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Summary 

Malaria is one of the major infectious diseases in the world with regard to 
mortality and morbidity, and the development of a vaccine against the     
malaria parasite Plasmodium falciparum is considered of high priority. The 
aim of the work presented in this thesis was to develop and characterize  
recombinant vaccine constructs based on the P. falciparum asexual blood-
stage antigen Pf332. We have studied the humoral responses in mice elicited 
by various types of constructs, including naked DNA plasmids, naked 
mRNA, alphavirus, and peptides. Immunological memory was successfully 
induced against the repetitive EB200 fragment of Pf332, although the     
antibody titers were generally low and the highest titers were unexpectedly 
obtained with a conventional DNA plasmid. In another study, we also     
demonstrated the ability to circumvent genetically restricted immune       
responses in mice against two malaria epitopes, one of them derived from 
Pf332, by inclusion of universal T-cell epitopes into multiple antigen peptide 
constructs. However, the overall variability of the responses stressed the 
importance of including several epitopes in a future malaria vaccine. Further, 
the recent completion of sequencing of Pf332 enabled us to identify and 
characterize the immunogenic properties of a non-repeat fragment of the 
Pf332, termed C231. Our analyses of C231 showed that antibodies raised 
against the recombinant protein possess an in vitro parasite inhibitory     
capacity similar to that of antibodies against recombinant EB200. Further-
more, the recognition of C231 by antibodies in sera from individuals      
naturally primed to P. falciparum, correlated well with that previously    
observed for the corresponding sera and EB200. When analyzing the IgG 
subclass distribution of anti-C231 antibodies, we noted a bias towards IgG2 
and IgG3 relative to IgG1, differing from the subclass profiles of IgG     
binding crude P. falciparum antigen, which were dominated by IgG1. Taken 
together, the work presented herein is likely to facilitate further studies on 
Pf332 as a potential target for protective immune responses, and amounts to 
a small step towards the realization of a malaria vaccine. 
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Introduction 

Introduction to vaccines 

A brief historical perspective 
Few public health interventions have had such an impact on global health as 
vaccination. Thanks to pioneers such as Jenner and Pasteur, a handful of 
vaccines prevent illness or death for millions of individuals every year. The 
concept of immunity can be traced back as far as 430 B.C., when it was first 
described by the Greek general Thucydides [1]. He observed that only those 
who recovered from the current plague could nurse the sick, since they 
would not contract the disease a second time - they were immune (from 
Latin immunis, exempt). The first recorded attempts to actively induce    
immunity were performed in Asia during the Middle Ages, by a process 
known as variolation. Healthy people contracted a mild form of the disease 
by inhaling powdered smallpox (Variola) scabs, or wearing the               
undergarments of an infected individual [2]. Upon recovery, the individual 
was immune to smallpox. Variolation was associated with around two    
percent mortality, which was considered a far better risk as compared to the 
thirty percent mortality caused by natural infection. By 1700, variolation had 
spread to Africa, India and the Ottoman Empire, and the procedure became 
fashionable in Europe some decades later.

By the end of the 18  century, the English physician Edward Jenner     
recognized

th

 that milk-maids infected with cowpox were immune to the    
related smallpox-virus. He deliberately infected an eight-year-old boy with 
cowpox pustules and later exposed the boy to smallpox, which he failed to 
contract. After repeating the experiment on other children, including his own 
son, Jenner concluded that this process provided immunity to smallpox. In 
contrast to variolation, this process was safe, as cowpox did not elicit severe 
disease in humans. The vaccination (from Latin vacca, cow) provided     
immunity for up to ten years, and Jenner’s findings were published in 1798 
[3]. In 1807, the Bavarian government became the first to require recruits to 
be vaccinated, and vaccination spread with the practice of war. 

Some years later, the French chemist Luis Pasteur discovered that the  
ageing of a cholera culture had weakened (attenuated) it. He used the      
technique of attenuation to successfully vaccinate sheep against anthrax, and 
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gained tremendous distinction in 1885, when saving a boy from rabies by 
injecting attenuated rabies virus. Still, no one understood the molecular and 
cellular basis of the concept immunity. Its cornerstones were eventually laid 
hundred years later by Emil von Behring and Shibasaburo Kitasato, who 
observed the actions of antibodies after serum transfer experiments [4], and 
the Russian Ilya Mechnikov who discovered cell-mediated immunity, when 
observing phagocytosis [5]. 

Modern vaccines: Safety 
Further vaccination history was triumphantly written in 1980, when WHO 
declared the global eradication of smallpox as a result of efficient            
vaccination. Despite the success of vaccination in eliminating disease and 
death, the public acceptance of even minor side-effects of vaccination is very 
low. This was illustrated by a gradual cease of pertussis vaccination in    
Britain during the 1970s. Unfortunately, the country experienced a severe 
pertussis epidemic as a consequence, during which over 100,000 children 
caught pertussis, and some died or contracted chronic neurological damages 
[6]. Aversions against modern vaccines may stem from coincidental         
associations. For instance, sudden-infant-death syndrome occurs during an 
age when children receive DTP vaccinations, and symptoms of autism    
usually manifest around the time of MMR vaccination. Scientific reports on 
DTP vaccination causing asthma, and MMR vaccination causing             
inflammatory bowel disease, Crohn’s disease or autism, have not been    
reproducible or have been contradicted in several follow-up studies [6]. 
Negative secondary effects of vaccine additives and by-products have also 
been subjects of public concern. In Sweden, merthiolate was withdrawn as a 
preservative following public concerns about the mercury content in dental 
fillings. Allergy towards the albumin by-product present in the MMR     
vaccine has also been a vaccine-related worry. However, an MMR          
vaccination study involving 400 children with pronounced albumin allergy 
confirmed the safety of this vaccine, since only one percent of the allergic 
children developed reactions; all of them mild [7]. 

During all developmental phases of a vaccine, ranging from animal   
models to clinical trials, recipients are closely monitored for side-effects. 
Common safety issues deal with balancing the adjuvant efficacy against its 
toxicity, and tuning of antigen dosage in order not to induce tolerance. All 
licensed vaccines today sort under either the first generation of vaccines, 
which are based on attenuated or killed pathogens, or the second generation, 
which are so called subunit vaccines based on defined antigens from the 
pathogens. Much focus is presently put on the development of third        
generation vaccines, which are based on nucleic acids encoding defined  
antigens. The emerge of this new technology has also raised a number of 
safety issues, that will be discussed in a later chapter. 
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The immune response 

Adaptive immune system responses 

Initiation  
The purpose of vaccination is to induce long-lived immunological memory, 
by activating the adaptive immune system. Adaptive responses are initiated 
by antigen uptake, processing and subsequent presentation of the antigen- 
derived peptide, on cell-surface expressed class I and class II major         
histocompatibility molecules (MHC I and MHC II, respectively). MHC I 
molecules are present on nearly all nucleated cells, and when binding      
peptides (forming an MHC I:peptide complex), they play a vital role in   
activation of the CD8+ subset of T cells. MHC II on the other hand, is     
expressed solely by antigen-presenting cells (APCs), and MHC II:peptide 
complexes are associated with activation of the CD4+ subset of T cells. Cells 
with a major function as antigen presenters, so-called professional APCs, 
include dendritic cells (DCs), macrophages and B cells, and differ in their 
mechanisms of antigen uptake and expression levels of MHC and co-
stimulatory molecules. DCs internalize antigen via endocytosis (ingestion of 
macromolecules) and phagocytosis (engulfment of pathogens); macrophages 
via phagocytosis only, and B cells via B-cell receptor (BCR) mediated    
endocytosis. DCs constitutively express both MHC II and the co-stimulatory 
molecules needed for sufficient activation of T cells, and are hence very 
efficient antigen presenters. Macrophages need to be activated by phago-
cytosis prior to expression of both MHC II and co-stimulatory molecules, 
and B cells express MHC II constitutively but need to be activated by     
soluble antigen and T cells, in order to upregulate their co-stimulatory   
molecule expression. 

T-cell activation 
Upon interaction with APCs in the lymphoid tissue, T cells accumulate   
signals from their T-cell receptor (TCR), co-stimulatory molecules and the 
receptors that have bound surrounding cytokines (immunoregulatory low-
molecular weight proteins). The amount of signal depends on antigen dose, 
co-stimulation and duration, and seems to be a crucial parameter for the fate 
of the cell. At the two extremes are unresponsiveness (anergy) after a very 
weak signal, and activation-induced cell death after excessive stimulation 
[8]. After antigen encounter, the vast majority of CD4+ T cells develop into 
T helper 1 effector cells (Th1) or T helper 2 effector cells (Th2) that       
leave the lymphoid tissue to exert their effects in the periphery. This                 
differentiation of naïve T cells into effector cells leads to activation of the 
humoral and/or cellular arm of the immune system. 
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The humoral response 
Humoral immune responses are mediated by plasma cells (effector B-cells) 
secreting antibodies. Antibodies constitute the main specific operator against 
extracellular pathogens and toxins, and are divided into five classes or    
isotypes: IgD, IgM, IgE, IgA and IgG. IgA and IgG are further divided into 
the subclasses IgA1 and IgA2, and IgG1, -2, -3 and -4, respectively. IgD is 
together with IgM the major membrane-bound immunoglobulin, but while 
no biological effector function has been identified for IgD, IgM plays an 
active role in the immune defense and is the first antibody class produced 
during the initial exposure to antigen (the primary response). IgE may bind 
to receptors on the membranes of basophils and mast cells. Crosslinkage of 
receptor-bound IgE by an antigen (allergen) induces cellular release of 
molecules mediating immediate hypersensitivity reactions, such as          
histamine. IgA is the predominant isotype found in external secretions such 
as saliva, tears, mucus, and breast milk. IgG constitutes about 80% of the 
total serum antibodies and are associated with phagocytosis (mainly IgG1 
and IgG3), activation of complement system (IgG3 and IgG1, to a smaller 
extent IgG2), and the release of immune effectors, including highly reactive 
oxygen- and nitrogen compounds, and immunoregulatory polypeptides 
(chemokines) and proteins (cytokines). Further, IgG antibodies as well as 
IgM, IgE and IgA, may bind to pathogens and thereby inhibit their dispersal 
and invasion of host cells. IgG may also be therapeutically induced by a 
vaccine in order to bind autoantibodies or allergy-induced IgE and hence 
prevent their action. 

Most antibody responses are T-cell dependent and hence require            
interaction between the B cells and CD4+ T helper cells. Naïve B cells bind 
and internalize antigen via BCRs (surface immunoglobulin receptors). The 
endocytosed antigen is then processed and presented as peptides on the    
surface of the B cell, in association with MHC II molecules. The             
immunological synapse formed between the B- and T cell involves         
ligation of the B-cell MHC II:peptide complex with the TCR on the T cell, 
and co-stimulatory molecules on B cells (CD 40 and CD 80/CD 86) with 
their corresponding co-stimulatory molecules on T cells (CD40L and CD28/ 
CTLA-4, respectively). Simultaneous secretion of cytokines by activated     
T helper cells induces proliferation and differentiation of B cells into plasma 
cells, and their antibody isotype switching from IgM to IgG, IgE or IgA. 
However, some pathogen associated molecular patterns (PAMPS) are able to 
activate B cells in the absence of CD4+ T helper cells, leading to polyclonal 
B-cell activation which does not engage in isotype switching or somatic 
hypermutation, and hence gives rise to antibodies of a generally lower       
protection capacity. This phenomenon is for instance observed during an 
infection with the Plasmodium falciparum malaria parasite. 
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A small fraction of the plasma cells become long-lived plasma cells residing 
in the bone marrow [9]. Although long-lived, they have to be continuously 
replenished either from naïve or memory B cells. Two principal mechanisms 
have been suggested in the latter case; either by activation by antigen 
trapped by so-called follicular dendritic cells [10], or activation by poly-
clonal stimuli such as CpG DNA (described on page 20), lipopolysaccharide, 
or bystander T-cell help (i e CD40 ligation and cytokines secreted by T cells 
activated by a third-party antigen) [11]. 

The cellular response 
Cell-mediated responses are mediated by T cells recognizing peptides in 
association with MHC I or MHC II, and constitute the main specific defense 
against intracellular pathogens, involving lysis (perforation of cell membrane 
leading to annihilation) of infected cells and modulation of specific         
immune responses via cytokine and chemokine production. Unlike B cells,  
T cells can only recognize antigen when associated with MHC I or MHC II.  

Simplified, naïve CD4+ T cells encountering an MHC II:peptide-complex 
may differentiate into either a Th1 or a Th2 cell. Pro-inflammatory cytokines 
(IFN-γ and TNF-α) secreted by mainly Th1 cells activate CD8+ T cells     
and macrophages, which further enhances the cell-mediated response. The     
production of these cytokines is induced by IL-12 from activated         
macrophages and dendritic cells, and both IFN-γ and TNF-α are able to exert 
a direct effect on intracellular microbes, such as the influenza virus and   
Mycobacterium tuberculosis [12]. IFN-γ and IL-12 downregulate the      
expression of Th2 cytokines (IL-4, IL-5, IL-10 and IL-13), that stimulate     
B cells to undergo activation and differentiation. In turn, IL-4, IL-10 and   
IL-13 counteract the expression of Th1 cytokines. 

Differentiation of naïve CD8+ T cells into cytotoxic T-lymphocytes (CTL) 
requires not only interaction with MHC I:peptide complex and co-
stimulatory molecules, but also the pro-inflammatory cytokine environment   
provided by effector Th1 cells and macrophages. Several mechanisms of 
CTL effector functions exist. Upon ligation of the CTL T-cell receptor with 
the MHC I:peptide complex of a target cell, CTLs release granules           
containing perforin and serine proteases known as granzymes. Granzyme B 
proteins bind to receptors on the target cell, thereby initiating protein      
internalization via endosomes (vesicles formed by invagination of the cell 
membrane). Perforin then permeabilizes the endosome, leading to the release 
of granzyme B into the cell cytosol, and eventually to apoptosis              
(programmed cell-death) or necrosis (cell disruption) [13]. CTLs are also 
able to trigger apoptosis by the Fas-dependent pathway, if the Fas ligand on 
the CTL interacts with CD95 on the target cell. However, this pathway is 
believed to be more important for maintaining lymphocyte homeostasis than 
killing intracellularly infected cells, as CD95 is expressed only on activated         
T- and B cells. In addition to killing infected cells, CTL mediate effector 
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functions by secreting anti-microbial and inflammatory cytokines such as 
IFN-γ and TNF-α. 

Memory 
Only a small percentage of the lymphocytes activated during the initial   
exposure to antigen (the primary response), around 5-10 percent,              
differentiate directly into memory cells. Memory cells show distinct        
phenotypic differences from naïve cells, in that they require shorter time for              
proliferation, synthesizing cytokines, differentiating into CTL (CD8+ 
T-cells) or plasma cells (B cells), and migrating to non-lymphoid tissues. 
They also express distinct chemokine- and adhesion receptors, which are 
involved in directing the migration of the cells to a particular localization of 
the body, and maintaining them there. 

Whether persistence of antigen on follicular dendritic cells is needed or 
not for maintenance of immunological memory, has been under debate for 
many years. Several studies indicate that memory B- and T cells can survive 
in complete absence of antigen [14-17], while work from other researchers 
have concluded the need for antigen persistence [10;18;19], or led to the 
suggestion of a vital role played by cross-reactive environmental antigens 
[20]. However, a current consensus of opinion is that memory T cells remain 
in a semi-activated state owing to stimulation by surrounding cytokines. The 
natural turnover (background rate of proliferation) of CD8+ memory cells, 
and their prolonged longevity, seems to be dependent on IL-15 and IL-15-
induced Bcl-2 expression, respectively (reviewed in [22]). In contrast, CD4+ 
memory T-cell longevity seems to depend on upregulated Bcl-XL induced by 
IFN-I [23], and their natural turnover is regulated by IL-7 rather than         
IL-15 [24]. 

Innate immunity: Toll-like receptors 
 
The innate immune response comprises various components and processes, 
including anatomic barriers (skin, mucus membranes), physiologic barriers 
(temperature, low pH), phagocytosis, and inflammation. While such        
responses are non-specific and do not elicit immunological memory per se, 
they may enhance the adapted immune response. Of particular interest in the 
context of vaccination is toll-like receptor (TLR) signalling, since many of 
the desired adjuvant effects stem from signalling via these receptors. The 
TLR family presently consist of thirteen members, denoted TLR1-13, and of 
those, TLR1-10 are found in humans (reviewed in [25]). The TLRs involved 
in the recognition of microbial products, TLR1-2 and TLR 4-6, are displayed 
on the cell surface. In contrast, TLR7-9 are localized intracellularly and  
their ligands found internally, for instance within phagolysosomes. Via           
association with intracellular signalling molecules, such as MyD88, ligation 
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of TLRs leads to upregulation of co-stimulatory molecules and the          
production of various cytokines, which in turn engage in the development of 
the adaptive immune response. 

Adjuvants 
Subunit vaccines based on synthetic peptides, proteins or plasmids are    
normally poor immunogens when administered alone, and require therefore 
the co-administration of an adjuvant in order to elicit a sufficient immune 
response. Adjuvants (from Latin adjuvare, to help) are defined as a group of 
structurally heterogeneous compounds, utilized to increase a specific      
immune response to an antigen. Relatively little is known about the     
mechanisms underlying their activity, as well as their structural               
requirements, and they are therefore surrounded by some level of obscurity. 
Several attempts to organize adjuvants in grouped categories have been 
made [26-28]. However, since the effects of many adjuvants are multiple and 
overlapping it is convenient to classify adjuvants into two groups only; those 
aimed at optimizing antigen delivery to the immune system, and those with 
immuno-stimulatory properties. Optimally, an adjuvant can serve both as a 
delivery vehicle and immuno-stimulator, leading to enhanced uptake        
(vehicle function) and presentation (immuno-stimulatory function) of     
antigen by APCs. This can be translated into higher signal strength, with a 
stronger response activation and memory induction as a consequence. 

The choice of adjuvant depends on the desired type of immune response 
in terms of humoral or cell-mediated immunity, as adjuvants tend to bias the 
response to one type or the other. It is therefore necessary to evaluate the 
effect of the adjuvant involved in the vaccination scheme. The evaluation 
may also include tuning of antigen dosage to determine the “immunological 
window”, since adjuvants generally permit the use of much smaller        
quantities of antigen, and too large or too small quantities of antigen may 
induce tolerance. Further, a high antigen dose within the immunological 
window may have a negative influence, as it allows for the expansion of      
T cells with low-affinity TCRs. 

The discussion about specific adjuvants and their documented properties 
will in this thesis be limited to Freund’s adjuvant, aluminium compounds, 
unmethylated CpG sequences and double-stranded RNA.  

Freund’s adjuvant 
In the early 1940s, Jules Freund & Katherine McDermott developed what is 
known as Freund’s complete adjuvant (FCA), consisting of a mixture of a 
non-metabolizable oil (mineral oil), a surfactant (Arlacel A), and killed   
mycobacteria (M. tuberculosis or M. butyricum). It has been used for many 
years to enhance immunologic responses to antigens, and is even today    
considered to be one of the most effective adjuvants. A water-based solution 
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of the antigen is gradually homogenized into the oil-based FCA, which after 
injection constitutes a depot of micro-droplets that are gradually endocytosed 
by APCs. Although FCA is a very effective adjuvant for production of    
antibodies, there are problems associated with its use, such as chronic   
granulomas, sterile abscesses, and/or ulcerating tissue necrosis [29]. It is 
therefore not used for vaccination of humans. However, Freund’s incomplete 
adjuvant (FIA), has previously been widely used in human vaccination. Its 
composition lacks the immuno-stimulatory bacterial component, and hence it 
serves merely as a delivery vehicle. The use of FIA in humans was         
withdrawn due to the emerge of local tissue necrosis, stemming from free 
fatty acids release from the surfactant Arlacel A [30]. 

Aluminium compounds 
Aluminium compounds are the only adjuvants used with routine human   
vaccines. They include alum, aluminium hydroxide and aluminium        
phosphate, and are often collectively referred to as alum, although the actual 
alum (potassium aluminium sulfate) is rarely used as adjuvant nowadays 
(reviewed in [31]). It is important to carefully select the type of aluminium 
adjuvant and optimize the mixing conditions (i e the pH) for each antigen, 
since the process is heavily dependent on electrostatic forces between     
adjuvant and antigen.  

The adjuvancy provided by aluminium compounds includes the formation 
of a depot, enhanced antigen uptake by antigen-presenting cells as a result of  
particle formation, as well as activation of macrophages and the complement 
system. Their limitation include occasional local skin reactions, augmen-
tation of IgE antibody responses, and inability to augment cell-mediated 
immune responses, especially cytotoxic T-cell responses. In addition,     
aluminium adjuvants cannot be frozen or easily lyophilized [31]. 

Unmethylated CpG sequences 
The immuno-stimulatory effect of bacterial DNA was discovered rather  
recently [32], but an explanation eluded everyone for more than a decade. It 
was shown to stem from unmethylated CpG dinucleotides flanked by two   
5’ purines (or a 5’ purine followed by thymidine), and two 3’ pyrimidines 
[33]. The CpG motifs exert their adjuvant effect by binding to TLR9 in the      
endosomal compartment of human plasmacytoid dendritic cells and B cells 
[34]. TLR9 ligation leads to upregulation of co-stimulatory molecules and 
the production of cytokines such as TNF-α and IFN-I in dendritic cells, and 
IL-6 in B cells. NK cells are activated secondarily by IFN-I to secrete IFN-γ 
[35;36]. Due to the expression of mainly pro-inflammatory cytokines, CpG 
motifs are suitable for the induction of cell-mediated immunity. CpG ODNs 
have been shown to override the Th2 effect of aluminium compounds in 
both adult and very young, already Th2-biased mice [37], but its effect is in 
turn over-ruled by the Th2-promoting gene gun delivery method [38]. 
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CpG present in DNA plasmid vaccines contribute to the immunogenicity of 
DNA vaccines, which has been observed for instance in an Aotus monkey 
malaria vaccine trial [39]. In addition, nuclease-resistant CpG ODNs injected 
without any antigen in mice, one to two days prior to challenge with       
Plasmodium yoelii sporozoites, was shown to confer sterile protection 
against malaria infection [40]. 

Double-stranded viral RNA 
Replicase-driven genome replication is a feature of many viruses and results 
in the formation of double-stranded RNA molecules (dsRNA), with        
subsequent activation of the innate immune system. At least three types of 
host defense enzymes are known to be activated by dsRNA: RNAse L, 
which inhibits protein translation and induces apoptosis, protein kinase R, 
which initiates IFN-I expression, and dsRNA-specific adenosine deaminase, 
which launches editing (modifications of the dsRNA), resulting in amino 
acid substitutions in proteins synthesized from edited templates [41]. 
DsRNA is also known to bind TLR-3, which induces production of TNF-α, 
IL-6 and IL-12 in murine macrophages [42]. This cytokine profile suggests a 
bias towards cell-mediated immunity, which was recently observed in a  
replicase-based vaccination study on a pseudorabies virus antigen [43]. 
However, enhance-ment of humoral immune responses following dsRNA 
injection has also been recorded [44]. Apoptosis triggered by replicase-based 
dsRNA has been shown to induce maturation in dendritic cells [45], and is 
hence not only a desired safety feature of replicase-based vaccine constructs. 

A new application for dsRNA is recently explored within therapeutic  
vaccinology. Non-viral dsRNA taken up by cells is subjected to processing 
by the RNase III enzyme Dicer, resulting in formation of 21-22 nucleotide 
long dsRNA molecules termed small interfering RNAs (siRNAs). These 
interact with the RNA-induced silencing complex (RISC), which leads to 
single-strand siRNA annealing with an eventual complementary cellular 
mRNA sequence, specific cleavage and thereby silencing of the mRNA     
transcript [46]. Within the area of infectious diseases, siRNAs have been 
utilized for inhibiting in vitro HIV-1 replication and in vitro and in vivo 
Hepatitis B replication [47;48], although their clinical use may be limited by 
their IFN-I inducing effect [49]. 

The future 
The future is likely to bring about new, efficient tools to achieve adjuvancy; 
perhaps by yet unidentified compounds or by improving the ones already 
existing. A mixture of two adjuvants, CpG ODNs and mineral oil, has    
successfully been tested [50], and the CpG adjuvant is indeed a strong    
candidate for future human applications, much due to its low toxicity and 
capacity to induce cell-mediated responses. Recent data showed that poly-L-
arginine inhibits the CpG-induced systemic release of pro-inflammatory 
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cytokines, which further lends support to general clinical use [51]. Promising 
therapeutic areas for CpG include cancer, infectious diseases and allergy; the 
latter focus being particularly “hot” as CpG was recently shown to inhibit 
IgG1 and IgE class switching in B cells [52]. 

Subunit vaccines 
Subunit vaccines are based on one or several selected parts of a pathogen, 
and offer some significant advantages over attenuated or inactivated (killed) 
virus or bacteria. Subunit constructs exclude the risk of regained virulence, 
and are well-defined and in general more cost-effective as they allow       
production and purification in large scale. They can be designed genetically 
or synthetically to include the desired antigenic determinants only, and at the 
same time exclude epitopes inducing non-protective antibodies. Despite 
these advantages, there are some drawbacks associated especially with the 
development of recombinant protein-based vaccines. Their production may 
be hampered by the possible loss of correct protein folding and the lack of 
several post-translational protein modifications, both which may eliminate 
certain conformational epitopes. Further, peptide-based subunit constructs 
are limited to linear epitopes. The fact that both peptides and recombinant 
proteins need to be delivered together with an adjuvant is also a                
disadvantage, once called the “immunologist’s dirty little secret” by the       
renowned immunologist Charles Janeway [53]. Two types of subunit      
vaccine constructs are dealt with in further detail below; multiple             
antigen peptides, and nucleic acid-based vaccines which result in in vivo             
recombinant protein production. 

Synthetic peptides: Multiple Antigen Peptides 
For efficient antigen uptake by antigen-presenting cells, the immunogen 
should be of some size. This requirement may constitute an obstacle for  
immunization with linear peptides, which often lack the complex three-
dimensional structure of proteins. Multiple antigen peptide (MAP) constructs   
consist of linear peptide antigens synthesized on, or coupled to, a branched 
core of lysine residues [54]. The result is an immunogen with high epitope 
density, and a size sufficient to be immunogenic. Further, the design enables 
circumvention of immune responses limited by genetic restriction, since 
otherwise non-immunogenic B epitopes may be combined with T-helper cell 
epitopes of universal character [55;56]. MAP constructs have successfully 
been used for experimental vaccination against various infectious diseases 
such as malaria, schistosomiasis and HIV-1 [57]. A recent phase 1 trial with 
malaria epitopes assembled as MAPs showed that the characteristics of 
CD4+ T cells elicited, in terms of long-lived memory, cytokine profiles, fine 
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specificities and genetic restriction, was comparable to that elicited by     
immunization with irradiated sporozoites, the ”golden standard” for malaria 
vaccine development [58]. 

Nuclei acid-based vaccines 
Nucleic acid-based immunogens represent the third generation of vaccines 
and a relatively new technological approach. It combines advantages of   
recombinant proteins and peptides, as they are well-defined and cost-
effective, with the advantage of the ability of an attenuated intracellular 
pathogen to induce cell-mediated immunity. Upon transfection, DNA or 
RNA encoding a selected antigen is expressed by the cell’s translational 
machinery, and presented to the immune system. The nucleotide sequence 
can be delivered either in the form of a naked DNA plasmid, or carried by 
biological vehicles such as intracellular bacteria, recombinant virus and  
virus-like particles, or non-biological vectors such as cationic liposomes.  

DNA plasmids 
Unencapsulated (“naked”) DNA plasmids started to be explored as a   

vaccine technology in the early 1990’s [59], and in July 2005, a vaccine 
against the West Nile virus in horses was the first DNA vaccine to be      
licensed. The typical DNA plasmid vaccine vector is of E. coli origin, and 
encodes the antigen(s) of interest under the control of a strong viral promoter 
recognized by the mammalian host; usually the cytomegalovirus immediate 
early region promoter (reviewed in [60]). The plasmid is often delivered by 
needle injection into the dermis or skeletal muscle, but other routes such as 
gene gun or jet injector delivery, oral distribution, and intranasal inhalation 
are also experimented with. The delivery method strongly affects the profile 
of the immune response in terms of humoral or cell-mediated immune 
mechanisms [61;62]. 

The processes by which plasmids are internalized and located to the cell 
nucleus still remain to be elucidated. It has been suggested that plasmids 
could enter myocytes via T-tubuli, independently of disruption of the plasma 
membrane [63]. Since cellular uptake of the DNA plasmids is a major      
limiting factor for their immunogenicity [64], its optimization constitutes an 
important area of research. Intramuscular injection of plasmids immediately 
followed by electroporation increases transfection both in vitro and in vivo 
[64-66]. Attempts to further facilitate plasmid transport from the cytosol into 
the nucleus, by DNA hybridized with nuclear localization signal-conjugated 
peptides, have also resulted in significantly improved plasmid expression in 
vitro [67]. The majority of transfected cells expressing foreign protein after 
in vivo plasmid injection are myocytes, although APCs also take up plasmids 
by phagocytosis. In the latter case however, the DNA seems to be degraded 
within the endosomes, and therefore not lead to antigen expression,        
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processing and presentation by the transfected APCs [64]. DNA entry into 
the cytoplasm is facilitated by adsorption of DNA onto cationic micro-
particles to form lipoplexes, which are thought to destabilize the endosomal 
membrane [68]. A highly efficient way to obtain transfected myocytes as 
well as APCs expressing foreign protein is to utilize the gene gun delivery 
method [59;69], in which DNA plasmids are adsorbed onto gold particles 
and shot into dermis or skeletal muscle. The use of this method is limited by 
its relative high cost, but mainly by its powerful Th2-inducing effect on the 
elicited immune response, even when immunizing with CpG-containing 
plasmids normally eliciting a cell-mediated response [38]. 

Detailed knowledge about DNA plasmid uptake, processing and         
presentation to the immune system is vital in order to rationally optimize the 
induction of an immune response. Presently, three mechanisms of uptake are 
under investigation; the first involving myocyte uptake, expression and   
delivery of the antigen to APCs (cross-priming) [70], the second involving 
transfection of APCs themselves, and the third stressing the contribution of 
the myocytes themselves, upregulating MHC II molecules upon encounter 
with CpG-rich DNA, with subsequent expression and presentation of the 
foreign protein to T cells [71]. In general, the first two mechanisms are   
regarded as more important, mainly due to the lack of co-stimulatory      
molecules on myocytes. They suggest a strong role for APCs at the site of 
injection, which is supported by the adjuvant effect observed with           
simultaneous delivery of plasmids coding for the APC-attracting cytokine 
GM-CSF [72]. 

Recombinant Semliki Forest virus 
The Semliki Forest virus (SFV) is an alphavirus belonging to the family 
Togaviridae, with avian and mammalian species (mainly rodents) as natural 
hosts. Although humans may be naturally infected, the virus is not a major 
pathogen of man. Human infections are usually sub-clinical, but may in 
some cases cause fever and mild polyarthritis. The virus particle is spherical 
with a diameter of 60-70 nm, with a surrounding lipid bilayer envelope   
derived from the host cell, harboring 80 inserted viral spike trimers. The 
icosahedral nucleocapsid consists of viral capsid protein, and contains the 
genome which is a single-stranded, positive RNA strand. Upon infection, the 
genome is released into the cytosol and transcription is immediately initiated 
by the host cell’s translational machinery. The first 2/3rd of the strand     
encodes a replicase, which efficiently drives replication of both the full-
length genome as well as the remaining 1/3rd of the strand. The latter      
subgenomic part encodes the structural proteins, which are the nucleocapsid 
and the spike proteins. 

In the recombinant Semliki Forest genome, the structural protein genes 
are replaced by the gene of interest, leading to its efficient replicase-driven 
transcription. To enable cleavage between the replicase and the antigen    
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sequence in the full-length genome transcript, a proteolytic cleavage site 
from the foot and mouth disease virus is positioned upstream of the antigen 
sequence. In order to increase the biosafety of recombinant SFV particles, a 
split helper system was developed [73]. This strategy is based on expression 
of the structural genes from two separate helper RNA sequences; one      
expressing the capsid protein and the other the spike proteins. To produce 
recombinant virus particles, three separate DNA plasmids encoding the   
replicase plus antigen, the capsid, and the structural genes, respectively, are 
transcribed in vitro. The transcripts are then simultaneously electroporated 
into BHK-21 cells, that enable formation of virus particles that later may be 
collected by repeated centrifugation. Since the helper RNA sequences     
deliberately lack the packaging signals necessary for encapsulation, they are 
not included in the harvested viral particles. Hence the particles are fully 
capable to infect a host cell and release the replicase-antigen RNA, but     
prevented from further replication (“suicidal”). 

Recombinant Semliki Forest virus particles induce mainly cell-mediated 
responses and have successfully been used for vaccination against           
cancer [74] and viral diseases such as influenza and louping ill virus [75;76]. 
Due to their RNA nature, which eliminates the risk of incorporation into the 
host genome, and their engineered design outlined above, SFV particles are   
considered relatively safe to produce and use as vaccine vehicles, and were 
recently approved for clinical use in HIV studies. In addition, the            
translational machinery of the infected host cell deals exclusively with the 
recombinant antigen, which inevitably leads to apoptosis and hence transient 
viral presence at the site of injection [77]. Further advantages include      
infectivity of a broad spectrum of cells including Vero cells utilized for   
clinical applications, and the lack of wide-spread pre-existing immunity to 
SFV. 

Safety of nucleic acid-based vaccines 
Within the scientific community, questions about the safety of nucleic acid-
based vaccination have been raised concerning the possibility of DNA     
integration into the host genome, affecting oncogenes or tumor suppressor 
genes and thereby inducing the development of cancer. The risk of DNA 
integration into host genome is however considered negligible, as it has been 
proven very low under a variety of experimental conditions [78;79], even 
when foreign DNA persisted for more than 19 months in mouse muscle  
tissue [80]. There are studies reporting low and transient titers of DNA-
specific antibodies, but no record of autoimmunity, as a consequence of  
nucleic acid-based immunization [81]. 
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Figure 1. (A) Schematic view of the wild-type Semliki Forest virus genome.  
(B) The modified RNA encoding the replicase plus antigen of interest is             
simultaneously electroporated with the two helper-RNAs coding for the capsid  
protein C, and the precursor (p62, 6K, E1) for the spike proteins. NSP, non-
structural protein. 

 
In the light of general concerns about the introduction of nucleic acid-based 
immunization, and to some extent gene-modified crops, it is interesting to 
note that food-derived DNA was recently shown to enter the blood          
circulation as well as plastic-adherent blood cells, via the human alimentary 
tract [82]. However, in contrast to DNA of bacterial origin, vertebrate DNA 
is unlikely to cause immune system activation, since the immuno-
stimulatory CpG sequences are methylated, generally flanked by bases   
constituting immune-neutralizing motifs, and their presence is suppressed to 
approximately 25 percent of the predicted random frequency [83]. No anti-
bodies towards the protein coded by the food-derived DNA were detected in 
the study mentioned; probably as a result from DNA degradation rather than 
low immunogenicity. However, the oral route has been explored as a mean 
of delivering plasmid-based vaccines [84-86], and the positive results     
obtained are encouraging as this route possess clear advantages over        
injection with needle. 

Lastly, in order to avoid the risk of spreading antibiotic resistance to     
environmental microbes, scientists are encouraged to use selection methods 
other than  plasmid inclusion of genes conferring antibiotic resistance. One 
example of a successful alternative is a novel E-coli strain enabling plasmid 
selection and maintenance, by repressor titration [87]. In addition to        
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augmented safety, removal of the antibiotic resistance gene may also      
increase the protein expression efficacy, as the expression of the resistance 
enzyme exerts a metabolic burden on the host cell [87]. 

Malaria: The disease 

The parasite’s life cycle in humans 
Malaria parasites belong to the kingdom Protista, phylum Apicomplexa, 
class Sporozoa, order Eucoccidida and genus Plasmodium. There are over 
120 malaria species having vertebrates as hosts, but only four that cause 
malaria in man: P. falciparum, P. vivax, P. ovale and P. malariae.               
P. falciparum is responsible for virtually all mortality associated with     
malaria infections. The life cycle of Plasmodium parasites is complex,    
involving several different developmental stages in both the Anopheles    
mosquito vector and the human host. About 10-30 sporozoites are          
transmitted to the host by a bite of an infected female mosquito. During  
approximately thirty minutes, the sporozoites home to the liver, enter the 
hepatocytes and start multiplying by division. Depending on the species, the 
parasite development reaches the schizont stage after 5-15 days. In case of  
P. vivax and P. ovale, a small number of parasites may never reach the 
schizont stage but remain in hepatocytes for years in a dormant form termed 
hypnozoite, resulting in occasional relapses of malaria infection. Upon   
rupture of the infected hepatocyte, as many as ten to thirty thousands of 
merozoites are released into the blood circulation, where they invade     
erythrocytes. The entire invasion process takes about thirty seconds. The 
merozoite develops within the erythrocyte through the ring, trophozoite and 
schizont stages, before the cell ruptures and releases up to 36 merozoites that 
promptly re-invade new erythrocytes. The rupture of the erythrocytes is   
synchronized by the diurnal rhythm of the human host, and for P. falciparum 
the cycle takes around 48 hours to complete. After a few rounds of          
reinvasion, a small fraction of the newly invading merozoites differentiate 
into sexual gametocyte forms represented by macro-gametocytes (female) 
and micro-gametocytes (male). The gametocytes are able to escape the 
erythrocytes taken up by an Anopheles mosquito during a blood meal, and 
mature into gametes inside the mosquito midgut. Within a few minutes, a 
microgamete fertilizes a macrogamete to form a zygote, which then trans-
forms into a mobile ookinete that crosses the midgut epithelium to the     
extracellular space between the epithelial cells and basal lamina. The     
ookinete develops into an oocyst which after 10-24 days, depending on the 
species and surrounding temperature, and releases thousands of sporozoites 
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that invade the mosquito salivary gland. These may then be inoculated next 
time the mosquito bites. 

 
 
Figure 2. Schematic view of the part of the Plasmodium life-cycle that takes place in 
the human host. Photo detail: Lennart Nilsson/Albert Bonniers förlag AB. 

Symptoms, diagnosis and treatment 
The initial liver-stage infection passes unnoticed in the malaria-infected  
individual, and hence it is not until after 1-2 weeks post-infection that   
symptoms appear. Initially they are easily confused with a common        
influenza infection, as they involve joint myalgia, headache, and fever. The 
clinical symptoms manifest along with the cyclic blood stage of the parasite, 
starting with rising fever as the erythrocytes burst. After a few hours, the 
temperature decreases in association with heavy sweating, only to increase 
again as the next fraction of erythrocytes rupture. The syndrome of severe 
falciparum malaria in African children typically involves fever, metabolic 
acidosis, hypoglycemia, anemia, seizures and coma. The predominant  
causative agent of parasite origin was identified a decade ago, as belonging 
to the class of glycolipids known as glycosyl-phosphatidylinositol (GPI) 
[88]. The malaria GPI exerts several effects on the host, and is thought to be 
the main mediator of the inflammatory response that causes the typical    
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malaria symptoms [89]. GPI induces expression of the pyrogenic cytokines 
TNF, IL-1 and IL-6 in human and murine macrophages [88]. TNF in turn, as 
well as GPI alone, upregulates vascular endothelial cell expression of     
adhesion molecules such as ICAM-1, VCAM-1 and E-selectin, which     
mediate binding of infected erythrocytes, a phenomenon called sequestration 
[90]. Sequestration, autoagglutination (aggregation of infected erythrocytes 
independent of malaria-specific antibodies) and rosetting (binding of      
uninfected erythrocytes to infected erythrocytes) all contribute to obstruction 
of the blood flow, that when occurring in the small vessels of the brain may 
lead to seizures and coma (cerebral malaria) and eventually death. TNF also 
contributes to hypoglycemia [91] and ineffective erythropoesis [92], and its 
release from activated macrophages is exacerbated by GPI in synergy with 
IFN-γ [93]. In addition, GPI also induces TNF-independent hypoglycemia 
[88]. IFN-γ is thought to be produced initially by γδ T cells, NK cells, and 
CD1-restricted NKT cells, and as the infection proceeds, IFN-γ is also    
produced by conventional CD4+ and CD8+ T cells. NKT cells share some 
characteristics of both T cells and NK cells, as they are able to kill cells as 
well as express TCRs. However, the NKT cells’ TCRs recognize glycolipid 
antigens presented not by MHC molecules but the MHC-like molecule 
CD1d on dendritic cells, B- and T cells, macrophages, as well as            
hepatocytes.  

Other malaria symptoms involve spleen and liver enlargement and       
pulmonary edema, as a consequence of aggregation of phagocytes and    
parasitized erythrocytes. Acute renal failure and jaundice may occur due to 
low blood volume due to fever-caused dehydration. A first description of 
what is called post-malaria neurological syndrome (PMNS) appeared only 
recently, and is described as a transient acute confusional state or psychosis 
after parasite clearance [94]. There is still some speculation regarding 
whether PMNS is a distinct clinical entity or a consequence of chemotherapy 
or malarial cerebral damage. 

Malaria is diagnosed by examining Giemsa-stained thick and thin blood 
films at several occasions, to detect parasitized erythrocytes. P. falciparum 
stages later than mid-trophozoites are usually not detected due to their    
sequestration. Alternatively, the Para SightTM F dipstick assay can be used 
for detection of P. falciparum infection. The test takes around twenty      
minutes and employs a monoclonal antibody detecting the P. f. histidine-rich 
protein 2 (HRP-2). Polymerase Chain Reaction (PCR) is usually not utilized 
for diagnosis as it is more time consuming and costly as compared to      
microscopy. Malaria is treated with chemotherapy and, in emergency    
situations, blood transfusion to reduce the parasitaemia and anemia. 
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Naturally acquired immunity to malaria 
Acquired immunity to P. falciparum blood-stage infection is gradually built 
up over a period of up to twenty years by continuous exposure to the      
parasite, and is therefore acquired only by people living in endemic areas. 
The reason for this slow acquisition has been ascribed to different factors, 
including parasite genetic variability and parasite suppression of the host’s 
immune system. However, newborns do not contract disease during the first 
months of their life. This is generally though to depend on maternal anti-
malaria antibodies crossing the placenta, rendering the newborns virtually 
immune, however, this explanation has been questioned [95]. Even though 
children in endemic areas are protected against non-cerebral severe malaria 
after only two infective mosquito bites [96], the mortality is still high for 
children under the age of five until immunity to cerebral malaria has been 
built up. Immunity to disease (premunition) is usually acquired in early 
adulthood, and is reflected by fewer clinical symptoms and eventually   
lower parasitaemias. Nevertheless, malaria-immune women become highly      
susceptible to malaria infection during their first pregnancies, due to heavy 
sequestration of parasites in the placenta, mediated by parasite antigen 
PfEMP-1 and placental chondroitin sulphate A [97] and hyaluronic acid 
[98]. The magnitude of sequestration decreases by each pregnancy as      
humoral immunity towards the placenta-binding domain of PfEMP-1      
develops. Sterile immunity to disease is practically never reached in neither 
men nor women. 

The role of antibodies in immunity to blood stages 
In individuals living in malaria endemic areas, elevated levels of non-
specific as well as malaria-specific immunoglobulins are observed, reflecting 
both polyclonal and specific B-cell activation. Passive transfer of malaria 
specific IgG, both in humans [99-101] and animal models [102;103] lend 
support to the role of antibodies in protection against P. falciparum malaria 
blood-stages. The protection seems to depend on the proportion of specific 
IgG1 and IgG3 antibodies, i e the cytophilic IgG subclasses, relative to the 
proportion of the non-cytophilic IgG2 and/or IgG4 antibodies (reviewed in 
[104]). Further, elevated IgE levels are observed in humans living in       
endemic areas. This is usually associated with pathogenesis, as IgE-
containing immuno-complexes from malaria patients induce the release of 
TNF and NO from monocytes in vitro, by cross-linking CD23 [105]. In vivo, 
this might lead to a local overproduction of TNF in microvessels, with    
subsequent upregulation of adhesion molecules, and the development of 
cerebral malaria. However, the pathogenic role of IgE has been questioned, 
by some recent studies suggesting a protective role for IgE [106;107]. No     
specific function of IgM or IgA in malaria has been described so far. 
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Antibody-mediated protection against malaria blood-stages involves several 
different mechanisms. Antibodies may inhibit merozoite invasion of     
erythrocytes [108;109], cytokine induction by GPI [110], and the parasite 
adherence to placenta [111], and enhance the clearance of infected         
erythrocytes from the circulation by binding to their surface, thereby       
preventing sequestration and promoting elimination in the spleen by phago-
cytosis [112]. A potential protective role of antibodies against some blood-
stage antigens, including GLURP and MSP-3, is by mediating antibody-
dependent cellular inhibition (ADCI) [113;114]. The mechanism involves 
cytophilic antibody interaction with Fc receptors on monocytes, with      
subsequent release of TNF and possibly yet unidentified toxic factors 
[101;115;116]. Since the cooperation with monocytes depends on cytophilic 
antibodies, it may partly explain why cytophilic IgG subclasses predominate 
in protected individuals [104]. 

Cell-mediated responses in immunity to blood stages 
Since erythrocytes do not express MHC molecules on their surface, cyto-
toxic CD8+ T cells are unlikely to be important for immunity against the 
malaria blood-stages. The important role of CD4+ T cells is however well 
established for experimental malaria, with evidence based on adoptive    
transfer of protection and increased susceptibility to infection in CD4+ T-cell 
depleted mice [117-119]. For P. falciparum malaria, both proliferation and 
cytokine production is observed in vitro upon re-stimulation of T cells from 
exposed individuals, but such data are in general poorly correlated with    
protection [120]. 

Studies on experimental malaria suggest that protective cell-mediated 
immunity is mediated by IL-12-induced production of IFN-γ, TNF and NO 
[121;122]. Production of these protective, yet potentially pathogenic,         
pro-inflammatory cytokines is counter-balanced by IL-4 and IL-10. The role 
of IL-10 seems to be particularly important, as a high ratio of IL-10/TNF and 
IL-10/IL-6 is associated with protection against lethal outcome of severe 
disease and anemia, respectively [123;124]. IL-10-responses to a liver-stage 
antigen has also been found to predict resistance against P. falciparum    
infection [125]. 

Macrophages play important roles in cell-mediated immunity as they 
phagocytose infected erythrocytes, act as effector cells in ADCI, and are 
early producers of the cytokine IL-12. IL-12 and IL-18 activate NK cells, 
which represent the earliest source of IFN-γ during a malaria infection [126]. 
Apart from the cytokine-mediated signal, transient direct contact between 
the NK cell and the parasitized erythrocyte seems to be required as well for 
optimal NK cell activation. The nature of the erythrocytic activation ligands 
in this context remains to be investigated [126]. The NK cell production of 
IFN-γ may also be induced by activated NKT cells, a cross-talk partly      
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mediated by IFN-γ released by NKT cells [127]. Activated NKT cells     
rapidly produce cytokines such as IFN-γ, IL-4 and TNF-α. Since their TCRs 
recognize glycolipid antigens they are able to bind the Plasmodium-derived 
GPI molecule, and NKT cells have indeed displayed inhibition of liver-stage 
parasite replication in murine hepatocytes, possibly mediated by cytokines or 
lytic pathways involving perforin and/or Fas (reviewed in [128]). 

A small fraction of the T cells, less than five percent in humans, have 
their TCR made up of a γδ heterodimer as opposed to the common αβ     
heterodimer, and are referred to as γδ T cells. During malaria infection, the 
γδ T cell population is markedly expanded, in both mice and humans [129]. 
Their activation is initiated by cytokines such as IL-2, IL-4 and IL-15, and 
TCR recognition of peptide- and non-peptide antigens in no association with 
MHC molecules. Activated γδ T cells from naïve donors, but not αβ T cells, 
have been observed to inhibit parasite replication in vitro, by the release of 
granulysin [130].  

Malaria vaccine development 

Rationale for development of malaria vaccines 
The concept of a vaccine against malaria is supported not only by naturally 
acquired immunity, but also experimental findings from passive transfer of 
IgG and injected irradiated P. falciparum or P. vivax sporozoites eliciting 
sterile immunity in humans. However, neither passive immunization nor 
injections of irradiated sporozoites are possible to implement on a larger 
scale, and scientists are therefore searching for other means to induce      
immunity. The question remains whether it is feasible for individuals in   
malaria endemic areas to achieve vaccine-induced sterile immunity, since no 
naturally acquired immunity would be standing by once the vaccine-induced 
immunity fades. This argument has divided the malaria vaccine strategy 
somewhat into two approaches, one aiming at a vaccine suitable for        
populations in endemic areas, which will be protective against severe disease 
but not infection, and one at a vaccine inducing sterile immunity, suitable for 
transient residents in endemic areas. The latter type has also been considered 
suitable for pregnant women in endemic areas. However, recent experi-
mental data from mice suggest that vaccine-induced maternal antibodies 
against P. yoelii blood-stage antigens might negatively affect the neonatal 
response to subsequent natural challenge, by inducing anti-idiotypic        
antibodies and isotype skewing [131]. 

Since most malaria antigens are stage-specific, and the immunity to       
different stages of the complex parasite life-cycle requires activation of   
different specific immune mechanisms, most malaria vaccine research has 
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been focused on immunity to one single stage. A vaccine targeting the     
pre-erythrocytic stages would prevent sporozoite invasion of hepatocytes, or 
the development of the exo-erythrocytic stages within the hepatocytes. Such 
a vaccine would eliminate the manifestation of disease as well as further 
transmission, since both the malaria symptoms and gametocyte formation 
take place during the blood stage. A vaccine interfering with the blood stage 
would prevent or reduce morbidity and mortality, by inhibiting parasitaemia, 
sequestration, and the release of the disease-mediating molecule GPI. An  
altruistic vaccine acting on sexual stages would have a local impact on the 
transmission of the parasite. However, to ensure complete protection and 
prevention of vaccine-induced emergence of parasites with higher virulence, 
a future vaccine is likely to comprise selected antigens not only from the 
same developmental stage but also from several stages. 

An efficient vaccine should preferentially be based on genetically       
conserved antigens in order to elicit global immunity. However, there are 
several studies indicating that the different degrees of antigenic diversity 
observed for the malaria parasite does not have to hamper the development 
of an asexual blood-stage vaccine [132]. First, the fact that significant     
immunity to non-cerebral severe malaria develops after a relatively low 
number of infections [96], whereas immunity to mild disease takes many 
years, suggesting that some important targets for severe malaria have      
restricted diversity. Secondly, passive transfer of immunoglobulin from   
immune individuals living in one area dramatically reduces the parasitaemia 
in individuals living in very distant areas, meaning that important target  
antigens are relatively conserved globally [100;133]. Thirdly, women during 
their first pregnancy are particularly susceptible to placental malaria, but this 
susceptibility decreases significantly with subsequent pregnancies, i e the 
gradual increase of antibodies blocking parasite adhesion to the placenta 
[134]. This shows that important target antigens have low diversity and are 
specific to parasites adhering to the placenta. Maternal antibodies from   
multigravid women also recognize placental isolates from various           
geographic regions [135], which lends further support to antigen             
conservation and hence their usage as vaccine targets.  

Malaria vaccines in clinical trials 

Randomized, controlled clinical trials  
Although several vaccines incorporating antigens from various stages of     
P. falciparum have been tested in primate models as well as human         
volunteers, only four types of vaccines have thus far been tested in           
randomized and controlled trials in malaria endemic areas. Two of them, 
RTS,S and CS-NANP, act on the pre-erythrocytic level, while the 
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MSP/RESA acts on the blood stage, and Spf66 encompasses antigens from 
both stages [136]. 

Studies in rodents and humans immunized with radiation-attenuated       
P. falciparum sporozoites indicate, that pre-erythrocytic protection may be 
achieved by inducing sporozoite-targeting antibodies that block hepatocyte 
entry, and by cell-mediated responses that eliminate parasitized hepatocytes 
before they release infectious merozoites. The CS protein is the                
pre-erythrocytic antigen against which immune responses are most clearly 
linked to protection. Epitopes derived from the CS protein is included in the 
RTS,S, CS-NANP and the Spf66 vaccines. 

Protection at the blood-stage level is antibody-mediated, and some of the 
most well-studied target antigens include MSP-1, MSP-2, MSP-3, RESA, 
and AMA-1. Antibodies to these proteins block the merozoite invasion of 
erythrocytes, except for antibodies to MSP-3 which are involved in      
monocyte-mediated mechanisms. Epitopes from the MSP-1, MSP-2 and 
RESA antigens are included in the MSP/RESA vaccine [137]. 

Most trials to date have emanated from the Spf66 vaccine, which was    
under much focus during the 1990s. It is composed by three to five         
individual peptides that are joined by disulfide bridges, in order to form a 
circular and hence more bulky immunogen. The peptide sequences originate 
from different 83, 55 and 35 kDa merozoite stage-specific protein fragments, 
and are linked by the NANP repeat derived from the CS protein [138]. The   
peptide is solubilized in sterile saline solution and adsorbed onto aluminium 
hydroxide prior to needle injection. Results with Spf66 in reducing new   
malaria infections have been heterogeneous, as it was not effective in four 
African trials, but reduced the clinical malaria episodes during five trials 
outside Africa [136]. The large variation in protection has been ascribed to 
HLA polymorphism in humans, and it is now generally accepted that Spf66 
is not effective enough for routine use. 

RTS,S vaccines comprise a fusion between half of the CS protein and the 
hepatitis B surface antigen, which is expressed in yeast and used with the 
oil-in-water adjuvant ASO2 (previously called SBAB2) [139]. The hepatitis 
B surface antigen forms a virus-like particle that efficiently delivers the CSP 
protein to the cell cytosol, resulting in a cell-mediated immune response. 
When the vaccine efficacy was tested in semi-immune adults residing in the 
Gambia, the first analysis showed a significant delay in time to first         
infection, but this effect waned to zero already after 15 weeks [140]. A later 
analysis showed that after adjustments for confounders, the vaccine efficacy 
against infections was estimated to be 34 percent in the first year, and 47 
percent in the second year [136]. The RTS,S vaccine was later evaluated in 
children aged 1-4 in Mozambique, and during the first six months it was 
associated with a 30 percent reduction in the risk of clinical malaria, delayed 
time to first infection by 45 percent, and reduced incidence of severe malaria 
by 58 percent. Importantly, the follow-up showed that the disease reduction 
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did not wane over at least 18 months [141]. A clinical trial on Gambian chil-
dren is presently under way [142]. 

CS-NANP-based vaccines contain a minimum of three repeats of the 
NANP peptide sequence from the CS protein, conjugated with a protein   
carrier from the tetanus toxoid or toxin A from Pseudomonas aeruginosa. So 
far there is no evidence for a reduction in clinical malaria episodes by this 
type of vaccine [136]. 

The MSP/RESA vaccine is a mixture of three recombinant asexual blood 
stage antigens: block 3 and 4 of MSP-1, the 3D7 form of the polymorphic 
MSP-2, and the last 70 percent of RESA [137]. In a clinical trial at Papua 
New Guinea, there was no evidence for effect of the vaccine against       
episodes of clinical malaria. However, vaccinees had a significantly lower 
prevalence of the 3D7 type of parasite, as well as reduced number of        
infections with the 3D7 type. Neither prevalence nor incidence of FC27 type 
of infections was significantly affected by vaccination [137], stressing the 
importance of including several allelic types of the same antigen. 

Future prospects 
Increased funding and attention over the last decade has undoubtedly      
contributed to intensified malaria vaccine research. The CS protein as well 
as MSP-1, particularly the 19 kDa and 42 kDa fragments of the antigen, 
continue to be in focus, although strategies other than peptide constructs are 
currently being explored. Early clinical trials with DNA plasmids [143;144], 
and prime-boost strategies with priming DNA and boosting with protein 
[145;146] or recombinant viruses [147;148] have been performed and are 
generally regarded as safe. Since vaccines based on nucleic acids are well-
defined and can be designed to harbor several epitopes as well as adjuvant 
features, they are likely to continue to receive attention. Nonetheless, such 
vaccines are still facing difficulties in translating their efficacy in preclinical 
studies into the clinical field. 

The Pf332 vaccine candidate antigen 
One of the largest proteins of P. falciparum is the asexual blood-stage     
antigen Pf332, identified in 1988 by Berzins et al. at Stockholm University 
together with Mattei et al. at the Pasteur Institute in Paris [149]. The recent 
completion of the sequencing of the parasite genome revealed an impressive 
total of 5508 amino acids, and a heavy overrepresentation of glutamic acid 
(30 percent) and valine (13 percent) [150]. The protein is expressed during 
the trophozoite stage, and transported from the parasitophorous membrane to 
the outer erythrocyte membrane during schizogony [151]. It was recently 
discovered that the antigen is co-localized with other parasite antigens such 
as RIFIN and PfEMP-1 during transport, and the same study also reported on 
an intriguingly distinct, central position of the Pf332 protein within the 
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transport vesicles [152]. The role of Pf332 in the parasite life cycle still  
remains to be elucidated. 

The interest in Pf332 as a malaria vaccine candidate derives partly from 
the observation that the Pf332-reactive human monoclonal antibody 33G2 
inhibits parasite growth and cytoadherence in vitro [153]. However, 33G2 is 
highly cross-reactive with other repetitive malaria antigens, and thus the 
involvement of Pf332 in cytoadherence is uncertain. Nevertheless, direct 
parasite-inhibitory action has been confirmed with various rabbit polyclonal 
antibodies specific for Pf332 [154;155], and human polyclonal IgG          
antibodies affinity-purified on Pf332 repeats also display similar parasite 
growth inhibitory capacity [156]. In addition, increased titers of Pf332-
reactive IgG antibodies in humans are associated with decreased number of 
malaria incidents [157]. 

The current knowledge about the variation of the Pf332 gene is rather   
limited. The protein is expressed from a single gene located subtelomerically 
on chromosome 11 [158]. Since genes positioned at subtelomeric regions are 
known to be influenced by frequent breakage and healing [159], partial or 
complete gene exclusion is a conceivable event, and previously documented 
for antigens such as HRP [160], Pf155/RESA [161] and Pf11.1 [162].    
However, although the Pf332 gene appears to be subject to some degree of 
breakage-induced variation [163], irreversible loss has never been detected 
in any of the parasite strains analyzed so far [164;165] In addition and    
contrast to what has been observed for the RESA antigen, the expression of 
Pf332 is stable during parasite passage in monkeys [166].  

As for variations within the expressed protein, we compared a central    
region of the 3D7 strain with the longest corresponding sequence reported in 
another strain (unpublished data), Palo Alto [167]. The sequence constitutes 
13 percent of the antigen, and the alignment revealed a high degree of    
identity between the two fragments, with occasional point mutations only 
and few variations in copy number of repeats (two copies missing in 3D7, 
three in Palo Alto). This, along with our other comparisons involving shorter 
fragments which resulted in the same low polymorphism frequency         
(unpublished data), is however not sufficient data for any conclusions     
regarding general polymorphism of the Pf332 antigen. 

Experimental animal vaccinations with Pf332 have mainly been          
conducted with a 157 amino acid long central fragment termed EB200,   
identified in 1992 by Mattei and Scherf [168] and defined as a target of 
opsonizing antibodies in hyperimmune sera from P. falciparum-exposed 
Saimiri monkeys [169]. An injection with recombinant EB200 given to 
Saimiri monkeys previously exposed to P. falciparum boosted the levels of 
opsonizing anti-EB200 antibodies, and the presence of these correlated with   
protection against disease [170]. A study on sera from Senegalese adults 
displayed EB200-reactive antibodies of mainly the IgG3 subclass [171], the 
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subclass most efficient in mediating antibody-dependent cellular inhibition 
in vitro [172]. 
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The present study 

Aims 
A vaccine for routine use in humans needs to meet many requirements. It 
should be based on at least one adequate antigen, which in turn should be 
efficiently delivered to the immune system, achieve satisfactory levels of 
activation in a broad population, as well as inducing the proper type of    
immune response. The overall aim of the study presented in this thesis was 
to develop and characterize recombinant vaccine constructs based on the     
Plasmodium falciparum asexual blood-stage antigen Pf332, attending to 
each of the features specified above. The study had as specific objectives: 

 
• To compare antibody responses in mice by immunization with 

DNA- and RNA based vectors coding for the repetitive EB200 
fragment of Pf332 (I) 

• To compare the immunogenicity in mice of two genetically          
restricted malaria B-cell epitopes when assembled with universal 
T-cell epitopes in multiple peptide antigen constructs (II) 

• To characterize the antigenic properties in mice of the non-
repetitive C231 fragment of Pf332 (III) 

• To analyze the antibody responses to C231 in individuals naturally 
primed to the parasite (IV) 

Results and complementary discussion 

Antigen delivery  
For nucleic acid-based vaccines, the cellular transfection rate is a crucial 
parameter, since a poor transfection results in a low antigen dose and a weak 
immune response. In our first study we evaluated how DNA and RNA    
constructs in association with the Semliki Forest virus replicase compared 
with a conventional DNA plasmid for the induction of antibody responses in 
mice against the EB200 subfragment of Pf332 (I). Viral transfection is     
superior to naked plasmid transfection, since the former is not dependent on 
cellular uptake across two membranes but readily fuses with the cell and 
delivers its contents. As a consequence, the actual priming dose of nucleic 
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acids may be significantly lowered, which is reflected by the 20 µg plasmid 
DNA versus 12 pg RNA (the content of 106 virus particles) used in our 
study. However, the use of recombinant virus as an efficient malaria vaccine 
vehicle is not optimal from a logistic point of view, since the socio-economic 
setting of many malaria endemic areas may for instance not meet the      
requirements of an unbroken cold chain. An even bigger obstacle is the fact 
that pre-existing immunity to the employed virus may hamper the immune 
response to the target antigen, something that previously has been observed 
for adeno-virus and poxvirus vectors. However, the vaccine efficacy of   
poliovirus and alphavirus vectors seems not to be impaired in immune hosts 
(reviewed in [173]). In addition, phase I trials of the hepatitis B virus-based 
RTS,S malaria vaccine showed no inhibition of the development of immune      
responses to the malaria antigen in cases of pre-existing immunity to      
hepatitis B [140;174]. Speaking in favor of the utilization of viral vectors is 
also the accumulating evidence for heterologous prime-boost regimens, i e 
priming with DNA and boosting with recombinant virus or vice versa, being 
superior to homologous repeated immunizations. So far, the mechanisms 
directing the outcome of different prime-boost protocols are unknown and 
subject to investigation. Their understanding will surely enable a more    
rational vaccine design. 

In order to obtain the high transfection rates that are prerequisite of strong 
immune responses, it is important to limit the amount of nucleic acids     
included in the plasmid. We observed significantly lower antibody titers for 
DNA plasmids having the SFV replicase added to enhance the                 
antigen expression, most likely as a result from a size more than the double 
in comparison to the conventional plasmid (6.2 kbp and 13.1 kbp,               
respectively). In other words, the poorer transfection rate was not           
compensated by the replicase-enhanced antigen expression and the intrinsic 
adjuvancy of the replicase. This conclusion is in contrast to other reports 
using other antigens or other similar virus expression system [175-177]. 
However, our results do not exclude the possibility that the replicase-
containing plasmid induced stronger cell-mediated responses than did the 
conventional. Indeed, a recent study on SFV replicase-containing plasmids 
reported similar absence of enhanced expression efficacy over the           
conventional plasmid, but superior induction of cell-mediated immune    
responses, attributed to the presence of dsRNA [43]. 

Once the host cell is transfected, the expression of the antigen should be 
efficient in order to obtain large amounts of antigen. An inevitable obstacle 
is the fact that the mammalian protein translational machinery is not       
optimized for protozoan proteins. Since many malarial proteins contain   
tandemly repeated sequences, reflecting a low-complexity nucleic acid   
sequence heavily biased towards adenosine [178], expression in mammals 
may be significantly hampered by the exhaustion of tRNA molecules      
associated with the frequently repeated amino acids. One third of the EB200 
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antigen is made up of glutamic acid residues, possibly leading to the        
depletion of tRNA molecules corresponding to the GAA and GAG codons, 
and a subsequent retardation of the translational process. In addition, it has 
been shown in E. coli that when ribosomes pause during translation, the 
mRNA becomes prone to endonuclease degradation [179], or the ribosomes 
may shift frame [180], leading to not only a more slow translation but its 
actual failure. Scientists have taken two main approaches to improve protein 
expression efficacy. One is codon optimization, where the antigen sequence 
is optimized to employ the most frequently used codons in mammals. This 
method was recently shown to greatly enhance the expression and immuno-
genicity in mice of the two malaria antigens EBA-175 and MSP-1 [181]. The 
other way to improve protein expression is to include the relevant tRNA 
molecules in the construct (plasmid) itself, which has successfully been done 
for proteins derived from the malaria parasite [182], as well as from other 
pathogens. In this case however, the expression host targeted has been        
E. coli rather than mammals. The titers of antisera to EB200 obtained by 
plasmid immunization in our study were generally low (I) and could possibly 
be elevated by either method. As for codon optimization, it is known that 
both mice and humans utilize the GAG codon more frequently than GAA, 
while the opposite is true for the malaria parasite [183]. Another possible 
approach would be to circumvent the translation-related obstacles by       
targeting the less repetitive region of Pf332, a strategy we set out to explore 
in another study (III).  

The low titers of anti-EB200 antibodies we obtained by immunization 
with naked mRNA (I) may reflect the sensitivity of ribonucleases to        
degradation, rather than codon bias. Vaccines based on naked mRNA are 
theoretically safer than DNA plasmids, as there is no risk of gene integration 
or autoimmunity, but their practical use is seriously hampered by their 
proneness to degradation. Researchers have tried to prevent this by various 
approaches, including delivering the mRNA embedded in liposomes [184] or 
delivering it intra-cytosolically using a gene gun [185], by an ex vivo method 
using transfected dendritic cells [186], by immunizing mRNA flanked by 
stabilizing untranslated regions at both ends [187], and by condensing the 
mRNA with protamine or modifying its phosphodiester backbone [188]. 
However, although stark naked and delivered by traditional needle-
immunization, this method of mRNA immunization has been proved      
sufficient for vaccination against cancer. Ying et al. used an experimental 
setup similar to ours, in which mice were immunized intramuscularly with 
naked mRNA coding for the SFV replicase and the LacZ antigen [189]. 
Unlike us, they were aiming for cell-mediated responses, and showed that 
even a small amount of mRNA (10 µg) conferred protection in mice against 
tumor establishment, as a result of strong cell-mediated responses. Their 
results indicate that degradation of mRNA was hardly a limiting parameter, 
possibly because of the very rapid antigen expression associated with the 
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SFV replicase, in combination with its inherent adjuvant effect ascribed to 
dsRNA formation. Assuming that the mRNA transcripts in our study were 
not significantly degraded, we are left with the possibility that a strong     
cell-mediated rather than humoral response was elicited, or that other             
immunogens in the transcription mix, transcription reaction components or 
impurities, were able to dominate the response. 

Genetic restriction  
Genetic variability of humans is a limiting factor for one of the malaria   
vaccines that have undergone extensive field trials, the synthetic peptide-
based Spf66 vaccine. Distributed with aluminium compounds, it elicited 
high levels of  protection in areas of South America, but its efficacy was 
seriously impeded in other populations of the world [190]. In the context of 
genetic restriction, absence of a humoral response often reflects HLA     
polymorphism and consequently the lack of relevant T-cell epitopes. We 
therefore set out to investigate how different T-cell epitopes compare in 
terms of their capacity to induce immune responses, by analyzing diepitope 
MAP constructs containing either of four different universal T epitopes in 
combination with an otherwise non-immunogenic B epitope (II). As we  
expected, the genetic restriction in mice was successfully circumvented by 
the inclusion of either of the T-cell epitopes, and we went on with           
scrutinizing the different natures of the elicited responses (as commented 
further below). In fact, the strategy of universal T-cell epitope inclusion was 
used when designing the CS-NANP vaccine, which like the SPf66 vaccine 
has undergone several clinical trials. 

Of equal importance is the fact that a future vaccine against malaria 
should target genetically different populations of the malaria parasite. This 
was stressed after conducting a clinical trial with the MSP/RESA vaccine 
construct, in which the 3D7 allelic type of the MSP-2 antigen was included, 
but not the FC27 allelic type [137]. Vacinees had a significantly lower 
prevalence of the 3D7 type of parasite, as well as reduced number of       
infections with the 3D7 type, while neither the prevalence nor incidence of 
FC27 type of infections was significantly affected [137]. It is worth to note 
though that 3D7 did induce T-cell responses against FC27, although these 
were generally weaker in comparison to 3D7. In addition, the vaccine-
induced reduction of 3D7 parasites could possibly have given way for FC27 
parasites to increase in amount, as a consequence of some kind of reduced 
cross-protection [137]. Parasite antigen polymorphism was a focus of our 
third and fourth study (III, IV). 

Inducing the right type of response 
Not only does one desire sufficient levels of activation in a broad population 
of vacinees, the immune response induced should also be of the proper type 
in terms of cell- versus antibody-mediation. Hence, rational vaccine design 
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involves the understanding of not only mechanisms of protective immunity, 
but also mechanisms biasing the response in either direction. Generally, pro-
tection against malaria depends mainly on cell-mediated immunity during 
the liver-stage, and antibody-mediated immunity during the blood stage. 
Among the parameters determining if a response will be skewed towards a 
cell-mediated (involving Th1 cells) or antibody-mediated (involving Th2 
cells) response, are the antigen dose and type of co-stimuli [191]. The     
accumulating signal from antigen and co-stimulation is integrated by DCs 
that in turn drive the differentiation of naïve T cells to IFN-γ secreting Th1 
cells or IL-4 secreting Th2 cells. The two subsets of DCs, myeloid and   
plasmacytoid DCs, differ in their expression of MHC II and co-stimulatory 
molecules, and hence their “proneness” to induce either Th1 or Th2 biased 
responses. They also differ in their location in the body, and from this     
follows that a third parameter, the immunization route, is also involved in 
determining the Th1/Th2 bias. In addition, our second study sheds light upon 
yet another important parameter, the genetic background of the vaccinees 
(II). As previously mentioned, we investigated the type of immune response 
induced by various T-cell epitopes. We were able to circumvent the genetic 
restriction, and found also that the nature of the immune responses in terms 
of total IgG antibodies and their subclass distribution, T-cell proliferation 
and IFN-γ production, varied with the mouse strain, in this case C57BL/6 
and BALB/c. The response profiles also varied with the type of T-cell     
epitope employed, which may be explained by differential DC processing    
of antigen, resulting in different amounts of MHC II:peptide-complex on       
the DC surface and hence different effective antigen doses. In general, a high 
dose of antigen induces the development of Th1 responses, whereas a low 
dose favors Th2 cell development, regardless of the DC subset [192;193]. 

As correlates of Th1 and Th2 responses, we analyzed the IgG2a and IgG1 
antibodies in mice immunized with the EB200 fragment of Pf332 (I). In the 
case of DNA plasmids, we investigated the effects on Th1/Th2 bias when 
including the SFV replicase, versus the replicase with an additional protein 
secretion signal for the antigen. The inclusion of a secretion signal has    
previously been shown to modulate the immune response towards Th2 [194]. 
Unfortunately our results were not conclusive, since the obtained antibody 
titers were generally low, and the Th1/Th2 profiles from our first            
immunization series differed from those of the two subsequent series. One 
could speculate that an eventual effect of the secretion signal would be over-
shadowed by that of the SFV replicase. In turn, the strong immuno-
stimulatory effect of the replicase was probably not able to compensate for 
the poorer transfection rate (as reflected by lower antibody titers) obtained 
by its inclusion. However, as previously mentioned, the induction of cell-
mediated rather than antibody-mediated responses could possibly also    
explain that lower antibody titers were observed for the replicase-containing 
plasmids.  
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We also observed that even in the case of relatively low preceding titer 
peaks, SFV particles as well as DNA plasmids induced specific humoral 
responses that were swiftly recalled by a booster injection, a finding        
consistent with the functional definition of immunological memory. The IgG 
subclass profiles of antibodies induced by all immunogens remained       
relatively unchanged after the protein booster injection. This was expected, 
since the cytokine polarization of mouse CD4+ T cells leads to irreversible 
silencing of either the IL-4 gene (in Th1 cells) or IFN-γ gene (in Th2 cells) 
[195], in contrast to human CD4+ T cells, which maintain some flexibility of 
cytokine gene expression even after pronounced polarization [196]. 

The IgG subclass distribution is indeed an important focus for malaria 
vaccine optimization, as non-cytophilic antibodies might compete with   
cytophilic and thereby hamper the efficacy of ADCI and phagocytosis    
(reviewed in [104]). Of the four T-cell epitopes we investigated in the     
second study, three were derived from P. falciparum and the fourth from 
Clostridium tetani (II). When analyzing the subclasses of the induced      
antibodies, we found that only the latter T-cell epitope elicited cytophilic 
antibodies to the associated B-cell epitope (in C57BL/6 mice). This T-cell    
epitope was also the only to induce higher titers of IgG2a, IgG2b and IgG3 
in comparison with IgG1 (in BALB/c mice), a phenomenon previously   
observed by others [197], which may indicate a skewing towards the Th1 
type of response. Having said this, it is however important to note that our 
main conclusion from this study was that the resulting responses varied both 
qualitatively and quantitatively, depending on the T-cell epitope used as well 
as the genetic background of the vaccinated mice. Keeping in mind that data 
obtained in mice have to be extrapolated to humans with caution, this is still 
likely to hold true of a human setting as well. Thus, in order to obtain an 
immune response of the required quality and quantity for protection in a 
genetically heterogeneous human population, one probably has to include a          
combination of different universal T-cell epitopes in a future malaria      
vaccine.  

The mechanism whereby the cytophilic antibodies IgG1 and IgG3        
mediate protection against malaria involves their ligation with Fcγ receptors 
on monocytes. However, there are studies suggesting a protective role of the 
non-cytophilic IgG2 in vivo [198;199], which possibly may be explained by 
the presence of a polymorphism in the Fcγ receptor IIa (FcγRIIa). As a   
result, also IgG2 are cytophilic in individuals carrying the H131 allele    
coding for FcγRIIa [200]. When analyzing the subclasses of C231 specific 
IgG in sera from individuals naturally primed to P. falciparum (IV), we  
observed a bias towards IgG2 and IgG3 relative to IgG1. However, a        
possible correlation to a preferential expression of the H131 allele in the 
study population remains to be studied.   
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Choosing the right immunogen 
Throughout the years, many pathogens have evolved ingenious ways of   
escaping their host’s immune system, and the malaria parasite is far from an 
exception. Its many stratagems include rosetting (binding of uninfected 
erythrocytes to infected erythrocytes) and cytoadherence (binding of infected 
erythrocytes to endothelial cells) mechanisms, variation and diversity of 
antigens, inhibition of macrophage phagocytosis and dendritic cell        
maturation, induction of immunosuppressive cytokines and prostaglandins, 
development of hypnozoites and resistance to antimalarial drugs, and last but 
not least, the mere fact that it harbors inside erythrocytes which lack MHC 
molecules. Yet another phenomenon believed to be a strategy of host      
immune evasion is the fact that many malaria parasite antigens contain    
extensive arrays of tandemly repeated short amino acid sequences. Such 
repeats may induce T-cell independent responses, which are less protective 
[201], as well as function as an “immunological smoke-screen” by diverting 
responses away from more critical epitopes [202].  

A majority of the immunogenicity studies on the Pf332 antigen have so 
far been performed with the EB200 fragment. It comprises a vast number of 
glutamic acid-rich repeats, resulting in prominent cross-reactivity with other 
blood-stage antigens, as well as a proneness to polymorphism. Antigenic 
variation and diversity is the most troublesome hurdle to overcome in the 
development of an effective malaria vaccine. For instance, substitution of 
only one amino acid in a protective T-cell epitope can result in failure to 
activate the proper T cells [203]. In our third and fourth study, we           
characterized the immunogenic properties of a non-repetitive part of the 
Pf332, termed Pf332-C231 (C231) (III, IV). Its primary sequence is more 
complex as the contribution of each type of amino acid is more equal, and 
the C231 sequence also includes two cystein residues. Theoretically, both of 
these features may contribute to sequence conservation. As a result of its 
higher complexity, C231 has additional advantages over EB200, such as 
higher probability of providing Pf332-specific monoclonal antibodies, and 
significantly improved possibility of sequencing, designing stringent     
primers, as well as staining the expressed protein after gel electrophoresis. 
So far our characterization of the immunogenic properties of C231 shows 
that the recombinant protein is reactive with sera from malaria immune   
humans, and that antisera raised in rabbits inhibit parasite growth in vitro 
with a capacity similar to that of antibodies to recombinant EB200 (III). 
Immunoblotting analyses performed with SDS-PAGE separated poly-
peptides from late stage P. falciparum parasites showed, that antibodies to 
C231 and EB200 reacted with the same high-molecular weight polypeptides 
assumed to represent Pf332 (IV). They also gave rise to similar patterns of 
vesicle-like dots when performing immunofluorescence staining of infected 
erythrocytes (IV). When analyzing individual patterns of IgG antibody   
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recognition in 100 Senegalese donors from 4-87 years of age, the reactivity 
with C231 correlated well with that previously seen in the corresponding 
sera for antibodies to EB200 (IV). However, while high levels of antibodies 
reactive with EB200 or C231 tended to be predictive of fewer future clinical 
malaria attacks, this tendency was statistically significant only for antibodies 
reactive with EB200 [157], which possibly may be explained by the higher 
cross-reactivity of such antibodies.  

With a little help from our friends 
Detailed studies on the mechanisms of protective immunity to malaria, as 
well as on the effects of a vaccine, are most readily approached by the use of 
mouse models. However, since the human malaria parasite strains are not 
pathogenic in mice, and since the immune system of mice differs from that 
of humans, one could argue that mouse models may not be relevant to the 
human infection. One illustrative example is the technology of DNA       
vaccines, which first seemed very promising in mice, but later it became 
evident that DNA immunization alone is insufficient for inducing protection 
in humans [204]. It is important to determine to what extent the mouse    
models resemble the features typical of human malaria, before one can   
extrapolate the data to humans. For instance, we now know that cerebral 
malaria in mice is caused by sequestered monocytes, rather than infected 
erythrocytes [205]. Apart from the various immunological differences     
between the two species (reviewed in [206]), the lack of translation from 
mouse to man may also be a result of the fact that humans, unlike laboratory 
animals, often have concomitant infections. 

In some cases, mouse models are simply insufficient. Since no analogue 
to the asexual blood-stage antigen Pf332 has been identified in any of the 
mouse malaria species, we have not been able to analyze our vaccine      
constructs in terms of protection. However, we have utilized three other   
parameters that may serve as indicators of vaccine efficacy. Firstly, antibody 
titers and their inhibition of parasite growth/reinvasion in vitro [207].      
Secondly, IgG subclass profiles, knowing that protection against malaria in 
human is dependent on antibodies of the cytophilic subclasses [104]. 
Thirdly, T-cell responses, as strong T-cell responses are likely to push          
T cells into the memory pool [208]. 

 We can also conclude, that even though immune responses to EB200 are 
genetically restricted in mice (II), there is no indication suggesting that    
genetic restriction limits the responsiveness to EB200 in humans. No       
correlation between high or low responsiveness with particular HLA      
molecules was found when analyzing sera from malaria-exposed Senegalese 
adults [209], and analyses of sera from Senegalese and Liberian individuals 
showed that low reactivity with EB200 concurred with low antibody levels 
to crude malaria antigens as well [155].  
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Nevertheless, while caution in interpreting data in mice is clearly warranted, 
mice have been and will continue to be the foremost experimental in vivo 
model for malaria immunology and vaccine research. 
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Concluding remarks 

During the 1970’s, three discoveries with great impact on the development 
of a malaria vaccine were made; genetic engineering, monoclonal antibody 
production, and the possibility to maintain in vitro cultures of Plasmodium 
falciparum. It is probably not presumptuous to add the recent completion of 
the P. falciparum genome sequencing, which unveiled 5,268 parasite           
genes [210]. Not only does this massive effort facilitate vaccine target               
identification, but also drug development, functional gene studies and the 
understanding of parasite evasion mechanisms. 

Sequencing of the Pf332 gene revealed a giant protein rich in glutamic 
acid residues. During the last decade and before sequence completion, the 
Pf332-derived fragment EB200 has undergone several analyses of its      
immunogenicity, in which the vaccine candidate potential of the Pf332   
antigen were repeatedly confirmed. Our studies herein on Pf332 have     
focused on characterization and optimization of the humoral responses   
elicited by various types of vaccines constructs, including DNA, naked 
mRNA, alphavirus, and peptides. The results can be summarized as follows:  

 
• Comparative immunization with naked DNA, naked RNA and             

recombinant SFV particles showed that immunological memory was   
successfully induced against the repetitive EB200 fragment, although    
the antibody titers were generally low and the highest titers were                 
unexpectedly obtained with a conventional DNA plasmid (I). 

• We demonstrated the ability to circumvent genetically restricted immune 
responses in mice against two malaria epitopes, one of them derived from 
Pf332, by inclusion of universal T-cell epitopes into multiple antigen  
peptide constructs. However, the variability of the responses stressed the 
importance of including several epitopes in a future malaria vaccine (II). 

• We identified and characterized the immunogenic properties of a non-
repeat Pf332 fragment termed C231. Anti-C231 antibodies possessed an 
in vitro parasite inhibitory capacity similar to that of antibodies against 
EB200 (III), and the reactivity of C231 with sera from naturally primed 
individuals correlated well that previously observed for the corresponding 
sera and EB200 (IV). When analyzing the IgG subclass distribution of 
anti-C231 antibodies, we noted a bias towards IgG2 and IgG3              
relative to IgG1, differing from the subclass profiles of IgG binding crude               
P. falciparum antigen, which were dominated by IgG1 (IV). 

 47 



Acknowledgements 

These studies were supported by grants from the Swedish International   
Developmental Co-operation Agency (SIDA, SAREC), the Swedish Medical 
Research Council (VR), the Swedish Foundation for Strategic Research, the 
BioMalPar European Network of Excellence, Åke Wibergs stiftelse, and last 
but not least, by the Wenner-Gren Institute at Stockholm University.    
Thank you! 

 
I also wish to express my sincere gratitude to: 

 
my supervisor, professor Klavs Berzins, who gave me the opportunity to 

carry out this work. Thank you for your wonderfully encouraging attitude, 
for sharing your vast knowledge, and above all, for giving me the free reins I 
needed to develop as a scientist! 

 
all collaborators and co-authors through the years, especially assistant  

professor Niklas Ahlborg at Mabtech, and the KTH collaborators professor 
Stefan Ståhl and Drs Maria Wikman and Christin Andersson, with all of 
whom it has been a sheer pleasure to collaborate. Thank you. 

 
former and present seniors at the department of immunology: Marita 

Troye Blomberg, Manuchehr Abedi Valugerdi, Eva Sverremark       
Ekström, Alf Grandien, Carmen Fernández and Eva Severinson. Thank 
you all for showing interest in my work, for constructive criticism and    
fruitful discussions. Alf is also greatly acknowledged for letting me inherit a 
considerable amount of molecular biology reagents. 

 
Hedvig Perlmann, for all our chats throughout the years about            

everything from parasite staining to the “true” archipelago, the one on the 
west coast! I also wish to acknowledge late professor emeritus Peter 
Perlmann, whose knowledge, dedicated lifestyle and complete absence of 
arrogance continues to inspire younger generations of immunologists. 

 
past and present colleagues at the department of immunology – Petra 

Amoudruz, John Arko-Mensah, Nora Bachmayer, Ahmed Bolad, 
Mounira Djerbi, Salah Eldin Farouk, Shiva Eslami, Ben Gyan, Monika 
Hansson, Elisabeth Hugosson, Lisa Israelsson, Gun Jönsson, Anna-

 48 



Karin Larsson, Karin Lindroth, Jacob Minang, Eva Nordström, Cecilia 
Rietz, Camilla Rydström, Shanie Saghafian Hedengren, Valentina 
Screpanti, Ylva Sjögren, Yvonne Sundström, Ankie Söderlund, and 
Anna Tjärnlund. A special thanks to Khaleda Qazi Rahman for nice   
collaboration. Technicians Margareta Hagstedt and Ann Sjölund, and 
department secretary Gelana Yadeta are also acknowledged for their kind 
assistance. 

 
my former students, Lena Lövkvist, Robert Lindberg, Alex Barsati, 

and last but not least Halima Balogun, who stepped into my Pf332-shoes.  
 
the malaria people at Karolinska Institutet, for all interactions throughout 

the years. A special thanks to Malin Haeggström for nice collaboration. 
 
my office-mates – Manijeh Vafa, for your uplifting wit and consideration 

for others. Lili Xu, for your inspiring stamina and ceaseless smile. Alice 
Nyakeriga, for jolly good lessons in Kenyan cooking (and dancing!). 

 
my very special friends – in Stockholm, Ariane Rodrígues Muñoz and 

Johanna Sigte. The ladies from Lund, Sara Bengtsson and Ghazal Zaboli, 
whom I was lucky to reunite with in Stockholm. In Lund, Maria Berglund, 
Maria Edholm, Magnus Edholm, Joakim Nordqvist and Niclas         
Wallander; the significance of your support goes beyond your imagination. 
A special thanks to Maria B and Joakim who sacrificed their early Saturday 
and Sunday mornings in order to let me complete this thesis at their work 
place, the Department of Environmental and Energy Systems Studies.  

 
everyone at United Øresundskyrkan... In particular Sara Johannesson 

who had the kindness to introduce me, over a nice Danish frokost! 
 
Caroline Ekberg – for all the great times we had and will have together 

in Dalarna, Tenerif, Uppsala, Stockholm, Lund... I am immensely thankful 
for the fact that our friendship continues to survive the ravages of            
geographical separation. You are such a bright shining star. 

 
my family – Arian, Sofia, Christian, Jonathan, Maria, Annica, Carl, 

and late Sven-Willibald Morrbert von Ludendorff. 
 
my husband Valcones – for sharing your life and love with me, and for 

being such a wonderful father for our daughter Iris.  

 49 



 

 

© Willey Miller/Universal Press Syndicate  
 

 

 50 



References 
 

 [1]  Retief FP, Cilliers L. The epidemic of Athens, 430-426 BC. S Afr Med J 
1998; 88(1): 50-3. 

 [2]  Leung A. Variolation and vacconation in late imperial China 1570-1911. 
In: Plotkin SA, Fantini B, editors. Vaccinia, vaccination, vaccinology. 
Paris, Elsevier, 1996: p. 65-71. 

 [3]  Jenner E. An inquiry into the the causes and effects of the Variolae      
Vacciniae. London, Low, 1798. 

 [4]  von Behring E, Kitasato S. [The mechanism of diphtheria immunity and 
tetanus immunity in animals. 1890]. Mol Immunol 1991;28(12):1317, 
1319-7, 1320. 

 [5]  Mechnikov II. Immunity in infective diseases. By Il'ia Il'ich Mechnikov, 
1905. Rev Infect Dis 1988;10(1):223-7. 

 [6]  Olin P. Vaccination av barn. Stockholm: Nordstedts tryckeri, 2001. 

 [7]  Aickin R, Hill D, Kemp A. Measles immunisation in children with allergy 
to egg. BMJ 1994;309(6949):223-5. 

 [8]  Gett AV, Sallusto F, Lanzavecchia A, et al. T cell fitness determined by 
signal strength. Nat Immunol 2003;4(4):355-60. 

 [9]  Manz RA, Thiel A, Radbruch A. Lifetime of plasma cells in the bone   
marrow. Nature 1997;388(6638):133-4. 

 [10]  Gray D, Skarvall H. B-cell memory is short-lived in the absence of antigen. 
Nature 1988;336(6194):70-3. 

 [11]  Bernasconi NL, Traggiai E, Lanzavecchia A. Maintenance of serological 
memory by polyclonal activation of human memory B cells. Science 
2002;298(5601):2199-202. 

 [12]  Lucey DR, Clerici M, Shearer GM. Type 1 and type 2 cytokine dys-
regulation in human infectious, neoplastic, and inflammatory diseases. Clin 
Microbiol Rev 1996;9(4):532-62. 

 [13]  Barry M, Bleackley RC. Cytotoxic T lymphocytes: all roads lead to death. 
Nat Rev Immunol 2002;2(6):401-9. 

 [14]  Maruyama M, Lam KP, Rajewsky K. Memory B-cell persistence is      
independent of persisting immunizing antigen. Nature 2000;407(6804): 
636-42. 

 51 



 [15]  Lau LL, Jamieson BD, Somasundaram T, et al. Cytotoxic T-cell memory 
without antigen. Nature 1994;369(6482):648-52. 

 [16]  Garcia S, DiSanto J, Stockinger B. Following the development of a CD4 T 
cell response in vivo: from activation to memory formation. Immunity 
1999;11(2):163-71. 

 [17]  Haberman AM, Shlomchik MJ. Reassessing the function of immune-
complex retention by follicular dendritic cells. Nat Rev Immunol 
2003;3(9):757-64. 

 [18]  Gray D, Matzinger P. T cell memory is short-lived in the absence of     
antigen. J Exp Med 1991;174(5):969-74. 

 [19]  Kundig TM, Bachmann MF, Ohashi PS, et al. On T cell memory:        
arguments for antigen dependence. Immunol Rev 1996;150:63-90. 

 [20]  Beverley PC. Is T-cell memory maintained by crossreactive stimulation? 
Immunol Today 1990;11(6):203-5. 

 [21]  Tough DF, Sprent J. Turnover of naive- and memory-phenotype T cells.     
J Exp Med 1994;179(4):1127-35. 

 [22]  Sprent J, Surh CD. T cell memory. Annu Rev Immunol 2002;20:551-79. 

 [23]  Pilling D, Akbar AN, Girdlestone J, et al. Interferon-beta mediates stromal 
cell rescue of T cells from apoptosis. Eur J Immunol 1999;29(3):1041-50. 

 [24]  Seddon B, Tomlinson P, Zamoyska R. Interleukin 7 and T cell receptor 
signals regulate homeostasis of CD4 memory cells. Nat Immunol 
2003;4(7):680-6. 

 [25]  Ulevitch RJ. Therapeutics targeting the innate immune system. Nat Rev 
Immunol 2004;4(7):512-20. 

 [26]  Edelman R, Tacket CO. Adjuvants. Int Rev Immunol 1990;7(1):51-66. 

 [27]  Cox JC, Coulter AR. Adjuvants – a classification and review of their modes 
of action. Vaccine 1997;15(3):248-56. 

 [28]  Schijns VE. Immunological concepts of vaccine adjuvant activity. Curr 
Opin Immunol 2000;12(4):456-63. 

 [29]  Claassen E, de Leeuw W, de Greeve P, et al. Freund's complete adjuvant: 
an effective but disagreeable formula. Res Immunol 1992;143(5):478-83. 

 [30]  Sadoff JC. Adjuvants for new or improved vaccines: Some current research 
options. CVI Forum 1993;(3):6-9. 

 52 



 [31]  Gupta RK. Aluminum compounds as vaccine adjuvants. Adv Drug Deliv 
Rev 1998;32(3):155-72. 

 [32]  Tokunaga T, Yamamoto H, Shimada S, et al. Antitumor activity of deoxy-
ribonucleic acid fraction from Mycobacterium bovis BCG. I. Isolation, 
physicochemical characterization, and antitumor activity. J Natl Cancer Inst 
1984;72(4):955-62. 

 [33]  Krieg AM, Yi AK, Matson S, et al. CpG motifs in bacterial DNA trigger 
direct B-cell activation. Nature 1995;374(6522):546-9. 

 [34]  Ahmad-Nejad P, Hacker H, Rutz M, et al. Bacterial CpG-DNA and 
lipopolysaccharides activate Toll-like receptors at distinct cellular        
compartments. Eur J Immunol 2002;32(7):1958-68. 

 [35]  Krieg AM. CpG motifs: the active ingredient in bacterial extracts? Nat Med 
2003;9(7):831-5. 

 [36]  Mutwiri G, Pontarollo R, Babiuk S, et al.Biological activity of              
immunostimulatory CpG DNA motifs in domestic animals. Vet Immunol 
Immunopathol 2003;91(2):89-103. 

 [37]  Weeratna RD, Brazolot Millan CL, McCluskie MJ, et al. CpG ODN can    
re-direct the Th bias of established Th2 immune responses in adult and 
young mice. FEMS Immunol Med Microbiol 2001;32(1):65-71. 

 [38]  Weiss R, Scheiblhofer S, Freund J, et al.Gene gun bombardment with gold 
particles displays a particular Th2-promoting signal that over-rules the Th1-
inducing effect of immunostimulatory CpG motifs in DNA vaccines.    
Vaccine 2002;20(25-26):3148-54. 

 [39]  Jones TR, Obaldia N, III, Gramzinski RA, et al. Synthetic oligodeoxy-
nucleotides containing CpG motifs enhance immunogenicity of a peptide 
malaria vaccine in Aotus monkeys. Vaccine 1999;17(23-24):3065-71. 

 [40]  Gramzinski RA, Doolan DL, Sedegah M, et al. Interleukin-12- and Gamma 
Interferon-Dependent Protection against Malaria Conferred by CpG       
Oligodeoxynucleotide in Mice. Infect Immun 2001;69(3):1643-9. 

 [41]  Sawicki DL, Silverman RH, Williams BR, et al. Alphavirus minus-strand 
synthesis and persistence in mouse embryo fibroblasts derived from mice 
lacking RNase L and protein kinase R. J Virol 2003;77(3):1801-11. 

 [42]  Alexopoulou L, Holt AC, Medzhitov R, et al. Recognition of double-
stranded RNA and activation of NF-kappaB by Toll-like receptor 3. Nature 
2001;413(6857):732-8. 

 [43]  Xiao S, Chen H, Fang L, et al. Comparison of immune responses and    
protective efficacy of suicidal DNA vaccine and conventional DNA       

 53 



vaccine encoding glycoprotein C of pseudorabies virus in mice. Vaccine 
2004;22(3-4):345-51. 

 [44]  Le Bon A, Schiavoni G, D'Agostino G, et al.Type i interferons potently 
enhance humoral immunity and can promote isotype switching by       
stimulating dendritic cells in vivo. Immunity 2001;14(4):461-70. 

 [45]  Ying H, Zaks TZ, Wang RF, et al. Cancer therapy using a self-replicating 
RNA vaccine. Nat Med 1999;5(7):823-7. 

 [46]  Cheng JC, Moore TB, Sakamoto KM. RNA interference and human     
disease. Mol Genet Metab 2003;80(1-2):121-8. 

 [47]  Park WS, Hayafune M, Miyano-Kurosaki N, et al. Specific HIV-1 env gene 
silencing by small interfering RNAs in human peripheral blood mono-
nuclear cells. Gene Ther 2003;10(24):2046-50. 

 [48]  Giladi H, Ketzinel-Gilad M, Rivkin L, et al.Small interfering RNA inhibits 
hepatitis B virus replication in mice. Mol Ther 2003;8(5):769-76. 

 [49]  Sledz CA, Holko M, de Veer MJ, et al. Activation of the interferon system 
by short-interfering RNAs. Nat Cell Biol 2003;5(9):834-9. 

 [50]  Ioannou XP, Gomis SM, Karvonen B, et al. CpG-containing oligodeoxy-
nucleotides, in combination with conventional adjuvants, enhance the    
magnitude and change the bias of the immune responses to a herpesvirus 
glycoprotein. Vaccine 2002;21(1-2):127-37. 

 [51]  Lingnau K, Egyed A, Schellack C, et al.Poly-L-arginine synergizes with 
oligodeoxynucleotides containing CpG-motifs (CpG-ODN) for enhanced 
and prolonged immune responses and prevents the CpG-ODN-induced  
systemic release of pro-inflammatory cytokines. Vaccine 2002;20          
(29-30):3498-508. 

 [52]  Liu N, Ohnishi N, Ni L, et al. CpG directly induces T-bet expression and 
inhibits IgG1 and IgE switching in B cells. Nat Immunol 2003;4(7):687-93. 

 [53]  Janeway CA, Jr. Approaching the asymptote? Evolution and revolution in 
immunology. Cold Spring Harb Symp Quant Biol 1989;54 Pt 1:1-13. 

 [54]  Tam JP. Synthetic peptide vaccine design: synthesis and properties of a 
high-density multiple antigenic peptide system. Proc Natl Acad Sci U S A 
1988;85(15):5409-13. 

 [55]  Chai SK, Clavijo P, Tam JP, et al. Immunogenic properties of multiple 
antigen peptide systems containing defined T and B epitopes. J Immunol 
1992;149(7):2385-90. 

 54 



 [56]  Tam JP, Clavijo P, Lu YA, et al.Incorporation of T and B epitopes of the 
circumsporozoite protein in a chemically defined synthetic vaccine against 
malaria. J Exp Med 1990;171(1):299-306. 

 [57]  Nardin EH, Oliveira GA, Calvo-Calle JM, et al. The use of multiple     
antigen peptides in the analysis and induction of protective immune          
responses against infectious diseases. Adv Immunol 1995;60:105-49. 

 [58]  Calvo-Calle JM, Oliveira GA, Nardin EH. Human CD4+ T cells induced 
by synthetic peptide malaria vaccine are comparable to cells elicited by     
attenuated Plasmodium falciparum sporozoites. J Immunol 2005;175 
(11):7575-85. 

 [59]  Tang DC, DeVit M, Johnston SA. Genetic immunization is a simple 
method for eliciting an immune response. Nature 1992;356(6365):152-4. 

 [60]  Azevedo V, Levitus G, Miyoshi A, et al.Main features of DNA-based  
immunization vectors. Braz J Med Biol Res 1999;32(2):147-53. 

 [61]  Oliveira SC, Rosinha GM, de Brito CF, et al. Immunological properties of 
gene vaccines delivered by different routes. Braz J Med Biol Res 
1999;32(2):207-14. 

 [62]  Leitner WW, Ying H, Restifo NP. DNA and RNA-based vaccines:        
principles, progress and prospects. Vaccine 1999;18(9-10):765-77. 

 [63]  Wolff JA, Dowty ME, Jiao S, et al. Expression of naked plasmids by    
cultured myotubes and entry of plasmids into T tubules and caveolae of 
mammalian skeletal muscle. J Cell Sci 1992;103 (Pt 4):1249-59. 

 [64]  Dupuis M, Denis-Mize K, Woo C, et al. Distribution of DNA vaccines 
determines their immunogenicity after intramuscular injection in mice.       
J Immunol 2000;165(5):2850-8. 

 [65]  Neumann E, Schaefer-Ridder M, Wang Y, et al. Gene transfer into mouse 
lyoma cells by electroporation in high electric fields. EMBO J 
1982;1(7):841-5. 

 [66]  Widera G, Austin M, Rabussay D, et al. Increased DNA vaccine delivery 
and immunogenicity by electroporation in vivo. J Immunol 2000;164 
(9):4635-40. 

 [67]  Branden LJ, Mohamed AJ, Smith CI. A peptide nucleic acid-nuclear    
localization signal fusion that mediates nuclear transport of DNA.           
Nat Biotechnol 1999;17(8):784-7. 

 [68]  Singh M, Briones M, Ott G, et al. Cationic microparticles: A potent     
delivery system for DNA vaccines. Proc Natl Acad Sci U S A 2000;97 
(2):811-6. 

 55 



 [69]  Condon C, Watkins SC, Celluzzi CM, et al. DNA-based immunization by 
in vivo transfection of dendritic cells. Nat Med 1996;2(10):1122-8. 

 [70]  Ulmer JB, Deck RR, Dewitt CM, et al. Generation of MHC class I-
restricted cytotoxic T lymphocytes by expression of a viral protein in     
muscle cells: antigen presentation by non-muscle cells. Immunology 
1996;89(1):59-67. 

 [71]  Stan AC, Casares S, Brumeanu TD, et al. CpG motifs of DNA vaccines 
induce the expression of chemokines and MHC class II molecules on   
myocytes. Eur J Immunol 2001;31(1):301-10. 

 [72]  Haddad D, Ramprakash J, Sedegah M, et al. Plasmid vaccine expressing 
granulocyte-macrophage colony-stimulating factor attracts infiltrates        
including immature dendritic cells into injected muscles. J Immunol 
2000;165(7):3772-81. 

 [73]  Smerdou C, Liljestrom P. Two-helper RNA system for production of    
recombinant Semliki forest virus particles. J Virol 1999;73(2):1092-8. 

 [74]  Daemen T, Riezebos-Brilman A, Bungener L, et al. Eradication of        
established HPV16-transformed tumours after immunisation with             
recombinant Semliki Forest virus expressing a fusion protein of E6 and E7. 
Vaccine 2003;21(11-12):1082-8. 

 [75]  Berglund P, Fleeton MN, Smerdou C, et al. Immunization with            
recombinant Semliki Forest virus induces protection against influenza   
challenge in mice. Vaccine 1999;17(5):497-507. 

 [76]  Morris-Downes MM, Sheahan BJ, Fleeton MN, et al. A recombinant    
Semliki Forest virus particle vaccine encoding the prME and NS1 proteins 
of louping ill virus is effective in a sheep challenge model. Vaccine 
2001;19(28-29):3877-84. 

 [77]  Morris-Downes MM, Phenix KV, Smyth J, et al. Semliki Forest virus-
based vaccines: persistence, distribution and pathological analysis in two 
animal systems. Vaccine 2001;19(15-16):1978-88. 

 [78]  Ledwith BJ, Manam S, Troilo PJ, et al. Plasmid DNA vaccines:            
investigation of integration into host cellular DNA following intramuscular 
injection in mice. Intervirology 2000;43(4-6):258-72. 

 [79]  Martin T, Parker SE, Hedstrom R, et al. Plasmid DNA malaria vaccine: the 
potential for genomic integration after intramuscular injection. Hum Gene 
Ther 1999;10(5):759-68. 

 [80]  Wolff JA, Ludtke JJ, Acsadi G, et al.Long-term persistence of plasmid 
DNA and foreign gene expression in mouse muscle. Hum Mol Genet 
1992;1(6):363-9. 

 56 



 [81]  Mor G, Singla M, Steinberg AD, et al. Do DNA vaccines induce auto-
immune disease? Hum Gene Ther 1997;8(3):293-300. 

 [82]  Forsman A, Ushameckis D, Bindra A, et al. Uptake of amplifiable       
fragments of retrotransposon DNA from the human alimentary tract. Mol 
Genet Genomics 2003;270(4):362-8. 

 [83]  Krieg AM, Wu T, Weeratna R, et al. Sequence motifs in adenoviral DNA 
block immune activation by stimulatory CpG motifs. Proc Natl Acad Sci U 
S A 1998;95(21):12631-6. 

 [84]  Jones DH, Partidos CD, Steward MW, et al. Oral delivery of poly(lactide-
co-glycolide) encapsulated vaccines. Behring Inst Mitt 1997;(98):220-8. 

 [85]  Herrmann JE, Chen SC, Jones DH, et al. Immune responses and protection 
obtained by oral immunization with rotavirus VP4 and VP7 DNA vaccines 
encapsulated in microparticles. Virology 1999;259(1):148-53. 

 [86]  Roy K, Mao HQ, Huang SK, et al. Oral gene delivery with chitosan-DNA 
nanoparticles generates immunologic protection in a murine model of pea-
nut allergy. Nat Med 1999;5(4):387-91. 

 [87]  Cranenburgh RM, Hanak JA, Williams SG, et al. Escherichia coli strains 
that allow antibiotic-free plasmid selection and maintenance by repressor  
titration. Nucleic Acids Res 2001;29(5):E26. 

 [88]  Schofield L, Hackett F. Signal transduction in host cells by a glycosyl-
phosphatidylinositol toxin of malaria parasites. J Exp Med 1993;177 
(1):145-53. 

 [89]  Schofield L, Vivas L, Hackett F, et al. Neutralizing monoclonal antibodies 
to glycosylphosphatidylinositol, the dominant TNF-alpha-inducing toxin of 
Plasmodium falciparum: prospects for the immunotherapy of severe       
malaria. Ann Trop Med Parasitol 1993;87(6):617-26. 

 [90]  Schofield L, Novakovic S, Gerold P, et al. Glycosylphosphatidylinositol 
toxin of Plasmodium up-regulates intercellular adhesion molecule-1,      
vascular cell adhesion molecule-1, and E-selectin expression in vascular 
endothelial cells and increases leukocyte and parasite cytoadherence via  
tyrosine kinase-dependent signal transduction. J Immunol 1996;156 
(5):1886-96. 

 [91]  Clark IA, al Yaman FM, Jacobson LS. The biological basis of malarial 
disease. Int J Parasitol 1997;27(10):1237-49. 

 [92]  Clark IA, Chaudhri G. Tumour necrosis factor may contribute to the     
anaemia of malaria by causing dyserythropoiesis and erythrophagocytosis.       
Br J Haematol 1988;70(1):99-103. 

 57 



 [93]  Schofield L. Antidisease vaccines. In: Perlmann P, Troye-Blomberg M, 
editors. Malaria Immunology.Basel, Karger, 2002: p. 322-38. 

 [94]  Nguyen TH, Day NP, Ly VC, et al. Post-malaria neurological syndrome. 
Lancet 1996;348(9032):917-21. 

 [95]  Riley EM, Wagner GE, Ofori MF, et al. Lack of association between    
maternal antibody and protection of African infants from malaria infection. 
Infect Immun 2000;68(10):5856-63. 

 [96]  Gupta S, Snow RW, Donnelly CA, et al. Immunity to non-cerebral severe 
malaria is acquired after one or two infections. Nat Med 1999;5(3):340-3. 

 [97]  Fried M, Duffy PE. Adherence of Plasmodium falciparum to chondroitin 
sulfate A in the human placenta. Science 1996;272(5267):1502-4. 

 [98]  Beeson JG, Rogerson SJ, Cooke BM, et al. Adhesion of Plasmodium    
falciparum-infected erythrocytes to hyaluronic acid in placental malaria. 
Nat Med 2000;6(1):86-90. 

 [99]  Cohen S, McGregor IA, Carrington S. Gamma-globulin and acquired   
immunity to human malaria. Nature 1961;192(4804):733-7. 

 [100]  McGregor IA, Carrington S, Cohen S. Treatment of East African               
P. falciparum malaria with West African gammaglobulin. Trans R Soc 
Trop Med Hyg 1963;57:170-5. 

 [101]  Bouharoun-Tayoun H, Attanath P, Sabchareon A, et al. Antibodies that 
protect humans against Plasmodium falciparum blood stages do not on 
their own inhibit parasite growth and invasion in vitro, but act in              
cooperation with monocytes. J Exp Med 1990;172(6):1633-41. 

 [102]  Fandeur T, Dubois P, Gysin J, et al. In vitro and in vivo studies on         
protective and inhibitory antibodies against Plasmodium falciparum in the 
Saimiri monkey. J Immunol 1984;132(1):432-7. 

 [103]  Jarra W, Hills LA, March JC, et al. Protective immunity to malaria. Studies 
with cloned lines of Plasmodium chabaudi chabaudi and P. berghei in 
CBA/Ca mice. II. The effectiveness and inter- or intra-species specificity of 
the passive transfer of immunity with serum. Parasite Immunol 
1986;8(3):239-54. 

 [104]  Garraud O, Mahanty S, Perraut R. Malaria-specific antibody subclasses in 
immune individuals: a key source of information for vaccine design. Trends 
Immunol 2003;24(1):30-5. 

 [105]  Perlmann P, Perlmann H, Flyg BW, et al. Immunoglobulin E, a pathogenic 
factor in Plasmodium falciparum malaria. Infect Immun 1997;65(1):     
116-21. 

 58 



 [106]  Bereczky S, Montgomery SM, Troye-Blomberg M, et al. Elevated anti-
malarial IgE in asymptomatic individuals is associated with reduced risk 
for subsequent clinical malaria. Int J Parasitol 2004;34(8):935-42. 

 [107]  Dolo A, Modiano D, Maiga B, et al. Difference in susceptibility to malaria 
between two sympatric ethnic groups in Mali. Am J Trop Med Hyg 
2005;72(3):243-8. 

 [108]  Dutta S, Haynes JD, Moch JK, et al. Invasion-inhibitory antibodies inhibit 
proteolytic processing of apical membrane antigen 1 of Plasmodium        
falciparum merozoites. Proc Natl Acad Sci U S A 2003;100(21):       
12295-300. 

 [109]  O'Donnell RA, Koning-Ward TF, Burt RA, et al. Antibodies against    
merozoite surface protein (MSP)-1(19) are a major component of the        
invasion-inhibitory response in individuals immune to malaria. J Exp Med 
2001;193(12):1403-12. 

 [110]  Naik RS, Branch OH, Woods AS, et al. Glycosylphosphatidylinositol  
anchors of Plasmodium falciparum: molecular characterization and       
naturally elicited antibody response that may provide immunity to malaria 
pathogenesis. J Exp Med 2000;192(11):1563-76. 

 [111]  Maubert B, Fievet N, Tami G, et al. Development of antibodies against 
chondroitin sulfate A-adherent Plasmodium falciparum in pregnant women. 
Infect Immun 1999;67(10):5367-71. 

 [112]  Yoneto T, Waki S, Takai T, et al. A critical role of Fc receptor-mediated 
antibody-dependent phagocytosis in the host resistance to blood-stage 
Plasmodium berghei XAT infection. J Immunol 2001;166(10):6236-41. 

 [113]  Theisen M, Soe S, Oeuvray C, et al. The glutamate-rich protein (GLURP) 
of Plasmodium falciparum is a target for antibody-dependent monocyte-
mediated inhibition of parasite growth in vitro. Infect Immun 1998; 
66(1):11-7. 

 [114]  Oeuvray C, Bouharoun-Tayoun H, Gras-Masse H, et al. Merozoite surface 
protein-3: a malaria protein inducing antibodies that promote Plasmodium 
falciparum killing by cooperation with blood monocytes. Blood 1994; 
84(5):1594-602. 

 [115]  Khusmith S, Druilhe P. Cooperation between antibodies and monocytes 
that inhibit in vitro proliferation of Plasmodium falciparum. Infect Immun 
1983;41(1):219-23. 

 [116]  Bouharoun-Tayoun H, Oeuvray C, Lunel F, et al. Mechanisms underlying 
the monocyte-mediated antibody-dependent killing of Plasmodium          
falciparum asexual blood stages. J Exp Med 1995;182(2):409-18. 

 59 



 [117]  Taylor-Robinson AW, Phillips RS. Protective CD4+ T-cell lines raised 
against Plasmodium chabaudi show characteristics of either Th1 or Th2 
cells. Parasite Immunol 1993;15(6):301-10. 

 [118]  Meding SJ, Langhorne J. CD4+ T cells and B cells are necessary for the 
transfer of protective immunity to Plasmodium chabaudi chabaudi. Eur J 
Immunol 1991;21(6):1433-8. 

 [119]  Podoba JE, Stevenson MM. CD4+ and CD8+ T lymphocytes both        
contribute to acquired immunity to blood-stage Plasmodium chabaudi AS. 
Infect Immun 1991;59(1):51-8. 

 [120]  Perlmann P, Troye-Blomberg M. Malaria and the immune system in      
humans. In: Perlmann P, Troye-Blomberg M, editors. Malaria                 
immunology. Basel, Karger, 2002: p. 229-42. 

 [121]  Hoffman SL, Crutcher JM, Puri SK, et al.  Sterile protection of monkeys 
against malaria after administration of interleukin-12. Nat Med 1997;3 
(1):80-3. 

 [122]  Stevenson MM, Tam MF, Wolf  SF, et al. IL-12-induced protection against 
blood-stage Plasmodium chabaudi AS requires IFN-gamma and TNF-alpha 
and occurs via a nitric oxide-dependent mechanism. J Immunol 
1995;155(5):2545-56. 

 [123]  Othoro C, Lal AA, Nahlen B, Koech D, et al. A low interleukin-10 tumor 
necrosis factor-alpha ratio is associated with malaria anemia in children    
residing in a holoendemic malaria region in western Kenya. J Infect Dis 
1999;179(1):279-82. 

 [124]  Day NP, Hien TT, Schollaardt T, et al. The prognostic and patho-
physiologic role of pro- and antiinflammatory cytokines in severe malaria.  
J Infect Dis 1999;180(4):1288-97. 

 [125]  Kurtis JD, Lanar DE, Opollo M, et al. Interleukin-10 responses to liver-
stage antigen 1 predict human resistance to Plasmodium falciparum. Infect 
Immun 1999;67(7):3424-9. 

 [126]  Artavanis-Tsakonas K, Eleme K, McQueen KL, et al. Activation of a sub-
set of human NK cells upon contact with Plasmodium falciparum-infected 
erythrocytes. J Immunol 2003;171(10):5396-405. 

 [127]  Carnaud C, Lee D, Donnars O, et al. Cutting edge: Cross-talk between cells 
of the innate immune system: NKT cells rapidly activate NK cells.              
J Immunol 1999;163(9):4647-50. 

 [128]  Schmieg J, Gonzalez-Aseguinolaza G, Tsuji M. The role of natural killer T 
cells and other T cell subsets against infection by the pre-erythrocytic 
stages of malaria parasites. Microbes Infect 2003;5(6):499-506. 

 60 



 [129]  Rzepczyk CM, Anderson K, Stamatiou S, et al. Gamma delta T cells: their 
immunobiology and role in malaria infections. Int J Parasitol 
1997;27(2):191-200. 

 [130]  Farouk SE, Mincheva-Nilsson L, Krensky AM, et al. Gamma delta T cells 
inhibit in vitro growth of the asexual blood stages of Plasmodium            
falciparum by a granule exocytosis-dependent cytotoxic pathway that       
requires granulysin. Eur J Immunol 2004;34(8):2248-56. 

 [131]  Stanisic DI, Martin LB, Good MF. The role of the 19-kDa region of     
merozoite surface protein 1 and whole-parasite-specific maternal antibodies 
in directing neonatal pups' responses to rodent malaria infection. J Immunol 
2003;171(10):5461-9. 

 [132]  Bull PC, Marsh K. The role of antibodies to Plasmodium falciparum-
infected-erythrocyte surface antigens in naturally acquired immunity to ma-
laria. Trends Microbiol 2001;10(2):55-8. 

 [133]  Sabchareon A, Burnouf T, Ouattara D, et al.Parasitologic and clinical   
human response to immunoglobulin administration in falciparum malaria. 
Am J Trop Med Hyg 1991;45(3):297-308. 

 [134]  Beeson JG, Reeder JC, Rogerson SJ, et al. Parasite adhesion and immune 
evasion in placental malaria. Trends Parasitol 2001;17(7):331-7. 

 [135]  Fried M, Nosten F, Brockman A, et al. Maternal antibodies block malaria. 
Nature 1998;395(6705):851-2. 

 [136]  Graves P, Gelband H. Vaccines for preventing malaria. The Cochrane   
Database for Systematic Reviews 2003. 

 [137]  Genton B, Betuela I, Felger I, et al. A recombinant blood-stage malaria 
vaccine reduces Plasmodium falciparum density and exerts selective    
pressure on parasite populations in a phase 1-2b trial in Papua New Guinea. 
J Infect Dis 2002;185(6):820-7. 

 [138]  Oliva A, Dorta M, Santovena A, Bonetto V, et al. Characterization of anti-
malarial SPf66 peptide using MALDI-TOF MS, CD and SEC. Peptides 
2002;23(9):1527-35. 

 [139]  Stoute JA, Slaoui M, Heppner DG, et al.A preliminary evaluation of a 
recombinant circumsporozoite protein vaccine against Plasmodium          
falciparum malaria. RTS,S Malaria Vaccine Evaluation Group. N Engl J 
Med 1997;336(2):86-91. 

 [140]  Bojang KA, Milligan PJ, Pinder M, et al. Efficacy of RTS,S/AS02 malaria 
vaccine against Plasmodium falciparum infection in semi-immune adult 
men in The Gambia: a randomised trial. Lancet 2001;358(9297):1927-34. 

 61 



 [141]  Alonso PL, Sacarlal J, Aponte JJ, et al. Duration of protection with 
RTS,S/AS02A malaria vaccine in prevention of Plasmodium falciparum 
disease in Mozambican children: single-blind extended follow-up of a     
randomised controlled trial. Lancet 2005;366(9502):2012-8. 

 [142]  Bojang KA, Olodude F, Pinder M, et al. Safety and immunogenicty of 
RTS,S/AS02A candidate malaria vaccine in Gambian children. Vaccine 
2005;23(32):4148-57. 

 [143]  Wang R, Epstein J, Baraceros FM, et al. Induction of CD4(+) T cell-
dependent CD8(+) type 1 responses in humans by a malaria DNA vaccine. 
Proc Natl Acad Sci U S A 2001;98(19):10817-22. 

 [144]  Wang R, Doolan DL, Le TP, et al. Induction of antigen-specific cytotoxic 
T lymphocytes in humans by a malaria DNA vaccine. Science 
1998;282(5388):476-80. 

 [145]  Wang R, Epstein J, Charoenvit Y, et al. Induction in humans of CD8+ and 
CD4+ T cell and antibody responses by sequential immunization with    
malaria DNA and recombinant protein. J Immunol 2004;172(9):5561-9. 

 [146]  Le TP, Coonan KM, Hedstrom RC, et al. Safety, tolerability and humoral 
immune responses after intramuscular administration of a malaria DNA 
vaccine to healthy adult volunteers. Vaccine 2000;18(18):1893-901. 

 [147]  Moorthy VS, Imoukhuede EB, Milligan P, et al. A randomised, double-
blind, controlled vaccine efficacy trial of DNA/MVA ME-TRAP against 
malaria infection in Gambian adults. PLoS Med 2004;1(2):e33. 

 [148]  Moorthy VS, McConkey S, Roberts M, et al. Safety of DNA and modified 
vaccinia virus Ankara vaccines against liver-stage P. falciparum malaria in 
non-immune volunteers. Vaccine 2003;21(17-18):1995-2002. 

 [149]  Mattei D, Berzins K, Wahlgren M, et al. Cross-reactive antigenic          
determinants present on different Plasmodium falciparum blood-stage     
antigens. Parasite Immunol 1989;11(1):15-29. 

 [150]  http://www.plasmodb.org/plasmo/home.jsp 

 [151]  Hinterberg K, Scherf A, Gysin J, et al.Plasmodium falciparum: the Pf332 
antigen is secreted from the parasite by a brefeldin A-dependent pathway 
and is translocated to the erythrocyte membrane via the Maurer's clefts. 
Exp Parasitol 1994;79(3):279-91. 

 [152]  Haeggstrom M, Kironde F, Berzins K, et al. Common trafficking pathway 
for variant antigens destined for the surface of the Plasmodium falciparum-
infected erythrocyte. Mol Biochem Parasitol 2004;133(1):1-14. 

 62 



 [153]  Udomsangpetch R, Aikawa M, Berzins K, et al. Cytoadherence of knobless 
Plasmodium falciparum-infected erythrocytes and its inhibition by a human 
monoclonal antibody. Nature 1989;338(6218):763-5. 

 [154]  Ahlborg N, Iqbal J, Bjork L, et al. Plasmodium falciparum: differential 
parasite growth inhibition mediated by antibodies to the antigens Pf332 and 
Pf155/RESA. Exp Parasitol 1996;82(2):155-63. 

 [155]  Ahlborg N, Iqbal J, Hansson M, et al. Immunogens containing sequences 
from antigen Pf332 induce Plasmodium falciparum-reactive antibodies 
which inhibit parasite growth but not cytoadherence. Parasite Immunol 
1995;17(7):341-52. 

 [156]  Ahlborg N, Flyg BW, Iqbal J, et al. Epitope specificity and capacity to 
inhibit parasite growth in vitro of human antibodies to repeat sequences of 
the Plasmodium falciparum antigen Ag332. Parasite Immunol 
1993;15(7):391-400. 

 [157]  Ahlborg N, Haddad D, Siddique AB, et al. Antibody responses to the    
repetitive Plasmodium falciparum antigen Pf332 in humans naturally 
primed to the parasite. Clin Exp Immunol 2002;129(2):318-25. 

 [158]  Mattei D, Scherf A. The Pf332 gene of Plasmodium falciparum codes for a 
giant protein that is translocated from the parasite to the membrane of       
infected erythrocytes. Gene 1992;110(1):71-9. 

 [159]  Scherf A. Plasmodium telomeres and telomere proximal gene expression. 
Semin Cell Dev Biol 1996;7(1):49-57. 

 [160]  Pologe LG, Ravetch JV. Large deletions result from breakage and healing 
of P. falciparum chromosomes. Cell 1988;55(5):869-74. 

 [161]  Cappai R, van Schravendijk MR, Anders RF, et al. Expression of the 
RESA gene in Plasmodium falciparum isolate FCR3 is prevented by a    
subtelomeric deletion. Mol Cell Biol 1989;9(8):3584-7. 

 [162]  Scherf A, Carter R, Petersen C, et al. Gene inactivation of Pf11-1 of     
Plasmodium falciparum by chromosome breakage and healing: identifica-
tion of a gametocyte-specific protein with a potential role in gametogenesis. 
EMBO J 1992;11(6):2293-301. 

 [163]  Mattei D, Scherf A. Subtelomeric chromosome instability in Plasmodium 
falciparum: short telomere-like sequence motifs found frequently at healed 
chromosome breakpoints. Mutat Res 1994;324(3):115-20. 

 [164]  Mercereau-Puijalon O, Jacquemot C, Sarthou JL. A study of the genomic 
diversity of Plasmodium falciparum in Senegal. 1. Typing by Southern blot 
analysis. Acta Trop 1991;49(4):281-92. 

 63 



 [165]  Haddad D, Snounou G, Mattei D, et al. Limited genetic diversity of     
Plasmodium falciparum in field isolates from Honduras. Am J Trop Med 
Hyg 1999;60(1):30-4. 

 [166]  Fandeur T, Vazeux G, Mercereau-Puijalon O. The virulent Saimiri-adapted 
Palo Alto strain of Plasmodium falciparum does not express the ring-
infected erythrocyte surface antigen. Mol Biochem Parasitol 
1993;60(2):241-8. 

 [167]  Kun J, Hesselbach J, Schreiber M, et al. Cloning and expression of      
genomic DNA sequences coding for putative erythrocyte membrane-
associated antigens of Plasmodium falciparum. Res Immunol 
1991;142(3):199-210. 

 [168]  Mattei D, Scherf A. The Pf332 gene codes for a megadalton protein of 
Plasmodium falciparum asexual blood stages. Mem Inst Oswaldo Cruz 
1992;87 Suppl 3:163-8. 

 [169]  Gysin J, Gavoille S, Mattei D, et al. In vitro phagocytosis inhibition assay 
for the screening of potential candidate antigens for sub-unit vaccines 
against the asexual blood stage of Plasmodium falciparum. J Immunol 
Methods 1993;159(1-2):209-19. 

 [170]  Perraut R, Mercereau-Puijalon O, Mattei D, et al. Induction of opsonizing 
antibodies after injection of recombinant Plasmodium falciparum vaccine 
candidate antigens in preimmune Saimiri sciureus monkeys. Infect Immun 
1995;63(2):554-62. 

 [171]  Perraut R, Mercereau-Puijalon O, Diouf B, et al. Seasonal fluctuation of 
antibody levels to Plasmodium falciparum parasitized red blood cell-
associated antigens in two Senegalese villages with different transmission 
conditions. Am J Trop Med Hyg 2000;62(6):746-51. 

 [172]  Tebo AE, Kremsner PG, Luty AJ. Plasmodium falciparum: a major role for 
IgG3 in antibody-dependent monocyte-mediated cellular inhibition of   
parasite growth in vitro. Exp Parasitol 2001;98(1):20-8. 

 [173]  Lauterbach H, Ried C, Epstein AL, et al. Reduced immune responses after 
vaccination with a recombinant herpes simplex virus type 1 vector in the 
presence of antiviral immunity. J Gen Virol 2005;86(Pt 9):2401-10. 

 [174]  Gordon DM, McGovern TW, Krzych U, et al.  Safety, immunogenicity, 
and efficacy of a recombinantly produced Plasmodium falciparum          
circumsporozoite protein-hepatitis B surface antigen subunit vaccine.           
J Infect Dis 1995;171(6):1576-85. 

 [175]  Berglund P, Smerdou C, Fleeton MN, et al. Enhancing immune responses 
using suicidal DNA vaccines. Nat Biotechnol 1998;16(6):562-5. 

 64 



 [176]  Leitner WW, Ying H, Driver DA, et al. Enhancement of tumor-specific 
immune response with plasmid DNA replicon vectors. Cancer Res 
2000;60(1):51-5. 

 [177]  Hariharan MJ, Driver DA, Townsend K, et al. DNA immunization against 
herpes simplex virus: enhanced efficacy using a Sindbis virus-based vector. 
J Virol 1998;72(2):950-8. 

 [178]  Pizzi E, Frontali C. Low-complexity regions in Plasmodium falciparum 
proteins. Genome Res 2001;11(2):218-29. 

 [179]  Cannistraro VJ, Subbarao MN, Kennell D. Specific endonucleolytic     
cleavage sites for decay of Escherichia coli mRNA. J Mol Biol 
1986;192(2):257-74. 

 [180]  Spanjaard RA, van Duin J. Translation of the sequence AGG-AGG yields 
50% ribosomal frameshift. Proc Natl Acad Sci U S A 1988;85(21):     
7967-71. 

 [181]  Narum DL, Kumar S, Rogers WO, et al. Codon optimization of gene    
fragments encoding Plasmodium falciparum merzoite proteins enhances 
DNA vaccine protein expression and immunogenicity in mice. Infect      
Immun 2001;69(12):7250-3. 

 [182]  Baca AM, Hol WG. Overcoming codon bias: a method for high-level over-
expression of Plasmodium and other AT-rich parasite genes in Escherichia 
coli. Int J Parasitol 2000;30(2):113-8. 

 [183]  http://www.kazusa.or.jp/codon/ 

 [184]  Martinon F, Krishnan S, Lenzen G, et al. Induction of virus-specific cyto-
toxic T lymphocytes in vivo by liposome-entrapped mRNA. Eur J Immunol 
1993;23(7):1719-22. 

 [185]  Vassilev VB, Gil LH, Donis RO. Microparticle-mediated RNA immuni-
zation against bovine viral diarrhea virus. Vaccine 2001;19(15-16):2012-9. 

 [186]  Boczkowski D, Nair SK, Snyder D, et al. Dendritic cells pulsed with RNA 
are potent antigen-presenting cells in vitro and in vivo. J Exp Med 
1996;184(2):465-72. 

 [187]  Carralot JP, Probst J, Hoerr I, et al. Polarization of immunity induced by 
direct injection of naked sequence-stabilized mRNA vaccines. Cell Mol 
Life Sci 2004;61(18):2418-24. 

 [188]  Scheel B, Braedel S, Probst J, et al. Immunostimulating capacities of    
stabilized RNA molecules. Eur J Immunol 2004;34(2):537-47. 

 65 



 [189]  Ying H, Zaks TZ, Wang RF, et al. Cancer therapy using a self-replicating 
RNA vaccine. Nat Med 1999;5(7):823-7. 

 [190]  Maurice J. Malaria vaccine raises a dilemma. Science 1995;267(5196):  
320-3. 

 [191]  Stevenson MM, Urban BC. Antigen presentation and dendritic cell biology 
in malaria. Parasite Immunol 2006;28(1-2):5-14. 

 [192]  Boonstra A, Asselin-Paturel C, Gilliet M, et al. Flexibility of mouse      
classical and plasmacytoid-derived dendritic cells in directing T helper type 
1 and 2 cell development: dependency on antigen dose and differential toll-
like receptor ligation. J Exp Med 2003;197(1):101-9. 

 [193]  Langenkamp A, Messi M, Lanzavecchia A, et al. Kinetics of dendritic cell 
activation: impact on priming of TH1, TH2 and nonpolarized T cells. Nat 
Immunol 2000;1(4):311-6. 

 [194]  Haddad D, Liljeqvist S, Stahl S, et al. Differential induction of             
immunoglobulin G subclasses by immunization with DNA vectors contain-
ing or lacking a signal sequence. Immunol Lett 1998;61(2-3):201-4. 

 [195]  Grogan JL, Mohrs M, Harmon B, et al. Early transcription and silencing of 
cytokine genes underlie polarization of T helper cell subsets. Immunity 
2001;14(3):205-15. 

 [196]  Messi M, Giacchetto I, Nagata K, et al. Memory and flexibility of cytokine 
gene expression as separable properties of human T(H)1 and T(H)2       
lymphocytes. Nat Immunol 2003;4(1):78-86. 

 [197]  Ahlborg N, Ling IT, Holder AA, et al. Linkage of exogenous T-cell      
epitopes to the 19-kilodalton region of Plasmodium yoelii merozoite      
surface protein 1 (MSP1(19)) can enhance protective immunity against   
malaria and modulate the immunoglobulin subclass response to MSP1(19). 
Infect Immun 2000;68(4):2102-9. 

 [198]  Aucan C, Traore Y, Tall F, et al. High immunoglobulin G2 (IgG2) and low 
IgG4 levels are associated with human resistance to Plasmodium             
falciparum malaria. Infect Immun 2000;68(3):1252-8. 

 [199]  Ntoumi F, Flori L, Mayengue PI, et al. Influence of carriage of hemoglobin 
AS and the Fc gamma receptor IIa-R131 allele on levels of immuno-
globulin G2 antibodies to Plasmodium falciparum merozoite antigens in 
Gabonese children. J Infect Dis 2005;192(11):1975-80. 

 [200]  Warmerdam PA, van de Winkel JG, Vlug A, et al. A single amino acid in 
the second Ig-like domain of the human Fc gamma receptor II is critical for 
human IgG2 binding. J Immunol 1991;147(4):1338-43. 

 66 



 [201]  Schofield L, Uadia P. Lack of Ir gene control in the immune response to 
malaria. I. A thymus-independent antibody response to the repetitive      
surface protein of sporozoites. J Immunol 1990;144(7):2781-8. 

 [202]  Anders RF. Multiple cross-reactivities amongst antigens of Plasmodium 
falciparum impair the development of protective immunity against malaria. 
Parasite Immunol 1986;8(6):529-39. 

 [203]  Plebanski M, Flanagan KL, Lee EA, et al. Interleukin 10-mediated        
immunosuppression by a variant CD4 T cell epitope of Plasmodium         
falciparum. Immunity 1999;10(6):651-60. 

 [204]  Ulmer JB. An update on the state of the art of DNA vaccines. Curr Opin 
Drug Discov Devel 2001;4(2):192-7. 

 [205]  Chang-Ling T, Neill AL, Hunt NH. Early microvascular changes in murine 
cerebral malaria detected in retinal wholemounts. Am J Pathol 
1992;140(5):1121-30. 

 [206]  Mestas J, Hughes CC. Of mice and not men: differences between mouse 
and human immunology. J Immunol 2004;172(5):2731-8. 

 [207]  Perraut R, Mercereau-Puijalon O, Mattei D, et al. Induction of opsonizing 
antibodies after injection of recombinant Plasmodium falciparum vaccine 
candidate antigens in preimmune Saimiri sciureus monkeys. Infect Immun 
1995;63(2):554-62. 

 [208]  Seder RA, Ahmed R. Similarities and differences in CD4+ and CD8+   
effector and memory T cell generation. Nat Immunol 2003;4(9):835-42. 

 [209]  Kulane A, Siddique AB, Sarthou JL, et al. Human immune responses to the 
highly repetitive Plasmodium falciparum antigen Pf332. Am J Trop Med 
Hyg 1999;61(1):141-8. 

 [210]  Gardner MJ, Shallom SJ, Carlton JM, et al. Sequence of Plasmodium    
falciparum chromosomes 2, 10, 11 and 14. Nature 2002;419(6906):531-4. 

 

 

 67 


	Summary
	Articles
	Contents
	Abbreviations
	Introduction
	Introduction to vaccines
	A brief historical perspectiv
	Modern vaccines: Safety

	The immune response
	Adaptive immune system responses
	Innate immunity: Toll-like receptors
	Adjuvants

	Subunit vaccines
	Synthetic peptides: Multiple Antigen Peptides
	Nuclei acid-based vaccines

	Malaria: The disease
	The parasite’s life cycle in humans
	Symptoms, diagnosis and treatment

	Naturally acquired immunity to malaria
	The role of antibodies in immunity to blood stages
	Cell-mediated responses in immunity to blood stages

	Malaria vaccine development
	Rationale for development of malaria vaccines
	Malaria vaccines in clinical trials
	The Pf332 vaccine candidate antigen

	The present study
	Aims
	Results and complementary discussion

	Concluding remarks
	Acknowledgements
	References


