areas,
global warming, poor sanitary conditions, overcrowding, etc., are
among the main causes favoring not only the increase of these
threats to humankind but also the re-emergence of diseases once
considered under control as well as the emergence of new and
more aggressive ones. Consequently, mortality and morbidity
indicators regarding diseases affecting humans worldwide, such
as malaria, tuberculosis, AIDS, hepatitis, respiratory infections,
diarrhea, Ebola, SARS, avian flu, and influenza A (H1N1),

become daily headline news. The speed at which these diseases
spread stresses the need for implementing a logical, rational
methodology aimed at developing new drugs and vaccines.

One of the four etiological agents for perhaps the most
devastating of these diseases (malaria) is the Plasmodium falci-
parum parasite causing the most lethal form of human malaria; it
afflicts around 500 million people and kills over 2 million of them
each year, most of whom are sub-Saharan children under the age
of 5.1 Such a great impact on global public health has made it
imperative to develop a vaccine against this parasite.2

In an attempt to contribute to resolving these problems (taking
malaria as our prototype disease and being aware of the tremendous
complexity of the P. falciparum parasite’s life-cycle), our efforts have
been orientated toward identifying the shortest amino acid se-
quences (or minimal subunits) from the most relevant proteins
(multiantigenic) from the different stages (multistage) involved in
parasite invasion of host cells to render them highly immunogenic
and use them in developing a chemically synthesized fully effective
antimalarial vaccine. Our endeavors have thus been focused on
identifying the principles and rules for developing a logical, rational
vaccinemethodology against these diseases, the raison d’̂etre for our
institute and this manuscript.

SPf66, the first multiantigenic, multistage, minimal subunit-
based, chemically synthesized anti-P. falciparum malaria vaccine,
developed 24 years ago, provided complete protection for∼40%
of Aotus monkeys immunized with this molecule3 and 2/5 of
human volunteers following experimental challenge.4 This che-
mically synthesized vaccine proved safe and immunogenic when
administered with only aluminum hydroxide (without any other
adjuvant system or immunopotentiator)5,6 in large phase II trials
and induced protection (the percentage of people being fully
protected, as shown by the complete absence of any parasites in
their blood) in large-scale human phase III field trials performed
(some of them 20 years ago) by different groups of scientists on
thousands of people aged >1 year from different ethnic groups
and in different parts of the world, such as in Colombia (38%),7

Venezuela (55%),8 Ecuador (60%),9 and Tanzania (31%).10

Protection induced by SPf66 was shown to last for at least 2
years in a field-trial carried out in Colombia (35%)11 and for at
least 18 months in another trial performed in Tanzania (26%).12

However, a batch produced elsewhere having a different degree
of polymerization tested in Thailand on children from the Karen
tribe aged 6�12,13 as well as a batch of SPf66 tested in newborn
babies in Mozambique, did not provide any protective efficacy,14

dropping their overall protective efficacy in a recent meta-analysis.15

This data clearly suggested that although SPf66 was protective for
some people aged >1 in different parts of the world, it was not
effective for newborn children in the developing world where the
expanded program on immunization (EPI) is a WHO goal for
making vaccines available to all children worldwide. Due to this, and
being verymuch aware of the P. falciparum parasite’s complexity, we
decided to stop vaccinating 16 years ago to concentrate our efforts
on the search for the other components required to develop a fully
protective antimalarial vaccine, this manuscript’s raison d’̂etre.

SPf66 is a chemically synthesized, 45-amino acid-long, multi-
stage, multiepitopic, minimal subunit-based, polymerized chi-
meric molecule containing the circumsporozoite protein (CSP)
NANP amino acid sequence, which is expressed on the surface of
the sporozoite (the parasite’s first stage, invading liver cells). The
Asn-Ala-Asn-Pro (NANP) sequence is intercalated twice within
three short amino acid sequences derived from merozoite
proteins (the second stage of parasite development, invading



3461 dx.doi.org/10.1021/cr100223m |Chem. Rev. 2011, 111, 3459–3507

Chemical Reviews REVIEW

the red blood cell or RBC),4 where two sequences bind with high
affinity to RBCs,16 one being semiconserved (i.e., having limited
amino acid sequence variability).

Based on (a) the results provided by SPf66 almost 20 years ago
showing that chemically synthesized,minimal subunit-based,multi-
antigenic, multistage vaccines were feasible, although not fully
effective by then, (b) the fact that 2 out of the 3 SPf66 mero-
zoite-derived amino acid sequences had highRBCbinding capacity,
and (c) the broad genetic variability of P. falciparum, our efforts
since then have been concentrated on the search for conserved
malarial synthetic peptides having high specific RBC binding
activity, named high activity binding peptides (HABP).16�20 These
peptides have thus become the basis for developing the basic
components of a new chemically synthesized, multiantigenic,
multistage, minimal subunit-based, antimalarial vaccine.

We were more attracted to the use of chemically synthesized
peptides as a tool for producing vaccines (like SPf66)21 to tackle
the vaccine development problem, due to the multiple advan-
tages provided by this chemical methodology, whose rules were
defined by Bruce Merrifield’s outstanding work almost 50 years
ago.22 The following advantages should be highlighted:
(a) Synthetic vaccines are chemically and physically very well-

defined, at a single atom level, by numerous physical
techniques such as high performance liquid chromatography
(HPLC),mass spectroscopy (MS), circular dichroism (CD),
infrared spectroscopy (IR), nuclear magnetic resonance (1H
NMR), X-ray crystallography, and currently available chemi-
cal methods (as will be shown later on), guaranteeing their
purity and the reproducibility of their results.

(b) They are free of contaminants such as endotoxins, peptide
analogues, byproducts, reagents, etc., which can be easily
detected by HPLC, MS, or biological tests, etc., which can
jeopardize their use in humans, leading to weird or even
deleterious secondary adverse reactions.

(c) They can be easily synthesized, in unlimited amounts, in a
reproducible and automated manner, using very simple,
cheap, and affordable technologies.

(d) Their lyophilized products remain stable at room tempera-
ture for several years anddonot require refrigeration ormain-
tenance in a cold chain, thereby facilitating their delivery and
storage in the world’s most underdeveloped areas.

(e) They can be modified ad libitum by following the princi-
ples herein described for inducing or improving their
immunogenicity and protective efficacy.

Besides the undeniable public health impact an antimalarial
vaccine would have, some of the reasons for choosing
P. falciparummalaria as a disease model for vaccine development
were as follows:
(a) Infection caused by this parasite induces an acute disease

that can be easily and rapidly diagnosed via simple micro-
scope examination of a drop of blood using Giemsa or
highly specific and sensitive Acridine Orange staining
methods 4�5 days after natural infection occurs or experi-
mental intravenous inoculation. It can also be detected by
very sensitive molecular biology methods 2 days before
the onset of clinical symptoms.

(b) It can be easily treated and cured with quinine, its deri-
vatives, or new pharmacological products, when proper
and timely diagnosis has been made.

(c) There is an appropriate animal model available in large
numbers (the Aotus monkey in our case: ∼40�200 per

km2 in the Amazon basin). These monkeys’ high suscept-
ibility to different forms of human malaria allows them to
be easily infected by intravenous inoculation without any
further manipulation.23,24

Based on the reasons mentioned above and being aware of the
multiple developmental stages duringwhich the parasite’s action can
be blocked (either when the sporozoite infects the hepatic cells or
the merozoite invades the RBC), we developed a robust, sensitive,
and specific methodology for defining the intimate molecular
interactions mediating merozoite invasion of RBC by synthesizing
short (15�20-amino acid-long)merozoite-derived protein peptides
binding specifically and with high affinity (HABPs) to RBCs.

This was followed by profound analysis of the HABP�RBC
binding interaction at a single amino acid level to identify their
critical binding residues, kinetics, physicochemical constants, and
biological characteristics.16�20,25 Likewise, the secondary structure
of each of them was determined by CD spectroscopy26 and the
three-dimensional (3D) structure of a large number of them (∼90)
has also been determined by 1HNMR (most of them shown in this
manuscript), such parameters oncemore reinforcing the advantage
of working with chemically synthesized molecules for obtaining
accurate and reproducible results in vaccine development.

Regarding the parasite stage, we chose the thoroughly studied
P. falciparummerozoite because this asexual stage of the parasite
is responsible for RBC invasion, malarial symptoms (fever, chills,
headache, nausea, vomiting, malaise, etc.), pathophysiology
(anemia, vasculitis, cerebral, placental malaria, etc.), and even
the death of an infected person.

Specifically handling the merozoite provided the following
advantages:
(a) This parasitic stage can be easily isolated in large

amounts from either infected blood or RBC cultures, a
methodology developed more than 35 year ago, thanks to
the seminal work by William Trager et al.27

(b) This parasitic stage has been characterized in detail from
biological, biochemical, functional, genomic (with a gen-
ome encoding ∼5,400 proteins),28,29 proteomic,30�32

and transcriptome perspectives,33,34 which has led to
the conclusion that 58�90 proteins are involved in
RBC invasion.35

(c) An infective dose can be accurately quantified (by micro-
scopy, cell sorting, PCR, etc.) and immediately transferred
from one infected monkey to an uninfected one via
intravenous inoculation (or challenge), without further
manipulation,24 this being the most stringent test for
determining protective immunity.

(d) The degree of infection can be accurately quantified and
the impact of the immune response and its progression
can be clearly monitored.24

(e) Hundreds of strains have been obtained from different
parts of the world, and their genomic characteristics have
been completed for some of them, thereby providing
critical information about the characteristics of this
parasite stage.

(f) A large number of P. falciparum strains have been adapted
for growing in vitro, and some others have been specifically
adapted for infectingAotusmonkeys in vivo, thus providing
esential information regarding the host’s genetic and
immune factors during the course of infection.

The role played by the parasite’s genetic variability, as well as
that of the genetic characteristics of the host in the immune
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response and their interplay, can thus be analyzed at the single
amino acid level (and even at the single atom level), providing the
unique possibility of studying both at the deepest level for vaccine
development, as will be shown later on.

Characterizing the proteins and their amino acid sequences
implicated or playing a crucial role in parasite invasion has therefore
been an obligatory step in our endeavors to obtain a logical and
rational methodology for developing a chemically synthesized, mul-
tiantigenic, multistage minimal subunit-based vaccine.16�20,25

Fifty (50) out of the 58 different proteins suggested as being
involved in merozoite invasion of RBCs have been molecularly
defined, characterized, and thoroughly analyzed at the single
amino acid level, as has been summarized in later publications
and a recent review.36�44 Furthermore, 20 additional proteins
implicated in sporozoite invasion of the hepatic cell or hepa-
tocytes45�48 have been analyzed to identify their HABPs to
develop a fully protective antimalarial vaccine effective against
both sporozoite and merozoite parasite stages.

The 10most studied proteins involved inmediating binding to
and invasion of RBCs or attachment to endothelial cells are
analyzed in depth in this manuscript (Figure 1). These molecules
include the following:merozoite surface protein 1 (MSP-1),49,50

merozoite surface protein 2 (MSP-2),51,52 merozoite surface
protein 9 (MSP-9)53 or acid basic repeat antigen (ABRA), apical
merozoite antigen 1 (AMA-1),54,55 erythrocyte binding antigen
175 (EBA-175),56,57 ring erythrocyte surface antigen 155
(RESA-155),58�60 histidine rich proteins I and II (HRPI, II),61

serine rich antigen 5 (SERA-5),62,63 and P. falciparum erythro-
cyte membrane protein 1 (PfEMP-1).64�67 All of them have
been thoroughly examined as probable vaccine candidates and
systematically analyzed by us at the single amino acid level, as

described in a recently published review article,36 and shown here
at the single atom level.

Further characterization of the 3D structure of native and
modified HABPs identified in these merozoite proteins has led to
correlating these minimal subunits’ ability to form stable immuno-
genic complexes with major histocompatibility complex (MHC)
class II (MHCII)molecules inAotusmonkeys and humans (named
human leukocyte antigen D region related (HLA-DR) to be
presented to the T-cell receptor (TCR) and form an appropriate
MHCII�peptide�TCR (MHCII/pTCR) macromolecular com-
plex capable of inducing a proper immune system response.68

Furthermore, deeper knowledge of the amino acid residues and
electrostatic forces involved in MHCII/pTCR complex formation
has led us to elucidate some of the principles behind eliciting fully
protective sterile immunity against infectious agents.

This approach has thus led us to discover several completely
new physicochemical, functional, immunological, and structural
principles emerging during our search for a logical and rational
methodology for vaccine development, representing this work’s
raison d’̂etre.

2. PRINCIPLES FOR DEVELOPING MINIMAL SUBUNIT-
BASED, CHEMICALLY SYNTHESIZED SYNTHETIC
VACCINES

2.1. Support for the Minimal Subunit-Based, Synthetic
Vaccine Concept
2.1.1. Atomic Fidelity between Conserved HABPs’ 3D

Structures and Their Corresponding Amino Acid Se-
quences in Recombinant Proteins. Frequent suggestions
regarding short peptides’ (15�20 mer-long) inability to mimic

Figure 1. Diagrammatic representation of the 10 most relevant P. falciparum merozoite proteins involved in RBC invasion and endothelial cell
attachment. The length of the bars corresponds to approximatemolecular weights and putative cleavage places and fragments. Green regions correspond
to conserved amino acid sequences while yellow regions correspond to variable amino acid sequences. Each HABP identified in each protein or protein
fragment is indicated by our Institute’s corresponding serial number.36 GPI-anchoring tails are represented as large red balls at the proteins’ C-terminus
while transmembrane domains are labeled by an asterisk.
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Figure 2. Conserved HABPs’ three-dimensional analysis. (A) Conserved HABPs’ atomic fidelity in their corresponding recombinant proteins: On the
left, the 3D structure of the complete protein or its recombinants fragment, as determined by X-ray crystallography. The region including the HABPs is
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the native protein’s 3D structure have cast some doubts on the
minimal subunit-based synthetic vaccine concept.69 The 3D
structures of our native conserved HABPs obtained by 1H
NMR were compared to their corresponding segments in the
few malarial recombinant proteins (or their fragments) which
have been analyzed by X-ray crystallography to date to test
whether conserved HABPs showed the same structural confor-
mation displayed by the native protein’s original sequence
(Figure 2).
Chronologically, the first malarial protein 3D structure was

that of the 19 kDa fragment of the MSP-1 described in 2003
(MSP-1 residues M1628 to I1744)70 containing HABP 550118

(HABPs are numbered according to our institute’s sequential
system for all synthesized peptides) in its N-terminus region
(residue M1628, exactly where this molecule is cleaved to
generate the 19 kDa fragment) (Figure 2A1 and C1, shown in
light brown). The totally random structural configuration dis-
played by this protein fragment confirmed our previously
described CD spectra and 1H NMR results on this HABP.71

The 3D structures published in 2005 for AMA-1 ectodomains
I and II72,73 showed that the short R-helical or β-turn segment
between residues 384 and 387, where our HABP 4325 was
located (residues M374�H393), was similar to the 1H NMR
structure previously determined by us for this native HABP
between residues 13 and 1674 in 2002 (Figure 2A2 and B, in red
and green, respectively, and C in red); a 0.99 root-mean-square
deviation (rmsd) was found when the two structures were
superimposed. A random coil conformation was suggested in
the same molecule in the non-well-defined region by X-ray

crystallography where our HABP 4313 was located (residues
D134�F152), in complete agreement with what we had pre-
viously demonstrated by CD and 1H NMR studies for this
peptide.75

The X-ray crystallographic structure of the EBA-175 region II
(RII)76 recombinant fragment described in 2005 showed an R-
helical region between residues H436 and K455 which comple-
tely corresponded to our 1H NMR 3D structure for HABP 1783
described in 2003 between residues 5 and 20,77 giving a 0.89
rmsd when the two structures were superimposed (Figure 2A3 in
red and dark blue, respectively). Similarly, our studies with
HABP 1779 (insoluble by 1H NMR studies) localized between
residues N356 and I375 from the same RII recombinant frag-
ment showed a distorted R-helical structure by X-ray crystal-
lography, completely agreeing with our CD deconvolution
analysis26 (Figure 2A3, B, and C in pink).
The 3D structure of the Plasmodium knowlesi/Plasmodium

vivaxDuffy binding-like (DBL) protein described by Singh et al.,
in 2006,78 which contained our HABPs 1629 (residues
K89�G107 in yellow) and 1639 (residues L277�R296 in
purple)79 within subdomain 2, showed that such a subdomain
formed a trough (Figure 2A5 in yellow and fuschia, respectively)
where the N-terminal sequence of theDuffy antigen receptor for
chemokines (DARC) bound.80,81 Both fully conserved HABP
1639 and semiconserved HABP 1629, containing DARC binding
residues Y94, N95, K96, F98, I102, and R103 (Figure 2A5,
residues in red in the yellow ribbon), shown to interact with
DARC Y4180 (sulfation of this residue increased DARC
affinity by 1,000�), were exposed on the surface of this

shown in the box. In the middle, the 3D structure of the corresponding HABP as assessed by 1H NMR superimposed on the corresponding molecule
sequence. On the right, the H-bonds established with other HABPs, inside the sameHABP or with other regions of the protein are shown in the box and
have been enlarged. At the top, the HABPs’ amino acid sequence is shown in one single letter code and the H-bonds established between the different
critical binding residues are shown in bold. (1) 19 kDa MSP-1 is shown as a gray ribbon (PDB code 1cei), and the HABP 5501 location is shown in
orange.71 (2) P. falciparum AMA-1 (PDB code 1Z40) is shown by the golden ribbon, the location of 4313 HABP in purple, and 4325 HABP in red,
forming a trough. In the middle, the 4325HABP structure74 is shown in green superimposed on the AMA-1 protein, displaying the same β-turn. (3) The
EBA-175 R II recombinant fragment displays the “hand-shake” dimer formation76 (PDB code 1ZRO), localizing HABPs 1779 (pink) and 1783 (red), in
the box and the channel formed by such dimerization. In the middle, 1783 HABP (dark blue)77 superimposed on the corresponding EBA-175 R II
sequence.76 The EBA-175 RII region is boxed and enlarged; it mediates dimerization via antiparallel 1783 H-bond formation as well as H-bonds
established with glycophorine A glycan 5 (green dotted structure). (4) Stereoview of the MSP-2 β-turn structure corresponding to the segment where
HABP 4044 is located. The different colors used in the amino acid sequence (the darker, the more relevant) show the critical binding residues; those
marked by an asterisk show binding to PC. (5) The Plasmodium vivaxDBL 3D structure (PDB code 2C6J) is shown in pale gray, the location of HABP
1629 is boxed (in yellow, DARC binding residues highlighted in red), and the fragment corresponding to HABP 1639 is shown in purple. In the middle,
the superimposition of HABP 1629 3D is shown in white on top of the PvDBL structure. TheH-bonds established between these twoHABPs are shown
in the box. (6) The SERA-5 recombinant fragment’s 3D structure is shown in green (PDB code 3CH2) and the localization of HABPs 6746 (dark blue)
and 6754 (golden). In the middle, the superimposition of HABP 6746 is shown in purple87 in the corresponding SERA-5 sequence. Two H-bonds from
the catalytic triad present in this recombinant fragment are shown in the box. (7) The Pf EMP1 (DBL3X) (PDB code 3CPZ) domain displayed in the
box shows the region for 6573 (red), 6583(dark fuschia), and 6584 (orange) HABP binding to C32 amelanotic melanoma cells. In the middle, HABPs
6583 (dark blue) and 6584 (yellow) are superimposed on their corresponding sequences. Boxed, 6584 CSA binding residues and their intricate H-bond
network are shown in green. (8) The Pf EMP1 (DBL6ε) domain (PDB code 2WAU) is shown in white, displaying RBC-binding HABP 6621 in fuschia
and 6622 in green in the boxed area and their corresponding H-bonds. In the middle, the 6622 HABP 3D structure is shown in dark blue superimposed
on its corresponding green sequence. The H-bond between 6621 and 6622 is shown in the box. All chemically synthesized native HABPs display a 3D
structure, as determined by 1H NMR superimposing perflectly well on their corresponding X-ray crystalographically determined sequences in the
recombinant protein (having <1.00 rmsd values), being β-turns, R-helixes, or random structures demonstrating the atomic fidelity of such chemically
synthezised native HABPs (Reprinted with permission from refs88 and 93, Copyright 2010 Elsevier, and ref 172, Copyright 2008 American Chemical
Society). (B) Functional�structural compartmentalization of conservedHABPs. (1) P. vivaxAMA-1 3D structure (PDB code 1W81) showing the short
prodomain fragment at the botton of the molecule in fuschia, Domain I in white, Domain II in pink, and Domain III in yellow, localizing the
aforementioned RBC-binding HABPs 4313 (red) and 4325 (fuschia). The prodomain fragment localizing hepatocyte binding HABP 4310 in close
proximity to 4332 is shown in the box in gold, localized inDomain III in green. At the top, the amino acid sequence of these twoHABPs is shownwith the
H-bond established between them, and this molecule’s cleavage sites are indicated by arrows. 2) The EBA-175 RII region (PDB code 1ZRO) displaying
the localization of RBC-binding HABP 1779 in pink and 1783 in red and hepatocyte-binding HABP 1780 in gray establishing H-bonds with 1781 in
orange and 1779 in pink establishing H-bonds with 1782 in gray. Fundamental binding residues are colored. (C) Immune evasion mechanisms. The
filled blue surface areas correspond to regions having high amino acid sequence variability in all figures (the darker, the more variable) located far away
from the conserved HABPs, colored according to the color code described above and filled suggesting an immune distraction strategy. No amino acid
sequence variability is found in conserved HABPs, by definition, as stated beforehand.16,18,36
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trough.82 HABP 1639 had random configuration in this
trough, as determined by CD and 1H NMR and confirmed
by the 3D structure of DBL, while superimposing our 1H
NMR determination of HABP 1629’s R-helical structure
showed that the 3D structure of the corresponding DBL
fragment had an almost identical R-helical configuration
(0.95 rmsd) (Figure 2A5 in gray).
Likewise, the β-turn type II structure described in 2007 for the

MSP-2molecule’s recombinant fragment (residues 1�25) by 1H
NMR83 showed a very similar 3D structure to that described by
us for MSP-2-derived HABP 4044 in 200384 (Figure 2A4). More
recently, in 2008, this protein’s complete 3D structure was
published,85 being described as an intrinsically unstructured
protein (IUP), where only some regions displayed R-helical
propensity, among them being the N-terminal region where our
HABP 4044 was located. These results were in complete agree-
ment with previous NMR and X-ray crystallography determina-
tions of the recombinant MSP-2 or complete protein83 and our
previous 1H NMR studies of HABP 4044. [Please note that the
order of these two last structures (DBL and MSP-2) has been
slightly changed to allow a better fit in Figure 2A.]
The 3D structure of a 284-amino-acid-long recombinant

fragment (residues N564�N828) included in the SERA-5
protein’s catalytic 50-kDa cleavage product was published in
2009.86 Our results published in 2003 for HABP 674687 located
in this fragment displayed the same R-helical structure as that for
the corresponding segment of the recombinant fragment
(residues M589�I608) (0.95 rmsd) (Figure 2A6 in dark blue
and fuschia, respectively) while HABP 6754 (residues
K749�G768) had a completely random structure, in total
agreement with the structure described by our CD and 1H
NMR studies for these HABPs88 (Figure 2A6 in pale brown).
Likewise, the 3D structures of three domains from the very

large (∼350 kDa) and highly variable PfEMP-1 binding to
human amelanotic melanoma C32 cells, human placenta pro-
teoglycans, CD36 molecules, etc., have been described during the
last two years. Our HABPs 6583 (residues K1455�A1475) and
6584 (residues C1501�W1519) displayed anR-helical structure
in this protein’s recombinant DBL3X domain, as determined by
X-ray crystallography and confirmed by us through CD and 1H
NMR studies (Figure 2A7 in fuschia and pale brown, re-
spectively) (Cifuentes et al., submitted for publication). These
twoHABPs had 0.89 and 0.92 rmsd, respectively, when they were
superimposed on the corresponding amino acid sequences in
PfEMP-1. Meanwhile, HABP 6573 (residues H1257�G1275),
also binding to C32 melanoma cells and mediating the same
function, displayed a random structure as determined by CD and
1H NMR and confirmed in the 3D structure of this DBL3X
domain89,90 (Figure 2A7 in red).
Another very recent publication (2010) determined the 3D

structure of this DBL3X domain from the VARCSA clone; more
exactly, the chondroitin sulphate A (CSA) minimal binding site
was confirmed in subdomain 3.91 This region corresponded
exactly to our above-mentioned 6584 HABP, which displayed
an R-helical structure by 1H NMR which had 0.89 rmsd when
superimposed on this new DBL3X domain subdomain 3 struc-
ture (Figure 2A7, orange and yellow, respectively) (Cifuentes
et al., submitted for publication).
It was found in the 3D structure obtained during the last

months of 2010 for the DBL6ε domain of PfEMP-192 implicated
in binding to chondroitin sulfate proteoglycans (CSPG) and con-
taining our RBC-bindingHABPs 6621 (residues S2446�R2463)

Table 1. Amino Acid Sequences of Conserved Native HABPs
from the 10 Most Relevant P. falciparumMerozoite Proteins
Involved in RBC Invasion and Endothelial Cell Attachment and
Their Modified Immunogenic Protection-Inducing Analogues.
Each native HABP (labeled in Arabic numbers) with their critical
binding residues highlighted in bold. The same amino acids in
their corresponding peptide analogues are represented by a
dashed line. Modified peptides are labeled in bold type, and their
changes are highlighted in bold. II and III: Antibody titers (in
parentheses) assessed by IFA 15 days after the second and third
immunizations, respectively. The prefix corresponds to the total
number of monkeys that developed these antibody titers; Prot:
number ofmonkeys thatwere fully protected against experimental
intravenous infection with a 100% infective Aotus-adapted
P. falciparum strain, being the same ones that developed antibody
titers. DR: HLA-DRβ1* allele with which each HABP was found
to have high binding capacity. The big black dots indicate those
native or modified HABPs for which their 3D structure was
assessed by 1H-NMR.Note that only themost representative from
each family ofmodified analogues is shown in the following tables
and figures. REF: References to studies where these HABPs
were reported. Subm: Submitted article. Only immunogenic
protection-inducing modified HABPs are shown in this table
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Table 2. Representative Members from Each Group of Conserved HABP Amino Acid Sequences and Their Modified Analogues
(Labeled According to Our Institute’S Serial Numbering System) Used for Immunizing AotusMonkeys andWhose 3D Structures
Were Determined by 1H-NMRa

a Peptides are aligned according to the HLA-DRβ1 molecule’s pockets 1, 4, 6, and 9 (shadowed), to which immunogenic protection-inducing peptides
(placed in group B) bound and are assigned according to their corresponding binding motifs and binding registers. PI, II10, II15, and III15 are the days
whenmonkeys were bled and their antibody titers were determined by IFA (shown in brackets). The prefix corresponds to the total number ofAotus that
developed these antibody titers. Prot: total number of Aotus that were protected against experimental challenge with a 100% infective Aotus-adapted
P. falciparum FVO strain. HABPs are grouped according to their immunological activity: A = native HABPs; B =modified HABP high antibody titer and
protection inducer; C = non-protectivemodifiedHABPs high long-lasting antibody titer inducer; D = nonprotective high short-lived antibody titer inducers;
E = inducers of cellular immunity with no associated antibody production. Experiments with modified immunogenic protection-inducing HABPs were
repeated twice or three times with similar results. Only the most representative ones are shown for brevity. Since the allele frequency for each of these
HLA-DRβ1* Aotus-related alleles is ∼25%, it is not unexpected that this is the maximum number of monkeys being protected per group.
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and 6622 (residues K2464�L2479) that the R-helical 3D
structure of the latter HABP determined by 1H NMR super-
imposed perfectly well on the corresponding amino acid se-
quence in this domain, giving a 0.93 rmsd (Figure 2A8 in green
and dark blue, respectively). Meanwhile 6621 (which was
not suitable for 1H NMR studies, since it displayed a random
coil structure) had a distorted R-helical formation, as deter-
mined by CD deconvolution, the same as in the recombinant
DBL6ε structure (Cifuentes et al., submitted for publication)
(Figure 2A8 in fuschia).
All this structural data obtained by completely different

techniques, such as 1H NMR compared to X-ray crystal-
lography, has demonstrated the complete agreement of R-
helices, β-turns, and random structures between conserved
HABPs and their corresponding sequences within the recom-
binant proteins (rmsd <1.0). These results strongly demon-
strated, beyond any doubt, that short HABPs (15�20-mer
long) displayed the same structural conformation as they
showed in their native proteins and that, therefore, they could
be performing or were involved in similar biological functions,
such as host cell binding,93 enzymatic activities, protein�pro-
tein interactions, etc.
2.1.2. H-Bonds between Conserved HABPs in the For-

mation of Functionally Relevant Structures. Conserved
HABPs’ critical residues in binding to host cells have been
determined by glycine (Gly) analogue scanning in most of our
studies (defined as a >50% reduction in their capacity to bind
host cells when the corresponding residue has been replaced by
Gly), finding that they were extremely relevant for these pep-
tides’ function, since their activity became dramatically reduced
or lost when they were replaced by Gly. Moreover, their polarity
has to be inverted to render them immunogenic-protection
inducers, as will be described later on.
Very recently we have shown88 that conserved HABPs estab-

lish H-bonds with other conserved HABPs located very distantly
in a protein’s amino acid sequence (according to their 3D
structure). Such H-bond formation between conserved HABPs,
together with other electrostatic forces such as disulfide bonds, is
important for shaping a protein’s proper folding to generate a
niche, trough, or channel formed by these conserved HABPs in
parasite�host cell protein interactions.
It should be stressed that the residues establishing H-bonds

between conserved HABPs in all the structures analyzed so far
have been previously identified as critical binding residues (by Gly
analogue scanning as described above) and are named funda-
mental residues here, since their modification breaks conserved
HABPs’ immunological code of silence, rendering them capable
of inducing sterile protective immunity. Such fundamental residues
are displayed in Figure 2A and B in the far right-hand boxes
showing enlarged segments of the molecule.
Supporting this conclusion, it was found in our assays that the

19 kDa MSP-1 cleavage product (the only fragment of this
protein remaining anchored as a stub on the merozoite mem-
brane) was detected inside recently infected RBC94 participating
in the formation of the parasitophorous vacuole (PV)95 while the
other processed fragments of this protein (83, 38, 33, and 33 kDa
cleavage products) were released into the milieu. Our HABP
5501 was located in the 19 kDa MSP-1 fragment’s N-terminal
portion,96 displaying a whole array of H-bonds between its
critical binding residues, which, when properly modified, made
this important conserved HABP one of the most immunogenic
and protection inducing peptides studied to date (Tables 1

and 2). H-bonds were established in this HABP between H5
with R20, K9 with E24, K10 with E26, K9 also with E26, N15
with L35, and S16 with G17 (Figure 2A1 boxed), as determined
by X-ray crystallograhpy.88

Critical binding residues D134 and R143 in conserved HABP
4313 (D134 to F152) located in the AMA-1 domain I established
H-bonds with residues K391 and Y390, respectively, from con-
served HABP 4325 (located between residues M374 and H393
inside domain III). These H-bonds formed a channel or trough
where a still nonidentified RBC receptor bound (Figure 2A2 in the
box).97 These H-bond-forming residues in HABPs 4313 and 4325
rendered these peptides highly immunogenic and protection-
inducing when properly modified (Tables 1 and 2).
By the same token, and very important for developing a pre-

erythrocytic stage vaccine and therefore a multiantigenic, multi-
stage, fully effective antimalarial vaccine, is the fact that two
H-bonds were established between T79 of HABP 4310 and Y532
of HABP 4332 (Figure 2B) in AMA-1 (a type I transmembrane
protein, also expressed in sporozoite membrane and involved in
hepatocyte invasion). Our HABPs binding to hepatoma-derived
HepG2 cells, named HABP 4310 (residues Q74�M106),
located in this molecule’s prodomain, and 4332 (residues
A514�Y532) had 85% identify with the P. vivax domain.97,98

Moreover, the latter HABP was the stub fragment remaining
anchored to the merozoite’s membrane during AMA-1 proces-
sing being carried inside recently infected RBC (Cifuentes et al.,
submitted for publication), whereas the remaining portion of
AMA-1 containing domains I and II is released to the milieu after
protein processing, as elegantly shown by others.73

It has been described that the EBA-175 molecule is directly
involved in RBC invasion99�101 via a panel of conserved HABPs
that include previously mentioned HABPs 1779 and 178320

(located in the recombinant RII region and whose 3D structure
has been determined). H-bonds were established in these two
HABPs between fundamental binding residues N433 from 1783
and fundamental binding residue V435 from 1783 from another
antiparallel EBA-175 molecule orientated in a handshake-like
manner.76 This allowed this protein’s dimerization and its bind-
ing to glycophorin A glycans present on the RBCmembrane.76,93

In the same way that the fundamental binding residue R446 of
1783 established an H-bond with the distant D30 residue from
the recombinant RII fragment of EBA-175 to allow the docking
of two antiparallel EBA-175 molecules (Figure 2A3 and B,
boxed), the same HABP 1783 also established H-bonds and
van der Waals forces through critical binding residues K439 and
D442 with the Neu5Ac1 glycan atoms of the RBC receptor
glycophorin A molecule93,102 (Figure 2A3, boxed).
Conserved HABP-mediated sporozoite binding to hepatic cells

was identified in EBA-175 for developing a multiantigenic, multi-
stage, fully protective antimalarial vaccine: i.e. HABPs 1780
(residues A376�V395), 1781 (residues C396�Y415), and 1782
(residues W416�V435) (Cifuentes et al., submitted for pub-
lication). H-bonds have been established among these HABPs
between critical binding residues D358 and K363 from RBC-
binding HABP 1779, with K423 and T430 from hepatocyte-
binding HABP 1782 (Figure 2B, boxed). When residues D358
and K363 were properly modified, HABP 1779 became a highly
immunogenic peptide analogue capable of inducing protection
against experimental infection by intravenous inoculation of
P. falciparum iRBCs, as we have previously described103 (Tables 1
and 2). By the same token, H-bonds were established between
residues D392 K393 and E394 from 1780 with C396, K397, and
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I398 from 1781 (Figure 2B, boxed). The appropriate modification
of these residues rendered these modified HABPs highly immuno-
genic inAotusmonkeys, as shown by the high antibody titers against
sporozoites detected by immunofluorescence assays (IFA) and
Western blot (Cifuentes et al., submitted for publication).
MSP-2 is one of the most abundant merozoite surface

proteins. Thismolecule has the tendency to become polymerized
when produced as a recombinant protein, producing amyloid-
like microfibrils (some of them aggregating in solution); such an
observation has led to suggesting that polymerization could also
occur on the merozoite surface to form a niche or trough where a
still unknown RBC receptor binds. Recent studies by Adda et al.,
using selective enzymatic digestion with protein kinase (PK),104

have shown that such polymerization-associated residues were in
the MSP-2 N-terminal portion, exactly in the region where our
HABP 4044 was located.84 SinceMSP-2 has the tendency to bind
to lipid membranes, 1H NMR studies were performed with the
complete recombinant MSP-2 molecule using a micelle forming
phosphorylcholine analogue (dodecylphosphocholine 2H38) to
simulate the RBC lipid bilayer. 1H NMR signal displacements
have been found in our previously described critical binding
residues KNE*SKYS*NTFINNAY*NMSI*RRSM (critical bind-
ing residues are shown bold and underlined, with the most
displaced ones being marked by an asterisk), suggesting that they
could be establishing strong electrostatic forces with the phos-
phorylcholine moiety of the RBCmembrane, also partly explain-
ing our difficulty in recognizing a particular receptor for this
HABP on erythrocytes via bis sulfosuccinimidyl suberate (BS3)
cross-linking.84

Fundamental binding residue S596 established H-bonds with
fundamental binding residues H762 and A763 from conserved
HABP 6754 (K749 to G768) (Figure 2A6, boxed) in the recently
described 3D structure of the recombinant SERA-5 fragment88

(residues N564 to N828) including our conserved HABP 6746
(residues M589�I608), which together with N787, forms this
molecule’s noncanonical serine active catalytic triad, deeply
involved in processing merozoite proteins during parasite egress
and invasion.
The same situation holds true for the relevant PfEMP-1 mole-

cule, one of the mediators of P. falciparum malaria parasite patho-
genesis105�107 and virulence, involved in pregnancy-associated
malaria (PAM), cerebral malaria (CM),108 and severe mala-
ria.109,110 The structural localization of several conserved HABPs
binding to amelanotic melanoma C32 cells was identified in the
recently described 3D structure of one of its domains, DBL3X
(C1251�Y1530),whichhas been shown to bind to the chondroitin
sulfate A (CSA)90 ligand expressed on placental and vascular endo-
thelial cells. These HABPs corresponded to 6573 (residues
H1257�G1275), 6583 (residues K1455�A1475), and 6584
(C1501�W1519). According to the DBL3X 3D structure, H-
bonds were established between residues W1457 and E1464 from
conserved HABP 6583 with E1518 and Y1511, respectively, from
conserved HABP 6584 (Cifuentes et al., submitted for publication)
to create the channel or trough where CSA bound through residues
R1503, K1504, K1507, and K1510 present in HABP 6584 (in
Figure 2A7 boxed; these residues are displayed in green).
Similarly, in the very recently described 3D structure for the

PfEMP-1 DBL6ε domain92 (residues D2350�K2634) binding
to chondroitin sulfate proteoglycans (CSPG)92 and also to
RBCs, an H-bond was established between N2460 from HABP
6621 with K2464 from HABP 6622; both of them bound

strongly to RBCs (Figure 2A8, boxed) (Cifuentes et al., sub-
mitted for publication).
Deeper analysis of thesemalarial proteins for which the 3D struc-

ture has been determined and for which conserved HABPs have
been identified and modified in critical binding residues to render
themhighly immunogenic and protection-inducing peptides has led
to finding that H-bonds were established in the following:
• MSP-1 19 kDa fragment (PDB code 1CEI) between HABP
5501 residue V8 (HN) and EGF-1 domain atomOε1 as well
as HABP 5501 residue H5 (O) and EGF-1 domain (HN)
R20;

• AMA-1 recombinant protein (PBD code 1Z40) between
conserved HABP 4325 residue Y390 (O) and HABP 4313
(HH21) R143;

• EBA-175 RII fragment (PDB code 1ZR0) between HABP
1779 residue K363 (HN) and HABP 1782 (Oγ1) T430;
and

• SERA-5 fragment (PDB code 3CH2) between HABP 6746
residue S596 (O) and HABP 6754 (Nδ1) H762.

This data clearly shows that the fundamental residueswhich had
been shifted to render the conserved HABPs into highly immuno-
genic-protection inducing peptides were those establishing hydro-
gen bonds between their backbone atoms (O or NH) and other
conserved HABP residues’ lateral chains from with which they
form the troughs or channels where the receptormolecules bind or
were involved in the formation of these molecules’ catalytic sites.
Such very recent data is of the utmost importance due to its

theoretical and practical implications. First, since conservedHABPs
perform vital functions in processes important for parasite survival
such as invasion of host cells, enzymatic activity, evading immune
surveillance by clearance organs (such as the spleen) via binding to
vascular endothelial cells, rosetting, and other escape mechanisms,
then the most likely explanation for conserved HABPs’ unmodifi-
able structure is that microbes cannot tolerate mutations in these
regions at the risk of losing such a particular critical function; these
critical HABPsMUST therefore be conserved. As a consequence of
this, conserved HABPs have to be immunologically silent to avoid
the host’s strong immunological pressure and such immunological
pressuremust therefore be resisted somewhere else in themolecule,
in areas not critical for parasite survival.
Second, conserved HABPs’ localization in corresponding

proteins’ 3D structures show that they are forming nonsequential
functional structures such as the DARC region in the DBL
protein,92 the binding trough or channel in AMA-1,73 the
dimerization and glycan 5 binding site in EBA-175,76 the catalytic
triad in SERA5,86 the PV-forming structure in 19 kDa MSP-1,70

the CSA binding pocket in DBL 3X,91 the CSPG binding site in
DBL6ε PfEMP-1,92 and many more, suggesting the existence of
functionally relevant discontinuous structures, and since these
HABPs mediate vital functions for parasite survival, etc., then
their activities can be blocked by inducing an appropriate
immune response against any one of these HABPs, thereby
strongly supporting this strategy for a logical and rational
approach to vaccine development.
Third, the elusive long-postulated and sought-after “confor-

mational epitopes” could be partially explained by these distantly
conserved HABPs’ interactions via H-bond-forming fundamen-
tal residues placed in specific localizations of the molecule to
perform a specific function.
Fourth, these previous findings make it clear that critical

binding residues have to be identified and modified to elicit a
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protective immune response in which the most relevant or
fundamental residues for inducing sterile immunity are those
establishing H-bonds between different HABPs and, more
specifically, residues establishing H-bonds between their back-
bone atoms and amino acids present in other conserved HABPs
or receptor molecules, thereby forming molecules’ catalytic sites.
This so exquisite and specific a problem can be partially

explained and solved by working with short (∼15�20 amino
acids long) conserved HABPs to design components for a
minimal subunit-based multiantigenic fully effective antimalarial
vaccine.
As experimental support for selecting these minimal amino

acid sequences or HABPs for designing a fully protective anti-
malarial vaccine, it should be mentioned that adding most of
these conserved HABPs has proved to block invasion of new
RBCs in vitro; however, the same biological function (binding
and inhibition) has not been blocked by their corresponding
scrambled peptides (peptides having the same amino acid
composition but different amino acid sequence). Furthermore,
most conserved HABPs bind specifically and strongly to specific
receptor molecules on the host cell membrane; it can be further
added in support of such a minimal subunit-based approach that
most of these HABPs lose their ability to bind specifically to
RBCs when host cells are enzymatically treated, as has been
extensively shown by us,16�20,25,36 suggesting that host cell
receptor molecules have been cleaved or removed by this
enzymatic treatment.
When HABPs were analyzed, both the monomers and their

corresponding polymers displayed very similar secondary struc-
tural characteristics (as assessed by CD spectra),103,111,112 thus
making them excellent tools for studying the immunological
responses induced by these HABPs.
All these findings rule out the possibility that solvents such as

TFE (in which these peptides are dissolved in a low ratio (30/70
v/v TFE/water) for CD and 1H NMR analysis) induce con-
formational structures different from those displayed by these
conserved HABPs under natural conditions113 or in their corre-
sponding crystallographic stuctures, therefore confirming pre-
vious reports on this solvent showing that TFE only acts by
stabilizing structural components such as R-helices in
solution.75,111,114,115

All the chemical, structural, and biological information men-
tioned above provides strong structural and immunological
support for consolidating the minimal subunit-based, multi-
antigenic, multistage, synthetic vaccine concept long sought
for by us.

2.2. Structural Functional Compartmentalization in Multi-
functional Proteins

It has been clearly documented by transcriptional and im-
munological analysis that some proteins involved in merozoite
invasion of RBCs are also transcribed in hepatic stages during
P. falciparum development inside human liver cells as well as in
salivary gland sporozoites inoculated by Anopheles mosquitoes
while feeding on human blood and invading hepatic cells. The
most studied ones have been EBA-175,116 AMA-1,113 MSP-2,
MSP-5, RAP-1, RAP-2, and SERA-5.117

We have previously reported AMA-1 conserved HABPs 4313,
4325, 4337 binding to RBCs and their highly immunogenic,
protection-inducing modified peptides (Figure 2A and B) as
components of a chemically synthesized, minimal subunit-based,
antimalarial vaccine. However, we have recently reported finding

AMA-1 conserved HABPs binding to hepatic cells (HABPs
4310 and 4332).118 These HABPs correspond to amino acid
sequences used by the sporozoite when invading liver cells.

Interestingly, while fundamental H-bonds were established
between conserved HABPs 4313 and 4325 localized in this

Table 3. Structural Features of Native Conserved HABPs and
Their Modified Analogues, as Determined by 1H-NMR,
Associated with Their HLA-DRβ1*-Binding Capacity and
Their Immunological Activity (Groups A�E)a

aThe table shows structural features: distance (in Å) between HABP
residues fitting inside HLA-DRβ1* molecule’s pockets 1�9 and the
percentage of these HABPs’ binding capacity to these Class II molecules
(HLADRβ1* molecules to which they bound withg50% of affinity are
shown in bold). Solvent-exposed, putative TCR contact residues were
assigned based on the ability shown by these HABPs to bind to HLA-
DRβ1* molecules, the motifs to which they were associated, and their
corresponding binding registers. Groups are the same as in Table 2,
based on the immunological activities induced by these HABPs. Ref
refers to studies where 3D structures were reported. New = 3D
structures reported in this review for the first time.
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protein’s domains I and II for RBC binding, as previously
described,88 hepatocyte-binding conservedHABP 4310 localized
in the pro-domain sequence, and HABP 4332 located in domain
III,118 localized one in front of the other (according to the P. vivax
AMA-1 3D structure), establishedH-bonds among them, despite
their very long amino acid sequence distance (approximately 420
residues apart), to form a trough or channel73 where a 50 kDa
hepatocyte membrane protein bound118 (Figure 2B, boxed).

Likewise, EBA-175 has been thoroughly shown to be in-
volved in RBC invasion via binding to glycans present in RBC
Glycophorin A molecules through HABPs 1814, 1815, 1818,
1758, 1779, and 1783,20 all of which have been shown to
become highly immunogenic and protection inducers in vacci-
nated Aotus monkeys after having been properly modi-
fied.77,93,103 The same panel of synthetic peptides (20 mer-long)
spanning the entire EBA-175 amino acid sequence (FCR-3
strain) showed a completely different binding profile when they
were analyzed for their ability to bind to hepatic cells (HepG2).
These results showed that HABPs binding to RBCs did not bind
to hepatocytes and vice versa (Cifuentes et al., submitted for
publication); it was observed that most hepatocyte-binding
HABPs were located in the F1 region and the variable extra
amino acid sequence (segment F) while a large number of RBC-
binding HABPs were located toward this protein’s C-terminus.
Furthermore, analysis of the segment localized in RII (residues
S140�K599), the only one where both functions were present
(RBC binding and hepatocyte binding), showed that none of these
binding functions or HABPs overlapped each other, therefore
suggesting different modes of structural and functional compartmen-
talization for multifunctional malarial proteins (Figure 2B, boxed).

HABPs 6573, 6583, and 6584, strongly binding to amelanotic
melanoma C32 cells and located in the DBL3X domain, showed
no RBC binding activity at all in the very recently described 3D
structure of DBL3X and DBL6ε domains from PfEMP-1. By
contrast, HABPs 6621 and 6622 localized in the DBL6ε domain
have been found to bind strongly to RBC but not to C32 cells
(Cifuentes et al., submitted for publication); such observation
has led to suggesting a clear functional compartmentalization of
these domains in PfEMP-1.

Such data could have a great impact on vaccine development,
since it could reduce the number of HABPs required to induce
fully protective sterile immunity against malaria when binding is
properly blocked in the pre-erythrocytic or early stages of
malarial invasion.

2.3. Conserved HABPs’ Structural Compartmentalization in
Native Proteins

Some structural principles for developing chemically synthe-
sized, minimal subunit-based, multiantigenic vaccines began to
emerge after 20 years’ efforts14 and hundreds of trials on large
numbers of Aotus monkeys. The almost ninety (90) native and
modified HABPs derived from the ten (10) most relevant
P. falciparum merozoite proteins participating in the different
steps of RBC invasion (structurally analyzed by 1H NMR and
thoroughly studied in the immunization experiments mentioned
above) are displayed in this manuscript’s tables and figures.
Moreover, it is worth mentioning that the identification of an
additional sixty (60) conserved HABPs derived from the above
HABPs (Table 1) and a large number of other merozoite
proteins has been described elsewhere very recently,36�44 and
this data has not been included in this manuscript due to
limitations of space.

Native and modified HABPs are arranged in Tables 2 and 3
according to their ability to bind to purified HLA-DRβ1*
molecules. However, this manuscript will first discuss those
structural characteristics most clearly related to and associated
with HABPs’ function in merozoite invasion of RBCs, since
doing it the other way around will make this manuscript very
confusing.

Conserved HABPs derived from proteins containing a gly-
cosyl phosphatidylinositol (GPI) tail anchoring them to the
merozoite membrane have all been found to display β-turns
and/or a very high percentage of unordered structures, as
determined by CD and confirmed in some cases by 1H NMR
and X-ray crystallography.

Examples of such merozoite membrane native conserved
HABPs would be the following:
• HABP 4044 located in the MSP-2 N-terminal region;19,83,84

• HABP 5501 located in the MSP-1 19 kDa fragment
N-terminal region;18,71

• HABP 24115 located in the MSP-7 N terminal region;119

• HABP 26373 identified in MSP-8;120 and
• MSP-10-derived HABPs121 31122 and 31132 located in this
molecule’s N-terminal portion preceding the epidermal
growth factor-like (EGF-like) domains.

It has been clearly demonstrated that the MSP-1�19 kDa
fragment, which contains our HABP 5501 and remains anchored
to the merozoite membrane via a GPI-anchor tail, is the only
fragment drag inside recently invaded RBCs and is also involved
in PV formation.95

Likewise, HABPs 4313,75 4325,74 and 4337122 derived from
AMA-1, which is originally deposited in merozoite micronemes
and the apical region to be translocated to the merozoite
membrane later on, also displayed β-turn or unordered struc-
tures (Table 3).26

HABPs found in the N-terminal region immediately before
the Plasmodium export element (PEXEL) motif123,124 character-
istic of proteins transported from the merozoite to the PV,
Maurer’s clefts, and RBC cytosol and, sometimes, to the RBC
membrane during early stages of parasite intraerythrocytic
development via a putative transportome machinery,125�128

and involved in parasite nutrition, secretion, and even remodel-
ing of infected RBC, also display β-turn or unordered structures.
Some examples would include the HABPs found in ring-infected
erythrocyte surface antigen 155 or RESA-155 (6671),129 knob-
associated histidine-rich protein (KAHRP) (6786),130 andHRP-
II (6800),26,131 molecules that allowed this PEXEL motif to be
identified.123�131

Therefore, 1H NMR and CD studies clearly showed that
conserved HABPs in most proteins anchored to the parasite
membrane via GPI tails’ PEXEL motif displayed unordered or β-
turn type structural configurations. Furthermore, it has been very
recently described that many of the proteins analyzed in the
P. falciparum proteome are completely unordered or display large
unordered regions and that these proteins are often involved in
key biological processes such as membrane fusion, protein
transport, translation, signaling, and large multiprotein complex
self-assembly regulation.132 RESA, MSP-2, KAHRP, and HRP-II
(from which the previously mentioned HABPs were derived)
have been reported among them.132

In another scenario, conserved HABPs contained in MSPs or
their cleavage fragments involved in merozoite recognition of
and or binding to the RBC membrane, or which were not
transported inside the RBC during invasion but were rather
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released to the milieu, or did not contain a GPI tail, preponder-
antly displayed R-helical structural features (Table 3), as deter-
mined by CD26 and 1H NMR.

Examples of such conserved surface protein derived HABPs
are as follows:

• Conserved HABPs (1513, 1522, 1585) derived fromMSP-1
83 kDa and 33 kDa soluble cleavage fragments,26,133,134

• HABPs (31193, 31202, 31209) from MSP-3,135

• HABP (20494) from MSP-4,119

• HABP (31191) from MSP-6,136

• HABPs (26101, 26107, 26114) from MSP-7,119

• HABPs (26361, 26368, 26369) from MSP-8,120

• HABPs (2148, 2149) from MSP-9 or acid-basic repeat
antigen (ABRA),137and

• HABP (31121) derived from MSP-10.121

These proteins or their cleavage products altogether form large
macromolecular complexes essential for the merozoite’s initial
contact with RBC membrane proteins. As an example, the
33 kDa and 19 kDa cleavage fragments derived from the 42 kDa
MSP-1 cleavage fragment (where conserved HABPs 1585 and
5501 were localized)18 associate with MSP-9 to form a stable
complex that binds to the band 3 RBCprotein.138 Similarly, MSP-1
83 (where conserved HABPs 1513 and 1522 are localized) 30 and
38 kDa soluble cleavage products also establish noncovalently
associated macromolecular complexes with MSP-6 and MSP-7
and/or their cleavage fragments during invasion.139,140

Following the same trend, soluble protein-derived HABPs
from proteins that remain loosely bound to the merozoite
membrane141 to perform some enzymatic-like activity, such as
the serine-rich antigen or SERA 5 protein (where conserved
HABPs 6725, 6737, 6746, and 6762 are located) not found inside
recently invaded RBCs, all had R-helical structural features, as
determined by CD26 (Table 3) and 1H NMR for 6725,142

6737,143 6746,87 and 6762.144

Similar structural patterns were observed for some of the
micronemal proteins involved in the initial steps of RBC
invasion.145 All HABPs localized in the F1 and or F2 regions
highly similar to the Duffy binding-like (DBL) domains of
erythrocyte binding-like (EBL) proteins, which have been shown
to act as contact sequences for RBC membrane sialoglycopro-
teins, also displayed R-helical structural patterns, as determined
by CD spectra analysis (namely HABPs 1779, 1783, and 1815
from EBA-175, HABPs 30031, 30042, and 30051 from EBA-181,
HABPs 26135, 26144, and 26147 from EBA-140, and HABPs
29903, 29907, 29923, 29924, 30009, and 30018 from the
erythrocyte binding ligand EBL-1 protein)26 or 1H NMR and
X-ray crystallography as in the case of HABPs 1783 and 1779.
Some other structures have been determined by 1H NMR
analysis, as will be shown later on.

It has been shown that membrane-anchored EBA and EBL
proteins were processed by rhomboid-like enzymes from the
subtilisin-like family (PfSUB1), named sheddases,146 during the
last seconds preceding merozoite penetration into RBC, leaving
only their last 100 amino acids anchored as a stub to the
merozoite membrane by their transmembrane fragments. The
remaining portion of the molecule (where the aforementioned
HABPs are located) was released into the milieu after having
fulfilled its function in RBC adhesion and was not carried into the
recently invaded RBCs.

It is equally interesting that all conserved HABPs derived from
rhoptry proteins which have been shown to be involved in RBC

invasion, probably mediating PV formation, clearly displayed
R-helical structures, as shown by CD spectroscopy for rhop-
try-associated proteins RAP-1 (HABPs 26188, 26201, 26202, and
26204) and RAP-2 (HABPs 26220, 26225, 26229, and 26235),
normocyte-binding protein 1 (NBP-1) (HABP 26332), and re-
ticulocyte-binding protein 2 homologue a (RBP-2Ha) (HABPs
26752, 26794, 26796, 26803, 26805, 26807, and 26818).26

Furthermore, working with the pathologically relevant
P. falciparum malarial molecule PfEMP-1 has led to showing
that HABP 6621 displayed a classical R-helix while 6622 had a
distorted R-helix structure in semiconserved RBC-binding, as
determined by CD and 1H NMR studies and confirmed by
superimposing their 3D structures on the crystallographic struc-
ture described for DBL6ε, as shown in Figure 2A8 (Cifuentes
et al., submitted for publication).

We have very recently described that PfEMP-1 HABPs 6583
and 6584, which bound strongly to CSA in the placenta and to
C32 melanoma cells, also displayed R-helical structures, as
determined by CD and 1H NMR studies (Cifuentes et al.,
submitted for publication), which was confirmed when super-
imposed on the corresponding sequence in the DBL-3X do-
main’s 3D X-ray crystallographic structure89,90 (Figure 2A7).
This PfEMP-1molecule involved in virulence functions, together
with others, acts as a pathogen secretion system.147

It can thus be suggested that R-helical structures were
displayed by a considerable number of conservedHABPs derived
from molecules involved in initial loose contacting phases
between merozoites and RBCs or endothelial cells, such as cell
recognition and binding (as occurs with MSPs, micronemal
protein EBAs and EBL,145 and RAP, NBP, and RBP rhoptry
proteins), enzymatic processing of molecules involved in RBC
adhesion, and penetration (some of which were loosely bound to
themerozoitemembrane, as in the case of SERA). All theseHABPs
and their corresponding protein fragments were released into the
milieu after they had fulfilled their function, possibly acting later on
as immune response decoys to deviate deleterious cytolytic activity
which could otherwise be induced against the merozoite protein
fragment remaining anchored to the merozoite membrane, which
could lead to the parasite’s destruction and demise.

In another scenario, most conserved HABPs whose fragments
remain anchored to the merozoite membrane via GPI tails or
transmembrane segments (such as those remaining anchored to
the membrane of iRBCs or having PEXEL motifs) displayed
β-turn or unordered structures. Such structures could be clue
targets for triggering an effective induced sterile immune
response, since a lytic activity directed against them could lead
to the merozoite’s destruction via immune effector mechanisms.

This manuscript presents an extensive analysis of the sec-
ondary structures of ∼200 conserved and modified HABPs
(some of them shown in Table 3) determined by CD spectral
analysis26,36 and the 1H NMR 3D structures elucidated for∼90
of these native conserved HABPs (since their number is
growing systematically) or their nonimmunogenic, nonprotec-
tion-inducing analogues. This information clearly shows that
the functional compartmentalization of proteins involved in
merozoite invasion of RBCs to perform specific biological
functions is associated with specific features of native conserved
HABPs’ 3D structures.

Consequently, such association between the R-helical struc-
ture displayed by HABPs remaining loosely bound to the
merozoite membrane and those membrane-anchored HABPs
mainly displaying β-turn or random conformations opens the
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door for a simple technique such as CD spectroscopy to establish
new principles for the logical and rational molecular design of
subunit-based, multiantigenic, synthetic vaccines, with an anti-
malarial one being of vital importance.

3. GENETIC CONSTRAINTS REGARDING AOTUS MON-
KEYS’ IMMUNE RESPONSE TO MINIMAL SUBUNIT-
BASED, CHEMICALLY SYNTHESIZED VACCINES

3.1. Genetic Control of the Immune Response
The large scale phase II and phase III field trials for the first

chemically synthesized, multiantigenic, multistage, subunit-
based antimalarial vaccine SPf664�11 performed 22 years before
showed that∼25% of the vaccinated population did not produce
any detectable antibody levels against this vaccine,148,149 nor
were they protected against natural infection. The binomial
(Gaussian) distribution pattern of antibody titers clearly sug-
gested genetic control of an immune response elicited by
SPf66148,149 mediated by HLA-DR genetic-region encoded mo-
lecules. The HLA typing of these vaccinated populations dis-
closed that most nonresponsive individuals harbored the HLA-
DRβ1*04 genetic marker.150 Similarly, analysis of the TCR
molecules activated by HLA-DRβ1*0401-presenting molecules
revealed preferential use of TCR β chain Vβ3, Vβ10, and Vβ11
variable regions151 in nonresponsive individuals, suggesting that
such nonresponsiveness was probably associated with an

imperfect fit of this vaccine’s molecular components that ham-
pered appropriate MHCII/pTCR complex formation.

Since this data, and some by other authors, clearly shows that
genetic control of the immune response against malarial vaccines
is mediated by these MHCII molecules,150�154 a tripartite
association was sought between these peptides’ induced immu-
nological responses, HABPs ability to bind to purified HLA-
DRβ1* molecules, and their 3D structure.

The genetic region encoding human MHCII molecules needs
to be described at this point. This genetic region is located in the
short arm of chromosome 6 in position 6p21.3 and encodes the
synthesis of three types of membrane proteins, or isotypes,
named HLA-DP, -DQ, and -DR. These MHCII molecules are
heterodimers formed by two heavy chains: the alpha (R) chain
(pink ribbon in Figure 3B and D) encoded by the almost
monomorphic HLA-DRA region and the beta (β) chain (pale
blue ribbon in Figure 3B and D) encoded by the highly
polymorphic HLA-DRB genetic region.155

This HLA-DRB genetic region (represented by capital letter
B) contains nine genes (represented by numbers 1�9), five of
which are pseudogenes while the other four (HLA-DRB 1, 3, 4,
and 5) are transcribed, with HLA-DRB1* being the most
polymorphic one. Themolecules encoded by these genes, named
HLA-DRβ1* as in HLA-DRβ1*0401, are in charge of presenting
peptide antigens to the TCR, a necessary step in forming the
MHCII/pTCR complex to induce an appropriate immune
response (the expressed protein product is represented by the

Figure 3. (A) Front-view, Connolly surface representation of the HLA-DRβ1*0101 molecule’s 3D structure (PDB code: 1DLH)185 showing the R-
chain region (pink) and the β-chain region (pale blue) forming the groove or the PBR where peptides fit by accommodating their side chains inside
pockets 1 to 9 (displayed in different colors according to the color code mentioned below and from here on) to be properly presented to the TCR. (B)
Front-view, ribbon representation of the HLA-DRβ1*0401 molecule (PDB code: 1FYT)182 showing the R-chain as a clear pink ribbon and the β-chain
as a pale blue ribbon. Residues are shown as colored balls according to the following color code: pocket 1, fuchsia; pocket 4, dark blue; pocket 6, light
brow; pocket 9, green. Red balls correspond to those HLA-DRβ1*0401 residues establishing H-bonds with the peptide’s backbone. (C) Top-view,
Connolly surface representation of theHLA-DRβ1*0101 3D structure185 highlighting deep pocket 1 (fuchsia), which anchors the peptides, and pocket 9
(green), which stabilizes such anchoring, as well as the more shallower pocket 4 (dark blue) and pocket 6 (light brown), which provide allele and
antigenic specificity. (D) Top-view, ribbon representation of the HLA-DRβ1*0401 molecule displaying the amino acids from both chains forming the
different pockets colored according to the previously described color code (Reprinted with permission from ref 172. Copyright 2008 AmericanChemical
Society).
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Greek letter beta, or β, followed by the numeral 1, corresponding
to the product expressed by gene 1 from region B, while the
number following the asterisk differentiates the allele).

In an effort to better understand the great impact of the HLA-
DRB genetic region on vaccine design, it should be mentioned
that 16 HLA-DRβ1* alleles (or genetic traits) following a
Mendelian segregation pattern have been identified to date,
along with their∼400 genetic variations. These alleles have been
serologically, molecularly, and phylogenetically grouped into five
large groups or haplotypes156 that share common serological,
functional, and evolutive characteristics (please note that the
haplotypes are not written with the letter β or an asterisk). These
haplotypes are as follows: HLA-DR1 (including HLA-DRβ1*01,
10, and 103 alleles), HLA-DR51 (including the HLA-DRβ1*15
and 16 alleles), HLA-DR52 (containing the HLA-DRβ1*03, 11,
12, 13, 14; 1403 and 1404 alleles), HLA-DR8 (exclusively with
the HLA-DRβ1*08 allele), and HLA-DR53 (including HLA-
DRβ1*04, 07, and 09 alleles).155,156

HABP ability to bind to a particular HLA-DRβ1* allele is
based on their capacity to bind to purifiedHLA-DRβ1molecules,
as determined by competition assays, by measuring the ability to
displace the control peptide byg50%,157 as well as the presence
of preferred binding motifs (specific amino acids that fit perfectly
well into each of these molecules’ characteristic pockets)158 and
their corresponding binding registers.155�158

3.2. Reasons for Conducting Immunization Trials in Aotus
Monkeys

After decades of “very disappointing malarial vaccine
trials,”50,159,160 performed in humans by other laboratories
(only a few are quoted),50,159�169 it has been very recently con-
cluded that “even with themoney pouring in from people like Bill
Gates, the extremely high cost of clinical trials is an alarm sign
that the world cannot afford to squander money for research into
AIDS, tuberculosis and malaria vaccines that have little or no
hope of succeeding” and “that therefore monkey trials had to be
performed to speed up vaccine development against these
scourging diseases”,170 an approach fiercely defended by our
Institute for more than three decades.

For ethical reasons, starting with the identification of peptides
which led to the discovery of the SPf66 vaccine, all our
immunogenicity and protection efficacy trials have been con-
ducted first in Aotus monkeys,3,23,24 before any human or field
vaccination trials were performed. Furthermore, as the immune
system molecules in mice, guinea-pigs, and rabbits (these being
themost used experimentalmodels) are very different from those
of humans, mainly in the MHC region mediating antigen presen-
tation and protection induction, immunogenicity studies carried
out on these animal models have very limited use for human
vaccine development, as has been notoriously shown by the
failure to apply such results to humans. On top of this, these
experimentalmodels are not infected by humanmalaria parasites,
limiting furthermore their use in protective efficacy studies.

Although at first glance the ideal vaccine candidates seemed to
be those conserved HABPs that did not display any amino acid
sequence variation between the different P. falciparum malarial
parasite strains, hundreds of our experiments with Aotus mon-
keys showed and convinced us that conserved HABPs were
inadequate for eliciting any humoral or cellular protective
immune response in immunized animals; this is a phenomenon
that we have named the conserved antigens’ immunological code of
silence.36,171,172

Apart from the ethical considerations, we have also used the
Aotus monkey as an excellent experimental model for vaccine
development due to the high similarity between Aotus and
human immune system molecules and, therefore, their ability
to mimic the human immune response against malarial infection.
Such characteristics and the ones described in the previous
section make this molecularly characterized primate an ideal
model for breaking conserved antigens’ immunological code of
silence and vaccine development.

Based on this data, for developing a logical and rational vaccine
methodology at the molecular level, we decided to analyze these
monkeys’ immune system molecules by cloning and sequencing
the Aotus genes encoding immunoglobulins, cytokines, Class I
and II molecules, and TCR R, β, δ, and δ chains, which revealed
striking homology with their human counterparts.173�181

Sequencing studies using the genes encoding these Class II
molecules (HLA-DRβ1*-like) in Aotus monkeys, initially under-
taken in 110 Aotus monkeys, have revealed 88%�100% homol-
ogy with human HLA-DRβ1*04, 03, 08, 11, (13, 14), 15, 16, 10,
07, and 01 molecules181 (data recently corroborated with larger
numbers of Aotus). These immunogenetic studies have also
shown that these monkeys displayed g80%�100% homology
with human TCR molecules,176,179 therefore making it a unique
and exceptional experimental model for vaccine development,
given that once the conserved antigens’ immunological code of
silence has been broken in Aotus monkeys, it would be much
easier to transfer such results to developing vaccines for humans.

We have previously reported that the allele frequency for
these HLA-DRβ1*-associated genes in Aotus monkeys is
20%�30% in each HLA-DRβ1*0403/0407, HLA-DRβ1*0422,
HLA-DRβ1*0301, and HLA-DRβ1*15-16 allele, 10%�20% in
HLA-DRβ1*08-11, and 5%�10% in HLA-DRβ1*1001, HLA-
DRβ1*0101, and HLA-DRβ1*0701181 alleles. Therefore, the
maximum protective efficacy that a single modified HABP can
induce in a random population of Aotus monkeys when being
individually used as a subunit-based synthetic vaccine compo-
nent is equivalent to the frequency of that particular allele in the
vaccinated population of Aotus monkeys (therefore, a maximum
of 20%�30%). A difference regarding humans is these alleles’
percentage (frequency) of distribution in the wild monkey
population, a fact that we have taken very seriously into account
for developing a fully effective vaccine for human use.

3.3. MHCII (HLA-DRβ1*) Molecular Structure
MHCII molecules are expressed on the surface of professional

antigen presenting cells, such as B-lymphocytes, monocytes,
macrophages, etc., and they consist of two noncovalently asso-
ciated polypeptides: the almost monomorphic R-chain (pink
ribbon in Figure 3B and D) and the highly polymorphic β-chain
(pale blue ribbon in Figure 3B and D, adapted from PDB code
1FYT).182 The characteristic amino acid sequence of each chain
displayed in their heterodimer’s association dictates their antigen
specificity.

The elegant 3D structural work performed byDonWiley,182�185

Ian Wilson,186,187 Daved Fremont,188 John Kappler and Pipa
Marrack,189 Roy Mariuzza’s groups,190 and some others
laboratories191 has shown that both chains have a large extra-
cellular region, a single transmembrane fragment, and a short
cytoplasmic tail. These two chains combine to form amembrane-
distal peptide binding region (PBR) or groove (Figure 3A and B)
formed by a floor or platform of eight β-strands derived from
both R- and β-chains and two R-helical walls, one formed
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by the R-chain and the other one by the β-chain (Figure 3B
and D).182�191

A peptide fitting into the PBR (residues 1�9 of the peptide’s
binding register) is bound into this groove in an extended
configuration that is stabilized by 11 H-bonds between the
peptide’s backbone atoms182�191 and the lateral chain atoms of
conserved and a couple of variableMHCII residues located on the
walls and platform of the PBR (red balls in Figure 3B and D).

According to the canonical binding pattern, the side chains of
the peptide’s amino acids must fit inside two deep pockets
(Figure 3C) formed by amino acids (represented as colored
balls in Figure 3B and D) from both the MHCII R (pink) and β
(pale blue) chains, named pocket 1 (displaying the Glyβ86Val
dimorphism), which is of the utmost importance because this
pocket anchors the peptide to the PBR (fuchsia pocket in
Figure 3C and fuchsia balls in Figure 3B and D) and pocket 9,
which also displays limited polymorphism on the basis of the
presence of an Asp (D) residue in position 57 of the β chain.
Here, the β57D positive variant establishes a salt bridge with an

Arg (R) located in position 76 of the R-chain, whereas the β57D
negative variant does not do so (β57Asp can be replaced by Ser,
Thr, Ala, Val). This pocket 9 reaffirms the peptide’s anchoring to
the PBR (green pocket in Figure 3C and green balls in Figure 3B
and D). The difference between these PBRs is that these pockets
are wider, deeper, and positively charged in alleles carrying the
β57D negative characteristic (β57Dh), since the salt bridge with
R76Arg is not formed, thereby allowing the preferential fit of
small negatively charged residues such as D and E or small neutral
or apolar residues such as N, A, or S,192 to establish H-bonds with
the now free R76Arg.

Two other shallower pockets (Figure 3C) are pocket 4, which
is mainly formed by the β-chain highly polymorphic amino acid
sequence (dark blue pocket in Figure 3C and blue balls in
Figure 3B and D), and pocket 6 (light brown pocket in
Figure 3C), which is formed by residues from both R- and β-
chains but mainly from the R-chain (light brown balls in
Figure 3B and D).182�191 These two pockets play an extremely
critical role in the peptide’s specific binding to the PBR, with the

Figure 4. Continued
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former displaying the main and most important genetic varia-
tions. Antigen specific residues enter inside a sort of cave or cap

(clearly seen in Figure 3D), where a peptide’s specificity is
scanned in terms of its binding capacity and the peptide is

Figure 4. (A) Immunofluorescence of asexual erythrocyte stage staining patterns. Immunofluorescence patterns shown by sera from protected Aotus
monkeys immunized with their corresponding protein (shown in bold letters) modified analogues (shown in bold) derived from conserved HABPs
(shown inside parentheses), completely agreeing with the localization of P. falciparum proteins from which these modified HABPs were derived. This
immune Aotus sera showed membrane, micronemal, diffuse intraplasmatic schizont, ring infected erythrocyte membrane, dotted erythrocytic
membrane, and double fluorescence staining patterns, as described in great detail in the text (see section 4.2). (B) Western blot analysis of
P. falciparum merozoite protein lysates with sera from protected Aotus monkeys immunized with modified analogues (as indicated on top of each
membrane strip) derived from conserved HABPs (as indicated on top in bigger bold numbers), showing the recognition of protein bands, agreeing with
the theoretical weights of the proteins from which their amino acid sequences were derived (indicated below each membrane panel) or their cleavage
products. Molecular weight markers are shown to the left in kDa, while the molecular weights of the recognized bands are shown to the right. For a full
description of these clear and specific reactivities, see section 4.2. (C) The course of parasitemia in Aotus monkeys immunized with fully protection-
inducing peptides. Due to space limitations,∼60 more modified HABPs, derived from these and some other proteins are not shown (see Tables 1 and
2); those for which the 3D structure has been determined havemainly been selected. The course of parasitaemia displayed on a semilogarithmic scale was
quantified daily by the highly specific and sensitive Acridine Orange staining method with a fluorescence microscope; it was determined in individual
monkeys intravenously inoculated with 100,000 infected erythrocytes (freshly obtained from another infected monkey) 20 days after the last
immunization. Ten thousand (10,000) RBCs were counted daily to determine their percentage of infection (%), and the complete slide (∼1,000,000
RBCs) was read in fully protectedmonkeys to exclude the presence of small parasitaemias (breakthrough) potentially developing into fully blown disease
later on. Nonprotected and control monkeys (not shown) displayed patent parasitaemia by days 4�6, reaching very high levels (g5%) by days 8�10
that required immediate treatment. All monkeys still receiving treatment by day 14�15 were kept in quarantine for 20�30 more days to ensure their
complete cure and released back into the Amazon jungle in excellent physical and behavioral conditions.
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stabilized via H-bond formation to be presented to the TCR and
induce the appropriate immune response, or is otherwise
released.

The antigen’s residues fitting into these positions are called
anchoring residues because they stabilize the peptide interaction
with the MHCII molecule via an H-bond network and some
other weaker electrostatic forces, such as van der Waals forces.
The binding pockets are mainly characterized by the properties
of the amino acids conforming P1, P4, P6, and P9 (Figure 3B and
D) in the canonical structure of MHCII molecules, given that
they provide the appropriate electrostatic environment and space
needed for the peptide’s anchoring residues to fit inside
MHCII182�191 molecules.

If a peptide is anchored in a firm and stable way, most of the
other peptide side chains are directed outside the PBR for their
scanning and interaction by the TCR to establish an appropriate
MHCII/pTCR complex.

4. TOWARD THE DEVELOPMENT OF A STERILE IMMU-
NITY-INDUCING VACCINE

4.1. Shifting the Polarity of the Critical Binding Residues
It has been clearly established that conserved HABPs are

immunologically silent given that they are poorly antigenic or
nonantigenic (i.e., they are weakly recognized or not recognized at
all by antibodies in the sera of people who have had one or several
episodes of P. falciparummalaria); they are also not immunogenic
(i.e., they do not induce antibody production upon immuni-
zation), and therefore, most of them do not induce protection
against a malarial challenge.71,74,75,77,84,87,103,111,112,122,129,130,
133,134,143,171,172,193,194

Our institute has been working to break the immunological
code of silence of these conserved HABPs during the last 20
years. ConservedHABPs derived from 5036�41,43,44 out of the 58
proteins involved in merozoite invasion of RBCs were thus
identified and synthesized, and their critical RBC binding
residues were identified (by Gly analogue scanning for most of
them) and replaced by other residues having different physico-
chemical properties.

These native and modified HABPs (15�20-mer long) were
polymerized via adding Cys to their N- and C-terminal regions.
They were then homogenized in Freund’s adjuvant and adminis-
tered subcutaneously twice or three times (as minimal subunit-
based components of a chemically synthesized antimalarial
vaccine) on days 1, 20, and 40 in mice, rabbits, goats, and Aotus
monkeys to determine their ability to induce antibodies against
the parasite by IFA (Figure 4A1�A28) as well as Western blot

Figure 5. Comparing the 1H NMR structures of native and modified
HABPs according to their immunological characteristics: native or non-
protective versus immunogenic protection-inducers, grouped according to the
HLA-DRβ1* binding characteristics of the immunogenic, protection-indu-
cing HABP. The 3D structures of native HABP (labeled in parentheses) or
nonimmunogenic, nonprotective (when native 3D structure was not
available) are shown to the left of their correspondingmodified immunogenic
protection-inducers (written in bold). The amino acid-color code is based on
HLA-DRβ1* binding activities, binding motifs, and binding registers as
follows: pocket 1, fuchsia; P2, red; P3, turquoise; pocket 4, dark blue; P5,
rose; pocket 6, light brown; P7, gray; P8, yellow; pocket 9, green. The
distances between the farthest atoms of residues fitting inside pockets 1 and 9

are measured in angstroms (Å). There is a striking and very visible∼3.0 Å
difference between the immunogenic protection-inducing modified HABPs
binding to HLA-DR52 (HLA-DRβ1*0301 and HLA-DRβ1*1101) and
HLA-DR8 molecules when compared to those binding to HLA-DR53
(HLA-DRβ1*0401 and HLA-DRβ1*0701) and HLA-DR1 molecules.
There is also a clear difference in structural and residue orientation between
these two haplotype lineages from binding peptides, suggesting haplotype
structural compartmentalization of the protective immune system. These
differences in distance, conformation, and residue orientation are very clearly
observed when comparing native, nonimmunogenic, nonprotection-indu-
cing HABPs versus immunogenic protection-inducing modified HABPs
(Reprinted with permission from the following references (Copyright): 122
(2002); 74, 77, 87, 143 (2003); 129, 133, 142 (2004); 130, 220 (2005); 131
(2007) Elsevier. 71, 221 (2003); 171 (2008) John Wiley and Sons. 84
(2003); 111(2004) American Chemical Society. 238 (2008) Bentham
Publishers. 237 (2007) De Gruyter. 134 (2001) Wiley-VCH).
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analysis with parasite lysates (Figure 4B). Furthermore, their
protection-inducing ability was also determined in Aotus mon-
keys by the most stringent challenge methodology, the experi-
mental intravenous inoculation (performed 20 days after the
last immunization) of a 100% infective dose of 100,000 iRBCs
freshly obtained from another nonimmune Aotus monkey
previously infected with the Aotus-adapted P. falciparum
(FVO) strain.

Protection has been defined in such studies as being the
complete absence of parasites in the blood (determined daily by
counting more than 10,000 RBCs and sometimes the complete
slide) of challenged monkeys during the 15-day period of the
experiment. Controls and nonprotected Aotus began showing
parasites in their blood by days 4�6 when reading the same
number of RBCs and developed very high parasitemia (g5%) by
days, thus requiring treatment.

This endeavor, involving testing thousands of synthetic
peptides in large numbers of Aotus monkeys, revealed that
most modifications were immunologically silent, since they did
not induce IFA or Western blot reactive antibodies nor
protection, while other modifications induced high antibody titers
associated with protection against experimental challenge (Table 1, in
Tables 2 and 3, group B, and Figure 5). This has been thoroughly
shown with some of the 10 most relevant proteins derived from
different evolutive and functional origins (shown in Tables 1 and
2). A certain number of modifications were able to induce high
nonprotective antibody levels195 (group C in Tables 2 and 3, and

Figure 6A), others induced high nonprotective short-lived antibody
titers196 (group D in Tables 2 and 3, and Figure 6B) and very
few induced protective cellular immune response without antibodies
but with high cytokine production197 (group E in Tables 2, 3,
and 5).171,172

These large series of experiments involving replacing the
critical binding residues by others having different physicochem-
ical characteristics (such as charge, volume, and surface) led us to
conclude that the polarity of some critical binding residues had to be
shifted in the native conserved HABPs to render them immuno-
genic and capable of inducing protection, maintaining the same
or similar masses, surfaces, and volumes.

Such a phenomenon, which has been deeply studied by our
institute and will be analyzed in detail later on in this manuscript,
led us to a partial understanding of the structural mechanisms
(analyzed at the atomic level) used by microbes to evade the
protective immune response and therefore set the basis for
breaking the immunological code of silence, which could lead
to developing synthetic vaccines against infectious and transmis-
sible diseases, malaria being perhaps the best model for achieving
this goal.

But the most striking result, a consequence of these numerous
unique specific and selective substitutions that have to be
performed in some critical binding residues to render these
immunologically silent conserved HABPs into highly immuno-
genic and protection-inducing peptides, was that only phenyla-
lanine (F) could replace arginine (R) and vice versa (amino acids

Figure 6. Western blot analysis of Aotus monkey sera immunized with immunogenic and protection-inducing or solely immunogenic non-protection-
inducing modified HABPs. The arrows highlight differences in reactivity by comparing (AI) 1513 native (nonimmunogenic, nonprotective) derived
peptides with its protective (13946) and immunogenic nonprotective (15468) analogues and (AII) 5501 native (nonimmunogenic, nonprotective)
derived peptides with their protective (24148) and immunogenic nonprotective (23754) analogues. Two different patterns of reactivity may be
observed: AI shows recognition of extra MSP-1 protein cleavage products (arrows) by sera from protected Aotus monkeys, and AII shows reactivity
associated with a different MSP-1 protein processing pattern (arrows). All of them have been described as MSP-1 195 kDa precursor protein cleavage
products. The critical binding residues are shown in bold in their corresponding amino acid sequences, and amino acid replacements rendering them
immunogenic and protection-inducing or only immunogenic are highlighted, with L12D being the only difference between protection and
nonprotection inducers. BI and BII: Western blot analysis of Aotus monkey sera immunized with modified short-lived antibody response-inducing
modified HABPs. (BI) Peptide 14520 derived from AMA-1 protein HABP (4325) induced antibodies that appeared only 10 days after the second dose
(II10) and then disappeared (arrows). (BII) Peptide 14096 (derived from SERA protein HABP 6737) induced short-lived antibodies lasting a little
longer (II10, II15) and which then disappeared (arrows). Both short-lived antibodies are associated with nonprotection (Reprinted with permission
from ref 195. Copyright 2006 Elsevier. Reprinted with permission from ref 196. Copyright 2005 American Chemical Society).
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are noted according to their one letter code),WT Y, LTH, IT
N, P T D, M T K, C T T or V, Q T E, A T S. G has special
physicochemical properties.71,74,75,77,84,87,103,111,112,122,129,130,
133,134,143,171,172,193,194

4.2. Immunological Evidence
As protection against P. falciparum erythrocytic stage is

mediated by the humoral immune response as shown 50 years
ago by S. Cohen and I. McGregor198�200 by transfusing either
whole blood or isolated gamma globulins from recovered
individuals to patients suffering from severe P. falciparummalaria,
we decided to pursue such pathway and work with Aotus
monkeys’ antibodies induced after immunization with native
HABPs or their modified analogues, rather than with the more
difficult and still not well-defined cellular immune responses.

IFA and Western blot analysis were thus chosen rather than
the more widely used and simple to perform ELISA test to avoid
peptide�antipeptide reactivity (suggestive of an appropriate
immunization regime but not conclusive of reactivity with
terciary structures or the native protein), neo-antigen formation
reactivity (consequence of different 3D structures adopted by the
immunizing peptides), different monomer peptide antibody
binding ability, conformational modification of the peptides
regarding the reaction platform, and many other problems
associated with ELISA methodology.

Immunological results can be semiquantitatively determined
with these two serological methodologies (IFA andWB) in terms
of antibody titers (the reciprocal of the dilution factor), and the
pertinent molecules can be topographically localized in the
merozoite by IFA (as shown in the whole of Figure 4A). By
the same token, the original molecules or their cleavage frag-
ments from which the amino acid sequences of native HABPs
were derived can be recognized byWB, as observed in Figure 4B.

Western blot analysis was performed (due to the large number
of samples to be analyzed), with different P. falciparum schizonts’
protein lysate batches solubilized in Laemmli buffer and contain-
ing the denaturing reagent sodium dodecyl sulfate (SDS).
Protein lysates were then separated by polyacrylamide gel
electrophoresis (PAGE) and transferred to different nitrocellu-
lose membrane strips to react with the corresponding antibodies
in the immunized monkeys’ sera (such minimal batch-to-batch
variability can partly explain the small differences in mobility and
molecular weights observed in Figure 4B).

An approximate correlation that protection achieved in these
immunized monkeys (semiquantitatively determined as anti-
body titers) was the result of antibodies induced against the
corresponding parasite’s molecules was thus obtained, since IFA
recognized native undenatured proteins as well as their cellular
localization while WB led to identifying epitopes in these SDS-
denatured molecules (separated by PAGE), which mainly re-
cognized amino acid sequences and secondary structures. There-
fore, a careful analysis of these serological data deserved thorough
analysis, since they provided strong experimental support for this
work. These immunological results were further associated with
protection in challenge with the most lethal P. falciparum strain
(FVO) adapted to Aotus monkeys.

Please note that hereinafter native HABPs will be shown in paren-
theses after their modified analogues shown in bold (the effect of
modified HABPs being the main emphasis of this paper) to facilitate
reading and understanding the basic concept implied in their use.

IFA analysis of sera from protected Aotusmonkeys immunized
withMSP-1 HABPs 13946 (1513), 9782 (1522), 11860 (1585),

13450 (1585), and 10014 (1585) showed immunofluorescence
patterns suggestive of the presence of this protein on the mature
schizont and merozoite surface (Figure 4A1�A3 for the first
three HABPs and 4A25 and 4A26 for 9782 and 13450 double
labeling). These sera were also seen to react byWestern blot with
195 kDa molecules corresponding to the complete MSP-1
molecule from which this native HABP amino acid sequence
was derived, as well as with its 155, 105, 90, 70, 67, 60, 46, 42, and
19 kDa cleavage fragments (Figure 4B). This was consistent with
studies conducted by Chulay et al., using monoclonal
antibodies201,202 where MSP-1 was described as being proteoly-
tically processed into 155, 112, 101, 90, 70, 67, 55, 45, 42, and
19 kDa fragments completely corresponding to the cleavage
products recognized by Aotus sera immunized with the immuno-
genic modified HABPs described herein.202

Please note that despite the identical IFA membrane patterns
and some similarities in Western blot reactivity between the
complete MSP-1 molecule and some of its cleavage fragments,
the antibodies induced by different analogues from the same
conserved HABP derived from the same protein (MSP-1)
induced very clear and visible Western blot differences
(Figure 4B) associated with these peptides’ ability to bind to
different MHCII molecules. Modifications performed on 13450
(1585), which strongly bound to HLA-DRβ1*0301, resulted in a
different molecular recognition pattern by Western blot to that
induced when modifications were performed on peptide 11860
(1585), which displayed high HLA-DRβ1*1101 binding capacity
(Tables 1 and 3).

Conserved HABP 1585 (residues E1367�E1386) was loca-
lized close to the cleavage site for the first MSP-1 cleavage
process, producing 83, 38, 33, and 42 kDa fragments,96 more
specifically 17 residues downstream of the N terminus of the
large 42 kDa fragment. This 42 kDa MSP-1 recombinant
fragment has induced growth and intraerythrocytic maturation
inhibition antibodies against the parasite when used as a vaccine
candidate in humans203,204 but has not been associated with
clinical malaria protection.

This data shows a common reactivity pattern that we have
observed in most malarial proteins analyzed so far where small
modifications performed in different parts of the same conserved
HABPs have induced different immune responses associated (as
we show here) with their ability to bind to different HLA-DRβ1*
molecules or displaying different motifs and/or binding registers
which could lead to different MHCII/pTCR complex formation,
a topic analyzed in more detail in sections 5 and 6.

It should be stressed that all these immune responses induced
by MSP-1 derived HABPs located in this protein’s soluble
cleavage fragments which are released to themilieu are associated
with binding to molecules belonging to the same HLA-DR 52
haplotype allele (Table 1 and Figure 3).

Based on the different reactivities induced by the same
peptide, following different modifications, it is not difficult to
envision the tremendous problems in designing a vaccine using
complete proteins or their recombinant fragments, a problem
which becomes even worse when working with complete
microorganisms.

The problem of choosing the appropriate mixture or combi-
nation of these individually highly immunogenic, protection-
inducingmodifiedHABPs to produce a fully protective, chemically
synthesized, minimal subunit based, multiantigenic, multistage,
antimalarial vaccine also did not escape our attention. This
problem, currently being resolved in our institution, is
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nevertheless less complex than developing a vaccine involving a
large group of complete molecules (either DNA, vector-based or
recombinant) or entire microorganisms (dead or attenuated),
which can partly explain the very few vaccines obtained through-
out the last 120 years working with the above-mentioned
methodologies, thereby providing a stronger reason for continu-
ing the search for a logical and rational methodology for vaccine
development via synthetic peptide chemistry.

IFA analysis of Aotus monkey sera producing high antibody
titers against the parasite and being protected upon immuniza-
tion with 19 kDa MSP-1 24148 (5501) revealed a grapelike
merozoite membrane pattern in mature schizonts (Figure 4A4).
Such sera also displayed reactivity (Figure 4B, far right panel)
with this molecule’s ∼62, 44, and 42 kDa cleavage fragments, as
well as weak reactivity with a 122 kDa fragment, corresponding to
the MW from proteolitic fragments derived from MSP-1 from
which the amino acid sequence was obtained.

Likewise, the same IFA grapelike (Figure.4A5) pattern of
merozoite membrane proteins was displayed by the thoroughly
studied MSP-2 24112 (4044), as previously described.84 Due to
this HABP’s great relevance in inducing protective immunity,
monkey trials were repeated several times with 24112 and other
4044 analogues such as 24180, with the same IFA pattern being
found (Figure 4A6) and these protected Aotus sera’s strong
reactivity with 63, 60, 48, 30, 23, 21 kDa molecules by Western
blot, corresponding to the molecular weight of native MSP-2 and
its cleavage products from which our HABP’s amino acid
sequence was derived (Figure 4B).

The AMA-1 protein205 is synthesized in the merozoite’s Golgi
apparatus to be stored in the micronemes and later on translo-
cated to the merozoite membrane,206 where it performs a central
role in the merozoite’s binding, mediating apical reorientation to
allow the formation of the tight junction (TJ) during RBC
invasion.207,208 It is visualized by IFA as large dots inside mature
schizonts209 and in the apical pole of free merozoites
(Figures 4A7�4A10). Such a fluorescence pattern confirmed
AMA-1’s micronemal origin and translocation to the apex to
allow TJ formation. Sera from Aotus immunized with AMA-1-
derived immunogenic and protection-inducing 10022 (4313),
22780 (4313) (Figure 4A7), 20034 (4325) (Figure 4A8), 15516
(4325) (Figure 4A9), and 15514 (4325) and 14044 (4337)
(Figure 4A10) all recognized a 66 kDa molecule by Western blot
(Figure 4B), corresponding to the AMA-1 fragment that is
cleaved in the rhoptry’s neck to be later redistributed on the
merozoite’s surface, which is where these HABPs are located
(AMA-1 domains I, II, and III, respectively).

However, sera induced by 10022 and 22780 (4313) localized
in AMA-1 domain I not only recognized the 66 kDa fragment but
also showed strong reactivity with previously described 58, 48,
46, 33, and 10 kDa cleavage fragments; the latter reactivity was
also recognized byAotus antisera 14044 anti-4337. This probably
corresponded to a∼110-amino-acid-long stub where this HABP
was located which remained anchored to the merozoite mem-
brane and was the only AMA-1 processed fragment carried inside
recently infected RBC.

As before, with all processed MSP-1 merozoite molecules,
AMA-1modifiedHABPs strongly bound to different HLA-DR53
haplotype alleles (Tables 2 and 3) so that 10022 (4313), 22780
(4313), 15516 (4325), and 14044 (4337) all bound to HLA-
DRβ1*0701 and 20034 (4325) bound to bothHLA-DRβ1*0701
and 0401 with similar binding capacity, confirming a similar
pattern of compartmentalization but with a different HLA-DR

haplotype allele, thereby providing a possible mechanism for
dealing with the numerous evasion strategies microorganisms
display during the invasion process.

SERA-5 is a member of the papain-like family which is
essential for P. falciparum protein processing during all develop-
mental stages; it is synthesized in the Golgi apparatus and stored
in the rhoptries to mediate merozoite egress from infected
RBC210 after being processed by the merozoite membrane-
bound multifunctional enzyme from the subtilisin-like family
named PfSUB1.211�213 It displayed a diffuse intracytoplasmic
fluorescence pattern in mature schizonts, as shown by IFA
analysis with sera from monkeys immunized with this protein’s
22834 (6737) (Figure 4A11), 24214 (6746) (Figure 4A12),
23230 (6746), 23426 (6754) (Figure 4A13), and 24310 (6762)
(Figure 4A14). Western blot revealed strong reactivity between
sera from protected monkeys immunized with 22834 (6737)
with a 116-kDa molecule corresponding to the complete SERA
protein precursor and its 73 kDa fragment (Figure 4B) as well as
recognition of 73, 56, and 50 kDa fragments by sera from Aotus
immunized with 24214, where HABP 6746 was located together
with 23230 and 23426 (6754).88 Meanwhile, 24310 (6762)
mainly reacted with the 73-kDa fragment where this HABP was
located, all processing previously described SERA-5 fragments.

The thoroughly analyzed RBC invasion-mediating, highly
relevant micronemal protein EBA-175 was detected by IFA
as big fluorescent dots214 inside mature schizonts when
sera from protected monkeys immunized with 24150 (1758)
(Figure 4A15), 22812 (1779) (Figure 4A16), 22814 (1783)
(Figure 4A17), and 24166 (1818) (Figure 4A18) was used. Such
sera also recognized a 175 kDa molecule by Western blot and its
145, 80, 70, 62, 52, 46, 42, 40, and 28 kDa cleavage fragments
(Figure 4B) while protected Aotus monkeys who had been
immunized with 24166 (1818) displayed strong reactivity only
with the 175, 52, 47, 42, and 28 kDa cleavage fragments
(Figure 4B), suggesting that cleavage processing this conserved
HABP is only present in these fragments in EBA-175.

The RESA-155molecule synthesized during the early stages of
P. falciparum infection of RBC was visualized by IFA reactivity
(Figure 4A21) of sera from protected Aotusmonkeys immunized
with 13492 (6671) as a green fluorescence pattern on the
iRBC membrane identified by the intracytoplasmic presence of
P. falciparum rings shown as yellow fluorescent rings inside iRBC.
This phenomenon led to this molecule being named ring
erythrocyte surface antigen (RESA). The same sera from pro-
tected Aotus monkeys immunized with 13492 (6671), 9948
(6671), and 22720 (6671) showed a ∼150 kDa molecule (its
name thus being RESA-155) by Western blot reactivity and 83,
72, 66, 46, 32, and 20 kDa cleavage fragments (Figure 4B).

KAHRP, also called HRP-I, contains a PEXEL motif126 and is
transported from theGolgi apparatus to the PV and from there to
the cytosol and iRBC membrane. We visualized it as small
intraerythrocytic fluorescent dots (Figure 4A19) when reacting
with sera from protected Aotus monkeys immunized with the
24224 (6786). Such sera also recognized 83, 65, 52, 43, and
25 kDa molecules which corresponded to these native proteins’
molecular weights and their cleavage fragments (Figure 4B).

HRP-II, which is synthesized in the merozoite’s cytoplasm
throughout the intraerythrocytic cycle and carried to theRBCcytosol
to perform transport functions through its PEXEL motif,215 was
visualized by IFA as fluorescent microdots intracytoplasmatically
located inside iRBCs when sera from protected Aotus immunized
with 24230 (6800) were used (Figure 4A20). Western blot showed
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that these sera also recognized a∼113 kDamolecule fromwhich the
24230 amino acid sequence was derived (Figure 4B).

A recently reported experiment performed with a group of
HLA-DRβ1*0403-genotyped Aotus monkeys which were pro-
tected upon immunization with 24112 (MSP-2-derived 4044)
showed that Western blot recognized serological reactivity with
68, 62, 54, 51, 48, and 26 kDa molecules (Figure 4B far right)
corresponding to MSP-2 and its cleavage fragments.216 This
demonstrated the complete reproducibility of these results in
completely different groups of Aotusmonkeys caught in the wild
when comparing these sera’s reactivity with that of others shown
in Figure 4B.

As reference, Western blot showed that the reactivity of sera
from Aotus protected against P. falciparum by immunization with
13492 (MSP-1 N-terminal-derived 1513) had strong reactivity
with a 195 kDa molecule, corresponding to the molecular weight
of the complete MSP-1 native molecule and its 122 and 70 kDa
cleavage fragments where this HABP has been reported to be
located. Please note the difference in reactivity induced by
peptides modified from 1585 and 5501 derived from amino acid
sequences located toward the C-terminal portion of MSP-1 (in
the 42 kDa and 19 kDa processed fragments), when compared to
the reactivity induced against 13492 (1513), which was more
similar to 9782 (1522); the last two HABPs were located in this
protein’s N-terminal region, which includes the 83 kDa fragment,
completely agreeing with Chulay’s studies201,202 performed with
monoclonal antibodies.

We have recently identified 6573, 6583, and 6584 in PfEMP-1,
which were located in the C32-cell binding domain DBL3X, as
well as 6621 and 6622 located in the RBC binding domain
DBL6ε. Modifications performed on these HABPs’ H-bond
residues yielded highly immunogenic 37822 (6573) (Figure
4A22), 37838 (6584), and 37842 (6583) (Figure 4A23), which
reacted with a membrane protein present in trophozoites and
early schizonts in IFA studies performed with unfixed iRBCs,217

revealing quite interesting reactivity patterns which were very
different from the homogeneous RESA pattern which was
detected on early trophozoites or recently invaded iRBCs. By
the same token, sera fromAotusmonkeys immunized with 38066
(DBL6ε-derived 6621) induced very high antibody titers asso-
ciated with iRBC membranes (Figure 4A24). All these sera
reacted very strongly with a very high ∼350 kDa molecular
weigh protein in Western blot assays (data not shown) per-
formed with different P. falciparum isolates (FCB-2, NF54, HB3,
3D7 PAS) and the Aotus-adapted P. falciparum FVO strain where
this molecule is abundantly expressed.110

Colocalization studies for these molecules were also per-
formed with anti-Aotus IgG goat antisera labeled with either of
two different fluorochromes: fluorescein-isothiocyanate (FITC),
which gives a green-yellow fluorescence, and rhodamine isothio-
cyanate (RITC), which gives red fluorescence when being
observed by immunofluorescence (UV) microscopy. A DNA-
binding fluorochrome (DAPI) emitting blue fluorescence was
used for identifying the parasites’ nuclei to help in locating
subcellular structures.

In these few examples of colocalization studies, 9782 (derived
from N-terminal MSP-1 HABP 1522) displayed green fluores-
cent reactivity on the merozoite membrane (Figure 4A25), as
shown by others with antibodies against the complete MSP-1
83 kDa recombinant fragment,218,219 while sera from Aotus
monkeys immunized with 14044 (AMA-1-derived 4337) dis-
played bright red-dotted fluorescence inside the merozoites,

consistent with this molecule’s micronemal and apical location
(Figure 4A25).

Such reactivity was very similar when using MSP-1 1585-
derived 13450 Aotus antisera as the first antibody, giving green
membranal fluorescence while antibodies against 22814 (EBA-
175-derived 1783) displayed an intense red intracytoplasmic
fluorescence on red dots, indicative of its micronemal origin
(Figure 4A26). The immunofluorescence pattern was quite
similar when Aotus immune sera against 24112 (MSP-2-derived
4044) was used, which gave a very bright green membranal
fluorescence pattern characteristic of this molecule while 22812
(EBA-175-derived 1779) induced antibodies displaying a dotted
intracytoplasmic red fluorescence pattern coherent with what has
been previously described (Figure 4A27). The same reactivity
pattern was observed when working with 24112 (MSP-2-derived
4044) induced antibodies as the first reagent and 22814 (EBA-
175-derived 1783) Aotus antibodies as the second antibody
layer.

It should be stressed that all these studies (including
serological analysis performed with polyclonal sera) were
carried out with outbreed populations of wild Aotus monkeys
caught at different sites in the Colombian Amazon basin at
different times during our studies and that all these sera were
previously heat-inactivated, absorbed with Escherichia coli and
mycobacterial lysates covalently coupled to Sepharose beads to
remove nonspecific cross-reactivity in sera from immunized
animals, or cross-reactive antibodies induced against the dead
Mycobacterium tuberculosis bacilli present in complete Freund’s
adjuvant.

It should also be stressed that sera from these Aotus monkeys
immunized with chemically synthesized specifically modified con-
served HABPs recognized native nonstructurally modified mer-
ozoite molecules in air-dried parasites in IFA tests, as well as their
subcellular location as described for these proteins. Furthermore,
they reacted with denatured original molecules and/or their
cleavage fragments when analyzed by Western blot, as elegantly
shown by many other groups.

4.3. Evidence of Induced Sterile-Immunity
However, more important is the fact that all the modified

HABPs reported here (Table 1) induced complete sterile im-
munity in some monkeys when vaccinated, understanding sterile
immunity to be the complete absence of parasites in immunized
monkeys’ blood during the 15 days the experiment lasted after
the intravenous injection of 100,000 freshly obtained iRBC.
Those monkeys developing complete sterile immunity were
the same animals having high IFA antibody titers and corre-
sponding protein reaction seen by Western blot. All Aotus
controls and nonprotected monkeys developed very high para-
sitaemia (>5%) by days 8�10 that required immediate treatment
to save their lives and then keep them in excellent health
(Figure 4C and Table 1).

The course of parasitaemia in monkeys immunized with some
of the fully protection-inducingmodified peptides (shown here for
the first time) stresses the importance of the very thorough and
careful modification of conserved HABPs which was performed
on hundreds of peptides tested in large numbers of Aotus
monkeys (during the last 20 years) to finally obtain such highly
immunogenic and protection-inducing modified HABPs, in our
endeavor to develop a fully effective anti-P. falciparm malaria
vaccine and to establish the rules or principles for a logical and
rational methodology for vaccine development using chemically
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synthesized minimal subunit based peptides, the raison d’̂etre of
this research.

Some other modifications which induced high antibody titers,
as determined by both methods, did not induce any protection
against the same experimental challenge (shown later on).
Hundreds of modified peptides that induced high antibodies
levels but maintained low parasitaemia (e0.1%) for some time
(g15 days) were not included (or their information was used for
further modification), since these monkeys developed high
parasitaemias that required treatment later on (a phenomenon
called semi-immune reactivity by others). Information gleaned
from them was thus used for making further modifications to
peptides; however, they were not considered to be protection-
inducing modified HABPs. But many modifications did not
induce any antibody production nor protection in large numbers
of immunized monkeys, as has been reported in the correspond-
ing publications.

The reproducibility of these results in different groups ofAotus
monkeys caught in the wild ruled out the possibility of con-
founding factors in these trials, such as previous exposure to
related malarial parasites (ruled out by the absence of positive IFA
and Western blot reactivity in their preimmune sera), unspecific
stimulation by Freund’s adjuvant (since these sera were pre-
viously absorbed by tuberculosis and E. coli lysates, and further-
more, the control monkeys also immunized with saline solution
and Freunds Adjuvant were never protected), monkey blood
incompatibility between donor and recipient monkeys during
challenge (since there was clear correlation with their serological
reactivity), and specific genetic variants or mutants in challenge
studies, since synthetic modified HABP amino acid sequences
were derived from worldwide P. falciparum merozoite protein
conserved sequences obtained from strains published in the
PlasmoDB database (mainly from the African 3D7 strain).
Furthermore, IFA and Western blot analysis were performed
with theColombian FCB-2 strain, and challenges were made with
the Vietnamese FVO strain, thereby avoiding the strain-specific
immunity induced by their products which has often been found
by other groups.

Work has almost been completed to determine the role of
amino acid side chain stereospecific constraints such as gaucheþ,
gauche�, trans, etc. in peptide structure to further modify HABPs
according to their HLA-DRβ1* allele binding characteristics (see
below) and to provide most of the rules and principles required
for designing desperately needed minimal subunit-based, multi-
antigenic, multistage synthetic vaccines, one of them being an
antimalarial one.

4.4. Compartmentalizing the Immune Response
Our Institute’s work during the last 20 years attempting to

break the immunological code of silence of conserved antigens
has revealed some other very striking findings; compartmentaliz-
ing a protective immune response against P. falciparum-modified
merozoite proteins has been seen to be associated with HLA-DR
genetic characteristics.

Protective immunity associated with high antibody titers induced
by the modified conserved HABPs shown in Table 3 was found
to be associated with a preferential binding of these modified
peptides to HLA-DR52 haplotype alleles (HLA-DRβ1*03 and
HLA-DRβ1*1101) from native and modified HABPs: 24292
(EBA-175-derived 1815),2209928 (EBA-175 1783),7722814 (EBA-
-175 1783), 13450 (MSP-1 1585),134 24310 (SERA 6762),144

24214 (SERA 6746),87 and 24216 (SERA 6746), 24224

(KAHRP 6786),130 37842 (PfEMP-1 6583), 37838 (PfEMP-1
6584), 38070 (PfEMP-1 6621) (Cifuentes et al., submitted
for publication), 9782 (MSP-1 1522),221 22812 (EBA-175
1779),103 23422 (SERA 6725),142 10014 (MSP-1 1585),134 and
11830 (MSP-1 1585) (this review) and 22834 (SERA 6737).143

13946 (MSP-1-derived 1513) located in this protein’s
N-terminus133 strongly bound to HLA-DR8 (HLA-DRβ1*08)
(Pluschke G. Swiss Tropical Institute, Basel, Switzerland, perso-
nal communication), this being the only modified HABP so far
found to bind to HLA-DRβ1*0801 molecules, a genetic trait
having low prevalence in both humans (∼10%) and monkeys.181

It has been postulated that theHLA-DRβ1*08moleculemight
have originated from a gene-contraction event occurring in an
HLA-DR52-like primordial gene about 100,000 to 20,000 years
ago, since this gene resembles the DRB1 gene at the 50-end and
the DRB3 gene at the 30-end.156,222 Therefore, HLA-DR8
binding could be associated with HLA-DR52-derived haplotype
binding activity.

All these HABPs were derived frommerozoite protein soluble
fragments, remaining loosely bound to each other or to other
proteins on the merozoite membrane139,141 and/or were in-
volved in protein enzymatic processing during parasite invasion
of RBCs or endothelial cells. Therefore, all these protection-
inducing modified HABPs displayed HLA-DR52 and/or HLA-
DR8 haplotype binding characteristics (Tables 2 and 3, group B).

A protective immune response associated with HLA-DR53
binding capacity, particularly with HLA-DRβ1*0401, has also
been induced by modified conserved HABPs derived from native
membrane-anchored molecules or their fragments. Among these
HABPs were 13492 (6671) and 22720 (6671) from RESA-
155,193 which is anchored and exposed on the iRBC membrane
(Figure 4A21) during early stages of parasite invasion129 50
residues downstream of a PEXEL motif124 and MSP-2-derived
24112 (4044) and 24180 (4044),172 which were attached
(4044) to the parasite’s membrane via a GPI-tail,84 being located
in this molecule’s N-terminal region, one residue upstream of a
degenerate PEXEL motif (RxL/MxE).

AMA-1-derived peptides such as 20034 (4325),74 which was
translocated to the merozoite membrane during reorientation
and TJ formation during RBC invasion,208 were also associated
with HLA-DR53 haplotype’s alleles. It has been shown that EBA-
175-mediated invasion of RBC was facilitated by the N-terminal
portion of EBA-175 inside which 24150 (1758)114 was included;
23426 (SERA-5 6754) was also associated with binding
to DRβ1*0401 molecules (Bermudez et al., submitted for
publication).

By the same token, 24148 (5501),71 corresponding to the
19 kDa-MSP-1 fragment’s N-terminal, the only fragment of this
protein remaining anchored to themerozoite membrane via a GPI-
tail and carried inside the recently invaded RBC and located five
residues upstreamof a PEXELmotif, was also associatedwithHLA-
DR53 (HLA-DRβ1*0701) binding activity. AMA-1-derived pep-
tides 22780 (4313), 10022 (4313),42 15516 (4325), and 14044
(4337)110 were all located in different domains of the AMA-1
protein; they also bound strongly to HLA-DRβ1*0701 purified
molecules, as occurred with 24230 (6800)193 two residues up-
stream of a PEXELmotif. All the foregoing peptides thus displayed
HLA-DR53 (HLA-DRβ1*04 and HLA-DRβ1*07 alleles) haplo-
type binding characteristics (Tables 2 and 3, group B).

EBA-175 24166 (1818)111 located in the protein’s C-terminal
fragment, in the so-called region III�V, which remained an-
chored to the merozoite membrane during RBC invasion, also
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induced IFA antibodies (Figure 4A18), recognizing the EBA-175
protein and its cleavage products, as confirmed by Western
blot (Figure 4B). Interestingly, these immunological properties
were associated with haplotype HLA-DR1 (HLA-DRβ1*01)
binding ability (Tables 2 and 3), this being the only HABP
found to have high binding to this molecule, which also displayed
∼10% HLA-DRβ1*01 allele frequency in humans and Aotus
monkeys.181

The protective immunity induced by modified HABPs against
these merozoite and/or iRBC membrane-anchored protein
peptides was therefore associated with HLA-DR53 or HLA-
DR1 haplotype-related immune responses (Tables 2 and 3,
group B).

The data gathered for the HABPs derived from the ten (10)
most relevant P. falciparum proteins involved in different steps of
merozoite invasion of RBCs (MSP-1, EBA-175, SERA, RESA,
MSP-2, AMA-1, HRP-I, HRP-II, ABRA, and PfEMP-1)26 led us
to suggest that genetic control of the immune response against
P. falciparum malaria was also functionally and structurally
compartmentalized.

Recent studies performed by our group with 100 new con-
served HABPs derived from 40 more of the proteins involved in
RBC invasion (such as EBA-181, EBA-140, MAEBL, EBL,
CLAG, RAMA, RAP-1, RAP-2, RAP-3, Rh-1, -2, -4, -5, REX,
etc.), analyzing their ability to bind to purified HLA-DR mole-
cules, confirmed this conclusion.26 Table 3 also shows the
association between parental HABP secondary structure and
the HLA-DR binding capacity shown by their modified immu-
nogenic protection-inducing HABPs.

4.5. Immunological Escape
An interesting finding by Holder et al.50 was that only two of

the large panel of monoclonal antibodies (MoAb) raised against
the MSP-1 19 kDa fragment were able to inhibit merozoite
invasion of RBCs, thus being called inhibitory antibodies (our
HABP 5501 was located in this fragment and is shown as an
orange surface in Figure 2C1). They showed that the reactivity
of inhibitory MoAb 12.8 and 12.10 was specifically directed
against two amino acids in the HABP 5501 C-terminus
(MLNISQHQCVKKQCPQNS), while the reactivity of all neu-
tralizing inhibitory antibodies as well as blocking antibody
activity (MoAbs 7.5, 1E1, 2.2, 111,4, 2F10, etc.) was targeted at
regions outside HABP 5501 (EGF domains, etc.). A large number
of them did not have any inhibitory activity despite being seen to
react with recombinant molecules by ELISA or WB and the P.
falciparum parasite by IFA (therefore named neutralizing and
blocking, depicted by a blue surface in Figure 2C1). This
observation suggested the absence of antibody reactivity against
conserved HABPs and, therefore, such relevant merozoite struc-
tures’ immunological silence.

These elegant results clearly confirmed our previous findings
related to the immunological silence of conserved HABPs at the
single amino acid level (detected by PEPSCAN),223 suggested the
induction of useless (neutralizing) or even deleterious (blocking)
immune responses induced by the P. falciparum parasite as a
strategy to escape immune pressure, and led us to propose a
compartmentalization of immunological escape mechanisms. Ac-
cordingly, the immunological relevant sequences or residues would
be located far away in themolecule’s 3D structure to hide conserved
HABPs from persistent immune response surveillance. This can
be clearly observed in all structures in Figure 2C (in blue), where
the darker the color, the more relevant antigenic variation was or

more variable the residues were, as a way to distract the immune
response by changing the most antigenic residues, but NOT
involving any conserved HABPs.

By the same token, mapping P. vivaxDBL polymorphic amino
acids fromColombian224 and PapuaNewGuinean225 isolates has
revealed that conserved RBC-binding HABPs 1629 (yellow
ribbon in Figure 2C2) and 1639 (Fuschia ribbon in the same
figure), forming the channel or trough where the DARC receptor
binds, were situated at opposite sites of these polymorphic
residues (depicted as blue balls; the darker, the more variable)
displayed on the Connolly surface.

Similarly, the amino acid sequencing of EBA-175 RII in
isolates from different parts of the world has shown that this
fragment’s genetic variability is located in areas which were
very distant from the 100-amino-acid-long segment where
RBC-binding HABPs 1779 and 1783 and hepatocyte-binding
HABPs 1780, 1781, and 1782 were located (as clearly seen in
Figure 2C3, dark blue surfaces) and that such genetic
variations226 did not affect the binding interaction of conserved
HABPs 1779 (depicted in pink) and 1783 (red surface in
Figure 2C3).

The very relevant AMA-1 protein involved in RBC invasion by
merozoites as well as hepatocyte invasion by merozoites,113

shown by us118 and others, contains conserved HABPs 4313
located in domain I (red surface in Figure 2C4) and 4325 located
in domain II (fuschia surface, Figure 2C4), both strongly binding
to RBCs, establishing H-bonds creating troughs or channels for
as yet unknown receptors on these cells, as we have
previously shown.

Extensive and deep analysis of such an important protein for
merozoite reorientation and formation of the moving tight
junction with RBC membrane to allow parasite penetration has
revealed extensive genetic polymorphism having more than 200
genetic variations in single amino acids and ∼24 genetic combi-
nations of two or three genetic variants in different amino acids,
named haplotypes. Most of these genetic polymorphisms were
located in domain I, known to be involved in strain-specific
immunity against P. falciparum,227,228 hence suggesting that these
allelic polymorphisms were responsible for immune evasion.229

These genetic variations acting together formed clusters C1�C7,
containing so-called antigenic escape residues (AER) identifying
five highly polymorphic residues in C1 located in an R-helical
region in domain I230 and a second cluster or C2 localized in
domain II. The AERs located in domain III enhanced the
inhibitory function of those located in domain II.231 All these
strain-specific genetic variations were located in distant parts of
AMA-1, far away from where HABPs 4313 and 4325 were
located (identified as dark blue surfaces in Figure 2C4: the most
variable residues are shown in dark blue), suggesting a mechan-
ism for distracting the immune system by localizing the most
variable and immunogenic variations of this strain-specific im-
munity far away from the place where conserved HABPs were
localized.

Altogether, data obtained from different proteins involved
in RBC or hepatocyte invasion, from different evolutive
origins, clearly suggested these molecules’ structural compart-
mentalization to enable them to perform different functions;
some these multifunctional proteins domains (MUFUCIDs)
involved in receptor�ligand interactions essential for
parasite survival were structurally distant from other areas
involved in immune distraction, as a way of evading immune
pressure.
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4.6. Structural and Immunogenetic Compartmentalization
of the Immune Response

It was also striking to observe in Table 3 that all modified
HABPs inducing a protective immune response associated
with HLA-DR52 or HLA-DR8 haplotypes [viz. 24292 (1815),
9928 (1783), 22814 (1783), 13450 (1815), 24310 (6762),
23230 (6746), 24124 (6746), 24224 (6786), 37842 (6583),
37838 (6584), 38070 (6621) (Cifuentes et al., submitted for
publication), 9782 (1522), 22812 (1522), 23422 (6725),
10014 (1585), 11860 (1585), 22834 (6737), and 13946
(1513)] displayed an R-helix structure, with the exception of
peptide 6786, which displayed a random tendency (Table 2,
group B).

Similarly, 24112 (4044), 13492 (6671), 22720 (6671),
20034 (4325), 23426 (6754), and 13790 (1758), shown to
induce high antibody titers and protective immune responses
associated with HLA-DR53 (HLA-DRβ1*0401) binding capa-
city, all displayed β-turn or random coil structures in their native
peptides. Likewise, highly immunogenic, protection-inducing
peptides 10022 (4313), 22780 (4313), 15514 (4325), 14044
(4337), 24230 (6800), and 24148 (5501), associated with high
HLA-DRβ1*0701 binding capacity, all displayed random coil
structural characteristics. The HLA-DR1 (HLA-DRβ1*0101)
haplotype binding peptide 24166 (1818) displayed classical type
III β turn structural features associated with a distorted β turn, as
determined by 1H NMR, as well as distorted R-helical and

unordered elements, as assessed by CD spectroscopy in native
HABP 1818 (Table 3).

All of these secondary structural elements were determined by
CD analysis; the 3D structure was confirmed by 1H NMR for
thirty-two (32) of these immunogenic, protection-inducing mod-
ified HABPs, twenty five (25) of which are shown in Figure 5
(due to space limitations).

It can thus be suggested that tailor-made synthetic vaccines can
be easily designed based on native HABPs’ secondary structure
(simply determined by CD spectra analysis); for example, native
R-helical HABPs can be more suitably modified to obtain HLA-
DR52 (DRβ1*0301 and DRβ1*1101) or HLA-DR8 (DRβ1*
0801) alleles binding-associated protective immune responses
while β-turns and random structural conformations in these
HABPs may be more easily modified to induce HLA-DR53
(HLA-DRβ1*04 and HLA-DRβ1*07) or HLA-DR1 (DRβ1*
0101) alleles’ binding-associated protective immunity. Moreover, if
predictive algorithms such as TEPITOPE,232 Net MHCII,233,234 etc.
and the identification of binding motifs and binding registers67,70 are
associated with the methodology herein described, then this ap-
proachwill pave theway for an easier design forminimal subunit-based,
multiantigenic, fully effective vaccines.

TheDictionary of Secondary Structure of Proteins (DSSP)235,236

has so far defined 10 different types of secondary structure: three
helix types (310 or G; R or H; π or I), turns (T), strands (E),
bridges (B), bends (S), and other secondary structures (L). This
leaves enough room for improving the characterization of such
association, a goal pursued in our institution for providing more
physicochemical rules for vaccine design.

4.7. Immunogenic, Protection-Inducing, Modified HABP
Binding to HLA-DR Molecules and Their Pertinent Binding
Motifs and Binding Registers

Based on our experimental data, we can state that native
HABPs are neither immunogenic nor protection-inducing. Na-
tive HABPs 1815, 1585, 6762, 6754, 6786, 4044, 1758, 6800,
4337, 4313, 1818, and 6786 did not bind to any of the HLA-
DRβ1* purified molecules tested so far (Table 3). Meanwhile,
native peptides 1783, 6746, 1522, 1779, 1513, and 4325 showed
promiscuous binding to HLA-DRβ1*0301 and HLA-
DRβ1*1101 (both HLA-DR52-related), the same as 6725, which
showed promiscuity in binding to HLA-DRβ1*1101 and HLA-
DRβ1*0401. Similarly, HABP 6671 displayed high HLA-
DRβ1*0401 and HLA-DRβ1*0701 binding capacity (both be-
longing to the HLA-DR53 haplotype) whereas 6737 bound
exclusively to HLA-DRβ1*0301, 5501 to HLA-DRβ1*0701,
and 6505237 to HLA-DRβ1*1101.

The modifications displayed in Table 2 show that changes
made in 24292 (1815),220 9928 (1783),77 22814 (1783), 13450
(1585),134 24310 (6762),238 23230 (6746),87 24214 (6746),
24224 (6786), 37842 (6583), 37838 (6584), and 38070 (6621)
(Cifuentes et al., submitted for publication) rendered them
immunogenic and protection-inducing and thus capable of
eliciting high antibody titers against the parasite, as determined
by IFA (1:320, 1:2560; 1:640; 1:2560, 1:320, 1:320, 1:640, 1:640,
1:1280, 1:640, 1:280 sera dilutions, respectively) (Table 1 and group
B in Table 2) and Western blot analysis, showing recognition of the
native proteins or their cleavage fragments by these immune sera
(Figure 4B) (as thoroughly analyzed in a previous section and
published in papers corresponding to each one).

The aforementioned immunogenic protection-inducing
modified HABPs binding selectively and specifically to

Table 4. Alignment of Modified Immunogenic and Protec-
tion-Inducing HABPs Derived from Different Proteins Ac-
cording to Their HLA-DRβ1* Molecule’s Binding Registersa

a P2, P3, P7, and P8, pointing in the opposite direction to the binding
groove and, thus, available for interaction with the TCR, are shadowed in
gray. The table shows the average residue’s volume for each HLA-DR allele
set. Residues are written in the one-letter code used throughout this review.
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HLA-DRβ1*0301 (Table 1 and group B in Tables 2 and 3)
displayed specific DRβ1*0301 binding motifs (shadowed in
Table 2), as follows: I, L, Y, V, W, M for pocket 1; D, D, D, N,
A, D for pocket 4; E, Y, A, M, K, E for pocket 6; L, N, Y, K, L, M
for pocket 9155,158 (group B in Tables 2 and 3). The number of
peptides included in Table 2 and Figure 5 has been reduced due
to space limitations, but they are available on request.

Besides these modifiedHABPs having been identified for their
high specific binding capacity to HLA-DRβ1*0301 purified
molecules and their appropriate binding motifs and binding
registers, structural conformation analysis also revealed that the
distance between the farthest atoms of those residues fitting
inside pockets 1 and 9 of a determined binding register was
19.2 ( 1.5 Å for immunogenic protection-inducing modified
HABPs (group B in Tables 3 and 4 and Figure 5).

9782 (1522),221 22812 (1779),103 23422 (6725),142 10014
and 11860 (1585),134 and 22834 (6737),143 showing high HLA-
DRβ1*1101 binding capacity and inducing considerable antibody
titers in Aotus monkeys, as determined by IFA (1:2560, 1:2560,
1:640, 1:640, 1:640, and 1:2560, respectively) (Tables 1 and 2, group
B), conferred protection against experimental challenge onmonkeys
and raised antibodies that recognized native MSP-1, EBA-175, or
SERA proteins from which the peptide sequence had been derived,
as assessed by Western blot analysis (Figure 4B).

These peptides exhibited characteristic HLA-DRβ1*1101
allele binding motifs: L, L, I, Y, and I in pocket 1; R, K, M, P,
andN in pocket 4; G, H, N, A, and K in pocket 6; D, A, S, Y, and L
in pocket 9 (shadowed in Table 2). The distance between the
residues fitting into pockets 1 and 9 in the classical binding
register for modified HABPs binding to the HLA-DRβ1*1101
allele was 20.2 ( 1.5 Å (group B in Table 3 and Figure 5).

Similarly, high antibody titers were induced in some of the
monkeys immunized with immunogenic protection-inducing
24112 (4044),84 24180 (4044), 13492 (6671),129 22720
(6671), 20034 (4325),74 24150 (1758),114 and 23426 (6754)
(1:5120, 1:1280, 1:5120, 1:5120, 1:1280, and 1:320, re-
spectively), all of which bound to HLA-DRβ1*0401 with high
capacity (shadowed in Table 2). These peptides contained the
characteristic motifs shown by peptides binding to this molecule:
Y, Y, F, Y, and L in pocket 1; V, S, T, D, and D in pocket 4; R, N,
A, N, and T in pocket 6; M, A, A, K, and L in pocket 9.155,158 A
very notable 26.3 Å( 1.5 Å distance could be observed between
the residues fitting into pockets 1�9 of the putative register
associated with binding to these HLA-DRβ1* haplotype alleles
(Table 3, group B and Figure 5).

1H NMR analysis of 24230 (6800),239 24148 (5501),71 10022
(4313),75 and 14044 (4337)122 (all having random structures)
showed that they all adopted short R-helical or distorted β-turn
structures, inducing considerably high antibody titers (1:320, 1:2560,
1:5120, and 1:320, respectively) which were protective against
experimental challenge (Table 3, group B). These modified HABPs
bound with high affinity to HLA-DRβ1*0701 and displayed the
characteristic binding motifs for this HLA-DR haplotype allele. The
distance between the farthest atoms of the residues fitting into
pockets 1 to 9 was 24.2 ( 1.2 Å (Table 3, group B, and Figure 5).

The highly immunogenic (IFA titer 1:640) 24166 (1818)111

was the only one that did not just bind exclusively and strongly to
HLA-DRβ1*0101 molecules but also to HLA-DRβ1*1101. It
displayed classical and distorted type III β-turn structures and
presented classical HLA-DRβ1*0101 binding motifs (Y in pocket 1,
M in pocket 4, P in pocket 6, and D in pocket 9), having a 24.9 Å
distance between the farthest atoms in pocket 1 and pocket 9.

Intriguingly, this distance was around 4.0 Å longer than that of
residues fitting into HLA-DRβ1*0301 and HLA-DRβ1*1101 mole-
cules, for which∼20.0( 1.5 Å distances had been registered (group
B in Table 3 and Figure 5), suggesting that some modified HABPs
might have different binding capacities, binding motifs, and binding
registers.

5. MODIFIED HABPS’ STRUCTURAL FEATURES
ALLOWING THEM TO FIT INTO MHCII MOLECULES

5.1. Differences in the Distance between Modified HABP
Residues Fitting inside Pockets 1�9 Associated with Differ-
ent Haplotype Binding Characteristics

Although 1H NMR reliability for determining side-chain
conformation has been limited by the relatively high conforma-
tional freedom, clear structural differences could be observed
among immunogenic protection-inducing modified HABPs,
their native precursors, and their immunogenic nonprotection-
inducing analogues.

The first appreciable difference when comparing the 3D
structures dealt with the distance and conformational features
associated with HLA-DRβ1* binding capacity, MHCII binding
motifs, and binding registers (Table 3 shadowed residues and
Figure 5). Most modified immunogenic protection-inducing
HABPs binding to HLA-DRβ1*03, HLA-DRβ1*011, and
HLA-DRβ1*08 (DR-52 haplotype-related alleles) had a 20.0 (
1.5 Å distance between the most distant atoms of the residues
fitting into pockets 1�9 (group B in Table 3, and Figure 5).

The same experimental data showed that protection-inducing
modified HABPs binding to HLA-DR53 haplotype-related al-
leles (HLA-DRβ1*0401 and HLA-DRβ1*0701) and HLA-
DRβ1*01 had 25.5 ( 1.5 Å between the same atoms. This
suggested differences in the distance between the boundaries of
pockets 1 to 9 among these haplotype’s molecules (group B in
Table 3, and Figure 5). Such data showed that there was a striking
∼3.0 Å difference between the peptide atoms fitting into pockets
1 to 9 of HLA-DR52 and HLA-DR8 molecules when compared
to HLA-DR53- and HLA-DR1-related ones; this difference can
be very clearly seen in Figure 5, displaying the 1H NMR 3D
structure of thirty-two (32) immunogenic protection-inducing
modified HABPs having the aforementioned MHCII binding
characteristics.

Based on the same structural information, it can also be seen
that there were marked differences between the peptides fitting
inside the PBR and the pockets of a specific HLA-DRβ1* allelic
molecule, as has been found by other authors for several HLA-
DRβ1* alleles.155,158 For example, the peptide binding motifs in
HLA-DRβ1*0801 defined a pocket 5 inside which amino acids
H, K, and R fit; this is a specific characteristic of this allele that
leaves HLA-DRβ1*0801 exclusively formed by pockets 1 and
5.158 Similarly, pockets 1, 3, 6, and 9 have been defined for HLA-
DRβ1*1201 with specific amino acids fitting inside a putative
pocket 3 instead of the canonical pocket 4. A pocket 7 has been
defined as being one of the main pockets in the HLA-
DRβ1*1501 allele together with pockets 1 and 4.184,240 Pocket
9 in HLA-DRβ1*0901 displayed the unique Kβ9E or W
replacement which, being shared with pocket 6, can swing into
this pocket, thereby promoting the anchoring of acidic residues
(such as D) in pocket 6 and causing complete permissiveness or
residue promiscuity in pocket 9 of HLA-DRβ1*0901 mole-
cules.241 This could be why NO particular binding motifs have
been identified for this HLA-DR53 allele in these pockets. All
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this evidence supports the fact that marked differences have
been observed regarding canonical pocket configuration in
different HLA-DRβ1* alleles and their interactions during
antigen presentation.

5.2. Residue Orientation in Immunogenic Protection-
Inducing Modified HABPs

1H NMR structural analysis of these thirty-two (32) protec-
tion-inducing immunogenic modified HABPs led to identifying
that P1 (i.e., the amino acid residue fitting into pocket 1) (fuchsia
in Figure 3), P2 (red), P4 (dark blue), P5 (pink), P6 (light
brown), and P9 (green) side chains had large atomic groups
pointing downward in all modified HABPs binding to HLA-
DR52 haplotype alleles and the only one binding to HLA-
DRβ*08. The foregoing structural data for the fifteen (15)
immunogenic protection-inducing modified HABPs binding to
HLA-DR52molecules clearly suggested the existence of pocket 2
(P2, red) in HLA-DR52 (HLA-DRβ1*0301 and HLA-
DRβ1*1101) and HLA-DR8 alleles, as shown in the lateral views
of 1H NMR analysis (Figures 5 and frontal views shown in
Figure 7IB) and the diagrams summarizing side-chain orienta-
tion in the residues fitting inside the HLA-DRβ1* pockets and
making contact with the TCR (Figure 7 IIB0).

Following the same methodology, in the nine (9) immuno-
genic protection-inducing modified HABPs binding to HLA-

DR53 (HLA-DRβ1*0401 and HLA-DRβ1*0701) and the only
one binding to HLA-DR1 (HLA-DRβ1*0101), the downwardly
pointing residues have been shown to be as follows: P1 (fuchsia),
P4 (dark blue), P6 (light blue), and P9 (green). The difference
between these two HLA-DR53 alleles was that P3 (pale blue)
was upwardly or horizontally orientated inHLA-DRβ1*0401 and
that P7 (gray) in HLA-DRβ1*0401 was orientated toward the
right-hand side in modified HABPs while being orientated
toward the left-hand side in modified HABPs binding to HLA-
DRβ1*0701 (Figure 5 and Figure 7I and II, panels B and B0).
Please note the following observation. Residue orientations in
HLA-DR53 have to be taken very cautiously due to the tremen-
dous polymorphism inHLA-DRβ1*04 alleles where >60 variants
have been described so far, this being themost polymorphic allele
in theMHC II system. In spite of these constraints, we concluded
that there were striking differences in pocket distances and
structural formations between the different HLA-DRβ1* alleles
and their haplotypes, as determined by immunogenic protection-
inducing modified HABPs.

By the same token, the theoretically solvent-exposed residues
from peptides binding to HLA-DR52 haplotype-related alleles
probably establishing contact with the TCR in terms of the
orientation of overlapped upwardly pointing 1HNMR structures
of high antibody titer protection-inducers were P3 (pale blue),
P7 (gray), and P8 (yellow) for this haplotype (Figure 7 IB and

Figure 7. Left-hand panel (I). Front view of overlapping 1HNMR-derived structures of modified HABPs grouped according to their HLA-DR binding
capacities and immunological inducing characteristics. HLA-DRβ1*0301 is associated with 13450 (1585), 22814 (1783), 23230 (6746), 24292
(1815), and 24310 (6762) in group B, in C with 13782 (6762), in D with 15484 (1585) and 21742 (6746), and in E with 17914 (1783). HLA-
DRβ1*1101 is associated with 10014 (1585), 13446 (1522), 22812 (1779), and 22834 (6737) in B, with 14012 (1779) in C, with 14096 (6737) and
15474 (1522) in D, and with 22456 (1522) and 24210 (6762) in E.HLA-DRβ1*0801 is associated with 13946 (1513) in B, with 15468 (1513) in C,
and with 9882 (1513) in E.HLA-DRβ1*0401 is associated with 13492 (6671), 20034 (4325), and 24112 (4044) in B, with 13494 (6671) and 20032
(4325) in C, with 10000 (6671) in D, and with 15536 (6671) and 17920 (4044) in E. HLA-DRβ1*0701 is associated with 10022 (4313), 14044
(4337), 24148 (5501), and 24230 (6800) in B, with 13766 (4313), 14048 (4337), and 23754 (5501) in C, and with 23776 (4313) in E. HLA-
DRβ1*0101 is associated with 24166 (1818) in B and with 23390 (1818) in C. Right-hand panel (II). Diagrammatic representation of the modified
HABPs according to the lateral chain orientation of 3D structures shown in panel A. N.I. = not identified to date. Diagrams are labeled B0, C0, D0, and E0
for better identification in the text, thereby corresponding to their respective 3D structures in panel I.
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summarized in Figure 7 IIB0). The putative TCR-contacting residues
in HLA-DR8 seemed to be P3 (pale blue), P4 (dark blue), P6
(brown), and P7 (gray), but it has to be remembered that only one
structure has been identified for this last haplotype.

The residues in these upwardly pointing immunogenic pro-
tection-inducing peptides binding to HLA-DR53 and theoreti-
cally making contact with the TCR could be P2 (red), P3 (pale
blue), P7 (gray), and P8 (yellow) (Figures 7IB and 7IIB0). The
same residues plus an additional upwardly orientated P3 (pale
blue) have been found for HLA-DRβ1*0701.

The protection-inducing modified HABP residues binding to
HLA-DR1 (HLA-DRβ1*01) could be P1, P2, P4, P6, and P9,
while the putative upwardly orientated TCR contacting residues
could be P5 and P8. Unfortunately, there was only one modified
HABP having this immunological characteristic from which to
draw such a conclusion.

5.3. Evolutionary Evidence Supporting Haplotype and Alle-
lic Structural Differences

Differences in the binding motifs, binding registers, pocket
distances, residue orientations, etc. can also be partly explained by
the information gleaned by comparing the nucleotide sequence
of the different haplotype’s genes between humans, primates, and
a large number of other species.222 For instance, elegant and
extensive phylogenetic molecular analysis of Class II molecules
has led to estimating that the highly polymorphic HLA-DRβ1*04
allelic lineage in the HLA-DR53 haplotype (having more than 60
genetic variants) arose more than 85 million years ago (mya), as
HLA-DRβ1*04-like allelic molecules have been found in pro-simian
species156,222 and the alleles in this lineage have always clustered
together in all mammals studied so far, thus implying a common
ancestral origin representing a distinct main evolutionary branch.

It has also been found that the DRB genes from the HLA-
DR52 haplotype (of which HLA-DRβ1*0301 and HLA-DRβ1*
1101 have been included in this study) probably originated by
two successive gene duplication events estimated to have
occurred 60 mys and 40 mys ago, respectively.156

As mentioned before, the single complete DRB gene in the
HLA-DR8 haplotype was probably generated by a gene contrac-
tion event in the HLA-DR52 haplotype occurring about
100,000�20,000 years ago after hominoid speciation (∼6 mys
ago), which is one of the reasons for grouping HLA-DRβ1*08
together with HLA-DR52.

Furthermore, the Aotus MHC-DRβ1*0301 group B con-
verged with human HLA DRβ1*08/11/12/13/14 in our study
of monkeys, providing additional support for our grouping HLA-
DRβ1*0801 together with the HLA-DR52 haplotype.181

The HLA-DR51 haplotype contained two polymorphic and
functional DRB genes: DRβ1* (containing HLA-DRβ1*15 and
16 alleles) and DR*β5 (the former displaying a closer relation-
ship to HLA-DR1 when compared to other HLA-DR
haplotypes222). These two haplotypes showed greater evolu-
tionary closeness to HLA-DR53 than HLA-DR52 and HLA-DR8.
Therefore, the structural conformation of HLA-DR1 could bemore
related to HLA-DR53 than HLA-DR52, as we found for modified
HABP 24166 binding to HLA-DRβ1*0101 (Table 3).

Unfortunately, we have no information about modified
HABPs’ structural and functional characteristics in the HLA-
DR51 haplotype due to difficulties in obtaining purified native
HLA-DR51 (HLA-DRβ1*1501, 1601) molecules for experimen-
tal binding studies.

Such structural, functional, and phylogenetic analysis has
strongly supported our suggestions that the striking differences
between haplotype and allele peptide binding characteristics arose
throughout millions of years of Class II molecules’ evolution in
different scenarios and, therefore, these structural differences
should be considered very seriously when designing vaccines.

5.4. Binding Specificities Suggesting a Haplotype- and
Allele-Conscious Tcr Mode of Interaction

Experimental work has shown that peptides binding to Class II
molecules can be bound and read according to different func-
tional binding registers within different scenarios. For instance,
some peptides are bound and read within the context of different
Class II molecule isotypes from the same individual, as occurs in
the murine system with peptide Hb (amino acids 64�76 from
hemoglobin), which is read from I68 to K76 by mouse I-Ek

molecules (more similar to HLA-DRβ) and from V67 to I75 by
mouse I-Ak molecules (more related to HLA-DQβ).242

It has also been shown that the same peptide can be presented
within the context of different alleles from the same HLADRβ*
molecules, as happens with the myelin basic protein peptide
(MBP 84�102). Such peptide has been found to bind to HLA-
DRβ5*0101 and DRβ1*1501 molecules according to two totally
different binding registers.190

The same Class II molecule can read the same peptide using
two totally different functional registers, as happens with the
OVA 323�339 peptide and the I-Ad molecule in which the
binding register is 323�335 or, alternatively, 325�336. Never-
theless, the former is unable to activate a T-cell hybridoma,
whereas the same T-cell response can be activated by the latter.
This data suggests that a single peptide can bind to Class II
molecules having different functional registers to induce totally
different immune responses.240,243

Experimental and structural studies with murine wild-type and
mutated I-Ek Class II molecules have shown that the reorganiza-
tion of some H-bonds allows peptides to escape from these
mutated Class II molecules, thereby leading to their lower
immunogenicity in mutated I-Ek mice. Elegant experiments
performed by Kersh et al.,244 with the Hb 64�76 hemoglobin
peptide binding to the I-Ek molecule, found that a single
modification made to this peptide in residue E73D (i.e. short-
ening only one methyl group by switching E for D) fitting into
this molecule’s pocket 6 altered peptide distances between
residues P6 and the orientation of P7 and P8, causing a 1,000-
fold reduction in this modified peptide’s ability to induce antibodies.
Therefore, a single shortening of a methyl group in an amino acid
drops these peptides’ immunogenicity 1,000-fold, so it is not difficult
to envision the consequences of shifting the polarity of conserved
HABPs’ critical and fundamental binding residues, as we have
thoroughly shown and discussed in previous sections.

The data provided by other groups regading human and
murine species could also provide a partial explanation for the
different reactivity we have previously found by Western blot for
sera (Figure 4B) from Aotus monkeys immunized with slightly
modified 1585 peptides, where such modified HABPs were read
in different binding registers by the different HLA-DR52 alleles
to form different MHCII/pTCR complexes. This situation was
clearly seen in 11860 binding to HLA-DRβ1*1101 and 13450
binding to HLA-DRβ1*0301, both of which were found to be
highly immunogenic protection-inducers. However, the former
strongly recognized the 195 kDa precursor molecule and high
molecular weight 105, 90, and 60 kDa cleavage fragments while
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the latter reacted very strongly with 70, 46, 42, and 19 kDa
fragments. Western blot reactivity of the sera raised against
13946 (1513) located in the MSP-1 N-terminus and binding
to the HLA-DRβ1*0801 allele was completely different from the
reactivity induced against the same protein fragments by 24148
(5501) located in the MSP-1 molecule C-terminus and binding
to HLA-DRβ1*0701. This data showed the structural compart-
mentalization of P. falciparum proteins as well as the immune
system’s functional compartmentalization.

Moreover, this data suggested the existence of different TCR
contact residues in the immunogenic protection-inducing modified
HABPs binding to different alleles from the same haplotype,
therefore suggesting that there is also a haplotype- or allele-
conscious TCR, or different TCR preferential modes of interaction
with the peptide, as clearly shown in Figure 7, panels IB and IIB0.

Besides class-conscious TCRs,245,246 the existence of haplotype-
and allele-conscious TCR modes of interaction was therefore
deduced from the peptide’s structural and functional point of
view in a thorough analysis of thirty-two (32) immunogenic,
protection-inducing modified HABPs.

As thoroughly shown by other groups, a single peptide can also
have different TCR interaction modes that would allow it to induce
different types of immune response, e.g. canonical diagonal,247�250

orthogonal,191N-terminal,251C-terminal,252 or class-conscious245,246

signatures supporting our finding that all these structural features
determining haplotype and allele-conscious TCR recognition have to
be very seriously taken into account when developing vaccines
capable of inducing a protective immune response.

6. STRUCTURALAND IMMUNOLOGICALMECHANISMS
USED BY P. FALCIPARUM PARASITES FOR EVADING
PROTECTIVE IMMUNE PRESSURE

6.1. Inducing Long-Lived Nonprotective Antibodies
6.1.1. Striking Differences in Antibody Recognition

Patterns Revealed by Immunological Analysis. In our
attempt to identify the principles or rules for a logical and
rational vaccine development methodology, using Plasmodium
falciparummalaria as our model disease, we have found thatAotus
monkeys immunized with some conserved modified HABPs
induced the production of long-lasting NON-protective high anti-
body titers against the P. falciparum parasite,197 as assessed by
IFA and Western blot. Most antibody titers became raised to
g1:160 (protection-associated antibody level) upon second
immunization and persisted after the third dose, while others
were only detectable after the third dose (Tables 2 and 3, group
C). These modified HABPs displayed marked structural differ-
ences (Figure 5), as can be observed in their superimposed 1H
NMR structures (Figure 7 IC) and the diagram summarizing
them (Figure 7 IIC0).
An example of such antibody reactivity was shown when

monkeys were immunized with MSP-1 high antibody titer-,
nonprotection-inducing 15468 (1513) (Tables 2 and 3, group C).
Western blot analysis showed that IFA positive sera (Figure 6AI)
reacted with the completeMSP-1 protein (195 kDa) and its 121, 83,
72, 68, and 51 kDa cleavage fragments but notwith the 152, 105, 100,
and 42 kDa fragments, which were only recognized by sera from
Aotus monkeys immunized with the highly immunogenic, protection-
inducing 13946, also derived from HABP 1513.
It is worth stating that the only variation between these two

peptides was L12D (Table 2, groups B and C), to which such
different types of immunological reactivity could be attributable.

This showed the immune system’s stereospecific exquisite re-
cognition capacity, this being the inherent problem which this
characteristic adds to the development of immunogenic, protec-
tion-inducing synthetic vaccines.

Figure 8. 3D structure of modified HABPs inducing biased immune
responses. Residues, in the lateral view, are colored according to
previous convention. (A) Immunogenic and protection-inducing (left-hand
panel) and solely immunogenic (right-hand panel) modified HABPs.197

Note the 4.6 ( 1.4 Å difference in distance between the most distant
atoms of residues fitting into P1 and P9 and the residue orientation of
these immunogenic protection-inducingmodified HABPs when compared
to the corresponding modified HABPs, which were immunogenic non-
protection inducers. (B) Modified HABPs, which only induced high
short-lived antibody titers (right-hand panel).220 Note the 6.8 ( 0.5 Å
difference between immunogenic protection-inducing HABPs and their
corresponding short-lived antibody-inducing modified ones. (C) Anti-
body inducer and protection-inducing modified HABPs are shown in the
left-hand panel, and modified HABPs, which only induced protection
without antibody induction, are shown in the right-hand panel.197 Note
the upward orientation of the P8 residue (yellow) in the former and
downward orientation in the latter (Reprinted with permission from refs
195 and 197. Copyright 2006 Elsevier. Reprinted with permission from
ref 196. Copyright 2005 American Chemical Society).



3488 dx.doi.org/10.1021/cr100223m |Chem. Rev. 2011, 111, 3459–3507

Chemical Reviews REVIEW

Another type of antibody recognition pattern was observed
when Aotus were immunized with peptides inducing high, long-
lasting, nonprotective antibody titers (Tables 2 and 3, group C).
Nonprotection-inducing 23754 (19 kDa fragmentMSP-1HABP
5501) (Figure 6AII), which induced high antibody titers, elicited
antibodies reacting with MSP-1 (195 kDa) and its 140, 120, 110,
and 83 kDa cleavage fragments. On the contrary, antibodies
induced by immunization with immunogenic protection-inducing
24148 (5501) displayed a completely different reactivity pattern
against 122, 70, 48, and 42 kDa (very strongly) and 40 kDaMSP-
1 cleavage products.
These ten (10) high long-lasting antibody titer nonprotection-

inducing modified HABPs’ structural characteristics were differ-
ent when compared to the twenty-four (24) high long-lasting
antibody titer protection-inducing modified HABPs. There was
an increase or shift in the helical region of nonprotection-
inducing 13782 (R-helix S4 to M17), 14012 (P3 to L11),
15468 (K7 to T12 and N13 to S17), and 13494 (M1 to Y9)
when compared to immunogenic protection-inducing modified
HABPs, where there was a shortening of helical length in 20032
(K13 to R16),197 23754 (Q6 to K12), 24296 (N8 to N15), and
14048 (R6 to L19), a change in their type III0 β-turns compared
to classical type III ones in 13766 (T7 to F10), or an induction of
a 310 helix in 23390 (D19 to L23) (Table 3).
6.1.2. A Shift in Residue Orientation and Shortening

the Distance between Binding Residues in Immunogenic
Nonprotection Inducing HABPs Is Associatedwith a Shift
in Binding to HLA-DRβ1* Molecules from Another Hap-
lotype. When the 3D structure of immunogenic protection-inducing
13946 binding to HLA-DRβ1*0801 (HLA-DR8) was compared to
that of 15468 (1513), which elicited a high nonprotection-inducing
antibody response, it was found that the latter had shifted its binding
preference toward the HLA-DRβ1*0301 (HLA-DR52) molecule
(group C in Tables 2 and 3). The same phenomenon was observed
when comparing immunogenic protection-inducing modified HABP
binding to HLA-DRβ1*0401 (HLA-DR53) to high nonprotection-
antibody-titer-inducing 13494 (6671) and 20032 (4325) (group C in
Tables 2 and 3), in which the latter had shifted their ability to bind to
HLA-DRβ1*0301 (HLA-DR52) (Tables 2 and3, groupsBversusC).
An analogous situation occurred when comparing immuno-

genic protection-inducing 10022 (4313) and 14044 (4313) bind-
ing to HLA-DRβ1*0701 (HLA-DR53) with the high nonprotective
antibody-titer-inducing 13766 (4313) and14048 (4337) (Table 3,
groups B versus C), in which the latter had shifted their binding
ability to HLA-DRβ1*1101 (HLA-DR52).
Some of the modified protection-inducing HABPs binding to

HLA-DRβ1*0701 (HLA-DR53) did not bind to any of the
MHCII molecules studied here while they did induce high
nonprotection-antibody titers. These peptides could possibly
have been binding to HLA-DRβ1*13 or HLA-DRβ1*14 (HLA-
DR52) molecules or other haplotypes such as HLADR51 (HLA-
DRβ1*1501 and 1601), which are also present in Aotus
monkeys.181 Unfortunately, these molecules were not available
for us for testing this hypothesis.
Such data show that the minimal structural differences indu-

cing different immunological activities in these analogues were
associated with a shift in their ability to bind to allelic molecules
from a different haplotype.197

When these immunogenic nonprotection-inducingmodifiedHABPs’
3D structures were analyzed, there was a 4.6 ( 1.4 Å shortening
between themost distant atoms of the residues fitting inside pockets
1�9 when compared to immunogenic protection-inducing modified

HABPs.197 Tables 2 and 3 compare groups B and C, while distance
differences can be clearly observed in Table 3 and Figure 8A.
When their lateral-view chain orientation (Figure 8A) and

frontal 3D structures (Figure 7IC and IIC0) were analyzed, it was
clear that they had changed not only biologically (binding to a
different haplotype molecule) but also structurally; that is, when
immunogenic protection-inducer binding to HLA-DRβ1*0701
became immunogenic-nonprotection inducers, their structures
resembled the structure of HLA-DRβ1*0301 binders and they
bound to purified HLA-DRβ1*0301 when assessed experimen-
tally. This phenomenon is currently being studied in depth in our
institution to better understand the as yet not well-known
mechanisms used by microbes to bias immune responses and
evade the shield of a completely protected host or induced
sterile-immunity; understanding such a mechanism is essential
for fully effective vaccine development.

6.2. Inducing Short-Lived Nonprotective Antibodies
6.2.1. Distinctive Antibody Titer Patterns and Structur-

al Differences Compared to Immunogenic Protection-
Inducing Peptides.Wehave also found that certainmodifications
performed on native nonimmunogenic, nonprotection-inducing
HABPs rendered them inducers of very short-lived high IFA
antibody titers which were not protective. It can be seen in
Tables 2 and 3 (group D) and in theWestern blot analysis shown
in Figure 6B that there were structural differences between
modified HABPs inducing very-early appearing antibodies
(II10) that disappeared definitively by II15 or III15 (Figure
6BI), compared to the modified HABPs inducing short-lived,
later-appearing antibodies (which lasted 10�15 days after the
second immunization and then disappeared definitively)
(Figure 6BII).196,220

1H NMR structural analysis showed clear differences in the
extension and localization of R-helices between immunogenic
protection-inducing 13450 (1585), 23230 (6746), 9782 (1522),
22834 (6637), and 13492 (6671), with the corresponding five
(5) short-lived antibody-inducing 15484 (1585), 21742 (6746),
15474 (1522), 14096 (6737), and 10000 (6671) (Figure 8B and
Table 3, group D). 15484 (1585) inducing short-lived antibodies
had an R-helix between A9 and K17 whereas immunogenic
protection-inducing 13450 (1585) presented anR-helix between
V2 and Q18. 15474 (inducing short-lived antibodies) had an R-
helix between K7 and K17 while its analogue (protection-
inducing peptide 9782) had a shorter R-helix between amino
acids P3 and N11.
Another example of helix displacement in short-lived anti-

body-inducing peptides could be observed in 22834, which
displayed a shorter R-helix between residues V5 and V10 while
the helical region spanned V5 to M12 in its analogue 14096
(short-lived antibody-inducing). 21742 (inducing short-lived
antibodies) had a helical region between N4 and A12 which
was displaced when compared to its protection-inducing analo-
gue 23230 (6746), in which the helical region spanned residues
N9 to H16 (Table 3, group D). A similar phenomenon occurred
with other peptides involved in this study.
6.2.2. Structural Changes in Short-Lived, Antibody-

Inducing, Modified HABPs Are Associated with a Shift
in Binding to Different Alleles from the Same Haplotype.
When 15484 and 21742 (Table 2), inducing short-lived non-
protection-inducing antibody titers, were compared to the
modified immunogenic protection-inducing HABPs binding to
HLA-DRβ1*0301 (13450 and 23230) (Table 3, groups B versus
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D), the former had shifted their binding activity from HLA-
DRβ1*1101 to HLA-DRβ1*0301. Reciprocally, protection-indu-
cing modified HABPs binding to HLA-DRβ1*1101 (9782 and
22834) shifted their ability to bind to HLA-DRβ1*0301 when
compared to their corresponding short-lived antibody-inducing
analogues (15474 and 14096). It can be observed that all such
shifting in binding activity occurred within alleles from the same
HLA-DR52 haplotype, i.e. from HLA-DRβ1*0301 to HLA-
DRβ1*1101 and vice versa (Table 3, groups B versus D).
Structural analysis (Figure 8B and Table 3, group B versus D)

showed a 6.8 ( 0.5 Å shortening196,220 in the distance between
the farthest atoms of residues fitting inside pockets 1�9 from
immunogenic protection-inducingmodifiedHABPs when compared
to those inducing high, very short-lived nonprotection-inducing
antibody titers.
The 3D structure of these five (5) modified HABPs inducing

short-lived nonprotective antibody titers was quite similar to that
of immunogenic protection-inducing modified ones (Figure 7ID
and IID0), with the sole difference being much shorter
(Figure 8B), probably suggesting a probable unstable and
perhaps short permanence inside the MHCII/pTCR complex.
Even though this hypothesis still needs to be proved, the results
have clearly shown that they had shifted their binding capacity to
another allele of the same haplotype and were 6.8 ( 0.5 Å shorter
(Figure 8B).

6.3. Inducing Protective Cellular Immune Responses in the
Absence of Antibodies
6.3.1. Protective Cellular Immune Responses in the

Absence of Antibodies. Seven (7) of the hundreds of modified
HABPs assessed in large numbers of Aotus monkeys reproducibly
induced protection against experimental challenge without raising
any antibody response, suggesting a different protective-induced
mechanism besides antibody recognition (perhaps T-cell immune
response)197(Figures 7IE and IIE0 and 8C).
Group E in Table 2 shows the amino acid sequences of native

peptides and those of their modified analogues inducing a
protective cellular response in the total absence of antibodies
(<1:20 titers), as determined by IFA 15 days after the second and
third immunization (II15, III15) with sera from immunized Aotus
monkeys protected against experimental challenge.
This phenomenon was completely reproducible when experi-

ments were repeated (Table 5) with 9236 (6737), forwhich the 3D
structure was not available, 13844 (6737), and 15536 (6671), thus

ruling out any extrinsic or intrinsic factor that might have affected
the reliability of data, such as prior exposure of Aotus to P. falci-
parum (discarded due to the lack of reactive antibodies in
preimmune sera), absence of antibodies in sera obtained following
immunization, blood group incompatibility with the Aotus parasite
donor (which might have been preventing infection rather than
inducing immune protection against the same), etc.
Lymphoproliferation or cellular immune response studies car-

ried out with peripheral blood mononuclear cells (PBMCs)
isolated from the sera of those Aotus in which assays were repeated
revealed high stimulation indexes (SI) for both modified HABP
monomers and their polymers, thus indicating that a specific
cellular immune response was raised against modified HABPs’
amino acid sequences used for immunization rather than neo-
antigens generated during polymerization. Even though no direct
correlation was shown between SI and protection, monkeys that
were fully protected against experimental challenge presentedg5.0
SI when compared to those immunized with monomers or
polymers from the respective native peptide (Table 4).197

On the contrary, all control monkeys simultaneously immu-
nized with saline solution in complete and incomplete Freund’s
adjuvant presentede3.0 SI when their leukocytes were exposed
to the same monomeric or polymeric peptides used in immuni-
zation, therefore showing that the lymphoproliferation response
had been most likely due to a nonspecific cellular response
resulting from immunizing these monkeys with Freund’s
adjuvant.
Although this data agrees with that supporting lymphoproli-

feration assays as a suitable methodology for revealing a
cellular immune response’s specific stimulation, it should be
considered that it is not a robust test for correlating SI and
protection.
6.3.2. Cytokine Production Induced by Activating Pro-

tective Cellular Immunity. The cellular immune response
induced by these peptides in protected monkeys in the absence
of a humoral response was further documented by determining
cytokine concentrations. The different Th1/Th2 associated
cytokines were quantified using a primate-cytokine-specific kit
due to the difficulty of obtaining specific reagents for Aotus
cytokines, the large quantity of lymphocytes needed for PCR
quantification, and the poor or null ability of human-cytokine-
specific-reagents to recognize these cellular mediators.
Table 5 shows that Aotus 440 immunized with 15536 (6671),

as well as monkeys 510 and 446, which were immunized with

Table 5. Cytokine Production in Monkeys Immunized with Antigenic Peptidesa

aRepresentative cytokines fromTh1 (IFN-γ, TNF, and IL-2) and Th2 (IL-4 and IL-6) immune responses quantified from cell culture supernatants. The
results are presented in pg/mL for each cytokine produced after the second immunization. Significant results are shown in bold, being those presenting a
relevant level of cytokines after subtracting the value of their respective control (background or bkg = cells which had not been exposed in vitro to the
peptide). Phytohemagglutinin (PHA) mytogen was used as positive control for cytokine production. Animals shown in gray are those that were
protected (total control of parasitemia) during experimental challenge with a virulent P. falciparum Aotus-adapted strain.
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13844 and 9236 (both derived from 6737), were protected
against experimental challenge, but such protection was not
associated with antibody production as assessed by IFA, Western
blot, and ELISA.197 Interestingly, these monkeys were the only
ones that simultaneously produced high concentrations of

IFN-R and IL-4 (although they were not the highest), which
suggested that both Th1 and Th2 associated immune responses
were simultaneously activated by immunization with these
modified peptides. Another Aotusmonkey (451), which was also
immunized with 13844 (6737), produced IFN-γ, TNF-R, IL-2,
IL-4, and IL-6, and low SI (SI e 3.0).
6.3.3. Critical Role of P8 in Inducing a Protective

Cellular Immune Response against Malaria. When these
modified HABPs’ 3D structures were determined by 1H NMR
studies and compared to immunogenic protection-inducing HABP
analogous structures, we found that there was a different orienta-
tion of the P8 residue in the seven (7) modified HABPs inducing
protective cellular immune responses (no antibody production, but
high SI associated with high Th1 and Th2 cytokine levels).
Accordingly, P8 (yellow) pointed downward or sideways, whereas
the same residue had mostly an upward or different orientation in
high, long-lasting antibody levels and protection-inducingmodified
HABPs. This orientation difference in P8 suggested that an
upward-orientation in appropriately modifiedHABPs was required
for establishing contact with the TCR, thus inducing protective
antibody production197 (Figures 7ID and IID0 and 8B).

7. MOLECULAR MODELING OF MODIFIED HABP
DOCKING INTO HLA-DR AND TCR MOLECULES

Molecular modeling and docking studies were carried out for
some peptides to determine how well the 3D structures of our
immunogenic protection-inducing modified HABPs’ (deter-
mined by 1H NMR) fit inside the few previously identified
HLA-DRβ1* structures (determined by X-ray crystallography),
based on HLA-DRβ1* binding capacities, binding motifs, and
binding registers previously demonstrated for these modified
HABPs, to test these results’ reliability by working with two
completely different but complementary techniques: 1H NMR
and X-ray crystallography.

It would have been ideal to have the Aotus HLA-DRβ1*0403-
24112-TCR complex crystallized to analyze its informative
macromolecular complex 3D structure; unfortunately, despite the
tremendous effort made by excellent groups of scientists (immu-
nologists, crystallographers, etc.), very few (just 2) MHCII-pep-
TCR 3D structures have been determined during the previous
12 years.

7.1. Modified HABP 24166 Docking in the HLA-DRβ1*0101
Molecule Complex

24166 (1818) was reproducibly immunogenic (Figure 4A18
and B) and induced protection in some experimentally chal-
lenged Aotus (Tables 1 and 2) associated with binding to HLA-
DRβ1*0101 molecules (Table 3). Docking was performed by
replacing the hemagglutinin (HA) peptide (residues 306-318)
with 24166 into which the HLA-DRβ1*0101 molecule was
cocrystallized.185 This showed that 24166 fit very well when
superimposed onto the PBR of HLA-DRβ1*0101 molecules
(Figure 9A and B).

Please note that amino acids are written in one-letter code if
they came from a modified peptide and three-letter code for
amino acids from HLA-DR, hereinafter.

Docking 24166 inside the 3D structure of HLA-DRβ1*0101
(modified according to the amino acid sequence differences
found in analogous DRβ* W4301 and W4304 Aotus monkeys)
showed the spontaneous formation of nineH-bonds between this
MCHII molecule and 24166 (Figure 9C). AotusHLA-DRβ1*0101
Class II molecules are similar to human HLA-DRβ1*0101

Figure 9. HABP 24166 interatomic interactions with HLA-DRβ1*01
molecules. 24166 interaction with HLA-DRβ1*0101-like from pro-
tected Aotus monkeys modified according to the HLA-DRβ1*0101
structure (PDB code 1DLH)185 and Suarez et al.181 (A) The front view
shows the orientation of 24166 residues’ lateral-chains (represented as
sticks) and their position inside modified HLA-DRβ1*01 shown accord-
ing to the same color code used in Figure 5. Panel B shows the top view
of the peptide backbone displaying the H-bonds (shown as dotted lines)
established between 24166 backbone atoms (represented as sticks) and
HLA-DRβ1*0101 R- and β-chain residue side-chain atoms (depicted as
pink and blue ribbons, respectively) in protectedmonkeys. The nitrogen
and oxygen atoms are shown as blue and red balls, respectively. Black
segments in the β-chain correspond to the residues that were modified
according to the Aotus MHCII sequence (HLA-DRβ1*0101-like). (C)
H-bond (indicated by an asterisk) and van der Waals interactions, both
measured in angstroms (Å�) between 24166 and HLA-DRβ1*0101
lateral chains, colored according to the color code previously established
for P1 to P9.
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according to molecular biology studies by Su�arez et al.181 as
displaying nine amino acid differences in the β-chain residues
forming the PBR (Trp9Lys, Cys13Phe, Asp28Glu, His30Cys,
Tyr37Ser, Arg56Pro, Thr57Asp, Phe67Leu, and Asn70Gln, with
the last four involved in peptide binding).

Please remember that Class II residues are written in three-
letter code while peptide residues are shown in one-letter code
for clarity in these sections of the manuscript.

Our previous 1H NMR studies have shown that 24166
displayed two different structural families having classical β-turn
type III structures, one spanning residues S9 to N12 and the
second Y14 to M17; the latter was used for docking studies, as it
was the most common.111 The presence of these two families of
structures could have partly explained dual binding ability (one
to HLA-DRβ1*0101 and the other to HLA-DRβ1*1101), since
both binding registers were present in this molecule; however,
the specific methodology for isolating each isoform is not yet
available.

Similarly to what occurs with the HA peptide within the HLA-
DRβ1*0101’s groove, the residues corresponding to the 24166’s
bindingmotifs and binding registers (YDKMLPLDD in bold and
underlined) fitting into P1 (Y, fuchsia) and P9 (D, green)
were deeply embedded within this molecule. The residue fitting
into P4 (M, dark blue) was relatively large whereas the one
fitting inside P6 (P, brown) was very small, a particular
characteristic of HLA-DRβ1*0101, since only small apolar
amino acids such as A, G, S, P, and T could fit inside pocket
6, due to this pocket’s very small size. All the amino
acids corresponded to the classical binding motifs and
binding registers for fitting into this Class II molecule’s
pockets155,157,158 (Figure 9) and correlated very well with the
binding ability found for this modified HABP when working
with purified HLA-DRβ1*0101 molecules.

The nine H-bonds (Figure 9C) established between 24166
backbone atoms and the lateral chains of HLA-DRβ1*0101
modified residues (replaced according to the AotusDRβ*W4301
sequence, as previously described) and their corresponding
interatomic distances (in angstroms, shown in parentheses)
are shown in Figure 9C indicated by an asterisk following the
color code previously established for 24166 amino acids:
Y11 (fuchsia) fitting into pocket 1, D12 (red) into P2, K13
(pale blue) into P3, N14 (dark blue) into pocket 4, L15 (pink)
into P5, P16 (brown) into pocket 6, L17 (gray) and D18
(yellow) into P7 and P8, respectively, and D19 (green) into
pocket 9.

These nine H-bonds were established between the backbone
atoms of 24166 and lateral chain atoms of HLA-DRβ1* 0101
residues in such a way that Y11 established anH-bond with SerR53
(fuchsia, 1.83 Å), D12 established a bidentated H-bond with
Asnβ82 (red, 2.13 Å and 2.24 Å), as has been thoroughly described
for this Class II residue, M14 with GlnR 9 (dark blue, 3.24 Å),
another bidentated H-bond was established between the double
reacting N groups of Argβ71 with L15 (pink 1.97 Å and 1.94 Å,
respectively), L17 reacted with AsnR 69 (gray, 2.47 Å), D18 with
Trpβ61 (1.76 Å), and D19 (green, 1.77 Å) with Thrβ57.

These H-bonds were the canonical H-bonds established by
the HA peptide and HLA-DRβ1*0101 molecule, suggesting
that 24166 binding to this Class II molecule was almost iden-
tical to that observed in a classical HLA-DRβ1*0101-HA 3D
structure.185

The Thrβ57Asp difference between HLA-DRβ1*0101 and
AotusDRβ*W4301 should be noted, since the absence of the salt

bridge established between Aspβ57 and ArgR76 inAotusMCHII
molecule pocket 9 led to the preferential binding of peptides
carrying negatively charged residues, such as D or E in this
position, as occurred with 24166. This situation is commonly
found in some HLA-DRβ1* alleles, mouse I-Ag7186 and human
HLA-DQ8 associated with insulin-dependent diabetes.192

These results very clearly showed that if some more HLA-
DRβ1*0101 restricted peptides had to be included in a fully
protective antimalarial vaccine, then a larger number of Aotus
monkeys had to be screened to select monkeys carrying this
allele, given that HLA-DRβ1*0101 allele frequency was very low
(∼10%) in the wild population,181 which could partly explain
why few modified HABPs have been identified as fitting into
HLA-DRβ1*0101 to date and/or being specific for this genetic
characteristic.

This data has shown that the residues from immunogenic
protection-inducing modified HABPs have to be properly or-
ientated in the MHCII/pTCR complex according to the specific
HLA-DRβ1* molecule to which they bind to allow TCRs to
contact specific residues in both the peptide and Class II
molecules so as to activate an protective immune response.

Such modifications have to be carefully and exquisitely
performed, since immunogenic, protection-inducing modified
HABPs can display different MHC binding registers that would
lead to different immune responses depending on the allele and
the way they are bound, as thoroughly shown in this manuscript
and elsewhere.197,220

7.2. Testing the Minimal Subunit-Based Synthetic Vaccine
Concept
7.2.1. Modified HABP 24112 Immunogenicity and Pro-

tection-Inducing Activity in Hla-Dr-Like Typed Monkeys.
As proof of principle, a recently published study216 based on
previous results obtained with 24112 (4044),84 which was highly
immunogenic and induced protection in∼20% of the vaccinated
monkeys in several monkey trials (Figure 4A5 and in B, several
blots), found that protected Aotus monkeys immunized with
24112 carried the HLA-DRβ1*04 allele; this modified HABP
showed high experimental binding capacity to this class II purified
molecule, and it also displayed the binding motifs and binding
registers characteristic for HLA-DRβ1*0401 molecules.
In this study, eighteen (18) Aotus were selected from a group

of 40 recently captured, nonfamily related, nongeographically
close, molecularly genotyped Aotus monkeys and classified into
four immunization groups based on the high similarity existing
between Aotus monkeys’ MHC-DRB exon 2 and HLA-DRβ1*
alleles.181 Group A (HLA-DRβ1*0403-like) contained sixMHC-
AoDRβ*W45/47 monkeys having 92%�100% of similarity with
HLA-DRβ1*0403; group B (HLA-DRβ1*0422-like) included
five MHC-AoDRβ*06 genotyped monkeys showing 95%
similarity with HLA-DRβ1*0422; group C consisted of two
MHC-AoDRβ1*03 (HLA-DRβ1*0301-like) monkeys having
89%�95% similarity with HLA-DRβ1*0301 and one MHC-
AoDRβ*W38 (HLA-DRβ1*0701-like) monkey showing 87%�
93% similarity with HLA-DRβ1*0701; group D contained four
monkeys having diverse MHC-AoDRβ alleles. HLA-DRβ1*04-
like181 was used as immunization control, due to limited monkey
typing.
Groups A, B, andCwere immunized on days 0, 20, and 40 with

24112 (4044) homogenized in Freund’s adjuvant while group D
only received saline solution emulsified in the same adjuvant on
the same days (negative control). IFA analysis showed that very



3492 dx.doi.org/10.1021/cr100223m |Chem. Rev. 2011, 111, 3459–3507

Chemical Reviews REVIEW

high antibody titers (g1:1280) were developed in four out of the
six (∼67%) HLA-DRβ1*0403-like genotyped monkeys in group
A after the second and third immunizations, as indicated by the
recognition of a membrane immunofluorescence pattern in late
schizonts, which was in complete agreement with MSP-2 surface
location from which these 4044 sequences were derived
(Figure 4A5). Furthermore, Western blot analysis of P. falcipar-
um-schizont lysates using the same hyperimmune sera from
group A monkeys showed strong reactivity with 69, 63, and
48 kDa molecules, as well as weaker recognition of 54 and
51 kDa molecules, which were close to MSP-2’s molecular weight
(∼68 kDa) and that of its cleavage fragments (as seen in Figure 4B,
far right, showing theWestern blot analysis with this new group of
anti-24112 sera). The remaining twoHLA-DRβ1*0403-like mon-
keys in group A developed lower antibody titers (1:320) and
showed weaker Western blot recognition of MSP-2 and its
cleavage fragments (not shown due to space limitations).
During challenge performed 20 days after the third dose,

following the intravenous injection of 100,000 fresh RBC
infected with the Aotus monkey-adapted P. falciparum FVO
strain, control as well as nonprotected monkeys developed
very high parasitemia by day 5 that reachedg5% by days 8�11
and required immediate treatment, whereas the same four
HLA-DRβ1*0403-like monkeys that produced very high antibody
titers (g1:1280) developed sterile immunity and were therefore
fully protected against experimental challenge with P. falciparum.
Sterile immunity was defined as being the complete absence of
blood parasites on the whole slide (screening ∼1,000,000 RBC
per monkey per day by Acridine Orange staining and fluores-
cence microscopy) during the 15 days that the experiment lasted.
According to such criteria, 24112 conferred sterile immunity on
two-thirds (66.6%) of the HLA-DRβ1*0403-like genotyped
Aotus monkeys (Figure 10).
On the contrary, the other two monkeys producing lower

antibody titers (e1:320) developed very high parasitemia levels

(>5%) 8�11 days postchallenge, comparable to the levels shown
by control monkeys (Figure 10). Some monkeys immunized
with 24112 and genotyped as carrying the HLA-DRβ1*0422-like
allele developed low antibody titers (1:160) or did not produce
any antibodies against the parasite, the same as monkeys carrying
the HLA-DRβ1*0301 genetic marker and control monkeys.
None of the monkeys in groups B, C, and D were protected
against experimental challenge.

7.3. Peptide 24112 Docking in Protected Monkeys’ Hla-
Drβ1*04 Molecule Produced High Antibody Titers While
Its Docking with Nonprotected Monkeys’ HLA-DRβ1*03
Molecule Produced No Antibody Titers

Previous trials171,216 found strong association between HLA-
DRβ1*0401 binding characteristics, the sterile immunity inducing
capacity of 24112 and this modified HABP’s 3D structure as
determined by us;84 24112 docking studies were therefore
performed on this MHCII molecule using the HLA-
DRβ1*0401 molecule’s 3D structure determined by Hennecke
as template.253,254

1H NMR studies on 24112 have shown that there was a
distorted type III0 β-turn spanning residue Y3 to T6 and a
classical type III0 β-turn structure between residues A11 andM14
in this immunogenic protection-inducing modified HABP84

whereas the rest of the molecule was unstructured. This structure
was similar to the crystallographic structure of the HA peptide
complex formed with the HLA-DRβ1*0401 molecule,254 where
residues fitting inside pocket 1 (Y12 fuchsia) and pocket 9 (M20
green) were downwardly orientated and deeply embedded into
these pockets (Figure 11A), whereas residues fitting inside
pocket 4 (V15 dark blue) and pocket 6 (R17 brown) were more
shallowly embedded.158,182,185,188

It was considered that other binding motifs and binding
registers could permit 24112 docking inside the HLA-
DRβ1*0401 3D structure, but none of them displayed the
complete binding motives nor binding registers characteristic

Figure 10. Genotyping, immune response and preferential TCR Vβ usage of immunized Aotusmonkeys. Amino acid sequence of genotyped monkeys
analyzed in this study. At the top, in the first row, the amino acid sequence of the reference HLADRβ1*0401 molecule as reported by Hennecke.254

Monkeys were classified into different immunization groups (A, B, C, and D) according to the similarity of their MHC class II DRβ exon 2 nucleotide
sequences to HLA-DRβ1* alleles, displayed at the top of each group as reference. Each monkey’s antibody titers (Ab Titers) determined by IFA before
(P0) or 20 days after each immunization (II20, III20), as well as protection results (Prot) against experimental challenge and expanded TCR βV families
are shown. Residues forming the HLA-DRβ1*04 pockets are highlighted in different colors according to the previously established code: pocket 1 (P1),
fuchsia; pocket 4 (P4), blue; pocket 6 (P6), orange; pocket 7 (P7), gray; and pocket 9 (P9), light green. (Reprinted with permission from ref 216.
Copyright 2010 Public Library of Science.)
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Figure 11. Interatomic interactions of HABP 24112 with HLA-DRβ1*0401 and Aotusmodified HLA-DRβ1*0301 molecules. 24112 interaction with
protected Aotus 191 HLA-DRβ1*0403-like: (A) front view; (B) top view. 24112 interaction with nonprotected Aotus 148 HLA-DRβ1*0422-like
complex: (D) front view; (E) top view. 24112 interaction with the HLA-DRβ1*0301-like molecule from nonprotected Aotus 192 which did not produce
antibodies: (G) front view; (H) top view. Front view panels A, D, and G show the orientation of 24112 residues’ lateral-chains (represented as sticks)
and their positions inside MHCII molecules shown according to the previously established color code in Figure 5. The top view panels B, E, and H
display the H-bonds (shown as dotted lines) established between 24112 backbone atoms (represented as sticks) and MHCII R- and β-chain residue
side-chain atoms (depicted as pink and blue ribbons, respectively) in protected (monkey 191) as well as nonprotected monkeys (148 and 192,
respectively). Nitrogen and oxygen atoms are shown as blue and red balls. Black segments in the β-chain correspond to the residues that were modified
according to the MHCII sequences of Ao191 (HLA-DRβ1*0403), Ao148 (HLA-DRβ1*0422), and Ao192 (HLA-DRβ1*0301). (C, F, and I) H-bonds
and van der Waals interactions, measured in angstroms (Å�), between 24112 and HLA-DRβ1*0403 and HLA-DRβ1*0422 and between 24112 and
Ao192 (HLA-DRβ1*0301). H-bonds are depicted with an asterisk and interactions involving different atoms are highlighted in pale gray, while
interactions involving common residues are not shadowed. The color code for those residues establishing such H-bonds is the same as that used in
Figure 5. Note the absence of the critical H bond formation between Y12 and SR53 in HLA-DRβ1*0301 monkeys (panels G, H, and I). (Adapted with
permission from ref 216. Copyright 2010 Public Library of Science.)
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for this allelic molecule, which did not allow a perfect fit inside the
PBR of this HLA-DRβ1* molecule, therefore suggesting that the
only probable structure was YNMVIRRSM (residues fitting
inside pockets 1, 4, 6, and 9 are underlined and in bold,
respectively) for a perfect fit into this class II molecule.

HLA-DRβ1*0403 structure was modified according to amino
acid sequence differences found in fully protected Aotusmonkey
191, which had the HLA-DRβ1*0403-like β-chain PBR amino
acid sequence (Phe37Tyr, Ser57Asp, Lys60Tyr, Ile67Leu,
Asp70Gln, Ser74Glu, Lys80Arg, and Gly86Val). Docking
24112 inside such a modified structure showed that the pMHC
structure became stabilized by the spontaneous formation of
seven of the ten canonical H-bonds182,185,188 between 24112
backbone atoms and lateral chain atoms of modified HLA-
DRβ1*0403 residues (Figure 11B).

These seven H-bonds, with their corresponding interatomic
distances (shown in angstroms inside parentheses throughout this
manuscript and indicted by an asterisk in Figure 11C), are depicted
according to the color code previously established for 24112, where
Y12 (fuchsia) fit into pocket 1, N13 (red) corresponded to P2,M14
(pale blue) to P3, V15 (dark blue) fit into pocket 4, I16 (pink)
corresponded to P5, R17 (brown) to pocket 6, R18 (gray) to P7,
S19 (yellow) to pocket P8, and M20 (green) to pocket 9.

By the same token, docking 24112 into the HLA-DRβ1*0422
3D structuremodified according to the few differences found in one
of the nonprotected, nonantibody producing monkeys (Aotus 148)
where two amino acid changes were found with the corresponding
human allele (Val68Leu, Leu67Tyr) showed the spontaneous
formation of six of the 10 canonical H-bonds between atoms from
the peptide’s backbone and MHCII lateral chain residues, strongly
suggesting that 24112 had a greater binding preference for HLA-
DRβ1*0403-like molecules than HLA-DRβ1*0422-like molecules
(Figure 11D and E).

24112 binding to HLA-DRβ1*0403 in protected monkeys
displayed a totally different H-bond pattern in nonprotected
HLA-DRβ1*0422 monkeys between V15 with pocket 4 GlnR9
(in dark blue, 2.27 Å) and R17 with pocket 6 Lysβ71 (in brown,
1.71 Å). No H-bonds were found between 24112’s R18 back-
bone atoms and HLA-DRβ1*0422 lateral chains (Figure 11F).

Likewise, 24112 docking into the HLA-DRβ1*0301 molecule
described by Ghosh et al.,183 modified in residues Gluβ9Phe,
Tyrβ10Gln, Serβ11Thr, Hisβ32Tyr, Asnβ37Tyr, Argβ48Tyr,
Leuβ67Tyr, Leuβ68Val, and Valβ86Gly according to the β-chain
amino acid sequence of HLA-DRβ1*0301 genotyped monkeys
not developing antibodies against this peptide or the parasite or
being protected against experimental challenge (Aotus 192),
showed the establishment of six of the 10 canonical H-bonds
between atoms from the peptide’s backbone and HLA-
DRβ1*0301-like Aotus modified molecule’s lateral chain residues
(Figure 11G and H).

The same as in HLA-DRβ1*0422, 24112 binding to nonanti-
body producing, nonprotected HLA-DRβ1*0301 monkeys dis-
played a completely different binding pattern compared to HLA-
DRβ1*0403 molecules. It was strikingly observed that no H-bonds
were established between Y12 with SerR53 from pocket 1; this is a
critical H-bond formation which is essential for stabilizing the
pMHCII complex, since it has been extensively shown that pocket
1 has been the most important pocket for anchoring immunogenic
peptides toMHCIImolecules (Figure 11I). By the same token, the
absence of H-bonds between pocket 6 residues and R17 backbone
atoms could account for poor 24112 binding to HLA-DRβ1*03
molecules, as experimentally documented by the absence of 24112

binding capacity to this purifiedmolecule,171 which could partly explain
24112’s lack of immunogenicity andprotective immunity in individuals
carrying this genetic trait. Pocket 6 has been shown to give strong
specificity and strong binding capacity to HLA-DRβ1*04 molecules.

Additional differences were observed between these three
pMHCII complexes (highlighted in pale gray in Figure 11C, F,
and I) regarding van der Waals forces established between other
24112 atoms and HLA-DRβ1*0403, HLA-DRβ1*0422, and
HLA-DRβ1*0301 modified molecules.

It was clear from the differences between 24112’s modes of
binding to HLA-DRβ1*0403, HLA-DRβ1*0422, and HLA-
DRβ1*0301 modified molecules that the key interactions in

Figure 12. Peptide 24112 interactions with modified HA 1.7 TCR. (A
and B) H-bonds and van der Waals interactions established between
peptide 24112 and HA 1.7 TCR molecule modified according to the
Vβ12 clone 3 sequence from protected Aotus 191. (D and E) 24112
H-bonds and van der Waals interactions with the HA 1.7 TCRmolecule
carrying the Vβ15 clone 5 sequence from the nonantibody producer,
nonprotected Aotus monkey 148. Small black dots correspond to
24112’s atoms making contact with modified HA 1.7 TCR molecule
atoms. Amino acids conforming each TCR CDR are as follows: in the
TCR R-chain (dark pink ribbons shown on top): Tyr24 to Tyr31 for
CDR1R (white ribbon), Lys48 to Leu55 for CDR2R (dark green
ribbon), and Ser93 to Leu104 for CDR3R (yellow ribbon); in the
TCR β-chain CDR (dark blue ribbons on top): Val24 to Asn31 for
CDR1β (light green ribbon), Phe48 to Glu56 for the CDR2β (gold
ribbon), and Ala93 to Gly109 for CDR3β (red ribbon). (B and E) Front
view of the same complex and view rotated 90�. (C and F) H-bonds
(dark gray and with an asterisk) and van der Waals interactions
established between peptide 24112 and Ao191-Vβ12 TCR (left
column) and Ao148-Vβ15TCR (right column), with their corresponding
interatomic distances indicated in angstroms (Å). Interactions involving
different atoms are highlighted in pale gray, whereas interactions involving
the same residues in both complex are not highlighted. (Reprinted with
permission from ref 216. Copyright 2010 Public Library of Science.)
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peptide binding for inducing immunity, either fully protective as
in HLA-DRβ1*0403 genotyped Aotusmonkeys or nonprotective
as in HLA-DRβ1*0422 monkeys or completely nonimmuno-
genic, nonprotection inducing as in HLA-DRβ1*0301 monkeys,
involved the canonical formation of H-bonds between specific
24112 backbone atoms and specific atoms in the lateral chains of
the residues forming the different pockets.

7.4. Preferential Use of TCR Vβ Families
T-cells from the 18 monkeys involved in a recent study216 as

described in the above section were isolated from blood samples
drawn one day prior to the first vaccination and the day before
challenging animals with an intravenous inoculation of P. falci-
parum iRBC for deeper analysis of the appropriate MHCII/
pTCR complex formation. T-cells were subsequently expanded
and cloned for assessing their preferential usage of TCR Vβ
families by spectratyping and DNA sequencing of the amplified
complementary determining region 3 (CDR3), themost relevant
and polymorphic region of the TCR, which establishes direct
contact with the antigen presented by MCHII molecules. The
results showed that there was preferential usage of T-cell clones
for Vβ12 and Vβ6 TCR families in the four (4) fully protected
HLA-DRβ1*0403 genotyped monkeys (group A) (Figure 10),
while there was no predominant usage of any particular TCR
family or any preponderant sequence in HLA-DRβ1*0403
monkeys which were not protected and those belonging to the
HLA-DRβ1*0422 or another HLA-DR genotype that did not
develop any antibody titers or were not protected.216 This data
suggested an exclusion mechanism at the TCR level between
protected and nonprotected monkeys in TCR Vβ usage, in spite
of some of them showing antibody production (although at a
lower level) after being immunized with the same epitope.
Therefore, the later groups low antibody titers must have had
different specificities, affinities, and/or structural characteristics,
a subject which is currently being studied at our institute.
7.4.1. Structural Analysis of the HLA-DRβ1*0403�

24112�TCR Complex. Based on the amino acid sequence of
the VβCDR3 T-cell clones obtained from fully protected mon-
keys developing sterile immunity and nonprotected ones, the
previously reported HLA-DRβ1*0401�HA�HA1.7 TCR crys-
tal structure was modified according to the amino acid sequence
of the preferred Vβ TCRs to determine the HLA-DRβ1*0403-
like�24112�TCR structure of fully protected Aotus monkeys
versus the HLA-DRβ1*0422-like�24112�TCR structure of
nonprotected ones. These molecules were analyzed and com-
pared at the atomic level to examine H-bond formation and
distance differences.
The TCR Vβ3S1 sequence reported for the HLA-DRβ1*0401�

HA�HA1.7 TCR complex was modified in the CDR3β region to
study theHLA-DRβ1*0403-like�24112�TCRcomplex according
to the variations found in the Vβ12 D region of clone 3 from
protected Aotus monkey 191. Likewise, the TCR Vβ3S1 sequence
was replaced in the HLA-DRβ1*0422-like�24112�TCR complex
by the Vβ15 family sequence found in clone 5 from nonprotected,
nonantibody-producing Aotus monkey 148. Superimposing the
HLA-DR1*0403�24112�TCRVβ12 and HLA-DRβ1*0422�
24112�TCRVβ15 modified complexes onto the original 3D
structure of the HLA-DRβ1*0401�HA�HA1.7 TCR complex
gave 1.41 and 1.32 rmsd, respectively.
Based on the information mentioned above and the fact that

TCRVR displayed limited polymorphism (their CDRswere thus
not cloned in the referred study), docking analysis using the

HLA-DRβ1*0401�HA�HA1.7 TCR complex 3D structure as
template showed that such modified HA1.7 TCR binding to
both HLA-DRβ1*04�24112 complexes was mediated by
TCR VR region (Figures 12A and D red ribbon and top)
interaction with the peptide’s N-terminal portion while the
C-terminal fragment established contact with Vβ regions
(Figures 12A and D, dark blue ribbon on top), as recently
described elsewhere.216

7.4.2. Modified Peptide 24112 Atoms Recognized by
Modified TCR CDRs. The following five residues from highly
immunogenic 24112 inducing sterile immunity and protection

Figure 13. Footprint of modified HA 1.7 TCR on HLA-DRβ1*04
molecules. (A and B) Footprint of the HA 1.7 TCR molecule modified
according to the Vβ12 clone 3 sequence of protected Aotus 191, in the
HLA-DRβ1*0403 molecule. (D and E) Footprint of the HA 1.7 TCR
molecule modified according to the Vβ15 clone 5 sequence of the
nonantibody producer, nonprotected Aotus monkeys 148 on the HLA-
DRβ1*0422molecule. (B and E) Front views of the same complexes and
view rotated 90�. (C and F) H-bonds established between HLA-
DRβ1*0403 and HA1.7 TCR-like modified molecules and between
HLA-DRβ1*0422 and the same TCR with their corresponding intera-
tomic distances indicated in angstroms (Å) highlighted with an asterisk.
Salt bridges are highlighted in dark gray and with asterisk while
interactions involving different atoms are highlighted in pale gray, and
interactions involving the same residues in both complexes are not
highlighted. Note that there are 8 salt bridges between residues estab-
lished in the footprint of the protected Aotus 191 monkey versus 5 in the
footprint of the 148 nonprotected Aotus 148 monkey. (Reprinted with
permission from ref 216. Copyright 2010 Public Library of Science.)
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were upwardly oriented when 24112 was presented in the
context of HLA-DRβ1*0403 (Figure 12A and B): N13
(corresponding to P2 in red), M14 (P3 in pale blue), I16 (P5
in pink), R18 (P7 in gray), S19 (P8 in yellow), but particularly
R18 (gray). These five residues were therefore possibly available
for TCR inspection. The CDR3β Vβ12 from the protected
monkey showed the spontaneous formation of three H-bonds
(shown as small dots in Figure 12A and B; highlighted in dark
gray in Figure 12C where they are indicated by asterisks): one
between N13 and ProR29 from CDR1R (white ribbon, at the
top) and two between R18 with Leuβ97 (2.44 Å�) and R18 with
Glyβ99 (2.43 Å�) from CDR3β (red ribbon, top). Another TWO
van der Waals interactions were observed between M14 with
Gluβ94 (4.02 Å) from CDR3R (yellow ribbon) and M14 with
SerR95 from CDR3R (yellow ribbon, top) (3.49 Å).
Only one H-bond (Figure 12F, dark gray, indicated by an

asterisk) was spontaneously formed between S19 and Gluβ99
(1.52 Å) in analysis of the HLA-DRβ1*0422�24112 TCR
contact residues complexed with the CDR3β Vβ15 region from
the nonprotected monkey (Figure 12D, E and F) while two van
derWaals interactions were observed betweenN13 with AspR28
(3.91 Å) from CDR1R (white ribbon) and R18 with Gluβ98
(3.61 Å) fromCDR3β (red ribbon). This was perhaps due to this
peptide’s R18 residue’s horizontal location. Besides displaying
poor or weak interaction between HLA-DRβ1*0422 and 24112,
this complex also displayed fewer and weaker electrostatic
interactions with the TCR.
7.4.3. TCR Footprint on the 24112 HLA-DRβ1*04 Mo-

lecule Complex. Figure 13A�C shows the H-bonds estab-
lished between the HLA-DRβ1*0403-modified molecule and
the Vβ12-clone-3-modified TCR of protected Aotus monkey
191 (whose sera had high antibody titers). The figure also gives
their corresponding interatomic distances and 3D structures
and interatomic distances between the HLA-DRβ1*0422-
modifiedmolecule and theVβ15-clone-5-derivedTCR fromnonanti-
body-producing, nonprotected Aotusmonkey 148 (Figure 13D�F).
Taking the human influenza TCR�pMHCII complex as a

template, the footprint analysis of these TCRs on their corre-
sponding MHCII molecules (Figure 13A and B, white ribbon)
shows that eight (8) H-bonds (listed in part C of Figure 13) were
specifically established in HLA-DRβ1*0403 with CDR1R resi-
dues (Thrβ77 with Tyr1R31), CDR2β residues (LysR39 with
Glu2β56, LysR67 with Asp2β51, brown ribbon in the same
Figure), and CDR3β residues (Lysβ60 with Glu3β98, red
ribbon). HLA-DRβ1*0422 preferred specific interactions be-
tween CDR1R residues (Asnβ77 with Tyr1R31, white ribbon)
and CDR2R residues (Asnβ77 with Ser2R51, green ribbon),
CDR2β residues (LysR39 with Glu2β56 and Asp2β51, brown
ribbon), and CDR3β residues (AsnR62 with Asp3β97, AsnR69
with Glu3β98, Tyrβ60 with Asp3β100, and Glnβ64 also
with Asp3β100, red ribbon). All the above-mentioned H-bonds
induced a twist and slight displacement toward HLA-
DRβ1*0422 R-chain residues which have not been quantitatively
determined in this study but can be seen most clearly when
comparing Figure 13B and E.
Only five (5) salt bridges (Figure 13F, dark gray, with asterisk)

were established between the residues forming the nonprotective
HLA-DRβ1*0422�Vβ15 TCR complex, whereas eight (8) salt
bridges were formed in the protection-associated HLA-
DRβ1*0403�Vβ12 TCR complex (Figure 13C, dark gray, with
asterisk *). This H-bond formation suggested a stronger and more
stable interaction for this pMHCII complex, being a condition

needed for stabilizing the complex and properly activating the
immune system toward a sterilizing immune response.
Other authors182 have shown that the strongest interactions

were established between MHCII molecules’ lateral chain atoms
and atoms from the peptide’s backbone (Figure 11), whereas the
strongest bonds were established with the peptide’s lateral chain
atoms in the peptide/TCR interaction (Figure 13), with salt
bridges being the most important electrostatic forces.
In essence, six extra H-bonds were formed in the HLA-

DRβ1*0403�24112-Vβ12 TCR complex (one more between
the 24112-HLA�DRβ1*0403 complex, two more between
24112-Vβ12 TCR, and three more in the Vβ12 TCR footprint
on the HLA-DRβ1*0403 molecule) compared to the HLA-
DRβ1*0422-24112-Vβ15 TCR complex.
It has also been shown254 that a large array of important

differences exist between residues’ orientation and electrostatic
forces established in these TCR/pMHCII complexes which are
associated with two different immunological outcomes induced by
the same peptide in slightly different variants of the same HLA-
DRβ1*04 allele, this being the essence of this whole section.

7.5. The MHCII/pTCR Synapse
The TCR usually has a diagonal orientation in relation to the

MHCII peptide binding groove’s long axis. Peptide contacts are
made primarily through the CDR3 loops while contacts with
MHCII helices are made through CDR1 and CDR2 in the
canonical system247�250,253,254 (Figures 12 and 13).

Variations in orientation with the MHCII�peptide (pMHC)
complex have been found to range from 24��80�, suggest-
ing that their interactions could thus twist, tilt, or shift, where
twist refers to the angle between the TCR and pMHC
long axes viewed from the TCR projecting it into the
pMHCII.247�250,253�256 Tilts and shifts are better appreciated
in the frontal views (Figures 12B and 13B and E) when different
MHCII/pTCR complexes are analyzed. In such views, the
pivotal point for the twist and tilt seems to be at the VR domain.
All these variations in orientation are contributed by the diversity
of Vβ domain contacts with the pMHCII complexes.255

The data obtained from superimposing 24112 onto the HLA-
DRβ1*0401�HA1.7 TCR complex suggested that this immu-
nogenic protection-inducing peptide fit into this complex in a
canonical way, since there were no major deviations in orienta-
tion and distances between the different contact residues.

It is also well-known that, as well as variations in crossing
angles between the MHCII binding platform helices (or MHCII
bound peptides) and an axis drawn between the R- and β-chain
TCR CDR loops,186,187,191,256 the TCR can present different
contact sites with the pMHCII complex. Some of these shifts are
located toward the peptide’s N-terminal region,251 others have a
central canonical diagonal orientation,247�250,253,254 and some
others are located close to the peptide’s C-terminus.252 All of this
leads to very different immunological outcomes.252,257�261

Consequently, an appropriate selection of highly immuno-
genic, protection-inducing modified HABPs (Table 1) derived
from the ten (10) most studied proteins considered in this paper
and forty (40) other previously analyzed merozoite proteins36

(i.e., the focus of ongoing work in our institute using the
experimental Aotus monkey model, as it is quite similar to
humans) as well as those derived from twenty (20) more sporo-
zoite proteins (also being studied in our institute)45,115,238,262

may lead to the so desperately needed, fully effective antimalarial
vaccine for immediate use in humans.
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8. CONCLUSIONS

8.1. General Considerations for Fully Effective, Chemically
Synthesized, Minimal Subunit-Based Vaccine Development

This manuscript has described the biological, structural func-
tional, and immunological analysis of almost ninety (90) con-
served HABPs and their corresponding modified analogues
belonging to 10 of the most relevant P. falciparum merozoite
proteins involved in the different steps of RBC invasion: recog-
nition and binding (MSP-1, -2, -9), reorientation and tight
junction formation (AMA-1), penetration (EBA-175), enzy-
matic cleavage (SERA), molecular transport (HRP-I, -II, RESA),
and cytoadherence (PfEMP-1) at the atomic level.

This work has been designed in the pursuit of our final goal:
defining a logical and rational methodology open for developing
synthetic vaccines covering a whole range of existing and
emergent diseases of concern for public health worldwide. Doing
so has allowed us to establish several working principles or rules for
developing chemically synthesized, minimal subunit-based, multi-
antigenic, multistage vaccines, using malaria as the model disease.

This decalogue of working principles aimed at inducing full
protective immunity would thus be as follows:
First, properly modified, short, chemically synthesized, conserved
HABPs (15�20 amino acid long) should be used to induce sterile-
immunity, due to their highly specific and exquisitely adopted
3D structural characteristics. This conclusion is based on the
following facts:

When comparing native conserved HABPs’ 3D structures
(determined by 1H NMR) and the pertinent recombinant
proteins’ segments (determined by X-ray crystallography)
corresponding to such HABPs, we have demonstrated that
their 3D conformation is practically identical, (by these two
different methodologies) irrespective of the molecule from
where they have been derived and whether they display R-
helical, β-turn, or random coil conformations (Figure 2).
This clearly implies that such short, conserved HABPs
could be partly or totally fulfilling the same biological
function which the corresponding amino acid sequence
fulfills in the native protein, such as parasite ligands,
enzymatic processing, protein�protein interactions, etc.
By the same token, the polymers from the HABPs used for
immunizing Aotus monkeys display the same secondary
structure (as determined by CD) to that of their respective
monomers, as we have thoroughly shown.103,111,112 This
structural conservation suggests that polymeric modified
HABPs could induce a similar immune response directed
toward the same structural conformations found in the
monomeric forms, thus making polymeric HABPs an
excellent multicopy antigen presenting system for synthetic
vaccine development. As additional support to the minimal
subunit based synthetic vaccine concept, it has been very
recently demonstrated that short peptides (16�20 amino
acids in length) have the optimal length for achieving the
maximalMHCII affinity,263 which is exactly the same size of
the HABPs we have used in all the biological, structural, and
immunological studies. Moreover, we have immunologi-
cally and structurally shown that elongations beyond this
length have resulted in a null or negative effect on affinity
and immunogenicity.112

This clearly suggests that antibodies induced against these short
(15�20-mer long) modified HABPs could block or modify

these proteins’ biological function or mediate the killing of the
parasite, as deduced from the sterile immunity induced in some
monkeys, making them fundamental pieces to be included as
components in fully effective, chemically synthesized, minimal
subunit-based multiepitopic vaccine development.

Second,HABPs involved in different invasion processes mediated by
the same molecule should be clearly identified, since we have shown
that there is functional compartmentalization in multifunctional
proteins where such HABPs are located in different parts of the
same molecule or in different domains.

This occurs in malaria with HABPs involved in RBC as well
as hepatocyte invasion, which are located in multifunctional
proteins’ different regions, which could reduce the number
of conserved HABPs required to induce fully protective
immunity.

Third, simple physicochemical techniques such as circular
dichroism (CD) can be used for identifying relevant
peptides, since conserved HABPs display a structural
compartmentalization.

This means that most peptides from the parasite’s mem-
brane proteins involved in initial recognition and binding
steps of RBC invasion (MSPs 1�10) or being released from
the micronemes (EBAs, EBL) and rhoptries (RAPs, RBP,
NBP, Rho, etc.) during these early processes, fulfilling an
enzymatic function (SERA), or being loosely bound to
other membrane-anchored molecules have an R-helical
structure. Meanwhile, conserved HABPs derived from pro-
teins or protein fragments remaining anchored by transmem-
brane segments (like AMA-1) or by prostetic groups such as
GPI-tails (such as MSP-2 and the MSP-1 19 kDa fragment),
or carrying PEXELmotifs (RESA,HRP-I, -II), etc., all display
random coil or β-turn structures.

Fourth, conserved HABPs must be properly modified to fit into
pertinent HLA-DRmolecules to avoid their immunological silence,
since strong genetic control of these conserved HABPs’ immuno-
logical silence is exerted byMHCIImolecules, particularly byHLA-
DR-related molecules. This property is furthermore compartmen-
talized in such a way that conserved HABPs displaying R-helical
structural features bind with high affinity toHLA-DR52 andHLA-
DR8 haplotype’s allelic molecules, while those showing a random
coil or β-turn structure bind to HLA-DR53 and HLA-DR1
haplotype’s allelic molecules.

This HLA-DR haplotype preferential usage also suggests a
compartmentalization of the immune system according to
conserved HABPs’ structural and functional characteristics,
thereby facilitating the logical and rational design of sub-
unit-based synthetic vaccines by simple determinations of
their secondary structure by CD.

Fifth, the polarity of some critical binding residues must be shifted
in native conserved HABPs to break their immunological code of
silence and render them immunogenic and protection inducers.
Therefore, selective substitutions could be made in those
critical binding residues as follows: only F could replace R
and vice versa, WT Y, LTH, ITN, PTD, MT K, CT T
or V, Q T E, and A T S; G has special physicochemical
properties due to its small size.
Sixth, the critical binding residueswhich should be modified first
and then shifted are those establishing H-bonds between their
backbone atoms and other conserved HABPs, receptor
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molecules, or components of enzymatic sites (here named
fundamental residues).
Seventh, these site-directed modifications should be made to induce
changes in modified HABPs’ 3D structure allowing them to fit inside
MCHII molecules’ peptide binding groove, as determined by their
capacity to bind specific HLA-DRβ1* purified molecules with
their corresponding binding motifs and binding registers.
Eight, once these modifications have been performed, there
should be a ∼3.0 Å differential distance between the most distant
atoms of immunogenic protection-inducing HABP’s residues fitting
into P1 to P9 when synthesizing modified HABPs for them to
fit inside HLA-DR52/DR8 haplotype alleles vs those binding
to HLA-DR53/DR1 haplotype molecules (Figure 5).
Ninth, involving solvent-exposed or putative TCR contact residue
modifications should lead to a differential usage of TCR Vβ
families for the presentation of modified HABPs to the different
haplotypes or alleles, suggesting a differential haplotype- or allele-
conscious TCR mode of interaction.

This is a consequence of the foregoing 1H NMR studies
[the structures of almost ninety (∼90) native and/or
modified HABP have been determined], where it has been
found that HABP’s residues buried inside the pockets of
different haplotypes display different conformational or-
ientations and thereby that there is a differential usage of
TCR contact residues depending on the HLA-DR allele
usage for antigen presentation and appropriate immune
response induction (Figure 8).

Tenth, special care should be taken when performing these
modifications, since inappropiate shortening of peptide length
and varying residue orientation induce a shift in structural and
functional characteristics regarding modified HABPs. Such
inappropiate modifications could induce high, long-lasting,
nonprotective antibody levels, binding to a different haplotype,
furthermore, when compared to the case of immunogenic,
protection-inducing modified HABPs, as the length of the
former is 4.6 ( 1.4 Å shorter.

This is better observed inmodifiedHABPs that fit insideHLA-
DR53 haplotype molecules (Figure 7A and Tables 2 and 3).
These inappropiate modifications could also lead to varia-
tions in modified HABPs’ binding characteristics, thereby
inducing short-lived, nonprotection-inducing antibody levels
(Figure 8A and B), binding to a different allele within the
same haplotype (Table 3) so that the distance between the
atoms fitting inside pockets 1�9 of the HLA-DRβ1*
molecule is 6.8( 0.5 Å shorter in these peptides compared
to the case of the corresponding immunogenic protection-
inducing modified HABPs.
Reciprocally, this difference is better observed in the
modified HABPs that fit inside molecules belonging to
the HLA-DR52 haplotype (Figures 7B and Tables 2 and 3).
By the same token, the orientation of the P8 residue is
different in modified HABPs inducing nonantibody-asso-
ciated high cellular protection immune responses, as clearly
shown in Figures 7C and Tables 2 and 3.
Therefore, structural and functional compartmentalization
of immune responses with long-lasting, nonprotective anti-
bodies would bemore easily induced bymodifying peptides
binding to HLA-DR53-related molecules, while short-lived
nonprotective-induced antibodies could be associated with
binding to HLA-DR52-associated molecules. This imposes a

strict control of molecular design, based on modified HABPs’
physicochemical characteristics and the immunogenetic char-
acteristics of the hostwhere they are going to be used to ensure
obtaining an appropriate immune response.
Particular structural features could be associated with the
compartmentalization of these two major haplotypes and the
biased immune responses induced by some modified HABPs
inappropriately fitting into the PBR;252,255�261 however, such
analysis is far beyond the scope of this manuscript.

The principles mentioned above must be very seriously taken
into account to ensure conserved HABPs’ sterile-immunity-
inducing modification and to avoid biased immune responses
that could be deleterious to an individual.

This decalogue of emerging principles shows that conserved
antigens’ code of immunological silence, the factor exerting such
limits on vaccine development, can be broken when these
principles are closely observed by the following:
(i) using highly specific and sensitive methodologies such as

precise chemical synthesis of peptides thoroughly analyzed by
high-performance liquid chromatography (HPLC), mass
spectrometry (MS), CD, and the robust receptor�ligand
interaction assays for identifying conserved HABPs;

(ii) carefully and systematically replacing each amino acid by
glycine analogue scanning to determine which modifica-
tions needed to be performed;

(iii) changing critical binding residues’ polarity by replacing
target amino acids with others having similar mass,
volume, and surface but opposite polarity according to
previously established rules;

(iv) testing the immunological properties of modified peptides in
an appropriate experimental model highly similar to humans,
such as the Aotus monkey, by means of stringent immuno-
logical testing methods such as IFA and Western blot and
intravenous inoculation of the microbe for challenge; and

(v) determining the HLA-DR binding preferences and eluci-
dating 3D structures via 1HNMR. All these highly specific
and exquisitely sensitive methodologies (and many more,
such as mathematical modeling and yet to be discovered
technology-related ones) are now being used for devel-
oping effective chemically synthesized, minimal subunit-
based, multiantigenic, multistage vaccines.

Based on the above, from the theoretical point of view, it can be
postulated that P. falciparum parasites (and pathogens in general) do
not accumulate mutations in their pertinent critical amino acid
sequences because such sequences are essential for their survival
(consequently being conserved HABPs). These critical sequences
therefore adopt structurally specific conformations to prevent them
from fitting properly into the MHCII/pTCR complex as a way of
escaping immune pressure. Conserved HABPs must therefore be
modified according to the principles set out herein to be rendered
immunogenic and protection-inducing molecules.

However, when microbes (as we have shown here for
P. falciparum) perform small replacements in these critical
binding residues,264 such replacements may generate slightly
modified- or altered-peptide ligands,265 which in turn form
inappropriate MHCII/pTCR complexes inducing biased im-
mune responses and thus preventing dangerous and deleterious
immune responses directed against these pathogens.

It is very tempting to suggest that the microbe’s awareness of a
minimal immune response could thus lead to a small mutation (by
changing one or a few critical binding residues in these conserved
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HABPs and breaking one or two H-bonds) to induce modified
structures associatedwith a shift in its binding preference for an allele-
or haplotype-related MHCII molecule, thereby inducing a biased
ineffective protective immune response, such as long-lasting or short-
lived, nonprotective antibody production.

Other groups have shown that immunodominant epitopes form
highly stable pMHCII complexes which remain bound to the
MHCII molecules for more than 120 h, thereby slowing down
HLA-DM editing266�268 or inducing proliferation of different T-cell
subsets in the presence of a pMHCII complex.269Therefore, a shift in
some of the properties of the residues fitting insideMHCIImolecule
pockets could be associated with the antigen’s permanence and
immunodominance. However, our findings go further beyond
immunodominance (which could also be associated with nonpro-
tective modified HABPs inducing long-lasting antibody titers), since
our data associates thesemodifications with protection againstmalaria
when analyzing it at a particular atom level.

It can also be suggested that only the proper fit ofmodifiedHABPs
allowing a stable formation of the appropriate MHCII/pTCR
complex can induce suitable, long-lasting protective immune re-
sponses, and the principles discovered so far, leading to such protec-
tive immunity induction, have been presented in this manuscript.

Therefore, it can be clearly concluded that vaccine develop-
ment is a far more elaborated and complex process than the
simple injection of microbial DNA (either free or integrated
into different viral vectors),159,161�163,165,270�272 recombinant
proteins,160,273�276 synthetic peptides,277,278 and genetically
engineered microbes279 or minute amounts of them.280 The
approaches mentioned above have always led to very frustrating
results50,164,166 or even deleterious reactions, such as erythema
nodosum,169 anemia,167 or some other secondary adverse reac-
tions in the vaccinated population.

Furthermore, recent epidemiological data has shown that the
clinical immunity observed in individuals living in highly endemic
areas andNOT developing the disease during the intensemalarial
transmission season results from strain-specific antibodies against
most of the molecules studied here. Sometimes different mole-
cules are recognized, perhaps due to the diverse methodological
procedures and/or different epidemiological setups or the genet-
ic backgrounds of the populations being studied;165,281�286

however, as soon as the individuals move away from that area
and become exposed to a particular parasite’s different set of
genetic variants, then they develop the full-blown disease, very
clearly suggesting that the acquired immunity was strain-specific
against parasites from that region. That was one of the reasons we
decided long ago to only work with conserved, highly relevant,
functional structures, such as conserved HABPs.

Therefore, vaccine development requires all the information
already garnered in the storehouses of multiple disciplines, such as
protein and carbohydrate chemistry, X-ray crystallography and 1H
NMR structural studies, the complex basic immunology, geno-
mics, proteomics, and transcriptome analysis, not only ofmicrobial
agents but also of their hosts and interaction between them, as
shown here and in previous papers.171,172

In essence, we may say that vaccinologists are in our early
childhood and that chemistry is committed to playing a key role
in vaccine development for human and animal welfare.

9. PERSPECTIVES

A fully effective synthetic vaccine against the asexual blood
stages of the P. falciparum malaria parasite capable of protecting

most of the world’s exposed population (taking into account the
genetic variability of the parasite as well as that of the human
host) must therefore contain a large number of immunogenic
protection-inducing modified HABPs (most of them shown in this
manuscript) derived from a group of proteins involved in merozoite
invasion of RBCs (as elegant proteomic and transcriptomic analysis
has shown)35,287 as well as a similar number of modified peptides
derived from sporozoite HABPs, properly fitting inside the most
frequentHLA-DRβ1* alleles of the human population at risk so as to
activate fully protective or sterilizing immunity inmost individuals and
stop the transmission of this deadly disease.

It is therefore very simplistic to think that such as complex
microorganism as theP. falciparummalaria parasite could be defeated
via vaccination with a single molecule or its fragments, as its genome
encodes 5,438 proteins33 and uses >50 molecules in each of its
invasion stages (merozoites, sporozoites)288 as well as multiple
cooperation between different proteins to form macromolecular
complexes relevant for invasion289�291 or mechanisms for switching
the different invasion pathways on and off,292�295 having thousands
of genetic variants and countless immune evasion strategies.

These approaches have always lead to “very disappointing
results,” as clearly concluded by some other groups.

Since immunity to clinical malaria requires high antibody
levels to cope with a large number of P. falciparum proteins
and their extensive number of genetic variants (meaning that
immunity to this parasite can only be acquired very slowly in
natural conditions after covering practically all variants of that
particular territory),289 then a fully effective antimalarial
vaccine should tackle the problem in a different way and
include properly modified, universally conserved HABPs
which can induce an appropriate immune response capable
of blocking or permanently destabilizing RBC binding pro-
teins and membrane protein rafts141 and blocking molecules
involved in interaction network formation290 or killing the
parasite, as suggested by the sterile immunity induced by these
modified peptides. It should also include therefore modified
HABPs corresponding to the classical, alternative, and even
savage pathways used by the parasite during invasion, where
the most abundant receptors are not present or when sensing a
deleterious immune res`ponse.36,292�295 All these function-
ally active mechanisms, and probably many more as yet
unknown ones, should be considered when developing a fully
effective antimalarial vaccine.

It should also be taken into account that a similar number of
immunogenic protection-inducing modified HABPs binding to
hepatocytes and derived from P. falciparum sporozoite
molecules45,115,238,262 have to be identified in these endeavors
to develop a fully effective antimalarial vaccine against all stages of
this disease which continues to scourge humanity, an enterprise
already undertaken by us almost 30 years ago and for which a
large number of highly immunogenic, modified HABPs have
already been identified.58,59,296,297

As a note of caution, imperfect vaccines, as thoroughly shown
in both animal and human vaccination campaigns,298�302 could
lead to the appearance of more virulent strains, thereby expos-
ing individuals to unnecessary risks or even worse andmore life-
threatening situations. Therefore, only completely effective
vaccines may lead to total control of diseases currently scour-
ging humankind. Only deep molecular analysis of the factors
involved in this long-lasting interaction can lead to the devel-
opment of fully effective vaccines.
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It has not escaped our attention that this methodology can also
be used for developing vaccines against other infectious diseases;
ongoing work at our institute is being directed toward this goal.
This would open up a promising field for controlling humanity’s
major transmissible diseases responsible for the deaths of more
than 17 million people annually, afflicting 2/3 of the world’s
population. P. falciparum malaria, as has been shown in this
manuscript, as well as P. vivax malaria,79,303 tuberculosis,304�308

the Epstein�Barr virus causing Burkitt’s lymphoma,309,310 and
hepatitis311 are some of them, as well as re-emerging and recently
appearing diseases such as Ebola, SARS, avian flu, etc.

The structural basis for this approach not only has very deep
implications for controlling infectious diseases but also can be
used for analyzing and controlling exaggerated immune re-
sponses such as allergies, biased immune responses such as
autoimmunity (rheumatoid arthritis, systemic lupus erythema-
tosus, myasthenia gravis, etc.), and diseases involving nonim-
mune responsiveness, such as cancer312 (to bypass their
immunological silence and metastasis development) and can
even provide explanations for some biological phenomena, such
as immune tolerance and pregnancy.

In summary, structural, biological, and immunological analysis of a
large panel of modified HABPs used as immunogens in Aotus
monkeys (which have an immune system highly similar to that of
humans) has led us to establish the principles and rules facilitating the
logical and rational design of chemically synthesized, multiantigenic,
multistage, minimal subunit-based vaccines, malaria being one of them.
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