Structure Solves the
Problem with Malaria
Merozoite Vaccines
Patrick E. Duffy'*

Malaria vaccines targeting merozoite
invasion of erythrocytes have long
held appeal but failed in clinical trials.
Three structural studies of antibody-
antigen complexes by Alanine et al.,
Urusova et al., and Rawlinson et al.
define neutralizing and nonneutralizing
epitopes in essential invasion proteins,
leading to rational design of improved
merozoite vaccines.

Malaria is a killer that targets children and
pregnant women for its most dire conse-
quences. Parents in sub-Saharan Africa
live each day with the fear that their child
might succumb to Plasmodium falcipa-
rum malaria. Plasmodium vivax malaria
is more widespread in Latin America
and Asia; it debilitates but kills less
frequently than P. falciparum. Since the
early 1900s, scientists dreamed of a ma-
laria vaccine. Vaccine prospects bright-
ened with the 1961 report that passive
IgG transfer from African adults cleared
P. falciparum parasitemia in infected chil-
dren [1], and later that immunization with
parasite preparations rich in red cell-
invasive merozoites protected monkeys
from P. falciparum infection [2]. However,
decades of research culminated in a
series of vaccine trials targeting mero-
zoite antigens, like AMA1 and MSP1,
that failed to show any activity.

Following these disappointments, mero-
zoite vaccine research was revitalized in
part by the approach of identifying novel
antigens, such as the P. falciparum reticu-
locyte-binding protein homolog (PRH5)
of merozoites that binds the essential re-
ceptor basigin on red blood cells [3], or
the RON2 protein that complexes with
AMA1 and alters its antigenicity to induce

more potent anti-invasion antibodies [4].
A newer approach uses structural analysis
of antigen-antibody complexes to iden-
tify functional and nonfunctional epi-
topes, thereby providing a blueprint for
rational design of vaccines. A series of
three papers [5-7] has now taken this
latter approach to advance vaccine
development against P. falciparum and
P. vivax merozoites (Table 1).

Draper, Higgins, and colleagues studied
the structure of antibodies bound to the
PRHS5 protein [5]. These scientists gener-
ated a panel of recombinant human
monoclonal antibodies (mAbs) based on
plasmablasts collected after vaccination
with viral vectored PRH5. The ability of
mAbs to inhibit parasite growth in vitro
correlated with association rates (Kg,),
and one mAb (R5.011) that delayed but
did not block merozoite invasion of red
cells potentiated the neutralizing activity
of other mAbs. These neutralization
studies highlight an Achilles’ heel of
merozoite vaccines: merozoites pass
quickly between red cells and provide a
brief time window for antibodies to
act. Indeed, mAb R5.011 potentiated
the neutralizing activity of polyclonal
sera against other invasion proteins
including AMA1. X-ray crystallography
and  hydrogen-deuterium  exchange
mass spectrometry (HDX-MS) revealed
epitopes for two neutralizing PRHS5
mAbs close to the basigin binding site,
providing a mechanism for neutralization.
The potentiating but nonneutralizing
mAb R5.011 epitope is distinct, and
R5.011 binding to PRH5 did not alter
the structure, Ko, or binding affinities of
neutralizing mAbs.

A similar approach is informing devel-
opment of antimerozoite vaccines for
P. vivax. P. vivax invasion has unique
aspects: (i) the parasite exclusively in-
vades reticulocytes by interaction of
P. vivax reticulocyte-binding protein
2b (PvRBP2b) with the reticulocyte’s
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transferrin receptor (CD71), and (i)
invasion requires engagement of Duffy
antigen receptor for chemokines
(DARC) by the parasite’s Duffy-binding
protein (PvDBP). The latter interaction
explains the low prevalence of P. vivax
in sub-Saharan Africa where most
people carry red cells that lack Duffy
antigen.

Two manuscripts published simulta-
neously in Nature Microbiology dissect
the structural basis for P. vivax neutrali-
zation with naturally acquired [6] or vac-
cine-induced [7] antibodies against
PvDBP. The DARC-binding activity of
PvDBP maps to a Duffy binding-like
(DBL) domain referred to as Region Il
(PvDBPIl), hence this was the focus of
both study teams. Tolia and his col-
leagues studied naturally acquired anti-
bodies against PvDBPII, since high
titers of PvDBPII antibodies that pre-
vent DARC binding are associated
with clinical protection [8]. They gener-
ated 11 PvDBPIl-reactive mAbs based
on antigen-sorted B cells from a
Cambodian donor and identified corre-
sponding epitopes for two using X-ray
crystallography, HDX-MS, and muta-
tional mapping. As seen for PfRH5, the
neutralizing antibodies against PvDBPII
target its red cell binding site which is
formed by receptor-induced PvDBP
dimerization that creates a DARC-
binding cleft between two PvDBPII moi-
eties [9]. The PvDBPII
engaged residues in the DARC-binding
cleft and the PvDBPII dimer interface,
providing the mechanism for neutrali-

antibodies

zation. Common naturally occurring
polymorphisms in the vicinity of the
epitopes did not impair antibody bind-
ing, echoing the strain-transcending
properties of PfRH5-neutralizing anti-
bodies and supporting the potential
for broadly effective vaccines.

PvDBPIl-based vaccines have recently
advanced to the clinic [10]. Draper,
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Higgins, and their colleagues again
developed mAbs from a clinical trial,
this time of viral vectored PvDBPII vac-
cine, and screened these for their ability
to block binding of PvDBP to DARC,
and to block parasite invasion of reticu-
locytes [10]. Two of ten PvDBPIl-specific
mAbs showed strain-transcending ac-
tivity against the PvDBP-DARC binding
interaction, and one of these (DB9)
showed high growth-inhibitory activity
against 10/11 Thai clinical isolates.
The crystal structure of DB9 Fab
fragment with PvDBPIl identified the
epitope in subdomain 3, and this was
confirmed by DB9 reactivity to recom-
binant subdomain 3, indicating that
the epitope is distant from the PvDBP
DARC-binding site [9]. Superimposing
the DB9:PvDBPIl structure on the
known structure of the PvDBPII dimer
suggested that DB9 orientation could
impair the PvDBPIl approach toward
the reticulocyte membrane to engage
DARC.

These elegant studies provide a map
to improve upon merozoite vaccines,
by defining epitopes for neutralizing,
nonneutralizing, potentiating, and antag-
onistic antibodies (Table 1). General prin-
ciples emerge: neutralizing antibody can
target conserved regions to offer strain-
transcending activity; neutralizing anti-
body can contact antigen at the red cell
binding site or at other sites; human
mAbs often have distinct epitopes to
those of rodent mAb, suggesting that hu-
man mAbs should be prioritized to inform
vaccine design. Expanding the panels of
mAbs and epitopes in future will refine
our understanding of elements within
specific antigens that enhance or impair
protective responses. Now on to the
tasks of designing and testing improved
immunogens.

Malaria vaccines work. The RTSS vac-
cine that targets sporozoites has
been confirmed in Phase lll trials to



reduce clinical P. falciparum malaria in
children, and newer whole-sporozoite
vaccines have shown efficacy to pre-
vent P. falciparum infection of adults
in early field trials. The addition of
antimerozoite vaccines that prevent
clinical disease will be important new
interventions as our existing tools for
malaria control, including drugs and

insecticides, lose their activity to

increasingly resistant parasites and

mosquitoes.
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Killing of
Plasmodium vivax by
Primaquine and
Tafenoquine

Miles B. Markus™2*

Primaquine administration results in
H,O, accumulation in bone marrow,
where gametocytes and asexual para-
sites are therefore killed. This finding,
by Camarda et al., supports the theory
that the nonperipheral blood origin of
recurrent Plasmodium vivax malaria is
both hypnozoites (relapse source) and
source),

merozoites (recrudescence

not hypnozoites only.

It is invariably assumed that the reason
why patients who have been given prima-
quine (PQ) or tafenoquine (TQ) together
with a blood schizontocidal drug often
do not suffer any Plasmodium vivax ma-
larial recurrences is that PQ and TQ kill
hypnozoites (a term coined by me in
1978). The explanation for this good
treatment outcome may not be so
straightforward, however (see Box 1 for
some of the remaining questions).

PQ’s antimalarial mechanism has hith-
erto been unclear, but Camarda et al.
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[1] recently concluded that a two-step
biochemical relay process is involved.
PQ is first converted into hydroxylated
metabolites via the CPR/CYP2Dé meta-
bolic complex[1,2]. Thereafter, sponta-
neous oxidation of metabolites pro-
duces quinoneimine forms,  with
simultaneous generation of hydrogen
peroxide (H,O,). The quinoneimines
are then reduced back to the hydroxyl
forms, perpetuating a catalytic cycle
which results in H,O, accumulation. Ca-
marda et al. believe that it is the build-
up of cytotoxic amounts of H,O, that
efficiently kills plasmodial parasites at
sites of metabolic transformation. This
will happen in the liver and bone
marrow; perhaps elsewhere too, a pos-
sibility that remains to be clarified.
These insights from Plasmodium falcip-
arum infection [1] should improve our
interpretation of biological and epide-
miological aspects of P. vivax malaria,
and lead to rational drug design.

Of special interest and significance is
that the PQ-associated findings for
bone marrow [1] correlate with the lat-
est (8-year-old) explanation for recur-
rence of P. vivax malaria [3,4]. See Box
1 in reference [5] for the definitions of
‘recurrence’,  ‘recrudescence’, and
‘relapse’, the meanings of which are
central to understanding the discussion
here. The recurrence hypothesis [3,4] is
that (in addition to recrudescences
thought to be initiated by parasites in
the bloodstream) both hepatic hypno-
zoites and merozoites in organs and tis-
sues are sources of clinical and parasite-
mic P. vivax malarial recurrences, as
opposed to hypnozoites in the liver
only. There is no logical reason why
recurrent P. vivax malaria should neces-
sarily have only one nonbloodstream
origin (namely, hypnozoites). The PQ
research results [1] and the bimodal
P. vivax malarial recurrence concept
[3,4] are directly related because the
new information reported for PQ gives
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