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“I've noticed a disturbing pattern:  
The solution to a problem is always the thing you try last."  

Scott Adams 

TO MY LITTLE BROTHER





ABSTRACT
Since the start of the global HIV epidemic in 1981, more than twentyfive million 
people have succumbed to AIDS-related diseases. The epidemic is most severe in Sub-
Saharan Africa, where twentyfive million people are currently infected and more than 
two million died during 2006. An indication of the epidemic’s severity is that every 
hour the virus infects between 300 and 800 people. It is clear that an effective 
prophylactic vaccine is desperately needed. Attempts to utilize classical vaccine 
strategies against HIV-1 have proven inefficient or potentially harmful and researchers 
have therefore been obliged to explore novel vaccine approaches. Genetic 
immunization is a new way of inducing immune responses against antigens deriving 
from microbial pathogens or tumors. The gene encoding the antigen of interest is 
introduced into the body by means of an expression vector, which commonly is a 
recombinant bacterial plasmid or an attenuated recombinant microbe. This method of 
immunization has the primary benefit of inducing an immune response that mimics the 
response to natural infection with an intracellular pathogen. The primary strategy we 
use to induce high levels of broadly reactive immune responses against HIV-1 is 
immunization with naked DNA encoding multiple viral antigens in combination with 
potent adjuvants. The immune responses that are induced against plasmid-encoded 
antigens can be significantly augmented by subsequently boosting with additional 
vaccine modalities, an immunization protocol referred to as heterologous prime boost.  

Specifically, we show in mice that it is possible to obtain both humoral and cellular 
immune responses to all plasmid-encoded HIV-1 antigens in a multi-plasmid vaccine. 
The cytokine granulocyte macrophage-colony stimulating factor acted as an adjuvant. 
We also show that spatial separation of the vaccine components could augment the 
immune responses to some of the included antigens. Further, the responses induced by 
the multi-plasmid vaccine were efficiently boosted using Modified Vaccinia virus 
Ankara (MVA) carrying similar, but not identical, HIV-1 genes. The MVA boost 
resulted in significantly increased levels of HIV-1 specific antibodies as well as 
extremely high levels of polyfunctional CD8+ T cell responses directed against all 
included HIV-1 antigens. We also show the capacity of DNA and MVA to induce long-
lived vaccine-specific immunological memory. Importantly, DNA was shown capable 
of efficiently boosting an immune response primed almost one year earlier by the same 
DNA construct. Moreover, the capacity of different vaccine protocols to induce 
protection against a cell-based HIV-1 challenge was demonstrated in an experimental 
model. Protection against challenge was obtained by immunizing with plasmids 
encoding HIV-1 Gag, Env and Tat, either alone or by priming with the plasmids and 
subsequently boosting with the corresponding proteins.  

With one exception, all the vaccine constructs described here have been or are currently 
being evaluated in clinical trials. In our initial phase I trial, the multigene/multisubtype 
vaccine has shown great potential to induce HIV-1 specific cellular immune responses 
in humans that can be dramatically augmented and broadened by boosting with the 
recombinant MVA. This vaccine protocol is currently being evaluated in a phase I trial 
in Tanzania. Overall, the preclinical data presented in this thesis have translated well 
into immunogenicity in clinical trials. 
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Th 
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Tat 
TCR 

Antibody-Dependent Cellular Cytotoxicity 
Acquired Immune Deficiency Syndrome 
Antigen-Presenting Cell 
Cluster of Differentiation 
Circulating Recombinant Form 
Cytotoxic T Lymphocyte 
Dendritic Cell 
Deoxyribonucleic Acid 
Enzyme-Linked Immunospot 
Envelope 
Endoplasmic Reticulum 
Group-specific Antigen 
Granulocyte Macrophage Colony-Stimulating Factor  
Glycoprotein 
Highly Active Antiretroviral Therapy 
Human Immunodeficiency Virus Type 1, 2 
Human Leukocyte Antigen 
intramuscular 
intradermal 
intraperitoneal 
Immunoglobulin 
Interleukin 
Interferon 
Kilobase pairs 
Long Terminal Repeat 
Major Histocompatibility Complex 
Messenger RNA 
Murine Leukemia Virus 
Modified Vaccinia virus Ankara 
Negative factor (in HIV) 
Oligodeoxyribonucleotide 
Peripheral Blood Mononuclear Cell 
Plaque forming unit 
Regulator of virion expression (in HIV) 
Ribonucleic Acid 
Reverse Transcriptase 
Simian-Human Immunodeficiency Virus 
Simian Immunodeficiency Virus 
T helper (cell) 
Toll-Like Receptor 
Transactivator of transcription 
T Cell Receptor 
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1 AIMS 
The overall aim of this work has been to enhance, by various strategies, the potency of 
gene-based immunization against HIV-1. The specific objectives were: 

To induce a broad reactivity against HIV-1 by means of immunization with 
multiple plasmids encoding several viral components derived from HIV-1 of 
different subtypes [Papers I and II]. 

To investigate means to circumvent in vivo interference between plasmid-
encoded HIV-1 antigens [Paper II]. 

To investigate if plasmid vaccine-induced immune responses can be boosted by 
using MVA encoding HIV-1 antigens derived from heterologous viral subtypes 
[Paper III]. 

To evaluate the capacity of plasmid DNA and recombinant MVA to induce 
long-lived vaccine-specific immune responses against a vectored HIV-1 antigen 
[Paper IV]. 

To investigate whether immunization with HIV-1 DNA alone, HIV-1 proteins 
alone, or prime-boost combinations of the two vaccine modalities can confer 
protection against a cell-based challenge with HIV-1 [Paper V]. 
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2 THE HUMAN IMMUNODEFICIENCY VIRUS 
Prior to the identification of the human immunodeficiency virus (HIV), an unusual 
medical syndrome was reported for several patients from a number of different 
locations in the US. Hemophiliacs, men who had sex with men, intravenous drug users 
and Haitian immigrants sought medical attention due to immunosupression and grave 
manifestations of opportunistic infections such as Pneumocystis carinii pneumonia, as 
well as a rare form of cancer, Kaposi’s Sarcoma. A low number of circulating CD4+ T 
cells in their peripheral blood was a common factor in these individuals. In 1983, 
French scientists lead by Dr Luc Montagnier, isolated a new virus from the lymph node 
of a patient displaying symptoms that were known to precede the development of 
AIDS. The virus was shown to grow in human T lymphocytes in vitro and was initially 
named lymphoadenopathy-associated virus (LAV) [31]. US scientists, led by Dr Robert 
Gallo, also isolated the virus by lymphoid cell culture and named it Human T-
lymphotropic virus type III (HTLV-III) due to the resemblance to the retrovirus HTLV-
I [290]. The virus was subsequently renamed human immunodeficiency virus due to its 
biological properties and it is now known that the virus had been present in the human 
population many years prior to the outbreak in the western world [416].  

The HIV epidemic has escalated into a pandemic. Currently forty million people are 
infected, which results in three to four million deaths annually from AIDS-related 
diseases [378]. The situation is most critical in sub-Saharan Africa with about 25 
million infected people, but the incidence is dramatically increasing in several parts of 
the world.  

HIV exists in two different types, HIV-1 and HIV-2, both believed to have been 
transmitted to humans from African non-human primates by blood. HIV-1, which is 
responsible for the vast majority of world-wide infections, originated from Chimpanzee 
(Pan troglodytes troglodytes) Simian Immunodeficiency Virus (SIVCPZ) [125]. The less 
pathogenic HIV-2, isolated in 1986 [67] and mainly found in the western parts of 
Africa with the highest prevalence in Guinea-Bissau [239], have originated from sooty 
mangabey (Cercocebus atys atys) SIV (SIVSMM) [344]. HIV-1 is further divided into 
three major groups based on genetic distances; Main (M), Outlier (O) and Non M, Non 
O (N) [304]. The M group, which causes the majority of infections, is further divided 
into different subtypes or clades. 

2.1 CLINICAL COURSE OF HIV INFECTION 

HIV is transmitted by sexual contact and contaminated blood, and from mother to child 
during pregnancy, birth or breastfeeding. The risk of acquiring HIV during 
heterosexual intercourse is rather low and by studying discordant couples and 
continuously testing the non-infected partner for their HIV infection status, it has been 
calculated that infection will take place approximately once in every 100 heterosexual 
contacts [141]. However, the risk of sexually obtaining HIV-1 depends on the type of 
sexual activity, the presence of other genital infections, and the viral load of the 
infected partner, as well as the viral phenotype [254, 390].  
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Figure 1. The clinical course of HIV-1 infection 

The majority of cases of mucosal transmission of HIV are due to HIV that utilizes 
CCR5 as a co-receptor (i.e. the virus is R5-tropic) [417]. In the mucosa, the virus 
initially infects dendritic cells (or attaches to molecules like DC-sign on DCs [128]) and 
macrophages, which carry the virus to draining lymph nodes. This enables the infection 
of T cells, and especially T cells that are activated by the interaction with the APC. The 
transport of the virus to the lymph nodes results in subsequent systemic viral 
dissemination to lymphatic tissue, a high viral load in the blood, and seeding of virus to 
the central nervous system. An infected person might develop influenza-like symptoms 
within a few weeks after transmission, symptoms that can last for several weeks. 
Because of their general non-specific nature, the symptoms may not be ascribed to HIV 
infection [186]. The symptoms during acute HIV infection can be attributed to the 
massive immune response that is evoked; among other events, a high number of 
circulating HIV-specific CD8+ T cells destroy infected cells (Fig. 1) [409]. During this 
initial phase of the infection there is a loss of CD4+ T cells in gut-associated lymphoid 
tissue [147] and in SIV models, the preferential destruction of memory CD4+ T cells 
has been demonstrated [244]. This early destruction of T cells of the memory 
phenotype is believed to heavily affect the subsequent immune status of the infected 
individual and probably plays a substantial role in the development of 
immunodeficiency [381]. Surprisingly, two recent papers demonstrate that the massive 
loss of gut-associated CD4+ T cells occurs also in African green monkeys and Sooty 
Mangabeys [136, 276]. These two species are natural hosts of SIV and, despite getting 
chronically infected, do not normally progress to AIDS. 
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Figure 2. HIV-1 genome and virion structure 

Within a few weeks following the acute infection, the immune system is able to 
suppress the virus. The number of CD4+ T cells increase and the viral load drops to a 
stable level, which is termed the viral set-point. The set-point is a predictive marker for 
the course of infection; the higher the viral set-point, the more rapid the progression to 
disease [254]. The infection then enters the asymptomatic phase, typically lasting for 
several years, during which the level of circulating virus is low or even undetectable. 
Despite low levels of virus in the peripheral blood, the CD4+ T cells are gradually 
depleted and, together with the viral load, the numbers of CD4+ T cells in the peripheral 
blood is the main marker used to monitor disease progression. When the CD4+ T cell 
count becomes less than 200 per l of blood, there is usually the onset of AIDS, the 
clinical syndrome, recognized by the emergence of opportunistic infections. As the 
patient progresses to clinical immunodeficiency, the virus often switches its co-receptor 
usage to CXCR4, resulting in more aggressive viral replication and accelerated immune 
deterioration [40]. The chronic phase of infection is characterized by constant 
activation of both CD4+ and CD8+ T cells, resulting in a higher rate of T cell turnover. 
The memory T cells seem to be preferentially and rapidly depleted [161, 248, 414]. The 
chronic immune activation also facilitates spread of the virus, since activated CD4+ T 
cells are susceptible to HIV infection. In addition to the high turnover and subsequent 
depletion of CD4+ T cells, HIV-specific memory CD8+ T cells in infected persons 
display a skewed maturation [58]. The CD8+ T cells also become exhausted as 
evidenced by their up-regulation of the receptor for programmed cell death PD-1 [283], 
resulting in increased susceptibility to apoptosis and reduced function [82]. In addition, 
accelerated Fas-mediated apoptosis of T cells is observed during the chronic infection 
[24]. This has been suggested to be partly mediated by the high expression of IL-7 in 
HIV-infected individuals, which results in enhanced expression of Fas on the surface of 
both naïve and memory T cells [114].  
 
2.2 STRUCTURE AND REPLICATION OF HIV-1 

HIV is a Lentivirus belonging to the family of Retroviridae. HIV-1 is a spherical virus 
with a diameter of approximately 110 nm (Fig. 2). The two genomic RNA molecules 
are surrounded by the nucleocapsid and matrix, which in turn are enclosed by a cell-
derived membrane, from which viral glycoproteins protrude. The cycle of replication 
starts when one of the surface 
glycoproteins, gp120, (which exists in a 
trimeric form) binds to the primary 
receptor, the CD4 molecule (Fig. 3). This 
molecule is predominately expressed on 
T helper cells, macrophages, monocytes, 
dendritic cells and brain microglia. Upon 
binding to CD4, gp120 undergoes 
conformational changes that enable the 
protein to bind to yet another receptor, 
either CCR5 or CXCR4. These molecules 
are chemokine receptors, which normally 
are involved in inflammatory and 
chemotactic signaling. The binding of the 
co-receptor allows the membrane-
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spanning glycoprotein gp41, which is non-covalently associated with gp120, to insert 
its hydrophobic N-terminal end, termed the fusion peptide, into the membrane of the 
target cell. The binding promotes the fusion of viral and cellular membranes [210].  

After fusion, the viral capsid is released into the cytoplasm of the cell. Transfer RNAs 
brought along by the virus attaches to the viral RNA genome and acts as primers for the 
initiation of reverse transcription. This process is carried out by the viral enzyme 
Reverse Transcriptase (RT). It starts by RT creating a complementary strand of viral 
DNA binding to the viral RNA. The ability to use RNA as a template for DNA 
synthesis is a trademark for retroviruses and was first described in 1970 [26, 368]. In a 
number of steps that involve degradation of viral RNA by the viral RNAse H domain of 
RT and the creation of another strand of DNA, the final proviral double-stranded DNA 
molecule is produced (Fig. 3). As RT lacks proof-reading mechanisms, the enzyme 
generates more than 3 substitutions per 105 incorporated nucleotides [238]. The 
introduction of mutations during the reverse transcription is the main mechanism 
responsible for the high viral diversity and that allows for escape from the immune 
system as well as from antiviral drugs. During reverse transcription, the viral genome 
acquires long terminal repeats (LTRs) flanking the genome at both the 5´and 3´end. 
The LTRs are important for the subsequent transcription of the viral genome, and prior 
to that, also for the integration of the viral genome into the host genome, which is 
mediated by the viral protein Integrase (IN). The choice of integration sites in the 
human genome has been shown to be a targeting of active parts of the genome and not 
a random process [333].  

Following integration, the viral genome is transcribed by the cellular transcription 
machinery upon binding of cellular transcription factors, like NF B, to sites within the 
viral LTRs. The viral transactivating protein Tat is needed for efficient transcription as 
it interacts with elements in the LTRs and forms complexes with cellular components, 
such as Cyclin T1, that promotes efficient transcription of the viral genome by the 
cellular RNA polymerase II. The 9.2 kb viral genome encodes as many as 15 different 
proteins from its rather limited size, and many of the proteins have multiple functions 
(Table 1). The initial transcripts that are produced from the viral genome are multiply 
spliced into mRNAs encoding the early and regulatory proteins, Tat, Nef and Rev. Tat, 
as discussed above, is needed for efficient transcription of the viral genome. The 
negative factor (Nef) efficiently down-regulates MHC class I, CD4 and CD80/86 
molecules from the host cell surface in order to avoid recognition by other immune 
cells and this results in reduced killing of HIV-infected cells. In order for the late 
proteins to be expressed, the regulator of viral expression (Rev) has to bind to rev- 
responsive elements in the RNA transcripts, which facilitates the shuttling of un-spliced 
mRNA from the cell nucleus (see section Genetic vaccines – Modifications of the gene 
insert for description on how to circumvent the Rev-dependent export of mRNA).  

The viral membrane proteins are expressed and glycosylated in the endoplasmic 
reticulum (ER) to form the fusion protein gp160. In the Golgi apparatus the protein is 
digested by the cellular protease furin into gp41 and gp120. The glycoproteins 
assemble at the cell surface as trimers of gp41 extending through the membrane, 
forming complexes with three extracellular gp120 molecules.  
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Figure 3. HIV-1 life cycle 
 
 
The viral pol and gag genes are transcribed into a single mRNA chain. First the gag 
gene is translated to the polyprotein p55Gag and due a frame shift in the transcript that 
results in ribosomal slippage, the pol gene is translated into the polyprotein 
p160GagPol. The polyprotein p55Gag is myristoylated in the N- terminus and thus 
directed to the cell membrane where it associates with the glycoproteins and the viral 
genomic RNA. p55Gag also stimulates the budding of viral particles from the cell 
membrane. The p160GagPol is due to the myristoylated gag domain being directed to 
the cell membrane in a similar manner to the p55Gag.  
 
During, or shortly after, budding, the virus becomes fully mature as the viral protease 
cleaves the p55Gag and the p160GagPol polyproteins into smaller functional proteins. 
p160GagPol is cleaved into the viral enzymes protease, reverse transcriptase and 
integrase. p55Gag is cleaved into the matrix protein p17, the capsid protein p24, the 
nucleocapsid proteins p6 and p7, as well as two small peptides, p1 and p2. In addition, 
three accessory proteins are packaged into the virion: viral infectivity factor (Vif), viral 
protein r (Vpr) and viral protein u (Vpu). These small proteins are important for viral 
infectivity and interfere with cellular functions (Table 1). Despite the fact that the viral 
genome only encodes fifteen discrete proteins, the virus is still able to chronically infect 
a host, hide from and destroy the immune system, and eventually cause the death of the 
human host.  
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Table 1. HIV-1 genes and gene products 

HIV gene Protein Function 
gag 
 

p17 The matrix protein. Stabilizes the viral particle and facilitates 
transport of the Gag polyprotein to the cell surface [116]. Binds to 
HIV glycoprotein gp41 [117]. Suggested to direct the viral assembly 
to lipid rafts [171, 269] and to bind RNA prior to viral assembly 
[226].  

 p24 The capsid protein. Multiple non-covalently-associated capsomers 
make up the shielding capsid surrounding the viral genome. 

 p6 Found in the viral core, associated with viral RNA. Required for the 
incorporation of Vpr in the virion [280]. 

 p7 Nucleocapsid protein. Binds the viral genome and is important for 
the incorporation of viral RNA into the virion. 

   
pol RT Catalyzes the production of proviral dsDNA from ss viral RNA. 
 Integrase Catalyses the incorporation of viral cDNA into host genomic DNA. 
 Protease Cleaves the precursor proteins p55Gag and p160GagPol. 
   
env gp120 Forms extracellular trimers, noncovalently bound to gp41. Binds to 

target cells by interactions with CD4 and CCR5 and/or CXCR4.  
 gp41 Transmembrane protein. Facilitates the fusion of virus with target 

cell. 
   
rev Rev Binds to Rev-responsive elements and promotes the nuclear export 

of unspliced viral mRNA resulting in expression of the late viral 
genes. 
 

nef Nef Down-regulates CD4 molecules from the cell surface and directs the 
molecules for degradation [199]. Down-regulates MHC I (HLA-A 
and HLA-B) from the cell surface by intracellular retention [363]. 
Disturbs T cell function and T cell receptor signaling by interacting 
with cellular kinases [18, 19, 355]. Blocks apoptosis in infected cells 
by interacting with pro-apoptotic molecules [402] while promoting 
apoptosis of bystander cells [413]. 

   
tat Tat Transactivates HIV by interacting with cellular proteins and binding 

to specific motifs in the HIV LTR. Tat has been shown to promote 
apoptosis in both infected and bystander cells [328, 413]. Up-
regulates co-receptors on uninfected leukocytes, thus increasing 
infectivity of the virus [176].  

   
vif Vif Increases the stability of the viral core [272] and inhibits the actions 

of cellular anti-retroviral protein APOBEC-3G [346]. 
 

vpr Vpr Important for transport to nucleus of pre-integration complex and cell 
cycle arrest in the G2 phase [359]. Can both promote and prevent 
apoptosis (reviewed in [341]). 
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vpu Vpu Induces ubiquitination and subsequent degradation of CD4 [240] as 
well as promotes ER retention of MHC class I molecules [187]. The 
down-regulation of CD4 is important for efficient release of 
infectious viral particles [217]. 

 
 
2.3 PREVENTION AND TREATMENT 
2.3.1 Preventive measures 

The most efficient preventive strategy against sexual transmission of HIV is, besides 
the absence of sex, to use a condom. Although, condoms efficiently prevent transfer of 
virus during sexual intercourse [302] there is, for a variety of reasons, a need for the 
development of efficient alternatives. One potentially promising approach is the use of 
microbicides that act specifically against HIV, such as the CCR5 ligand RANTES that 
competes with the virus for binding to the receptor. This strategy has shown promise in 
non-human primate models where a vaginally applied RANTES-analogue protected 
macaques from vaginal challenge of CCR5- tropic SHIV [214].  
 
Microbicides can also act in a more general manner by buffering the low pH at the 
vaginal mucosa, preventing the neutralization of the vaginal pH by the alkaline semen 
and thus maintaining the protective acidity that has been shown to inhibit HIV infection 
[46, 193]. A microbicide strategy to use compounds that act as detergents, like 
nonoxynol-9, was unfortunately not successful. This compound was shown to 
efficiently prevent HIV infection in vitro [163] but has the unfortunate effect of causing 
lesions in the mucosal cell surfaces [4] as well as activating cells permissive for HIV 
infection [112]. A phase III clinical trial revealed that applying nonoxynol-9 as a 
vaginal gel prior to sexual intercourse actually significantly increased the susceptibility 
to HIV infection [384].  
 
A promising intervention that was shown to significantly reduce the risk of female-to-
male transmission of HIV is male circumcision, as evidenced in recent large clinical 
trials conducted in Africa [25, 140]. The beneficial effects of male circumcision may be 
explained by the high density of cells susceptible to HIV infection in the foreskin [279].  
In addition, circumcision reduces the risk of acquiring other genital infections 
associated with increased risk of HIV-1 infection [394]. 
 
2.3.2 Therapeutic measures 

As far as it is known, no HIV-infected individual has been able to clear the infection, 
although some highly-exposed individuals remain uninfected, yet demonstrate immune 
responses against HIV antigens. Today, the most effective way to suppress the viral 
replication in infected individuals is by antiretroviral therapy. 
 
When the anti-HIV activity of the compound Zidovudine (AZT) was identified in 1985, 
there was great hope that the virus could be defeated. However, it was soon evident that 
resistant HIV emerged, able to replicate despite the presence of the drug in the treated 
patients. Since then many new antiretroviral drugs have been developed and in the 
middle of the 1990’s Highly Active Antiretroviral Therapy (HAART) was introduced. 

Table 1 con. 
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This therapy combines several drugs in order to reduce the risk of emergence of escape 
variants of the virus. The most important drug targets of HIV have so far been the 
reverse transcriptase (RT) and the viral protease. A novel target for HIV therapy is the 
viral enzyme integrase and several companies are currently developing inhibitors for 
this protein (reviewed in [267]). There is one commercially available drug that acts 
extracellularly, T-20, which is a peptide that disrupts the fusion of the virus with target 
cell by binding to gp41. The extracellular drug Maraviroc was recently approved by the 
US Food and Drug Administration and this novel compound is a CCR5 antagonist, 
which binds the gp120 ligand and blocks the attachment of the virus to the target cell. 

Although several drugs are highly efficient at suppressing the viral load, no 
combination is able to cure HIV infection. Despite undetectable viral loads, a low level 
of viral replication occurs constantly since a reservoir of infected memory CD4+ T cells 
remains and upon activation, these cells are able to produce new infectious virions [66]. 
The antiretroviral drugs are also expensive, thus posing challenges for the use of the 
drugs in countries in the developing world that are in the most desperate need of them.  

2.4 HIV-1 ANIMAL MODELS 

Initially, chimpanzees were considered to be the most suitable model animals for 
studying HIV infection since they can be infected with HIV-1. However, chimpanzees 
are hardly ever used today due to ethical concerns, the fact that they rarely develop 
AIDS, and the huge expense of working with them. In addition they also mount HIV-
specific immune responses upon infection that significantly differ from those found in 
humans [review in [317]]. Instead, the primates used for studying HIV pathogenesis 
and evaluation of vaccine candidates are Asian monkeys within the genus Macaca,
including Rhesus, Cynomolgus and Pig-tailed macaques. Although they are considered 
the best animal models for studying pathogenesis and vaccine efficacy, macaques 
cannot be infected with HIV-1. Instead various strains of Simian Immunodeficiency 
virus (SIV) or recombinant SHIVs are used, the latter being a genetically-engineered 
chimeric virus consisting of both SIV and HIV components [126, 219].  

In order to more quickly reach the viral end-point when evaluating vaccine candidates, 
strains of SHIV have been selected that cause simian AIDS within a few months after 
infection. The acute rapid disease progression in these models differs from what is 
observed during the slower progression in HIV-1-infected humans. For instance, the 
highly pathogenic SHIV strain SHIV89.6P [299], causes rapid loss of CD4+ T cells and 
immunodeficiency in macaques. It has been used extensively in vaccine research but is 
not considered an optimal model since it is relatively easy to obtain protection from this 
virus (reviewed in [109, 401]). Moreover, in most cases the monkeys are challenged 
intravenously and with high doses of virus. This methodology neither reflects the most 
important route of infection nor the amount of virus normally encountered upon natural 
infection [34]. Another important issue is that often the human vaccine candidate per se
is not evaluated in the macaque models but rather vaccine constructs based upon the 
homologous SIV antigens are used, which may give misleading results. The ethical 
aspects, as well as huge costs of performing experiments in non-human primates, have 
turned researchers’ attentions to other animal models.  
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Several murine models have been developed to study HIV-1 infection, models that are 
either based on modified viruses or on modifications of the mouse. One of the 
transgenic murine models developed for permitting infection with HIV, utilize mice 
engineered to express human CD4 and CCR5 [48]. Although viral entry and production 
of HIV antigens in vivo were demonstrated in these mice, no production of infectious 
virus could be detected. It has become evident that replication of HIV is restricted to 
human cells by species-differences in cellular host factors, such as Cyclin T [39]; the 
splicing inhibitor p32 [415]; and APOBEC3G [334]. In order to overcome the species 
barriers and allow for viral replication in vivo in mice, models have been developed in 
which animals are subjected to total body irradiation and subsequently repopulated with 
human bone marrow. This permits at least short-term studies of antibody-mediated 
protection against HIV-infection [335].  

Another approach has been the use of mice with Severe Combined Immunodeficiency 
(SCID). These mice naturally fail to develop functional B and T cells, thus permitting 
engraftment of human tissue. The xenograft, either human peripheral blood 
mononuclear cells or fetal thymus and liver tissue, does not, however, mature into a 
fully functional immune system [247]. Because of this, the model is not suited for 
evaluating immune responses elicited by vaccine candidates and has been used mainly 
for studying HIV pathogenesis [44]. Another interesting murine model is the Trimera 
model where the hematopoietic system of BALB/c mice is depleted by total body 
irradiation and replaced with bone marrow from SCID mice [22]. Upon engraftment 
with human PBMC the animals are susceptible to infection with HIV-1. Both primary 
and secondary virus-specific humoral and cellular immune responses have been 
observed in these animals, features that make this model a potentially powerful tool to 
study short-term vaccine efficacy. Moreover, several transgenic mouse models have 
been created in order to study pathogenic effects of viral antigens like Nef and Vpr. 
These models have particularly been used to evaluate the contribution of different viral 
proteins in HIV-1-associated nephropathy (reviewed in [228]). The other approach 
taken in order to permit HIV-infection of mice is to use pseudotyped virus or other 
viruses made to express HIV-antigens. In order to circumvent the CD4-dependent entry 
of HIV and permit infection of murine cells, recombinant HIV strains have been 
created that express ligands that efficiently bind receptors on murine cells [23, 330]. 

2.4.1 HIV/MuLV pseudovirus challenge system 

We, and others, have chosen to use pseudovirions consisting of HIV-1 and the murine 
leukemia virus (HIV-1/MuLV) as a model for HIV infection. The experimental 
procedure is outlined in figure 4 and is applied in Paper V. The pseudovirions are 
produced by in vitro HIV-1 infection of Ampho-CEM-1B T cells, which carry the 
complete genome of MuLV. Upon infection with HIV-1, the cell-line will produce four 
different types of viruses with HIV or MuLV genomes, each contained in particles 
enclosed by HIV or MuLV envelopes [167]. The virus is then used for infecting 
activated primary murine spleen cells. These cells can be infected by viral particles 
with the MuLV envelope, some of which will contain the full HIV-1 genome. The 
MuLV/HIV-1 infected splenocytes are then engrafted intraperitoneally into syngeneic 
recipient mice. Ten to twelve days later the peritoneum of the mice is washed, and the 
peritoneal cells are recovered from the ascites fluid and co-cultured in vitro with cells 
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permissive for HIV-infection, such as Jurkat-tat cells or activated human PBMC. The 
amount of viral replication is indirectly measured by production of p24Gag. By 
comparing the amount of recovered infectious virus from immunized animals and 
control animals, the candidate HIV vaccines can be evaluated for their ability to induce 
anti-HIV-1 immune responses that clears the engrafted HIV-1 infected cells.  

Since this is a cell-based challenge and murine cells lack expression of the receptors for 
HIV, the main protective mechanism is most likely mediated by cellular responses 
[166]. Effects of antibody protection by mechanisms like ADCC are, however, still 
possible. Moreover, depletion of NK-cells prior to the engraftment, as well as the use of 
adjuvants that stimulate innate immune responses, have revealed the importance of 
innate immunity for clearing the engrafted HIV-1 infected cells [Paper V and Susanne 
Johansson, Unpublished results].  

Figure 4. The HIV/MuLV challenge model. Courtesy of Dr. E. Rollman.
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2.5 THE HOST RESPONSE AGAINST HIV INFECTION AND 
CORRELATES OF PROTECTION: LESSONS FROM MONKEYS, HIV-

CONTROLLERS AND EXPOSED NON-INFECTED INDIVIDUALS

2.5.1 Innate immunity 

The innate immune system constitutes an ancient protective system consisting of a 
variety of cells and soluble factors [182]. Regarding the defense against HIV, cells of 
the innate immune system, such as NK cells, can contribute by secreting soluble 
factors, directly killing infected cells or killing antibody-coated infected cells by 
ADCC-mechanisms [6]. In studies of uninfected persons that frequently are exposed to 
HIV, increased secretion of IFN- , Tumor Necrosis Factor (TNF- ) and -chemokines 
(e.g. RANTES, MIP-1  and MIP-1 ) by NK cells has been suggested to contribute to 
the observed resistance against infection [263, 338]. Also dendritic cells, and especially 
the plasmacytoid DCs (pDC) can counteract the infection by producing IFN-  that 
exerts multiple antiviral activities, such as activation of NK cells, direct inhibition of 
HIV replication, and up-regulation of molecules involved in antigen presentation and T 
cell activation (reviewed in [262]). However, HIV-1 has been shown to infect both 
dendritic cells and NK cells and thereby interfere with the direct antiviral activities of 
the cells. In addition, the general immune activation during HIV infection results in 
dysfunctions in the NK cell activity (reviewed in [107]).  

Moreover, a number of host proteins have been described that exert antiretroviral 
activities. A cytidine deaminase, polipoprotein B mRNA-editing enzyme-catalytic 
polypeptide-like (APOBEC)3G [346], has been shown to hypermutate the negative 
RNA-strand during reverse transcription by replacement of deoxycytidine for 
deoxyuridine [157]. However, HIV counteracts the activity of human APOBEC3G by 
the actions of the viral protein Vif, which interacts with the protein and targets it for 
proteasomal degradation [70].  

The antiretroviral protein TRIM5  [358]  targets the capsid of incoming retroviral 
particles and has been attributed a role in the control of SIV replication in old world 
monkeys and simian versions of the protein are able to restrict HIV replication in vitro
[319].  

Many individuals originating from the northern parts of Europe have a 32 base pair 
deletion in the gene encoding the CCR5 molecule, which is the primary receptor for 
HIV-1 during sexual transmission. Approximately 14% of the Swedish population has 
the mutation in at least one allele of the gene. If the mutation is present in both alleles 
this renders the individual highly resistant to CCR5-tropic viruses [83]. If present in its 
heterozygous state, the mutation provides partial protection from infection and is 
associated with slower disease progression [256]. It was the clinical condition of these 
individuals that provided the rationale for the development of an HIV antiretroviral that 
acts by blocking CCR5. It is believed that the deletion in CCR5 emerged due to the 
selective pressure by a recurring lethal epidemic like the bubonic plague [354]. More 
recently it was suggested that the continuously re-emerging smallpox epidemic is a 
more probable cause for the development of this specific mutation [124], a theory 
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supported by observations made of poxviral entry of cells by utilization of chemokine 
receptors [211]. 

2.5.2 Adaptive immunity 

During the acute phase of HIV infection a strong virus-specific CD8+ T cell response is 
mounted [45] and the cellular response is believed to be important for the reduction of 
the viral load by clearing infected cells (reviewed in [249]). Experiments in SIV/SHIV-
models have shown the importance of the CD8+ T cell response for maintaining control 
of viral replication. This is evidenced by the failure in viral control following in vivo
depletion of CD8+ cells in acute or chronically SIV/SHIV-infected macaques by 
injection of anti-CD8 monoclonal antibodies [13, 184, 297, 331]. The importance of the 
cytotoxic cellular response is further strengthened by the appearance of mutations in 
CTL epitopes within the virus. This proves that CTLs apply selective pressure and 
force the virus to alter its amino acid sequence in order to escape the T cell activity 
[137, 284].  

One of the major obstacles in the development of a vaccine against HIV is the lack of 
known correlates of protection. There might, however, be lessons to learn from both the 
so-called “elite controllers” and the highly exposed uninfected persons, such as the 
well-known cohort of prostitutes in Nairobi.  

The elite controllers constitute a minority of HIV-infected persons (~1 per 300 infected 
individuals) that are united by their ability to contain their viral load at undetectable 
levels. They remain healthy and do not require antiretroviral therapy [383]. These 
persons have been studied extensively in order to identify any protective properties of 
their immune response. Many, but still less than 50%, of these individuals express the 
HLA allele B57 that has been associated with slow disease progression and viral 
control [257, 383]. The CD8+ T cells in HIV controllers have been shown to be able to 
kill autologous HIV-infected CD4+ T cells ex vivo without any additional stimulation 
and the cytotoxicity was shown to be independent of secretion of soluble factors [318]. 
The primary viral target of the CD8+ T cells in HIV controllers has been shown to be 
Gag, and the viral load in these patients was shown to negatively correlate with the 
breadth of the Gag-responses (i.e. the number of epitopes recognized) [196]. 
Interestingly, the opposite was true for Envelope-specific responses, the broader the 
Envelope-specific responses, the higher the viral load. Moreover, the CD8+ T cells in 
HIV controllers have an increased capacity to degranulate and simultaneously secrete 
the cytokines IFN- , IL-2 and TNF as well as the chemokine MIP-1 [37].  

One should bear in mind that the observations are not necessarily correlates of 
protection directly applicable to HIV-vaccines. It is possible that yet unknown factors, 
may they belong to either the innate or adaptive response, might contribute to control of 
the virus in these individuals.  

Another group of individuals that is interesting both for vaccine research and for the 
basic understanding of the resistance against HIV-1 infection, consists of exposed 
uninfected individuals. The most well-known exposed non-infected individuals belong 
to a cohort of Kenyan sex workers [115]. Both mucosal and systemic neutralizing IgA 



20

responses as well as HIV-specific CD4+ and CD8+ T cell responses have been observed 
in these individuals (reviewed in [168]). Furthermore, preliminary findings indicate that 
the mucosal neutralizing IgA response are associated with protection against infection 
in these individuals [168]. Intriguingly, for the non-infected commercial sex workers, 
the risk of being infected seems to increase as they reduce their exposure to the virus 
[191] and infections occur despite the presence of HIV-specific CD8+ T cell responses. 
Interestingly, after infection, the recognition of viral MHC class I epitopes seemed to 
switch from the recognition of rare and usually subdominant epitopes to epitopes 
commonly recognized by HIV-infected individuals with the same HLA-repertoire 
[190]. Results from non-human primate models contradict the hypothesis of HIV-
specific adaptive immune responses as a correlate of protection in the exposed non-
infected individuals; instead innate factors seems to be responsible for the resistance 
[215]. In addition to innate response at mucosal surfaces, an adaptive immune response 
to allo-antigens, such as HLA I and II molecules, expressed on cells in the incoming 
ejaculate has been suggested to contribute to vaginal resistance to infection [36]. This 
theory is supported by non-human primate experiments where animals were protected 
from a cell-based SIV-challenge by immunization with inactivated non-infected cells 
[356].   

Following the depletion of CD8+ cells in immunized SHIV-infected non-human 
primates the viral load rapidly increases. The increase in viral load was generally 
associated with a potent expansion of the neutralizing antibody response. In the absence 
of CD8+ cells, the antibodies were shown in some animals to coincide with the decline 
of viral load, supporting the role of antibodies as a secondary protective mechanism 
[13, 297]. This was also shown when B cells of macaques where depleted with 
Rituximab prior to challenge, resulting in reduced control of viral replication [258]. The 
protective effects of neutralizing antibodies were early on demonstrated in experiments 
where chimpanzees were shown to resist HIV-1 infection after receiving neutralizing 
monoclonal antibodies prior to challenge [104]. Moreover, macaques receiving vaginal 
or systemic administration of broadly neutralizing monoclonal antibodies prior to 
challenge with SHIV, were protected from infection [278, 391]. However, the initial 
humoral response that develops upon HIV infection is believed to be mainly non-
neutralizing and when antibodies subsequently develop that are able to neutralize the 
incoming strain of virus, the virus escapes the response by mutations in the viral 
envelope genes [8]. However, there are examples of infected individuals that do not 
progress to AIDS, who demonstrate high and broadly neutralizing antibody titers [286]. 

2.5.3 Summary of the viral pathogenicity and known correlates of 
protection 

To summarize the main features that makes HIV such a successful pathogen: 1) The 
stable integration of the viral genome into host DNA and the ability to stay dormant; 2) 
The targeting of cells of the immune system and especially the T helper cells, which 
normally orchestrate the immune response to invading pathogens; 3) The high 
mutational rate due to the error prone viral enzyme RT, allowing for escape from both 
drugs and the immune system; 4) The accumulation of HIV-infected cells in immune-
privileged sites such as the CNS; and 5) The long time between infection and 
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subsequent death by AIDS related diseases, allowing for many years of potential 
transfer of virus to new hosts.

Absence of sex and practice of safe sex are the most efficient strategies to prevent 
sexual transmission of HIV-1. Important genetic markers that confer protection from 
infection or slower disease progression include the 32 mutation in the CCR5 gene as 
well as expression of the HLA-B57 molecule. In order to control the viral replication 
after infection, the adaptive responses should be multifunctional Gag-specific CD8+ T 
cell responses.  
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3 GENETIC VACCINES 
The old Chinese proverb 'Give a man a fish and you feed him for a day. Teach a man to 
fish, and you feed him for a lifetime', nicely illustrates the impact of a successful 
immunization. Together with the introduction of antibiotics and improved hygiene, 
vaccines have significantly prolonged the general life expectancy as many of the most 
lethal viral diseases have been conquered or controlled. As early as the Middle Ages, 
attempts were made in China and Turkey to immunize against smallpox (Variola) using 
dried material acquired from lesions on the skin of infected individuals. The material 
was either inhaled or applied into cuts made in the skin. The latter technique, known as 
variolation, was used by Edward Jenner in the late 18th century in an ethically 
questionable experiment that resulted in the birth of modern vaccination. Jenner had 
observed that milk-maids rarely fell ill to smallpox, but instead commonly contracted 
cowpox, which is now known to be caused by a virus closely related to smallpox. 
Jenner extracted material from a cowpox lesion on the hand of the milk-made Sarah 
Nelmes, who had contracted the disease from one of her cows (named Blossom), and 
introduced the material into the young boy James, the son of his gardener. The boy fell 
ill from a mild infection of cowpox a few days later, but readily recovered shortly after. 
Upon the boy’s recovery, Jenner exposed him several times to smallpox by variolation 
and the boy remained healthy and showed no symptoms of smallpox infection. Jenner’s 
initial experiment showed the potential of a benign virus to act as a powerful vaccine. 
Almost a century later Louis Pasteur acknowledged Jenner’s discovery by referring to 
all immunizations as vaccination (vacca is the Latin word for cow). Smallpox 
subsequently became the, so far, only disease to be eradicated by means of 
immunization, and during the 20th century many diseases have been controlled, 
although not yet eliminated, by vaccination campaigns.  

3.1 THE BIRTH OF GENE-BASED IMMUNIZATION 

In spite of the success of vaccines, there are several microorganisms like HIV, malaria 
and tuberculosis that are difficult to combat by classical vaccine strategies. Thus, 
researchers have turned to novel vaccine approaches. The introduction of recombinant 
DNA technology has resulted in the possibility to create vaccines either based on 
production of recombinant antigens (rather than having to work with the pathogen 
itself) and the direct delivery of genes encoding proteins from pathogenic agents.  

In 1993, two groundbreaking papers were published, showing that it was possible to 
obtain protective immune responses against lethal challenge with influenza by 
immunizing with naked DNA encoding proteins from the virus. Ulmer and colleagues 
successfully induced a protective CTL response by immunizing with the gene encoding 
influenza A nucleoprotein [376]. They demonstrated that it was possible to obtain 
protection against a heterologous strain of influenza by inducing CTL responses against 
conserved viral antigens by gene-based vaccination. Almost simultaneously, Robinson 
et al. demonstrated protection against homologous challenge with influenza by 
immunizing with a gene encoding the viral surface protein Hemagglutinin [305]. These 
findings were preceded by experiments demonstrating expression of plasmid-encoded 
reporter proteins in vivo [404] as well as antibody induction after gene gun delivery of a 
plasmid encoding human growth hormone into the skin of mice [366]. Since the initial 



  23 

findings, intense efforts have been made to develop genetic vaccines against a number 
of different microbial pathogens, as well as against different forms of cancer.  

Many genetic vaccines can induce protective immunity in animal models, and there are 
two licensed vaccines for veterinary use, one vaccine (licensed by Fort Dodge Animal 
Health) for horses against West Nile Virus and one (licensed by Aqua Health Ltd.) for 
the protection of farm-raised salmons against a Rhabdovirus that cause hematopoietic 
necrosis. So far no DNA vaccine has been licensed for human use and the overall 
vaccine potency of naked DNA in humans have been disappointing [377]. However, 
the licensed vaccine for horses as well as an increasing number of reported protective 
immunizations of non-human primates [174, 298] clearly shows that efficacious gene-
based immunization is not limited to small animals. 

3.2 THE INDUCTION OF IMMUNE RESPONSES FOLLOWING 
IMMUNIZATION 

The general idea of immunization is to elicit long-lived memory immune responses that 
can expand and by different measures counteract the invading pathogen. Two different 
types of cells of the adaptive immune response, T and B cells, are capable of mounting 
an immunological memory. A short summary of the basic mechanisms for the 
induction of adaptive immune responses is given below, illustrated by immunization 
with a plasmid DNA vaccine (Fig. 5). 

When introduced into the body, plasmid DNA is taken up either by somatic cells, such 
as muscle, skin or mucosal cells, or by professional antigen-presenting cells (APCs) 
like the dendritic cells (DCs). The mechanisms for the cellular uptake of plasmid are 
not completely resolved and this is discussed in Chemical adjuvants. The plasmid DNA 
enters the nucleus of the transfected cell and the vaccine gene is subsequently 
transcribed and translated into protein by the cellular machinery.  

Following a direct transfection of a DC, the cell produces and processes the encoding 
antigen, and if the uptake of the plasmid is accompanied by additional stimulation, such 
as the stimulation of a Toll-like receptor by microbial material, the DC undergoes 
maturation. Alternatively, or possibly in addition, the activation of the DC can be 
provided by other so-called danger signals mediated by endogenous antigen originating 
from cells dying or in distress [245]. The activated DC begins homing to the lymph 
node and processes and degrades the antigen into peptides. During its maturation, the 
DC upregulates co-stimulatory molecules such as CD80/CD86 and at the same time 
presents the peptides from the foreign antigen by MHC molecules on the cell surface 
[54, 246]. 

Peptides that derive from an antigen present in the cytosol of a cell are generated by 
degradation of the antigen by a complex of proteases called the proteasome. This 
degradation results in short peptides that subsequently are transported to the ER where 
they are loaded on MHC class I molecules and displayed on the cell surface of the 
infected cell (or the transfected cell in the case of DNA vaccines). These peptides are 
typically 8-10 amino acids long and bind to the MHC class I molecule with different 
affinity depending on the amino acid sequence.  
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Figure 5. Priming of the immune system with a plasmid-encoded antigen. 
 
Basically all nucleated cells have the capacity to present peptides in complexes with 
MHC class I molecules. Upon infection with an intracellular pathogen, primed T cells 
recognize infected cells by the MHC class I presentation of peptides deriving from the 
pathogen. 
 
The other pathway of antigen-presentation is mediated by the MHC class II molecules 
that are expressed predominantly by APCs, such as DCs, macrophages and B cells. The 
peptides that are presented on MHC class II molecules are typically 15-20 amino acids 
long [54, 246] and derive from exogenous proteins that are phagocytosed by the APC 
and degraded in the lysosome. In addition to these two pathways, antigens that are 
produced by somatic cells can be transferred to APCs and enter the MHC class I 
pathway by a mechanism termed “cross-priming” or “cross-presentation”. This is a 
mechanism that can be utilized for the induction of immune responses by a genetic 
vaccine [92, 121]. 
 
As the mature DC enters the lymph node, it encounters CD8+ and CD4+ T cells, which, 
if their T cell receptors (TCRs) are specific for the MHC molecules and peptides 
presented, interact with the MHC class I and II/peptide molecular complexes, 
respectively. CD4+ T cells are activated by the MHCII:TCR/CD4 interactions in 
combination with co-stimulation provided by the interaction of the CD80/86 molecules 
on the DC with the CD28 molecule on the T cell. Upon this activation, the CD4+ T cell 
starts producing the cytokine IL-2, which facilitates proliferation of the cell itself as 
well as helping the activation and differentiation of CD8+ T cells in the proximity. The 
CD4+ T cell then differentiates to become either a T helper 1 (Th1) or T helper 2 (Th2) 
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cell. Th1 cells are defined by their production of IFN- , TNF and late production of IL-
2, and these types of responses are important for combating intracellular pathogens. 
They are classically the predominant types of responses evoked after genetic 
immunization. The Th1 cells can promote cellular immune responses by stimulating 
CD8+ T cell activity and proliferation. In addition, Th1 cells can direct B cells into 
producing antibody isotypes that are involved in antibody-mediated killing of infected 
cells. The Th2 cells on the other hand, are defined by the production of cytokines like 
IL-4, -5, -6 and -10 and help the priming of humoral response against a majority of 
pathogens. Pathogens that exist extracellularly, like most bacteria, generally induce a 
Th2 type of immune response that promotes increased production of antibodies by 
stimulating the differentiation of B cells. 

The CD8+ T cells are of great importance in the defense against intracellular pathogens 
and can, in a similar manner as the CD4+ T cells, be activated by mature DCs. CD8+ T 
cells are activated through interactions of MHC class I:peptide complexes on the APC 
and the TCR/CD8 molecules on the T cell in combination with proper co-stimulation. 
The primed CD8+ T cells are able to migrate to the periphery and kill infected cells that 
are identified by MHC class I presentation of the same peptide that was displayed 
previously by the APC. Upon encounter with an infected (or transfected) cell the CD8+

T cells can release antiviral cytokines, such as IFN-  and TNF, as well as exert 
cytotoxic killing by the release of granules containing perforin and granzymes. During 
this process, perforin facilitates the delivery of the granzymes, which are proteases that 
initiate a cascade of events that finally results in apoptosis of the target cell. 
Interestingly, it was recently suggested that muscle cells have the capacity to prime 
CD8+ T cells by up-regulating co-stimulatory molecules previously believed to be 
exclusively expressed by APCs [348].  

The priming of the humoral response requires that soluble or membrane-bound antigen 
is recognized by membrane-bound immunoglobulin on the surface of B cells (Fig. 5). 
The antigen is taken up by the B cell and processed into peptides, which are displayed 
in complex with the MHC class II molecule on the cell surface. A CD4+ T helper cell, 
harboring a TCR specific for one of the peptides, binds to the peptide/MHC class II 
complex via the TCR and the CD4 molecule. This triggers the T cell to up-regulate 
CD154, which is the ligand of the CD40 molecule expressed on the surface of the B 
cell. This in turn results in the up-regulation of the co-stimulatory molecules CD80 and 
CD86 on the B cell and promotes T cell proliferation and prolonged B cell:T cell 
interactions. These signals, in conjunction with the secretion of IL-4 by the T helper 
cell, result in the development of a fully differentiated antibody-secreting plasma B 
cell. They also promote the switch in antibody isotype produced from IgM and IgD to 
IgG, IgA and IgE. Depending on the T helper cell type, the secreted antibodies can 
have different functions. To oversimplify a bit, Th2 cells induce antibodies that directly 
neutralize the microbe (or its derivatives) and Th1 cells induce antibodies that activate 
other pathways, such as antibody dependant cellular cytotoxicity (ADCC). During an 
ADCC reaction, cells of the innate immune system kill infected cells that are covered 
with antibodies due to the presence of foreign antigens on their cell-surface. 

Following encounter with a pathogen, or alternatively, after immunization, the T and B 
cells undergo maturation that subsequently results in immunological memory. During 
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   Figure 6. Plasmid DNA vector. 

the maturation, the cells undergo clonal expansion and develop into highly antigen-
specific memory cells. The induction of long-term immunological memory capable of 
rapid expansion upon infection is crucial for the success of a vaccine 
 
3.3 GENERAL FEATURES OF PLASMID DNA VACCINES 

Bacterial plasmids consist of double stranded DNA that carry genetic material and are 
able to replicate in the bacteria independently of the bacterial genome. In contrast to 
many other vaccine modalities, a plasmid DNA vaccine is resistant to high 
temperatures and therefore relatively stable. This feature might be one potential benefit 
of these vaccines, as they might not require unbroken cold-chains to maintain integrity. 
This is of particular importance when the vaccine is transported for use in developing 
countries. 
 
To be employed as a vaccine vector (Fig. 6), a plasmid requires a few essential 
features: 1) an origin of replication (ORI) in order to permit replication for production 
in bacterial cultures; 2) a selection marker, normally a gene encoding antibiotic 
resistance, but due to regulatory concerns, non-
antibiotic resistance systems have been developed 
[75]; 3) a strong eukaryotic promoter, permitting 
efficient expression of the inserted gene. Classically 
the promoter is of viral origin such as the immediate 
early promoter from Human Cytomegalovirus 
(CMV). The CMV promoter, however, has 
limitations as it is efficiently silenced by IFN-  
[294]; 4) a Kozak sequence in the 5´UTR region 
proximal to the start codon of the vaccine gene 
greatly enhances the translation of the mRNA [204]; 
and 5) a polyadenylation (polyA) signal, stabilizing 
the mRNA after transcription of the inserted gene.  
 
Alternatives to conventional plasmid vaccines have been developed. The use of 
plasmids encoding a viral replicon is an approach for increasing the vaccine-induced 
immune responses while reducing the persistence of plasmid after immunization. 
Efficient clearance of transfected cells is by some considered a safety advantage, 
although persistence of the plasmid, as long as integration does not occur, might be 
good to permit longer production of antigen. Viral replicons are self-amplifying RNAs 
and for vaccine-use they are typically derived from alpha- or flaviviruses. Having the 
vaccine antigen expressed under the control of a replicon promotes the development of 
an immune response that more closely mimics the response that occurs during a natural 
viral infection. The rapid and high-level production of RNA acts as an adjuvant by 
stimulating the innate anti-viral response. This in turn augments the induction of 
adaptive responses and enhances the clearance of transfected cells [35, 155, 271].  
 
Mini-plasmids containing only the inserted gene, a promoter and polyA signal, have 
also been developed [63, 78]. These plasmids can be produced by site-specific 
intramolecular recombination employing the integrase from a bactriophage [63]. These 
vectors have the advantage that the proportion of the vaccine-encoding DNA is 
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increased relative to the DNA vector backbone and the expression of the gene of 
interest can be enhanced significantly by using a mini-plasmid instead of a traditional 
plasmid [62]. This approach has yet to prove capable of inducing immune responses, as 
the plasmid backbone is deprived of many of the inherent motifs normally found in the 
backbone of plasmids that are considered to be immunostimulatory. Mini-plasmids 
might therefore be better suited for use as gene therapy vectors than vaccine-gene 
vehicles. 

3.4 STRATEGIES TO ENHANCE THE POTENCY OF A GENETIC 
VACCINE 

3.4.1 Modifications of the gene insert 

One important aspect for the potency of plasmid DNA vaccines is the amount of 
protein that is expressed after transfection of cells. The level of protein expressed in
vivo has been shown to correlate with the subsequent vaccine-specific immune 
responses, both for bacterial, viral and parasital antigens [15, 202, 374]. As different 
organisms have different preferences for codon-usage, a gene from a microorganism 
can be altered in order to use the codons optimal for a particular species [145]. The 
strategy of altering the codons of a microbial gene is one of the most exploited 
strategies in DNA vaccine design.  

In addition to codon-optimization, there are often specific alterations that can be made 
in the genetic material coding for proteins from a particular microbe. Genes encoding 
viral antigens may contain inhibitory sequences that prevent efficient expression of the 
antigen and these sequences can be altered to permit high expression of the viral protein 
[68, 336]. For HIV-1, the expression of the late gene products Gag, Envelope and Pol is 
dependent on the viral protein Rev, which shuttles unspliced mRNA from the nucleus 
to the cytoplasm. This is carried out by Rev binding to specific sequences in the RNA 
transcripts. The removal or modifications of these cis-regulatory elements can greatly 
enhance the expression of the late viral proteins [Paper I and [336, 337]].  

One of the most appealing features of genetic vaccines is the possibility to rather easily 
design the encoded antigen to behave in a particular manner and to induce the desired 
type of immune response. It is possible to obtain natural folding of proteins, have 
transmembrane antigens and have the correct post-translational modifications, such as 
patterns of glycosylation, something that might be difficult to achieve by expression of 
proteins in bacteria or insect cells. Moreover, antigens can be modified in order to 
induce antibody responses by attaching a signal sequence deriving from a naturally 
exported protein. This results in transport of the expressed protein to the outside of the 
cell-membrane, thus increasing the likelihood of increasing the B cell responses [73, 
185]. Moreover, it is possible to alter the pattern of glycosylation of proteins. This has 
been attempted in order to unmask viral epitopes that naturally are shielded by the 
presence of glycans [43, 57]. For increasing the MHC class I-restricted responses, 
relevant CTL epitopes from a microbial or tumor antigen can be selected and encoded 
by a genetic construct where the epitopes are lined up like “beads on a string” [42, 
151]. Furthermore, the deletion of immunodominant regions in a protein, for the benefit 
of raising immune responses to less dominant epitopes, has been demonstrated [222]. 
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This can be utilized when the most immunodominant epitope(s) induces non-
neutralizing immune responses or represents sequences that easily can mutate to 
facilitate escape from immune responses. By adding certain amino acid sequences, it is 
possible to increase the targeting of antigen to either the proteasome for increased 
MHC class I presentation and CTL-responses [308] or alternatively, to the lysosomal 
compartment for MHC class II presentation and subsequent enhanced CD4+ T helper 
cell and antibody responses [229, 315]. 

3.4.2 Delivery methods for naked DNA vaccines 

Many different routes and techniques have been explored in preclinical models to find 
the optimal means of delivery for plasmid-based vaccines. The optimal route and 
method of delivery will most likely vary between different antigens and the species to 
be immunized, and also depends on which type of immune response is desired. 

3.4.2.1 Particle bombardment using a gene gun 

The ballistic delivery of DNA-coated gold particles into the epidermal layer of the skin 
was the first method utilized for inducing immune responses with a genetic vaccine 
[366]. The helium-propelled gene gun has since been developed further. Despite the 
minute amounts (nanograms to a few micrograms/shot) of DNA that is delivered, this 
method has proven to induce CD4+ and CD8+ T cell responses and protective levels of 
antibodies in human volunteers immunized with a plasmid encoding Hepatitis B 
surface antigen [316]. This was even observed in humans who had not responded to the 
licensed recombinant protein vaccine. Moreover, gene gun immunization with a 
plasmid encoding Influenza A Hemagglutinin (HA) was recently shown to boost HA-
specific antibody responses in humans [95]. The main explanation for the efficiency of 
particle mediated gene delivery is believed to be that the immunogen is introduced 
directly into cells [408]. In addition, the target tissue, the epidermis, contains a high 
density of the extremely efficient antigen-presenting Langerhans cells (a subset of 
DCs), which have been shown to be directly transfected by the particle bombardment 
[69, 291]. 

3.4.2.2 The Biojector 

In addition to the gene gun, there are devices available for needle-free jet delivery of 
vaccines, such as the Syrijet [231], the Mini-Ject [296] and the Biojector. The Biojector 
2000 (Fig. 7) is a delivery system that has gained increasing attention. It has been used 
to deliver DNA, either to the dermis or to the muscle, in several clinical trials, including 
our two HIV-1 vaccine trials. This method has also been used successfully in the clinic 
to deliver protein-based vaccines. Results from a clinical trial demonstrated that 
delivery of a protein-based Hepatitis A vaccine using the Biojector more efficiently 
induced vaccine-specific antibodies than conventional delivery using syringe and 
needle [400]. Similar results were obtained in a Hepatitis B vaccine trial [242]. 
Moreover, the Biojector has been used to deliver viral vectors in preclinical 
experiments [[255] and own observations]. The Biojector is propelled by CO2 and does 
not, in contrast to the gene-gun, require the coating of DNA onto gold beads. Instead 
the DNA is injected as a highly focused jet of liquid. Delivery of DNA by the Biojector 
has been demonstrated to significantly increase the uptake of plasmid as compared to 
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needle injection, especially by cells in the skin at the site of injection [236]. The 
targeting of the dermis and the Langerhans’ cells found in this tissue might help to 
explain the efficacy of the Biojector. In mice, the Biojector can only be used for 
intradermal vaccine delivery since the jet-injection is too powerful to target the small 
murine muscles.  

We, and others, have demonstrated an efficient induction of CD8+ T cell and/or 
humoral responses in animal models after genetic immunization using the Biojector 
(Papers I and III as well as [5, 339]). In a non-human primate study, protective antibody 
responses against a subsequent challenge with Dengue virus was induced by Biojector-
delivery of a multi-antigen plasmid vaccine [298]. Although several animal 
experiments have demonstrated that DNA delivered by jet injection might be superior 
to vaccine delivery using needle and syringe [5, 139], a recent experiment in non 
human-primates showed no difference in immune responses induced by a plasmid 
vaccine delivered by needle or by jet injection [296].  

Additional advantages of using a needle free device are the reproducibility of the 
immune responses and the ease of injection (own observations). Moreover, needle-free 
devices provide increased safety due to the reduced risks of transmission of blood-
borne diseases by contaminated needles. The needle-free devices can, however, still 
cross-contaminate due to splash-back and the devices have to be constructed so that the 
part that could be contaminated is new for each person.  

Regarding the clinical use of the Biojector for the delivery of genetic vaccines against 
infectious agents, the device has been used in trials against malaria [387] and HIV-1 
[138, 324]. The results from our clinical trial in Sweden are described in Clinical Trials 
of DNA and/or viral vectors.

Figure 7. The Biojector with syringe, intradermal spacer and the CO2 cartridge that 
provides the force to propel the liquid into the skin or muscle. Courtesy of Dr R. Stout. 



30

3.4.2.3 Electroporation 

Electroporation constitutes a very promising approach for increasing the potency of 
naked DNA vaccines and might in the future serve as the primary choice of delivery 
technique. Electroporation has yet to prove its potency in clinical trials, but it can 
dramatically improve the immune responses after plasmid DNA immunization in 
animal experiments. 

In vitro, this technique has since long been used to increase the delivery of DNA into 
both pro- and eukaryotic cells [268] and the technology for in vivo applications was 
first developed and licensed as a drug delivery system for treating cancers. For in vivo
vaccine applications, it was initially shown that skin cells could be stably transfected by 
electroporation of plasmid DNA encoding neomycin-resistance, as analyzed by the 
rescue of neomycin-resistant cells from the site of injection [370]. Subsequent 
experiments showed the potential of the method for in vivo transfection of muscle cells 
[7] and that transfection efficacy could be greatly enhanced as compared to 
conventional intramuscular delivery of plasmid DNA [259]. The ability of 
electroporation to induce antibody and CD8+ T cell responses using substantially lower 
doses of DNA than during conventional immunization was subsequently shown in 
several small animal models [398]. The increase in directly primed antigen-presenting 
cells, as evidenced by an increased presence of transfected cells in the lymph nodes, 
was suggested to contribute to the increase in immune responses after electroporation 
[94].  

Electroporation is also a potent technique for inducing vaccine-specific immune 
responses in non-human primates. Intramuscular electroporation of macaques with 
genes encoding SIV Gag and Envelope proved to induce more rapid, stronger and more 
durable CD8+ T cell, CD4+ T cell and humoral responses [275]. Importantly for HIV 
vaccines, electroporation has been shown to increase the breadth of immune responses 
after intramuscular immunization of macaques with a multigene HIV vaccine [230]. 
The electroporated animals in this experiment displayed at least a 10-fold increase in 
cellular responses despite given 5-fold less DNA than animals immunized without the 
addition of electroporation. The electroporated animals also developed immune 
responses to less immunogenic gene-products in the vaccine; responses that were not 
present in conventionally immunized animals.  

Electroporation has also been shown to efficiently boost immune responses in animals 
conventionally primed with naked DNA [49], a strategy that we are planning to employ 
in an ongoing clinical trial against colorectal cancer. We have recently begun exploiting 
intradermal electroporation to augment HIV vaccine potency as this mode of 
immunization has been shown to be efficient in several animal models, using both 
microbial [313] and cancer antigens [252]. One particularly interesting experiment 
showed that intradermal electroporation of mice using an array of micro-needles coated 
with plasmids encoding four different Vaccinia virus proteins, induced protective 
antibody responses against lethal mucosal challenge with Vaccinia virus [173]. In the 
same experiment, electroporation was shown to induce a balanced IgG1 and IgG2a 
antibody response, in contrast to the Th2 responses induced by the same plasmid 
vaccine delivered by gene gun. To illustrate the potency of this immunization method, 
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Figure 8 shows Gag-specific cellular immune responses in mice following one 
intradermal immunization with a p37Gag-encoding plasmid, with or without the 
addition of electroporation (Brave et al, unpublished).  

 
 
 
3.4.3 Adjuvants for plasmid DNA and other vaccine modalities  
3.4.3.1 “The immunologists’ dirty little secret” 

The word adjuvant originates from the Latin word Adiuvare (meaning to help or aid). 
For vaccine applications, an adjuvant is a compound delivered in conjunction with the 
vaccine in order to augment the vaccine-specific immune response. The classic vaccine 
strategy of immunizing with live attenuated microorganisms normally does not require 
any addition of adjuvants. This can be explained by the inflammatory signals that are 
induced as a result of the mild infection caused by the attenuated pathogen, resulting in 
the induction of a strong and protective immune response. However, the use of highly 
purified vaccine antigens, whether protein-based or gene-based, often requires the 
addition of immune stimulating agents. Choosing the proper adjuvant can reduce the 
number of immunizations, manipulate the immune response towards a desired direction 
(e.g. towards a cellular or humoral response), break tolerance to self-antigens, or reduce 
the amount of antigen needed. 
 
There is an increasing emphasis on the development of novel adjuvants, but for about 
80 years there was only one approved adjuvant, alum. The adjuvant is composed of 
aluminum hydroxide and/or aluminum phosphate, and alum was initially described in 
1926 when delivered together with diphtheria toxin. Alum is normally used in order to 
stimulate Th2 responses [146] and antibody production against subunit based vaccines 
such as tetanus, diphtheria and Hepatitis A and B (reviewed in [221]). The mechanism 
for how this compound exerts its actions is still not known in detail, but it is believed 
that increased antigen uptake [237] and enhanced antigen presentation [303] are 
important. Over the years a wide range of experimental adjuvants have been developed 
and evaluated both preclinically as well as in clinical trials. Below are some of the most 
interesting adjuvants described with regards both to preclinical and clinical use.    
 

Figure 8. IFN-  ELISpot 
responses in splenocytes 10 
days after i.d. immunization of 
BALB/c mice with a p37Gag-
encoding plasmid, with or with-
out the addition of electropor-
ation. Cells were stimulated ex 
vivo with overlapping pep-tides 
of p24Gag. 
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3.4.3.2 Emulsions 

Emulsion adjuvants (oil-in-water or water-in-oil) are usually used in formulation with 
subunit vaccines and promote the induction of humoral responses. The emulsion is a 
two-phase system where one phase exists as droplets within the other phase. In order to 
stabilize the droplets, one or more emulsifiers (a substance containing both a 
hydrophilic and a hydrophobic residue) is added [84]. The depot effect (retention of 
antigen which is slowly released at the injection site) of the water-in-oil emulsion is 
believed to be important for the adjuvant activity [162]. Another important mechanism 
for some emulsion adjuvants, is the induction of inflammation and the promotion of 
uptake of vaccine by antigen-presenting cells [100]. There are several emulsion-based 
adjuvants available, including the well-known incomplete Freund’s adjuvant [118] 
(lacking the bacterial material that is found in Freund’s Complete adjuvant), Adjuvant 
65 [165], Montanide [21]  and MF59. However, only MF59 are used in licensed 
vaccines. 

3.4.3.2.1 MF59 [Paper V]

MF59 is the Novartis propriety oil-in-water emulsion adjuvant that is part of the 
subunit-based influenza vaccine FLUAD. The vaccine is licensed in several countries 
for use in elderly people at risk for post-influenza complications. The adjuvant consists 
of squalene, an immunologically inert [85] and biodegradable oil found naturally in the 
human body as a metabolite of cholesterol, mixed with two different emulsifiers [287]. 
In contrast to the water-in-oil emulsions, MF59 does not seem to work by the retention 
of antigen. Instead MF59 mainly acts by the recruitment of immune cells, such as 
macrophages, to the site of injection, and possibly also by the induction of apoptosis 
[99, 100]. The observation that MF59 stimulates the innate immune system is also 
evident in Paper V, where the adjuvant itself induced protection of mice against the 
cell-based HIV/MuLV challenge. The MF59 adjuvant typically induces a Th2 type of 
immune response and has been shown to increase the vaccine-specific antibody 
response in both animals [164] and humans [119]. Regarding HIV vaccine studies, 
several non-human primate studies have been carried out where HIV or SIV proteins 
have been formulated in MF59 [103, 134, 382] and the adjuvant is now part of a phase 
1 trial with a subtype B V2-deleted gp140.  

3.4.3.3 Chemical Adjuvants 

The mechanism for the uptake of naked DNA by cells is still not fully understood. It 
has been suggested to occur via membrane disruption, transient pore formation in the 
cell membrane and/or by more active processes including receptor-mediated 
endocytosis [50, 122, 329, 403]. Many different chemical carriers/adjuvants have been 
developed with the purpose of increasing the delivery of DNA into cells, including 
polymers, micro-and nanoparticles and liposomes (comprehensively reviewed in 
[142]). Cationic polymers and lipids have long been used to increase the transfection 
efficiency of plasmids in vitro. These substances act mainly by aiding the negatively-
charged plasmid to cross the cell membrane by increasing the natural net-charge of the 
plasmid and reducing its hydrodynamic radius [110]. The compounds can also protect 
the plasmid DNA from degradation [38, 132]. In our current therapeutic vaccine trial in 
Stockholm, HIV-1 infected patients are immunized by topical administration of a 
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multi-plasmid vaccine formulated in the cationic polymer polyethyleneimine (PEI) 
[227]. PEI is one of the most widely used cationic polymers for DNA delivery to cells 
both in vitro and in vivo (reviewed in [232]) and was shown to promote uptake of 
plasmid by endocytosis [300]. We have also used the cationic lipid-based adjuvant N3 
[166] for intranasal delivery of a plasmid vaccine to mice. The addition of N3 resulted 
in both humoral and cellular immune responses that were several-fold stronger against 
the encoded antigens than the responses that resulted from unformulated vaccine, when 
administrated both systemically and mucosally (Bråve et al, submitted). The use of 
micro- or nanoparticles for delivering encapsulated plasmid DNA is another strategy to 
increase the uptake of plasmids by APCs [87, 364] and has the potential to both 
stabilize the DNA and to target the DNA for uptake because of the size of the particles 
[350]. In a clinical gene-based vaccine trial against human papillomavirus type 16 the 
adjuvant, poly(dl-lactic-co-glycolic acid) (PLGA), was reported as safe and well-
tolerated but without any significant beneficial effects [201]. 

3.4.3.4 Cytokines

Cytokines are important signaling molecules by which the cells of the immune system 
communicate and orchestrate the response upon encounter with a pathogen. Thus it is 
an attractive strategy to use these molecules as adjuvants. Many different cytokines 
have been explored for their adjuvant capacity, both as recombinant proteins or 
encoded by plasmids or microbial vectors. In non-human primate studies of SIV/SHIV 
vaccines, the addition of cytokines including IL-2 [30], IL-12 and IL-15 [65], and GM-
CSF [307], have proven to augment protective immune responses. Especially 
interesting is the use of IL-15 in a Vaccinia virus vaccine model, in which the gene was 
inserted into Vaccinia virus and was demonstrated to strongly increase the virus-
specific immune responses and prolonged the vaccine-specific memory [281]. 
However, the cytokine should be selected with care in order to make sure that the 
desired immune responses are induced. Immunization of mice with a recombinant 
Vaccinia virus expressing IL-4 resulted in delayed development of CD8+ T cell 
responses capable of clearing virus-infected cells. This was caused by IL-4 tilting the 
immune response to Th2, thus preventing the production of Th1 cytokines [343]. 

3.4.3.4.1 Granulocyte Macrophage Colony-Stimulating Factor [Papers I and III]  

We have used the recombinant cytokine Granulocyte Macrophage Colony-Stimulating 
Factor (rGM-CSF) as an adjuvant for plasmid-based vaccines ([149, 225, 310] and 
Paper I). GM-CSF is naturally produced by a variety of cells, including activated T 
cells, monocytes and macrophages [17]. The GM-CSF receptor is expressed on many 
cells of the immune system, including lymphocytes, monocytes, granulocytes, 
macrophages and dendritic cells [144, 347]. The receptor, which is expressed on the 
cell surface at a relatively low density [273], mainly signals through the JAK-STAT 
pathway [347]. Receptor binding of GM-CSF, activates transcription of a number of 
genes, including certain genes involved in the antigen-presenting pathways [59, 113]. 
The GM-CSF potently recruits and activates many different cells, including DCs and 
the importance of the protein for DC development is confirmed by its requirement for 
in vitro maturation/differentiation of these cells [180, 320]. Although GM-CSF has 
direct effects on T cells, it seems likely that the increased antigen presentation plays the 
major role in the adjuvant activities of the protein [380]. Experiments have also shown 
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that GM-CSF has the capacity to recruit Langerhans cells to the site of injection [188]. 
This observation might partially explain the potent adjuvant-effects of GM-CSF when 
delivered into the skin [Paper I and III]. GM-CSF has been extensively used as an 
adjuvant in preclinical research, both delivered as a recombinant protein and encoded 
by plasmid. We and others have shown that the protein can increase both CD4+ T cell, 
CD8+ T cell and antibody responses if co-delivered with the vaccine antigen (Paper I 
and [197, 311, 395]). Moreover, the addition of GM-CSF to a genetic vaccine was 
shown to enhance the vaccine-induced protective effects in mice upon challenge with 
malaria parasites [395].  

Despite promising results using genetically encoded GM-CSF in small animals, the 
results in non-human primates are less convincing [206]. Recently, however, Robinson 
and colleagues reported encouraging results, showing that the quality of the 
neutralizing antibody responses against SHIV in immunized macaques could be 
augmented by the addition of plasmid-encoded GM-CSF [307]. The use of recombinant 
protein has, in our experiments, proven superior to the use of plasmid-encoded GM-
CSF [20]. In Paper I we clearly show that the injection of recombinant GM-CSF 30 
minutes prior to DNA immunization is essential for inducing high titers of both Gag- 
and Envelope-specific antibodies and also for inducing significant cellular responses to 
the envelope antigens. 

However, in the clinical trial in Stockholm, the use of recombinant GM-CSF proved to 
have a negative effect on both T cell and antibody responses [325]. The inability of 
GM-CSF to augment the immunogenicity of genetic vaccines in humans was also 
shown in a vaccine trial against malaria using plasmid-encoded GM-CSF [387]. In 
contrast, recombinant GM-CSF has shown significant adjuvant effect when co-
delivered with protein-based vaccines in humans [321, 367, 375]. There is no clear-cut 
explanation for this discrepancy, but experiments carried out with plasmid-encoded 
GM-CSF indicate that the timing of cytokine delivery is crucial in order to obtain the 
desired immune response [207]. The biological activity of a particular batch of the 
cytokine may also influence the clinical result. 

The fact that cytokines naturally wield a number of functions and can act both 
activating and suppressing, makes it difficult to fully control the outcome of the 
immunization. Potentially, cytokines also can increase the risks of post-vaccination 
complications and in our phase I trial, the addition of cytokines did induce adverse 
reactions in some vaccinees, including nausea, headache and flu-like symptoms [324].  

3.4.3.5 Toll-like receptor agonists  

In 1989, the world-renowned immunologist Charles Janeway termed vaccine adjuvants 
“immunologists’ dirty little secret” and asked why the immune response against a 
vaccine antigen could be augmented by adding substances derived from 
microorganisms [181]. For almost 100 years it had been known that lipopolysacharide 
(LPS), which is present on the surface of gram-negative bacteria, caused inflammation 
when injected into the body. The question was answered, at least partially, when the 
Toll-like receptors (TLRs) were identified and shown to take part in the activation of T 
cells [253]. Subsequently it was shown that LPS specifically activates one of the now 
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several identified Toll-like receptors [289]. So far 10 TLRs have been identified in 
humans and 13 in mice [192]. These receptors interact with highly conserved structures 
from microorganisms, termed pathogen-associated molecular patterns (PAMPs). These 
structures can be single- or double-stranded viral RNA, unmethylated CpG motifs 
found only in the prokaryotic genome, or different microbial surface components.  

Plasmid-based vaccines are thought to be self-adjuvanting, in the sense that they have 
CpG-motifs in the plasmid backbone. These motifs are, even in the context of the 
plasmids, thought to retain their capacity to stimulate TLR9 [205]. One strategy to 
augment the immune response can be to add CPG-ODNs, short stretches of synthetic 
oligodeoxyribonucleotides containing CpG motifs, to the vaccine. This has been shown 
to enhance vaccine-specific immune responses greatly and to tilt the immune response 
towards Th1 [86, 310]. However, the ability of microbial DNA to stimulate the innate 
immune response is not exclusively dependent of signaling through TLR9. MyD88 
knockout mice were shown to respond with IFN-  production upon exposure to viral 
DNA, despite their inability to signal via TLR9 [170]. TLR9-independent activation by 
recognition of foreign DNA was recently shown to be mediated by a cytosolic sensor 
protein, the DNA-dependent activator of IFN-regulatory factors (DAI) [365]. 
Knockdown of the expression of the protein by siRNA abolished the IFN-  response in 
mouse fibroblasts stimulated with DNA, but not in cells stimulated with a TLR3-
ligand. This newly discovered receptor might help to explain the potent Th1 responses 
that can be induced by gene gun-delivery of a plasmid vaccine. Since gene gun-
injection delivers the plasmids directly into the cell it bypasses the activation of the 
TLR9, which is expressed in endosomal compartments.  

The natural ligand of TLR7 and 8 (both are expressed by human DCs but only TLR7 is 
expressed by the murine counterpart) includes single stranded viral RNA [89, 160]. In 
addition, the receptors also recognize imidazoquinolines, which are small synthetic 
compounds [89, 160]. Imiquimod, normally used to topically treat genital warts, can be 
used as a topical adjuvant for genetic vaccines delivered epidermally by gene gun [419] 
and the closely related Resiquimod can also enhance plasmid vaccine-induced 
responses [274, 369]. Furthermore, immunization of non-human primates with HIV-1 
Gag protein conjugated to TLR7/8 agonists, resulted in a Th1 skewing of the immune 
response and induction of a potent CD8+ T cell response [399]. One possible 
mechanism for the enhanced cross-priming by the addition of the TLR7/8 ligand is 
increased uptake of the antigen by dendritic cells, a mechanism that has been 
demonstrated for protein conjugated to CpG-ODNs [349].  

Another highly interesting TLR-agonistic adjuvant formulation is the propriety 
adjuvant AS02A from GlaxoSmithKline that contains, besides saponin, the TLR4 
ligand monophosphoryl lipid (MPL) A, which is a detoxified variant of LPS. HIV-1 
proteins formulated in AS02A are able to induce prominent cellular and humoral anti-
HIV responses in animals [312, 406]. MPL A is included in the licensed subunit 
vaccines against Hepatitis B virus (Fendrix) and Human Papillomavirus (Cervarix). 
The adjuvant has also shown great promise when formulated together with a protein-
based vaccine against Plasmodium Falciparum [195]. 
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Flagellin, the main constituent of bacterial flagella, is the ligand for TLR5 [158] and, 
since it is a protein, can be encoded by a genetic vaccine. Gene gun delivery of a 
flagellin-encoding plasmid induced local inflammation, promoted an influx of 
granulocytes to the site of injection, and augmented CD8+ T cell and antibody 
responses [16]. The stimulatory properties of the adjuvant mediated protection of 
immunized animals from a lethal influenza challenge. Another TLR ligand that can be 
encoded by a genetic vaccine is the porin PorB deriving from Neisseria meningitides.
This protein interacts with TLR2 [241] and was early on shown to have mitogenic 
effects and addition of this protein successfully increased immune responses against a 
polysaccharide vaccine [224]. 

3.4.3.6 Miscellaneous adjuvants 

The particulate adjuvant Immune Stimulatory Compound (ISCOM), which contains, 
amongst other things, the detergent and immune activating saponin, is a potent 
enhancer of both CTL [105] and antibody responses [396]. ISCOM-based vaccines are 
considered safe in humans after clinical trials including more than 900 subjects [322].  

Another classical adjuvant strategy includes the use of microbial toxins from Vibrio 
Cholera and Escherichia Coli, two compounds that are very efficient as mucosal 
vaccines and adjuvants (reviewed in [120]). The subunit B of the cholera toxin 
constitutes the non-toxic part of the protein complex and is responsible for binding of 
the toxin to target cells. We have explored recombinant CTB (rCTB) as an adjuvant by 
genetically linking CD8+ T cell epitopes from HIV proteins to the C-terminus of rCTB. 
The fusion protein is expressed in prokaryotic systems and used for immunization. The 
linkage of rCTB to HIV-1 epitopes greatly enhanced MHC class I restricted responses 
as compared to responses evoked after delivery of the epitopes alone in the form of 
discrete peptides (Boberg, A et al., in press). The exact mechanism for the immune-
enhancing ability of rCTB in this case is not yet known, but increased uptake of the 
antigen is a probable cause, since rCTB binds to the ganglioside receptor GM-1 thus 
promoting the transfer of the peptide/protein through the cell membrane [172].   

3.4.3.7 Induction of apoptosis as an adjuvant strategy 

Apoptotic materials, also referred to as apoptotic bodies, are readily phagocytosed by 
dendritic cells [9]. With the correct stimulatory signals, antigens associated with the 
apoptotic bodies can be presented to T cells via the MHC class II pathway [412] as well 
as cross-presented via the MHC class I pathway [10, 342]. Immunization with 
apoptotic bodies deriving from HIV-1 infected cells was shown to elicit both potent 
cellular and humoral anti-HIV-specific immune responses in mice. These responses 
translated into increased protection from cell-based HIV/MuLV challenge [352]. One 
method of inducing apoptosis is to use genes encoding pro-apoptotic proteins. There 
are several potential problems involved when using pro-apoptotic genes to increase the 
priming of the immune system. They include the choice of target cells as well as 
circumventing the death of the professional antigen-presenting cells. The latter can be 
illustrated by experiments where APCs were instead targeted with plasmids encoding 
anti-apoptotic proteins in order to prolong the antigen presentation. When delivered in 
conjunction with a plasmid vaccine, the anti-apoptotic molecules induced stronger 
vaccine-specific immune responses [198]. In contrast, if somatic cells are targeted by 
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the immunization, one has to make sure that the induction of apoptosis is delayed by 
some mechanism in order to allow the plasmid-encoded immunogen to be expressed 
before the transfected cell dies. This strategy was nicely utilized by Sasaki and 
colleagues who demonstrated that reduced catalytic activity of modified caspases 
allowed for a prolonged expression of vaccine antigen before the onset of apoptosis, 
which in term resulted in augmented immune responses [327].  

3.5 VIRAL VECTORS 

The most potent vaccines against viral diseases are live attenuated versions of the 
pathogen and to utilize attenuated viruses to deliver vaccine antigens is an attractive 
approach. One of the most appealing properties of viral vectors is the capacity of the 
vector to provide potent immune stimulation through activation of a variety of 
pathways. For instance, many RNA-viruses have both single- and double-stranded 
RNA intermediates that are recognized by various pathogen-recognition receptors 
(PRRs) such as TLR3 [11], TLR7/8 [160], RIG-I [411], and MDA-5 [131]. The 
activation of these receptors results in massive innate immune responses and release of 
type I interferons. It has been suggested that the more pattern recognition receptors that 
are activated upon immunization with a viral vector, the more potent the specific 
immune induction will be [295]. Many different viruses, both RNA and DNA viruses, 
have been explored as vaccine vehicles (reviewed in [47]). However, potential safety 
concerns and preexisting immunity might limit the use of certain viral vectors [47]. 
Some of the features of the most commonly used viral vectors are summarized in Table 
2. For an HIV vaccine application, the viral vectors that dominate the clinical trials are 
replication-incompetent Adenovirus-5 [55] and various attenuated pox-viruses, 
including ALVAC [373] derived from canarypox virus, and MVA [266, 324] and 
NYVAC [133], both derived from Vaccinia virus. However, most of the viral vectors in 
clinical trials are used together with other vaccine modalities in prime-boost protocols.  

3.5.1 Modified Vaccinia virus Ankara  

The poxviruses comprise a family of complex double-stranded DNA viruses. The 
poxviruses are the largest viruses infectious for humans and have genomes of 150-300 
kb. Variola virus (smallpox) is the most virulent virus within the family and is the only 
virus to have been successfully eradicated globally by vaccination. Besides their 
immunogenicity, poxviruses have two major properties making them attractive as 
vectors for foreign genes: 1) the genome of poxvirus is large and sufficiently stable to 
carry large amounts of foreign genetic materials; 2) the poxviruses replicate in the 
cytoplasm of somatic human cells as they carry the early genes and enzymes necessary 
for replication outside the nucleus of infected cells [265]. This contrasts to other DNA 
viruses such as Adenovirus that need access to the host nucleus for replication and 
expression of viral proteins. This feature of poxviruses most likely reduces the risk of 
integration of viral genetic material into the host genome. The Orthopox virus Vaccinia 
is closely related to the cowpox virus that Edward Jenner used for vaccination against  
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Vector (genome) Advantages Disadvantages 
Plasmid DNA Easy construction, modification and 

addition to other vaccines. Can act as 
potent priming, Relatively stable. 
 

Less immunogenic than anticipated 
in humans; needs dose increase, 
adjuvants, electroporation/delivery 
technology, or addition of hetero-
logous modality boost. 
 

Poxviruses 
(dsDNA) 

Can carry large and several foreign 
antigen (nucleotide) loads.  The only 
DNA virus vector replicating in 
cytoplasm, therefore no risk of 
integration. Experience in man. No 
pre-existing immunity (fowlpox). 
 

Complex construction, and not 
always stable. Expensive production. 
Some prior immunogenicity to vector 
(Vaccinia). 

Adenovirus 
(dsDNA) 

Effective cellular uptake and protein 
expression. Rapid induction of imm-
unity. Stable constructions.  
 

Moderately large foreign antigen 
(nucleotide) load.  Immunogenicity 
to some strains of the virus in the 
population. Human Adenoviruses are 
oncogenic in animals. 
 

Adenoassociated 
virus (ssDNA) 

Can be modified to not carry any 
original viral genes. Extensively used 
in gene therapy trials.  
 

Integration considered by some to be 
a possible risk, but evidence is not 
clear. Small foreign antigen (nucleo-
tide) load. 
 

Vesicular 
stomatitis virus     
(-RNA) 

High expression of inserted genes. 
Low pre-existing immunity. 
 
 

Safety concerns due to neural tissue 
receptor. 

Alpha viruses 
(+RNA) 

High expression capacity. RNA virus, 
no integration. Can target dendritic 
cells. No or low pre-existing immun-
ity. 
 

So far relatively unexplored in 
humans. Small-moderate foreign ant-
igen (nucleotide) load. 
 

Measles virus 
(-RNA) 

RNA virus, no integration. Experience 
in children as a homologous vaccine. 
Mucosal receptors. 
 

Pre-existing immunity. Moderate for-
eign antigenic (nucleotide) load. 
 

Poliovirus 
(+RNA) 

Experience in children as a homol-
ogous vaccine. Mucosal receptors. 

CNS receptors? Recombinants un-
stable. Structure-dependent uptake, 
sensitive to genetic changes. Small 
foreign antigen (nucleotide) load. 
Pre-existing immunity. 
 

Hepatitis B virus 
(ss/dsDNA) 

High expression of foreign antigens. 
Stable. 

Pre-existing immunity. Reverse tran-
scription involved in replication 
cycle. Small foreign antigen (nucleo-
tide) load. 

Table 2. Pros and cons of different vectors. Modified from Bråve et al., 2007. 
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smallpox in the late 18th century. However, due to some cases of severe complications 
after Vaccinia immunization, mostly observed in immunosuppressed individuals, a 
safer smallpox vaccine was developed by attenuation of Vaccinia. The virus was 
attenuated by passages in donkeys and calves in Ankara, Turkey, hence the name of the 
virus (reviewed in [177]).  

The Ankara strain of Vaccinia virus was further attenuated by several hundred passages 
in vitro in chicken embryo fibroblasts, resulting in the inability of the virus to replicate 
in the majority of mammalian cells (reviewed in [96]). During the in vitro passages, 
substantial parts of the viral genome were deleted and genes encoding proteins involved 
in interactions with the host immune response were lost, giving rise to the Modified 
Vaccinia virus Ankara (MVA) [41]. Vaccinia virus encodes for proteins that interacts 
and prevents the actions of both type 1 and type 2 interferons [41]. MVA lacks this 
feature, something that helps the generation of a potent Th1 and CTL responses against 
the encoded antigen [150]. The safety of MVA is well documented as it was given to 
over 120000 people, including people who were immunocompromised, during the late 
phase of the smallpox vaccination campaign, and in addition has proven safe in a 
variety of immunodeficient animals (reviewed in [177]). Thus the documented safety 
profile of this recombinant vector most likely exceeds most other viral vectors. The 
safety of recombinant MVA is evident also in Paper IV where mice were followed for 
almost a year with no observed signs of toxic effects after immunization with MVA 
encoding HIV-1 Nef. Crucial for the fate of this virus as a gene delivery vehicle, the 
production of both early and late viral proteins were shown to be unimpaired in human 
cells, despite the virus’ inability to propagate [361]. MVA has a broad host range [52] 
and the ability of recombinant MVA to induce immune responses against vectored 
antigens has been shown in a variety of animals including mice [362] and non-human 
primates [169] as well as in man [72]. Despite the virus ability to directly infect DCs 
[189], it was recently shown that the potent induction of MHC class I-restricted 
responses by MVA is mainly an effect of cross-priming of APCs [127].  

3.6 HETEROLOGOUS PRIME-BOOST IMMUNIZATIONS 

The introduction of electroporation might enable naked DNA to be used as stand-alone 
vaccines. However, the relatively modest immune responses elicited so far by plasmid 
DNA in humans [223] have resulted in the development of mixed modality  
immunization strategies. Heterologous prime-boost protocols include the sequential 
delivery of two or more vaccine modalities, and this has been shown to greatly enhance 
both antibody and T cell responses against a variety of pathogens and tumor antigens. 
For HIV-1 vaccine development, the potential of this strategy was first observed in 
non-human primates where a priming immunization with recombinant Vaccinia virus 
followed several months later by a boost of recombinant SIV Envelope protein resulted 
in potent neutralizing antibodies against SIV [175]. The same immunization protocol 
was brought into a phase I clinical trial of healthy HIV-1 seronegative individuals, and, 
similar to the preclinical findings, the results from the trial revealed the superiority of 
the prime-boost protocol over immunization with either modality alone, both for the 
induction of CD8+ and CD4+ T cell responses as well as for the generation of 
neutralizing antibodies [71]. Since then, many different vaccine protocols employing 
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mixed modality immunization have been explored. Here, the focus will be on plasmid 
DNA vaccines combined with proteins or with the viral vector MVA. 

3.6.1 Prime-boost protocols using DNA and Protein  

The development of a vaccine against HIV-1 that is capable of inducing broadly 
neutralizing antibodies able to block infection, has proven to be a difficult task. Protein-
based immunogens are traditionally used to induce humoral responses, and DNA 
vaccines are potent inducers of cellular responses. Thus the combination of the two 
vaccine modalities was a potential approach to augment both the humoral and cellular 
responses against vaccine antigens. For HIV, the potency of plasmid DNA to prime for 
a strong antibody response following a single boost of recombinant protein was shown 
in both mice and non-human primates in 1997 [28, 123]. Subsequently it was 
demonstrated that DNA followed by protein elicited higher levels of antibodies than the 
single modality immunizations, and more importantly, that the antibodies were of better 
quality as defined by their higher neutralizing capacity [301]. This was suggested to be 
a result of recognition of more epitopes and the observation that DNA prime-protein 
boost can be a potent strategy for inducing neutralizing antibodies against HIV has 
since been further demonstrated [388]. It is likely that the augmentation of the 
neutralizing antibody response by DNA priming is partly due to the capacity of DNA 
vaccines to generate properly folded and glycosylated proteins that are able to induce 
high affinity antibodies [386]. This, in combination with the induction of a vaccine-
specific T helper response [216], capable of aiding B cell activation and differentiation, 
probably explains the high levels of antibodies that are induced following the protein 
boost. The DNA prime-protein boost protocols can also induce improved Th1 
responses as well as CD8+ T cell responses, as demonstrated in various animal models 
[53, 76]. 

3.6.2 Prime-boost protocols using DNA and viral vectors with emphasis 
on MVA 

Recently, more emphasis has been put into the development of a vaccine against HIV-1 
that induces strong T cell responses. T cell responses against HIV-1 can potentially 
eliminate infected cells soon after the primary infection and possibly blunt the initial 
viral replication, lowering the viral set-point and ultimately preventing disease 
progression even though they could not produce sterilizing immunity [249]. The 
strategy of immunizing with naked DNA and recombinant viral vectors has become the 
most widely used method for inducing high levels of cellular responses against HIV-1 
and is currently being evaluated in several clinical trials. Many different recombinant 
viruses, both replicating and replication-deficient, have been explored in combinations 
with naked DNA for inducing HIV-1 immunity in animals and humans. These viruses 
include: pox-viruses such as replicating Vaccinia [71], the two attenuated Vaccinia 
viruses MVA and NYVAC and the canarypox vector ALVAC; Adenovirus, both 
replication-deficient [407] as well as replication-competent [235]; Alphaviruses 
including Semliki forest virus [234] and Venezuelan equine encephalitis virus [61]; and 
Vesicular stomatits virus [102]. Of these viruses, combinations of naked DNA and 
recombinant poxvirus or Adenovirus have received the most attention. 
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By priming with DNA, a low but highly antigen-specific immune response can be 
elicited. This response can be very efficiently boosted with a recombinant viral vector 
that naturally is highly immunogenic and elicits an antiviral response similar to that 
during a natural infection (see section Viral vectors). It has repeatedly been shown that 
priming with DNA and boosting with a viral vector is superior to repeated delivery of 
the same vaccine modality [194, 332]. Moreover, the breadth (i.e. recognition of 
additional epitopes) of T cell responses can be enhanced by DNA prime-viral boost 
protocols as compared to immunization with only one vaccine modality [407]. Utilizing 
HIV-1 DNA as the initial immunogen followed by HIV-1 genes in a viral vector, the 
immune responses against the HIV-1 gene products get a “head start” compared to the 
vector antigens in the competition for attention by the immune system. Supporting this 
mechanism is the demonstration that the opposite order of delivery (i.e. recombinant 
virus followed by DNA) results in significantly less potent immune responses against 
the vectored vaccine antigen [332].  

One additional explanation for the success of this vaccine strategy over repeated viral 
vector delivery is the circumvention of anti-vector immunity that possibly can hamper 
the effects of a subsequent viral boost. By priming with DNA and boosting with 
recombinant MVA or Ad5, it has been possible to elicit potent CTL responses against 
the vectored antigen, despite the presence of anti vector immunity [410]. In contrast, 
animals repeatedly immunized with the same viral vector had significantly abrogated 
CTL-responses against the vectored antigen. However, the magnitude of interference of 
pre-existing immunity to a viral vector possibly partly depends upon the time that has 
passed since the previous exposure. Especially for the non-replicating vectors, the 
presence of low-levels of circulating neutralizing antibodies may not efficiently 
interfere with the immunization. By the time the memory response against the vector 
has expanded to its full potential, the vector has already delivered the vaccine gene. The 
matter of anti-vector immunity might therefore be a more significant problem for 
replicating viral vectors since the potency of these vectors depends on viral replication 
and further spread of the virus to new target cells [129]. 

Many different vaccine constructs have shown promise for eliciting HIV or SIV 
immunity in DNA prime-viral vector boost protocols. It has become increasingly 
popular to the analyze the multifunctionality of HIV-1-specific T cells after 
immunization, a feature of T cells that is defined as the capacity to simultaneously 
degranulate and produce a variety of cytokines and chemokines. The reason for this 
interest is the observations that the presence of these highly functional CD8+ T cells in 
elite controllers inversely correlates with the viral load (see section The host response 
against HIV). Recently, it was shown that multifunctional T cell responses were 
mounted against Vaccinia antigens upon immunization with MVA and these cells were 
suggested to contribute to protection from a subsequent Dryvax challenge [292]. In the 
same report, the induction of T cells of a multifunctional phenotype was extended to 
include responses against HIV Envelope encoded by NYVAC. One suggested 
mechanism for the enhanced antiviral effects against Vaccinia virus mediated by the 
multifunctional CD8+ T cells, is the high production of IFN-  by these cells upon 
antigen recognition [292]. However, the protective effect of IFN-  induced by a 
prophylactic vaccine against HIV-1 is not established, and there are observations that 
DNA and MVA failed to induce protection against a challenge of influenza, against 
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which IFN-  independent T cell protection has been suggested [405]. So far, the only 
animal experiment that has demonstrated a protective role of multifunctional T cell 
responses against a vectored antigen, is in a murine Leishmania major challenge model, 
in which the protection was mediated by multifunctional CD4+ Th1 cells [79]. 

The capacity of combined DNA and poxvirus to induce potent immune responses has 
been shown repeatedly. Immunization of macaques with DNA encoding Gag, Pol, Env 
and Nef from the non-pathogenic SIVIIIb followed by a boost of fowlpox encoding the 
same antigens, resulted in efficient control of the homologous virus in an antibody-
independent fashion upon two consecutive challenges with SIVIIIb [306]. The animals 
immunized with DNA prime-poxvirus boost controlled the infection significantly better 
than animals immunized with DNA or protein only. In a subsequent experiment, 
macaques were primed with DNA encoding multiple HIV and SIV antigens and 
boosted with MVA encoding SIV Gag, Pol and Env. All antigens were derived from 
the SHIV strain 89.6. Seven months after the MVA boost, the animals were challenged 
intrarectally with highly pathogenic SHIV89.6P, resulting in infection of all animals, 
but with significantly reduced viral titers in the prime-boost animals as compared to 
control animals. Subsequently, the numbers of CD4+ T cells decreased in control 
animals as they progressed to AIDS, whereas immunized animals controlled the virus 
and their levels of CD4+ T cells, and remained healthy [14]. As antibodies against 
SHIV89.6 and its pathogenic derivate SHIV89.6P do not cross-neutralize the other 
strain of virus [261], the protection was attributed to long-lived memory T cells. 
Moreover, the T cell responses elicited by a potent DNA prime and viral vector boost 
were shown to prevent the destruction of the CD4+ memory T cells [243] in macaques 
following challenge with SIV [244]. Overall, the preclinical results in animal models 
support the translation of these immunization protocols into clinical trials. 
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4 HIV VACCINES 
It is generally appreciated that a prophylactic vaccine would be the most efficient 
means to halt the devastating HIV-1 epidemic. Mathematical models have suggested an 
impact of even a sub-optimal vaccine that confers protection in only about 30% of the 
immunized population [357]. As of today, the vaccine candidates that show promise 
and highest probability for clinical impact are the T cell-inducing vaccines [249]. The 
induction of T cell reactivity capable of controlling viral replication might be sufficient 
to reduce the spread of HIV-1. A generally reduced viral load in an infected population 
has been suggested to have a significant effect on the epidemic [81]. 

Rather early on, the difficulties in inducing protective immunity against HIV-1 were 
made clear as traditional vaccine approaches failed, despite being highly efficient 
against other pathogens. 

4.1 LIVE ATTENUATED VIRUS 

Historically, immunization with live attenuated pathogens has proven highly potent for 
induction of long-lived immunity against viral pathogens. It is being used against a 
number of human viruses such as Variola, Measles, Varicella-Zoster, Polio, Mumps, 
Influenza, Yellow fever and Rubella. Initially, this strategy seemed to be highly 
promising against HIV, as macaques immunized with a nef-deleted SIV resisted 
subsequent challenge of pathogenic SIV and remained healthy, whereas 11 out of 12 
unvaccinated and challenged animals succumbed to AIDS [77]. However, the initial 
enthusiasm was dampened when the virus demonstrated its impressive capacity to 
mutate, as shown by the reversion of a nef-deleted SIV into a pathogenic form causing 
AIDS in a vaccinated monkey [397]. Indeed, the capacity of nef-deleted HIV-1 to 
eventually cause immunodeficiency and clinical disease, despite an initial delay in 
disease progression, was observed in a cohort of infected individuals in Australia [143, 
213]. In light of these findings, attenuation of HIV-1 is not considered a feasible 
vaccine strategy because of safety concerns.  

4.2 INACTIVATED VIRUS 

Neutralizing antibodies are the main correlate of protection for available vaccines based 
on inactivated viruses. Inactivated virus vaccines are available for protection against a 
number of pathogens including Polio, Influenza, Rabies, Hepatitis A and several 
encephalitis viruses. The immunogen Remune (The Immune Response Corp., CA, 
USA) has been evaluated in several therapeutic HIV-1 vaccine trials. This immunogen 
consists of inactivated viral particles deprived of gp120 and formulated in incomplete 
Freunds adjuvant. The vaccine has been shown to induce both HIV-specific T cell 
responses and antibodies as well as a reduction in viral load of infected individuals 
[111]. However, in a large phase III trial, no beneficial effects of the vaccine were 
observed when added as a complement to anti-HIV therapy [2]. 

A more novel antigen is based on the inactivation of the nucleocapsid protein of the 
virus using the chemical agent AT-2, resulting in viral particles with preserved 
functional Envelope proteins [314]. Following immunization of macaques with AT-2-
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inactivated SIV, animals displayed lower peak viremia than control animals after 
challenge with homologous pathogenic virus, and in addition responded both by 
production of neutralizing antibodies and the generation of T cells that proliferated in 
specific response to SIV antigens [220]. 

A natural model for HIV is the infection of cats with Feline Immunodeficiency Virus 
(FIV). Upon FIV infection, the animals develop chronic and progressive 
immunodeficiency similar to that during human infection with HIV-1. The disease 
progression is hallmarked by loss of CD4+ T cells, emergence of opportunistic 
infections, tumors and neurological manifestations [33]. There is a commercially 
available vaccine against FIV (Fel-O-Vax from Fort Dodge Animal Health) that is 
based on inactivated virus of two different subtypes [208]. It has been suggested that 
the vaccine induce neutralizing antibodies and T cell responses, both thought to be 
contributing to the protective effects of the vaccine [293]. These are interesting findings 
that may have implications for further HIV-1 vaccine development.  

4.3 SUBUNIT VACCINES 

Like the inactivated virus vaccines, the main correlate of protection for subunit-based 
vaccines is neutralizing antibodies, and examples of successful protein-based vaccines 
against viruses are those against Hepatitis B virus and Human Papillomavirus. The 
ultimate goal of an HIV vaccine would be the capacity to induce a humoral response 
that is able to neutralize all variants of HIV-1. So far, recombinant monomeric HIV-1 
Envelope protein has been used as the immunogen of choice for inducing neutralizing 
antibodies. Although beneficial effects have been observed in therapeutic vaccine trials 
of gp160 [323] it has become obvious that non-native forms of the viral glycoproteins 
are incapable of inducing protective immune responses in humans [130].  

During HIV-1 infection there are several factors that contribute to the lack of efficient 
induction of humoral responses. There are features of the viral glycoproteins that 
prevent the induction of neutralizing antibodies including the variability of the amino 
acid sequence, heavy glycosylation (glycan shielding) [393] and conformational 
masking of neutralizing epitopes [209]. Moreover, the shedding of non-native forms of 
the Envelope proteins from infected cells and viral particles is believed to focus the 
antibody response towards non-neutralizing epitopes [288].  

In order to create immunogens that more closely mimic the native form of the viral 
glycoprotein, efforts have been made to construct vaccines based on trimeric gp120 
[159]. Although these constructs perform better than monomeric gp120 for strain-
specific neutralization, they have shown limited success in inducing antibodies capable 
of neutralizing heterologous virus [159]. In order to increase the potency of the gp120 
molecule, novel approaches are being explored. They include locking the protein in a 
conformation similar to that during viral attachment to the CD4 molecule [88] or 
unmasking epitopes by deletion of one or more of the variable loops of the protein [27, 
148].   
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4.4 VIRAL DIVERSITY AND THE IMPORTANCE OF SUBTYPES IN 
VACCINE DEVELOPMENT 

Within an HIV-1 infected individual, millions of variants of the virus can be present 
simultaneously, something that makes it significantly more complicated for the host 
immune response to control the virus. The main mechanisms that facilitate the viral 
diversity are the lack of proof-reading during reverse transcription [238] and the 
recombinogenic properties of reverse transcriptase [218]. During the course of 
infection, variants of the virus emerge that contain mutations in amino acid sequences 
important for recognition by the immune system. These mutations occur in both B cell 
and CTL epitopes and results in escape from both neutralizing antibodies and cytotoxic 
killing [8, 284]. However, mutations that occur in critical functional or structural 
regions would clearly make the viral mutants less fit for survival. So despite this ability 
to escape from immune responses, the strategy of vaccinologists has been to search for 
and utilize as antigens, conserved critical regions of the virus. 

The viral diversity has resulted in the emergence of subtypes (or clades) within the 
Main (M) group of HIV-1. The subtypes are designated A to D, F to H, J and K [3, 
304]. As a result of recombination between viruses of different subtypes, there are also 
circulating recombinant forms (CRFs) of the virus. The subtypes and CRFs are present 
to varying extents in different geographical regions in the world. World wide, the 
highest numbers of HIV-1 infections are of subtype C origin, a subtype that is highly 
prevalent in Sub-Saharan Africa, China and India. Subtypes A and D are prevalent in 
East and Central Africa together with CRF02_AG. In addition to the CRFs, many other 
recombinant forms of the virus exists; in east and Central Africa as many as 30 % of 
the infections are caused by recombinants of subtype A and D viruses [156]. The most 
common virus in Southeast Asia is the CRF01_AE, and in the western world, subtype 
B is most prevalent. As a consequence of the subtype B distribution in the western 
world, the antiretroviral drugs and most initial vaccine candidates were designed 
utilizing or against HIV of this subtype [353]. 

It is important to point out that the genotype (i.e. subtype) of HIV-1 is not the same as 
the immunotype. No evidence exists to support the idea that immune responses directed 
against HIV-1 from a certain subtype would confer protection against all other strains 
of virus within the same subtype. This can be illustrated by the fact that superinfections 
can occur with two genetically distinct viruses from the same subtype [12]. For 
neutralizing antibody responses, the viral genotype is not directly linked to the serotype 
of the virus, as the sequences of antibody epitopes in the Envelope proteins of HIV-1 
can differ substantially between viruses from the same subtype (reviewed in [264]). 
The fact that small changes in surface proteins of viruses can result in escape from 
neutralization is an established fact also for the antibody-mediated protection against 
influenza virus (reviewed in [372]). Despite the fact that influenza differs in many 
aspects from HIV, the lessons from the influenza vaccines highlight the need to target 
the specific virus that is circulating in a population or to find a way to broaden the 
responses in such a way as to provide protection against more than the exact strain 
within the vaccine. Several HIV-1 vaccine candidates are based on antigens derived 
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from virus of the predominant subtype circulating in a specific target population [152, 
385], and significant effort is being directed towards efforts to find both antibody and 
cellular responses that are broadly effective across a variety of strains. 

Heterologous protection from influenza can be efficiently induced by inducing CTL 
responses that target the most conserved viral antigens. This have been shown 
preclinically after DNA vaccination against the nucleoprotein and the matrix protein 
[91, 376] and clinically either by infection [250] or with a live attenuated vaccine [285].  
This might be a successful vaccine strategy also against HIV since the CD8+ T cell 
responses most frequently correlate with control of viral replication, both in infected 
individuals and in non-human primates [14, 196]. The inclusion of multiple antigens in 
a vaccine might serve to broaden the antiviral T cell responses and help to minimize the 
risk that a few amino acid alterations would enable viral escape [29]. Indeed, most 
current T cell-based vaccine candidates include multiple HIV-1 antigens and target 
proteins or regions that are more conserved between strains.  

To make things even more complicated, the inclusion of only one variant of an antigen 
might not be sufficient to induce efficient T cell reactivity against HIV-1. This was 
illustrated in an SIV-infected macaque, that initially controlled the infection, but as 
mutations developed in a dominant CTL epitope, the virus escaped the T cell response 
and the animal progressed to AIDS [29]. This observation showed how important 
responses against a single CTL epitope can be for a defined MHC haplotype. It 
suggests that infection of this animal with a different virus, lacking this particular 
epitope, would have resulted also in initially reduced control of the virus.  

We and others have approached the matter of viral diversity by including antigens 
deriving from HIV-1 of several clades [55, 266, 309]. The inclusion of full-length 
antigens from multiple viral subtypes in a vaccine may induce a broader response and 
increase the chance of including epitopes that fit the HLA haplotype of a vaccinee. We 
have previously shown that immunization with genes encoding HIV-1 Envelope of 
subtypes A, B and C induces broader neutralizing antibody responses, as well as 
increased protection from HIV-1/MuLV challenge, than immunization with a single 
clade of Envelope [225, 311]. Our results have been confirmed also by others [203].  

Another important effect of simultaneous delivery of antigens from different viral 
subtypes is the possibility to avoid the effect that has been termed “original antigenic 
sin”. After immunization with a vaccine containing a specific epitope, the strength of 
the immune responses against the original antigen can potentially result in subsequent 
reduced reactivity against variants of the epitope present in the infecting virus. This 
occurs because the variant is sufficiently similar to drive the initial response rather than 
a novel response against the slightly different new antigen. This was originally 
observed, and the term coined for influenza [1, 108]. The simultaneous delivery of 
plasmids encoding different variants of an epitope has been demonstrated as a possible 
strategy to avoid original antigenic sin [90, 212, 351] and might increase the chances of 
inducing a broad B and/or T cell response that can recognize epitopes in an infecting 
virus. 
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5 RESULTS 

5.1 IMMUNIZATION WITH MULTIPLE GENES FROM HIV-1 SUBTYPES A, 
B AND C RESULTS IN T CELL AND ANTIBODY RESPONSES 
[PAPER I] 

To induce broad immune responses against HIV-1 we have developed a genetic 
vaccine consisting of seven different plasmids (Fig. 9A). The plasmids encode 
structural (Envelope and Gag), enzymatic (RT) and regulatory (Rev) proteins of HIV-1 
derived from virus of different subtypes.  

Figure 9. The multigene multisubtype HIV-1 vaccine. Schematic view over A) the 
different plasmid-vectored HIV-1 genes in the multiplasmid vaccine, and B) the 
Modified Vaccinia virus Ankara –CMDR. Design of figures: Dr. Karl Ljungberg and 
Dr. Patricia Earl.

The gp160 constructs pKCMVgp160B, pKCMVgp160B/A, and pKCMVgp160B/ 
C are described in detail in a previous publication [225]. The pKCMVgp160B 
encodes gp160 of subtype B, a fusion protein of gp120 and gp41; pKCMVgp160B/A 
and pKCMVgp160B/C encode chimeric gp160B proteins with the hypervariable 
loops (V1–V5) exchanged for subtype A or C sequences, respectively. pKCMVrev 
encodes the regulatory protein Rev of subtype B [200]. In the present study the role of 
Rev was mainly to facilitate the nuclear export of Envelope-encoding mRNA and 
thus to enhance expression of gp160.  

A. 

B.
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The p37Gag subtype B construct, pKCMVp37B, has been modified for enhanced 
expression by removal of inhibitory sequences, mainly in the p17 matrix part of the 
gene, thus rendering the nuclear export of the p37Gag Rev-independent [337]. To 
increase the expression of the subtype A gag construct, we replaced the p17 gene by 
the optimized subtype B p17, resulting in the chimeric p37ABA gene. This resulted in 
at least 2,5 times higher expression of the protein [Paper I]. pKCMVRT encodes 
reverse transcriptase (RT) of subtype B that has been modified by point mutations in 
the active site in order to abrogate the enzyme activity.  
 
BALB/c mice were immunized with the plasmid vaccine either delivered as a single 
mixture of all plasmids or as two entities, one containing the gag and RT genes and one 
containing the env and rev genes. We did not observe any effects of the spatial 
separation of antigens, similar to what was observed in BALB/c mice after i.m. 
immunization with the same antigens [Paper II]. The vaccine was delivered 
intradermally with the Biojector and was adjuvanted by either recombinant (r) GM-
CSF or by the TLR7 antagonist imiquimod. 
 
Robust Gag-specific cellular responses were induced independently of the addition of 
adjuvant. The addition of rGM-CSF was, however, crucial for the induction of CD8+ T 
cell responses against the HIV-1 Envelope (Fig. 10, left panel). The rGM-CSF was also 
a prerequisite for the induction of systemic IgG (Fig. 10, right panel) and IgA responses 
against both Gag and Env. Since GM-CSF is an endogenous protein, there is a 
possibility that addition of the cytokine would result in autoimmune reactivity, 
something that has previously been shown [251]. As all animals, both adjuvanted and 
non-adjuvanted, had similar levels of anti-GM-CSF antibodies in their serum, the 
adjuvant did not induce any autoreactive responses.  
 
We also evaluated the safety of a GMP-produced lot of the vaccine in mice under GLP-
settings. The vaccine was delivered with or without rGM-CSF; the multiplasmid 
vaccine was safe and well tolerated, and this vaccine lot was subsequently used in our 
clinical trial in Stockholm. To conclude, we have shown that the simultaneous delivery 
of multiple plasmids encoding several HIV-1 antigens is an efficient strategy to induce 
broad cellular and humoral immune responses against HIV-1.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Envelope-
specific cellular (left panel) 
and humoral responses 
(right panel) after immu-
nization with gp160-enco-
ding plasmids with or 
without the addition of 
rGM-CSF 
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5.2 INTERFERENCE BETWEEN ANTIGENS [PAPER II] 

Antigenic interference has been reported after co-injection of subunit vaccines, and is 
manifested as lower titers of neutralizing antibodies [80]. This has been observed also 
for live attenuated viral vaccines [360] and for genetic immunization, reduction of 
immune responses to one or more components in a multi-plasmid vaccine has been 
reported [200, 216, 340]. We observed a reduction of cellular immune response against 
HIV-1 Envelope after i.m immunization of mice with a formulation of multiple 
plasmids encoding HIV-1 Gag, Env, RT and Rev [Paper II]. We also show that the 
responses against Envelope can be partially rescued by spatially separating the 
injections of the Envelop- and Gag-encoding plasmids. These findings made us divide 
this vaccine into two entities, one containing the Gag- and RT-encoding constructs, the 
other the Envelope- and Rev-encoding constructs [309]. In our clinical trial in 
Stockholm, the vaccinees received the two entities in the right and left arm, 
respectively.  
 
The reasons for the reduction of immune responses after plasmid mixing are not clear. 
If several different plasmids end up in the same cell, differences in the efficiency of 
transcription or export from the nucleus of mRNA might result in less expression of 
some of the genes. Interference at the level of expression has been observed in vitro 
after co-transfection of multiple plasmids, an observation that translated into minor 
reduced immunogenicity in vivo [200]. In our case the gag genes are optimized for high 
expression [Paper I], whereas the envelope genes are less well expressed and plasmid-
encoded HIV-1 Rev is added to increase Env-expression [225]. Interestingly, in another 
study, a reduction of Gag-responses has been observed upon co-injection with Gag- and 
Envelope-encoding immunogens [371], the direct opposite of what we observed. In that 
study, a highly expressed codon-optimized envelope gene was used; a fact that supports 
the theory that difference in the levels of expression can be an important reason for the 
interference between plasmid-encoded antigens.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
As shown in paper II and in other studies [212, 340] the interference can partly be 
avoided by spatially separating the competing antigens (i.e. splitting the vaccine-
mixture and injecting at different locations, Fig. 11). There are some possible 

Figure 11. The effects of spatial 
separation of plasmids. IFN-  secretion, 
as measured by ELISpot, by splenocytes 
stimulated with overlapping peptides of 
gp120. Animals were immunized three 
times with eithter env alone, a mixture 
of env and gag, or two spatially 
separated but simultanous injections of 
env and gag. 
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explanations for the increased immune responses observed after the separation of 
antigens: 1) the lower expressed antigen does not have to compete for access to 
transcription/translation machinery; 2) by separating the plasmids, different draining 
lymph nodes can be targeted. This might increase the chance of, in our case, the lower-
expressed Envelope protein to be presented to T cells. In support of both explanations 
we show that the injection in separate hind legs of the animals with Env and Gag-
encoding plasmids, resulted in Env-specific cellular immune responses in the lymph 
node draining the site where env-plasmids were delivered. In contrast, when the Gag- 
and Env-encoding plasmids were co-delivered, no responses against Env could be 
detected in the draining lymph nodes. The reduction of immune response to HIV-1 
Envelope after injection of the plasmid mixture was observed in both C57BL/6 and 
BALB/c mice whereas the partial rescue of the responses after spatial separation was 
only observed in C57BL/6 mice. Although we cannot explain this discrepancy, it 
highlights the need for evaluating vaccine constructs in more than one mouse strain. 

The antigenic interference might pose a significant problem when developing vaccines 
for complex pathogens that require the inclusion of multiple antigens in order to get a 
broad and potent enough immune response. We have approached this issue by 
encoding the different antigens on separate plasmids, allowing for more flexibility in 
the vaccine composition as well as for higher transfection efficacy due to the smaller 
size of each plasmid [260]. These facts might have contributed to the broad cellular 
immune responses observed in our clinical trial in Stockholm where the vaccinees 
responded against both Gag and Envelope (Fig. 14). The benefit of having the antigens 
encoded by different plasmids was recently indicated also by results from two other 
clinical trials evaluating the safety and immunogenicity of a 4- and a 6-plasmid HIV-1 
vaccine, respectively. In these trials, Gag and Nef-specific immune responses were 
enhanced when the antigens were encoded by separate plasmids instead of being co-
expressed from the same plasmid [56, 138].  

5.3 BROAD AND HIGH LEVELS OF HIV-1 SPECIFIC IMMUNE 
RESPONSES BY DNA PRIME FOLLOWED BY MVA BOOST    
[PAPER III]  

In order to further augment the HIV-1 specific immune responses induced by our 
multigene vaccine, we evaluated the potency of recombinant MVA to boost responses 
primed with the plasmid DNA vaccine described in Paper I. The MVA (MVA-CMDR) 
is a clinical grade product, manufactured at the Walter Reed Army Institute of 
Research. The recombinant virus expresses gp150 Envelope from HIV-1 subtype E 
isolate CM235 and p55Gag, RT and PR from HIV-1 subtype A isolate CM240 (Fig. 
9B). The env gene is truncated at the C-terminus to enhance cell surface expression and 
immunogenicity. The gag-pol gene is truncated to eliminate the RNAse H and integrase 
genes. In addition, the RT gene is mutated to abrogate enzymatic activity (P. Earl, T. 
VanCott, C. Cotter, M. Marovich, M. Robb, B. Moss et al., Manuscript in preparation). 

Although single modality immunizations (DNA or MVA) induced significant HIV-1-
specific immune responses, the combination of DNA and MVA induced extremely 
high level of T cell reactivity [Paper III]. Almost 80% of the CD8+ lymphocytes in the 
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spleen of prime-boost immunized animals were reactive for HIV-antigens, and a 
significantly stronger antibody response was noted. A substantial portion of the reacting 
CD8+ T cells was shown to simultaneously produce IFN-  and IL-2. This feature has 
been associated with increased effector and memory functions and capacity to 
proliferate in the absence of CD4+ T cell help [326, 418]. This characteristic of the T 
cell response might be beneficial during HIV-infection, during which the CD4+ T cells 
are efficiently depleted. 
 
In addition to the high levels of CD8+ T cell responses, both single modality and prime-
boost immunizations induced responses against all HIV-1 gene products. When 
mapping the gp160 Envelope-specific T cell responses, we observed an increased 
breadth of epitope recognition in the animals primed with DNA and boosted with MVA 
(Fig 12). This increase in the breadth of HIV-1 responses by prime-boost protocols 
have also been demonstrated with combinations of DNA and Adenovirus [407]. The 
capacity of a viral boost to broaden DNA-primed responses was also observed in our 
clinical trial. In the trial the plasmid vaccine induced T cell reactivity predominantly 
against Gag but after the MVA boost the responses were augmented and broadened to 
include also Envelope antigens. Although the analyzes of the phenotype of T cell 
responses in the vaccinees are not complete, the preclinical results using this 
combination of selected vaccine constructs seems to translate well into clinical results.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. IFN- secretion by splenocytes, as measured by ELISpot. Splenocytes were 
stimulated with 21 different pools of peptides (9–10 peptides per pool) covering the 
indicated stretch of amino acids of gp160 subtype E. Horizontal bar indicates the cut-
off for positive responses. 
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5.4 THE PRESENCE OF ANTI-VECTOR IMMUNITY DOES NOT HAMPER 
THE INDUCTION OF VACCINE-SPECIFIC IMMUNE RESPONSES 
[PAPERS III AND IV] 

There is concern that the presence of anti-vector immunity may compromise the 
efficacy of immunizations with recombinant attenuated viruses. It has been shown that 
immunity against a viral vector can significantly reduce the immune responses induced 
against the vectored antigen [32, 345]. As shown in Papers III and IV, the two MVA 
constructs induced T cell responses and high titers of neutralizing antibodies against 
Vaccinia virus. Despite this, we observed clear boosting of both T cell and humoral 
responses against the vectored HIV antigens. These findings are highly important when 
translating the immunization protocol to clinical use and are supported also by other 
studies [389]. The capacity to boost with MVA despite the presence of pre-existing 
immunity is particularly relevant since a part of the human population is immunized 
against smallpox. In our clinical trial in Stockholm, prior exposure to Vaccinia did not 
seem to hamper the frequencies of HIV responses, but reduced the magnitude of T cell 
responses after the MVA immunization [325].  

The effects of anti-vector immunity might be restricted to replicating viral vectors, such 
as Vaccinia virus [129], but can possibly also be related to poor expression or poor 
immunogenicity of the inserted gene products in relation to the gene products of the 
vector. However, the anti-Vaccinia reactivity that inevitably will be induced upon 
immunization with MVA also has a beneficial effect, as it will possibly result in 
immunity against smallpox. Although smallpox is extinct as a naturally circulating 
pathogen, it is considered to be a potential bioterrorism agent. Indeed, MVA has been 
proposed as a candidate smallpox vaccine [74] and has also been shown to induce 
protection of non-human primates against lethal challenge with monkeypox [101]. 

5.5 INDUCTION OF LONG-TERM IMMUNOLOGICAL MEMORY BY 
IMMUNIZATION WITH DNA OR MVA [PAPER IV] 

The efficacy of a vaccine depends greatly on its capacity to induce persistent 
immunological memory. We have confirmed the capacity of DNA as well as of MVA 
to induce potent memory responses [Paper IV]. Other studies have demonstrated the 
capacity of primates to develop long lasting SIV/SHIV-specific immune responses 
after DNA priming followed by boosting with MVA or the closely related Vaccinia 
virus strain NYVAC [178, 379]. Upon challenge with SIV, the presence of vaccine-
specific central memory CD8+ T cells was shown to inversely correlate with viral 
replication [379]. For plasmid DNA vaccination, the induction of persistent specific 
immunological memory has been demonstrated when vaccines were delivered 
together with a potent adjuvant [60, 97].  

We show that the cellular immune responses in PBMCs after the two initial 
immunizations with DNA or MVA, both encoding HIV-1 Nef, induced a T cell 
response that declined to levels below ex vivo detection [Paper IV]. The initial 
responses could, however, be readily boosted almost one year after the initial 
immunization, proving the presence of vaccine-specific immunological memory.  
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Repeated immunization with DNA or MVA induced phenotypically different T cell 
responses. The plasmid DNA primed and boosted a long-lived CD8+ T cell response 
against Nef, whereas the MVA primed and boosted predominantly a memory CD4+ T 
cell response. The observed T cell responses correlate well with the responses 
detected after immunization of HIV-1 infected individuals with these two vaccine 
constructs [51, 72]. 

DNA-priming and MVA-boosting resulted in T cell responses that were 
phenotypically similar to the responses following repeated injection of MVA. The 
heterologous prime-boost protocol also resulted in a rapid induction of Nef-specific 
antibodies after the MVA boost. The antibody titers after the boost reached similar 
levels as those observed after repeated injections with MVA, and this occurred 
despite that no Nef-specific antibodies could be detected after immunization with the 
Nef-encoding plasmid alone. Our results show the potential for DNA to prime both B 
and T cell responses as well as MVA does, and also that plasmid DNA can be used 
for late boosting of DNA-primed responses. As it has been shown that electroporation 
can boost responses primed by conventional DNA immunization [49], it might be 
possible to utilize this technique for an even more efficient late boost with naked 
DNA. 

5.6 DNA ALONE AND DNA PRIME FOLLOWED BY PROTEIN BOOST 
CONFER PROTECTION OF MICE AGAINST A CELL-BASED HIV-1 
CHALLENGE [PAPER V] 

We explored single modality immunizations with DNA plasmids, proteins or prime-
boost combination of the two modalities for the capacity to confer protection against an 
experimental challenge with HIV-1/MuLV pseudovirus (Fig. 13A). The DNA 
constructs encode p55Gag, V2-deleted oligomeric gp140 Envelope, and Tat. The 
recombinant Gag and Env proteins were formulated in MF59 adjuvant and the 
recombinant Tat was used in its biologically active form.  

The immune response that correlated with protection from challenge, was the Gag- and, 
to some extent, also the Env-specific cellular immune response in the spleen (Fig 13B). 
These particular responses were predominantly elicited by immunization with DNA 
alone or with DNA prime followed by protein boost. As compared to immunization 
with DNA prime-protein boost, the animals that received the reverse protocol 
developed lower titers of vaccine-specific IgG and lower cellular responses. Neither 
were they protected from the challenge (Fig. 13A). The protective effects induced by 
DNA and DNA prime-protein boost correlate well with what has been observed in 
previous experiments in this challenge model [167, 312]. 

The protein alone and the DNA prime-protein boost induced the highest levels of 
binding antibodies to all three included antigens. However, the only appearance of 
neutralizing antibody activity prior to the cell-based challenge was detected in mice 
immunized with protein alone. This contrasts with results in non-human primates in 
which induction of potent neutralizing antibody titers were demonstrated after DNA 
prime-protein boost with the same vaccine constructs [64]. One possible explanation 
for the lack of neutralization observed might be the timing of sampling. Although the 
antibody titers increase rapidly in DNA-primed animals after a protein boost, the 
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avidity and neutralizing activity of antibodies might mature more slowly and this 
maturation most likely requires more time than our immunization protocol permitted 
[301]. However, since the HIV/MuLV challenge is based on the injection of infected 
cells, the protective impact of antibodies is limited and the titers of binding antibodies 
did not, as anticipated, correlate with protection.  
 
In addition to the HIV-specific T cell responses, innate immunity seems to play an 
important role in clearing the engraftment, as evidenced by the protective effects 
induced by the adjuvant MF59 (Fig 13A). The observation that MF59 itself could 
induce protection in a portion of the animals indicated that the adjuvant could have 
contributed to the protective effects observed after immunization with protein alone or 
with DNA prime-protein boost. These effects could possibly have been circumvented 
by prolonging the period between the last immunization and the challenge, allowing for 
the activation of the innate responses to subside [312]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. A) Protection against HIV-1/MuLV challenge, the numbers within brackets 
show number of protected animals/total number of animals in each group. B) cellular 
responses in the spleen as measured by IFN-  ELISpot. 
 
The V2-deleted gp140, both as a protein formulated in MF59 and encoded by DNA, is 
currently being evaluated in a phase I clinical trial, both as stand-alone vaccines as well 
as in a DNA prime-protein boost protocol. No results have yet been published from the 
trial but the prime-boost protocol appears to induce both cell-mediated immune 
responses and neutralizing antibodies (Susan Barnett, personal communication). In 
addition, the recombinant Tat is currently being evaluated in several clinical trials of 
HIV-infected individuals (reviewed in [106]) 

A. B. 
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6 CLINICAL TRIALS OF DNA AND/OR VIRAL 
VECTORS

Since the first clinical trials employing plasmid-based vaccines against HIV-1 in 
infected individuals [51, 233], many prophylactic and therapeutic vaccine attempts 
have been made using gene-based vaccines. A thorough summary of ongoing 
prophylactic vaccine trials against HIV-1 can be found on the web page of the 
International AIDS Vaccine Initiative (IAVI, www.iavi.org). 

Two large prophylactic trials based on the delivery of HIV-1 antigens by viral vectors 
are presently ongoing. A phase III efficacy trial involving nearly 16,000 volunteers in 
Thailand includes priming with the Sanofi Pasteur canarypox vector ALVAC encoding 
Gag, Pol and Env and boosting with the VaxGen alum-adjuvanted gp120 protein. The 
other large trial, carried out by Merck and the US NIH, was initiated in 2004 and 
includes 3000 individuals of high risk of HIV-1 infection. The trial was recently 
stopped since the recombinant Adenovirus-based vaccine could not be shown to 
prevent HIV-1 infection nor decrease the viral load in those who became infected 
(http://www3.niaid.nih.gov/news/newsreleases/2007/step_statement.htm). This proof-
of-concept trial aimed to evaluate Merck’s T cell vaccine based on repeated delivery of 
three different Adenovirus-5 constructs encoding HIV-1 proteins Gag, Pol and Nef. 
Although no clinical beneficial effects were observed in the trial, interim analysis 
showed that the vaccine could induce CD8+ T cell responses specific for all three 
included HIV-1 antigens [98]. 

Several clinical trials are ongoing that include prime-boost protocols of DNA and viral 
vectors. At the end of 2006 the Vaccine Research Center of the NIH published results 
from their single modality (4 plasmids or 4 Adenovirus-5 constructs) multiantigen 
multiclade vaccine trials. Encouragingly, almost all of the subjects immunized with 
either vaccine modality responded with HIV-1 specific T cell and/or antibody 
responses. Significant cross-clade reactivity was noted but the vaccine did not induce 
any HIV-1 neutralizing antibodies [55, 138]. Clinical trials including prime-boost 
protocols are ongoing with an extended 6 plasmid DNA composition [56] and the same 
4 Adenovirus constructs. This combination of both vaccine modalities has been 
reported to be significantly more immunogenic than either modality alone and pre-
existing immunity to Adenovirus-5 seems to only have minor effects on the outcome of 
vaccination [183]. The constructs are to be included in the upcoming PAVE 100 trial, 
which will be the first efficacy trial against HIV-1 that includes DNA priming and viral 
vector boosting.  

A collaborative consortium between Oxford University, Nairobi University and IAVI 
developed the first clinical protocol for testing of DNA priming followed by boosting 
with attenuated poxvirus. The vaccines are vectored by plasmid DNA and MVA, and 
both contain codon-optimized gene inserts encoding p24Gag and p17Gag fused to a 
string of selected CD8+ T cell epitopes from HIV-1 [154]. The immunogen, HIVA, is 
based on consensus sequences of subtype A HIV-1 circulating in Kenya and includes 
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conserved CTL epitopes that are commonly recognized by infected individuals in the 
country. The vaccines were evaluated in several phase II trials in both Europe and 
Africa (reviewed in [153]). Although both the DNA and MVA constructs are 
immunogenic in mice and non-human primates [152, 392], only modest immune 
responses were observed in humans in ex vivo immune assays in the initial 
prophylactic trials [282]. However, consistent responses were observed in the latest 
clinical trial [135] and the MVA construct also induced strong and persistent 
responses in HIV-1 infected individuals on HAART [93]. A novel vaccine 
immunogen, termed RENTA, encodes selected regions from Envelope, Nef, RT and 
Tat and were designed to complement the HIVA immunogen and broaden the T cell 
responses. Combinations of HIVA and RENTA have been shown to induce 
significant CD8+ T cell responses in both mice and macaques [270]. This 
combination of vaccines is planned to be used in upcoming therapeutic vaccine trials 
in the UK (Tomáš Hanke, personal communication). The MVA-HIVA will also be 
tested in infants in Africa with the aim to prevent mother-to-child transmission of 
HIV-1 through breast-feeding [179]. 

The European consortium EuroVacc has conducted a phase I trial based on DNA 
priming and NYVAC boosting. The included genes are codon-optimized and encode 
HIV-1 proteins of subtype C [133]. In the trial, involving 40 healthy volunteers, the 
prime boost protocol was shown to induce long-lived T cell responses in more than 
90% of the vaccinees. Although the vaccine includes env, gag, pol and nef, the main 
reactivity of vaccinees was directed against the Envelope proteins [277].  

6.1 THE HIVIS TRIALS 

The HIVIS trials are prophylactic phase I trials conducted in Stockholm, Sweden and 
Dar es Salaam, Tanzania. The trials are the result of a long-lasting collaboration 
between groups at the Karolinska Institutet and the Swedish Institute of Infectious 
Disease Control in Sweden, the Muhimbili University College of Health Sciences in 
Tanzania and the Walter Reed Army Institute for Research in the US.  

The trial in Stockholm included forty healthy volunteers at low risk for HIV-1 
infection; the vaccine constructs used in the trial are described in Papers I-III. The 
volunteers received 1-4 mg of plasmid DNA delivered by Biojector jet injection, either 
intradermally (2 groups) or intramuscularly (2 groups). Half of the volunteers received 
rGM-CSF either by subcutaneous needle injection or by intramuscular Biojector 
injection. Volunteers were immunized with plasmid DNA at months 0, 1 and 3. Six 
months after the last injection of DNA, the vaccinees were re-randomized to receive 
either 107 or 108 plaque-forming units (pfu) of the MVA-CMDR intradermally or 
intramuscularly, respectively.  

Eleven out of 37 vaccinees had positive IFN-  responses when PBMCs were analyzed 
ex vivo by ELISpot two weeks after the last injection of DNA (Fig. 14a). The responses 
were mainly directed against Gag, and the majority of responses were detected in 
individuals receiving the highest dose of DNA i.m. The responses were remarkably 
boosted by MVA and two weeks after the boost, 34 out of 37 vaccinees had positive 
IFN-  responses (Fig. 14b). Importantly, the breadth of responses was increased to also 
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include reactivity against Envelope in addition to Gag. Moreover, 34 out of 37 
volunteers responded with lymphocyte proliferation upon stimulation with inactivated 
HIV-1 virions. Altogether, only one vaccinee remained nonreactive after the MVA 
boost. The addition of rGM-CSF was of no benefit in this study; instead responses in 
the i.d. DNA immunized subjects seemed to be reduced by the GM-CSF [325]. The 
results after the boost revealed that the lower dose of DNA injected i.d. was able to 
prime immune responses as well as the higher dose delivered i.m. This occurred despite 
a lower ex vivo immune reactivity of lymphocytes of vaccinees from this group after 
the DNA immunizations. The higher dose of MVA (108 pfu, i.m.) was concluded to be 
more immunogenic than intradermal delivery of 107 pfu. Overall, the combination of 
DNA and MVA was highly immunogenic. To confirm the priming capacity of the 
plasmid vaccine, 10 new volunteers are being immunized with the MVA-CMDR only.  

Figure 14. Ex vivo IFN-  responses of PBMCs. A) The eleven volunteers that responded 
after three injections with DNA. The horizontal bar indicates the cut-off for positive 
responses (55 SFC/106 PBMCs) in addition to the criteria of 4x the reactivity detected in 
unstimulated cells. B) Example of cellular responses in PBMCs from 6 volunteers at the 
time of MVA immunization and two weeks later. Design of figure: Dr. Charlotta Nilsson

A. 

B.
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In February 2007 a placebo-controlled phase I trial was initiated in Dar es Salaam. The 
protocol for this trial was designed with respect to the results from the trial in 
Stockholm. In Dar es Salaam, 60 healthy volunteers of low risk of HIV-1 infection are 
being immunized three times i.d. or i.m. with the multiplasmid vaccine or with placebo. 
GM-CSF is not included in any of the arms in the trial. Volunteers will be subsequently 
boosted intramuscularly either with the high dose of MVA or with placebo (saline). 
The trial will be concluded during 2009.  

The preclinical results presented in this thesis confirm the capacity of DNA priming 
followed by MVA boosting to induce high levels of T cell responses against HIV-1. 
Overall, the preclinical findings have translated well into clinical results, and the trial in 
Dar es Salaam will demonstrate whether this combination of DNA and MVA should be 
included in larger efficacy trials in Africa. 
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“I've learned something today...” 
Stan Marsh 
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