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in humans, inhibition of pre-erythrocytic T cell responses
by blood stages is suggested by in vitro studies comparing
lymphocytes from Duffy antigen-positive individuals
[exposed to P. vivax blood stages] and Duffy-negative
individuals [no exposure to blood stages] [20]. These data
fit the epidemiological observation that naturally acquired
immunity fails to prevent re-infection even in areas with
high infection rates. CD8+ responses are relatively low in
individuals from such areas and these effector mechan-
isms appear incapable of eliminating parasites from the
population [21,22]. ‘T'hus, DCs that are influenced by
blood stages might affect clearance of liver stages upon
re-infection.

CD4+CD25+Foxp3+ Tregs are crucial for maintenance
of self-tolerance and control of damaging pro-inflamma-
tory responses induced by pathogens including malaria
parasites. Expansion of ‘I'reg-populations induced by
Plasmodia is generally seen in both humans and animal
models but the functional consequences remain equiv-
ocal [14,16"*]. Outcomes of functional studies show large
variation and, similar to studies of DCs, relate to the
model and circumstances chosen. Human Treg acti-
vation, however, generally points towards lower pro-
inflammatory responses and facilitation of blood stage
infection [14]. The balance between Th1 effector cell
and ‘T'reg responses may determine the clinical presen-
tation. Strong inflammatory responses may overwhelm
suppressive Tregs and leave effector T cells unabated
with possibly severe clinical symptomatology in an effort
to control parasitemia. On the contrary, strong Tregs
responses dampen inflammation and symptoms but per-
mit parasitemia and suppress the magnitude of T memory
responses possibly owing to competition for 1L-2 [14].

Better than nature

Chronic exposure to malaria blood stage parasites may
help to explain the slow generation of an effective
immune response under natural conditions. Support for
this concept comes from rodent studies, where sterile
protection against malaria can be achieved by the inocu-
lation of intact sporozoites while treating the animals
concomitantly with chloroquine, a drug that kills parasites
in the asexual blood stage but not in the pre-erythrocytic
liver stage {23]. A proof-of-concept clinical study with a
similar protocol in volunteers who had not been pre-
viously exposed to malaria likewise showed sterile pro-
tection against an experimental P. falciparum malaria
infection [5°°]. This approach exposed volunteers’
immune systems to the full course of intra-hepatic de-
velopment combined with a very brief blood stage para-
sitemia abrogated by chloroquine. T'he high degree of
protection achieved by a relatively miniscule dose, that is
a total of 45 infectious mosquito bites over a period of 3
months, is remarkable. Such inoculation rates may
approach the levels in areas of periodical intense trans-
mission in Africa, but sterile protection is not seen under

natural conditions. A possible explanation for this differ-
ence is the very brief and extremely low parasite density
achieved in the blood owing to the killing effect of
chloroquine. Parasitemia in nonimmune Africans will,
at the minimum, increase to the threshold of clinical
symptoms that is at least 1000-fold higher compromising
any protection that may result from exposure to sporo-
zoites and liver-stage parasites.

Previously it has been shown that radiation-attenuated
sporozoites induce >90% protection in humans [4].
Irradiation of infectious mosquitoes disrupts the gene
expression of sporozoites, which remain capable of hep-
atocyte invasion but are no longer capable of complete
liver-stage maturation or progression to the pathogenic
blood stage. However, this generally requires 1000 bites
by irradiated mosquitoes during five or more immuniz-
ation sessions, which is a strikingly 20-fold lower potency
than the 45 bites in the human model using chloroquine.
Similar results are found in mouse studies [23].

Many hypotheses could be generated why intact sporo-
zoites provide substantially better protection than radi-
ation-attenuated sporozoites. These include {i] improved
homing to the liver or other sites such as lymph nodes
where antigen presentation occurs, [ii] larger antigen
yield per sporozoite due to unrestricted asexual reproduc-
tion in the liver, [iii] expression of late liver-stage/early
blood stage antigens, which are not expressed by irra-
diated sporozoites. Although these hypotheses are plaus-
ible and should be tested, they beg the question why
natural exposure to a few mosquito bites does not provide
equivalent protection to the experimental model under
chloroquine. What other mechanisms might be operative?

Low parasitemia may induce protective effector mech-
anisms as shown by Pombo e a/. where repeated intra-
venous injections of low numbers of parasites followed by
a curative treatment before patency resulted in protection
against a subsequent blood stage challenge administered
without curative drugs [3]. More recently, it was shown in
a murine model that subpatent blood stage infection with
genetically attenuated blood stage parasites likewise pro-
vides complete protection apparently through both
humoral and cellular immune responses [24]. By contrast,
high parasitemia as observed in the field may inhibit the
development of protective immunity and may relate to
inhibition of cross-presentation required for the induction
of cytotoxic T cells [18-20].

A cost-effective vaccine requires efficient induction of
protective immunity over a short period of time and
should therefore perform better than nature.

A fresh perspective for failing vaccines
Malaria vaccine development faces a variety of scientific
challenges and some of these are addressed by ongoing
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subunit vaccine initiatives [8,25,26]. 'T'he most advanced
among several recombinant protein-adjuvant combi-
nations is RTS,S, a virus-like particle displaying recom-
binant circumsporozoite protein [CSP] on its surface,
expressed together with recombinant hepatitis B surface
antigen. The vaccine is formulated with the proprietary
adjuvant ASOZA later replaced by its liposomal form
ASOIB. Several clinical trials have been conducted in
endemic populations including young children age 14
years with follow-up up to 45 months. Both anti-CSP
antibodies and CD4+ I cell responses show correlation
with the observed partial protection. It has proven diffi-
cult, however, to achieve significant improvements
through combination with other antigens [27].

More recently, vaccine platforms designed to induce
cytotoxic ‘I lymphocyte responses targeting hepatic stage
parasites through gene-based approaches have achieved
partial protection in human volunteers challenged by
infected mosquito bites. For example, in a heterologous
vaccination strategy, approximately 25% protection was
observed both after priming volunteers with a chimpan-
zee-derived adenovirus vector encoding the ‘I'RAP anti-
gen then boosting with a modified vaccinia virus Ankara
[MVA] vector also encoding TRAP (AVS Hill, oral pres-
entation, 5th MIM Pan-African Malaria Conference,
Nairobi, Kenya; November 2009), and after priming with
naked DNA and boosting with a human-derived adeno-
virus vector [serotype 5] with both platforms encoding
CSP and AMAL1 (L. Chuang e a/. poster presentation,
given at Malaria: New Approaches to Understanding
Host-Parasite Interactions, Keystone Symposia on Mol-
ecular and Cellular Biology, Copper Mountain, Colorado;
April 2010). Whether the modest protection achieved by
viral vectors can be improved by the addition of antigens
is not yet known.

One approach to enhance the protection afforded by
subunit vaccines is to combine recombinant protein in
adjuvant with viral vectors. The formerinduces primarily
antibodies and helper ‘I' cell responses, while the lacter
induce strong cell mediated immunity including cyto-
toxic CD8+ I" cells. Combined into heterologous regi-
mens, these two approaches might powerfully activate
both the humoral and cellular arms of the immune
system, thereby enabling the destruction of multiple
parasite stages [28]. However, all subunit vaccines must
overcome the challenge of antigenic heterogeneity and
the difficulty of protecting a genetically heterogeneous
population.

Intact parasites attenuated by irradiation [4], genetic
modification [29], or by co-administration of antimalarial
drugs [3,5°%,23], show a superior degree of protection to
subunit vaccines in animal studies and in controlled
experimental human infections. Presenting potentially
hundreds of antigens to the immune system, these

approaches are designed to provide ‘something for every-
one' thereby circumventing the limitations of genetic
restriction by broadening the antigenic repertoire. A
radiation-attenuated sporozoite vaccine is currently
undergoing clinical testing, while a genetically attenuated
sporozoite vaccine will soon follow into the clinic.
Although it is too early to judge the success of these
approaches, some may be confronted with the generation
of immune suppressive mechanisms normally used by
wild type parasites thereby limiting their ability to pro-
tect. A major challenge may be to redress such malaria-
associated suppressive mechanisms.

Co-administration of chloroquine may enhance protec-
tion induced by sporozoite inoculation owing to lowering
of parasitemia andfor its immune-modulating effects.
Short-course treatment of mice with chloroquine
improves the priming of naive CD8+ 'I' cell responses
against soluble antigens in vive [30]. Cross-presentation of
soluble viral antigens to specific CD8+ T cell clones in
vitro is improved when DCs are pulsed with the antigen
in the presence of chloroquine. Furthermore, if hepatitis
B virus vaccine [HBV] responders are further boosted
together with a single dose of chloroquine a substantial
increase of HBV-specific CD8+ ‘I cells is observed [31].
Presentation of soluble viral antigens to specific CD8+ T
cell clones by DCs is greatly improved in the presence of
chloroquine, which prevents endosomal acidification, and
seems to promote the transfer of endocytosed material
into the cytosol. The net effect will depend on the routing
and processing conditions such as acidification of the
endosomal compartment [32°].

‘There may be more drug choices to explore for co-admin-
istration during vaccination, Chemotherapeutic drugs have
shown potential benefits for the immune response against
tumors [33,34]. It has forinstance been shown that low dose
cyclophosphamide selectively depletes Tregs in both
animal models and cancer patients with resulting enhance-
ment of 'I" cell functions. The potential benefits and safety
risks of low dose cytostatic drugs in healthy volunteers
should be carefully considered. 'I'he combined data show
that orchestration of the antigen presenting pathways by
drug modulation might tailor the immune response to a
desired profile. T'he functionality of the increased numbers
of Tregs observed in human and animal malaria is not clear
but there is an inverse correlation during acute disease
between Tregs and malaria-specific memory responses
[35°]. Antigen presentation by immature or partially ma-
ture DCs conditions the emergence of "I'regs. To activate
"T'regs, TLRY signaling in dendritic cells is required and
mediated by hemozoin, a digestion product of hemoglobin
produced by Plasmodium that is involved in 'TLR9 acti-
vation [11]. Since chloroquine abrogates hemozoin-
mediated cytokine production, this drug might inhibit this
evading mechanism leading to a more ¢ffective establish-
ment of immunological memory [36] [Figure 2].
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pathogen’s adaptation strategy without preventing the
host immune system from responding adequately and
safely.

Chloroquine may be the first opportunity to test and this
could be done by comparing the administration of chlor-
oquine with that of less immune-modulating antimalar-
ials, or by giving chloroquine with irradiated or
genetically attenuated sporozoites to see if the potency
of the vaccine is increased. Despite more than 30 years of
chloroquine resistance in Africa, this antimalarial drug is
still widely available and used for presumed treatment.
Alcthough responsible for increasing numbers of treatment
failures, one may hypothesize that the immune-modulat-
ing effects of chloroquine may still have some contri-
bution to development of clinical protection.
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