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ABSTRACT 
The development of an effective HIV-1 vaccine must be considered one of the greatest 
biomedical challenges of today. The nature of the virus, characterized by immense 
variability as well as its tropism for the essential CD4+ T cells of the immune system, 
allows it to establish a chronic infection for years under constant immune selection 
pressure. Eventually the depletion of CD4+ T cells is so severe that the immune system 
fails and the host succumbs to AIDS. One of the most variable components of the virus 
is the external envelope glycoproteins, which mediate receptor binding and fusion. As 
the sole virally derived components facing the outside of the viral membrane, the 
envelope glycoproteins also represent the only target for neutralizing antibodies.  
 
Under the scope of this thesis we evaluate novel strategies to elicit neutralizing 
antibodies against HIV-1, using different envelope glycoprotein-based immunogens 
and different modes of delivery. By biochemical methods we characterize vaccine 
candidates for their structural and antigenic properties. In addition, we also investigate 
the ability of these candidates, administered by selected regimens, to induce immune 
responses against the HIV-1 envelope glycoproteins in small animals (paper I) and in 
non-human primates (paper III). One of the major findings of this thesis is that the 
priming agent in combined prime-boost regimens can be utilized to shape the immune 
response in terms of specificity and T-helper bias of the CD4+ T cells without apparent 
detriment for the elicited neutralizing antibody response. In addition, we design a novel 
recombinant Semliki Forest virus vector, allowing for a ten-fold increase of HIV-1 
envelope glycoprotein-secretion, as compared with the parental vector (paper II). We 
also show that the increased secretion is translated into increased immunogenicity in 
mice. This vector may be useful for future HIV-1 envelope glycoprotein vaccine 
studies. Finally we define the mechanism by which antibodies against the co-receptor 
binding site of the HIV-1 envelope glycoproteins are elicited. In a set of controlled 
experiments in non-human primates, rabbits and transgenic rabbits we definitively 
conclude that the in vivo presence of primate CD4 is critical for the elicitation such 
antibodies. This thesis provides new fundamental information of relevance to both 
natural HIV-1 infection and the development of HIV-1 envelope glycoprotein-based 
vaccines.  



 

 

LIST OF PUBLICATIONS 
I. Forsell MNE, Li Y, Sundbäck M, Svehla K, Liljeström P, Mascola JR, Wyatt 

R and Karlsson Hedestam GB. Biochemical and immunogenic 
characterization of soluble human immunodeficiency virus type 1 envelope 
glycoprotein trimers expressed by semliki forest virus. Journal of Virology, 
2005 Sep;79(17):10902-14. 
  

II. Forsell MNE, McInerney GM, Dosenovic P, Hidmark ÅS, Eriksson C, 
Liljeström P, Grundner C and Karlsson Hedestam GB. Increased human 
immunodeficiency virus type 1 Env expression and antibody induction using 
an enhanced alphavirus vector. Journal of General Virology, 2007 Oct;88(Pt 
10):2774-9. 
 

III. Mörner A, Douagi I, Forsell MNE, Sundling C, Dosenovic P, O’dell S, Dey 
B, Kwong PD, Voss G, Thorstensson R, Mascola JR, Wyatt RT and Karlsson 
Hedestam GB. HIV-1 Env trimer immunization of macaques and impact of 
priming with viral vector or stabilized core protein. Submitted manuscript. 

 
IV. Forsell MNE, Dey B, Mörner A, Svehla K, O’dell S, Högerkorp CM, Voss G, 

Thorstensson R, Shaw GM, Mascola JR, Karlsson Hedestam GB and Wyatt 
RT. B cell recognition of the conserved HIV-1 co-receptor binding site is 
altered by endogenous primate CD4. PloS Pathogens, Accepted pending minor 
revision. 
 

 



 

 

CONTENTS 
1 Aim ...............................................................................................................1 
2 HIV-1 ............................................................................................................2 

2.1 The virus .............................................................................................2 
2.1.1 The HIV-1 reverse transcriptase ............................................3 

2.2 HIV-1 pathogenesis ............................................................................4 
2.3 HIV-1 prevention................................................................................6 

3 The Immune response against infection ......................................................7 
3.1 Innate immunity..................................................................................7 
3.2 The adaptive immune response..........................................................8 

3.2.1 The cellular immune response response................................8 
3.2.2 The humoral immune response............................................11 
3.2.3 Viral control during infection versus vaccine development15 

4 Vaccination .................................................................................................16 
4.1 Vaccine development against HIV-1 ...............................................16 
4.2 Factors contributing to viral control in model systems ...................18 
4.3 In vitro HIV-1 neutralization assays ................................................20 
4.4 Phase III clinical trials ......................................................................22 

5 The trimeric HIV-1 envelope glycoprotein spike complex.......................24 
5.1 Synthesis of the envelope glycoproteins..........................................27 
5.2 The crystal structure of gp120..........................................................28 

5.2.1 The inner domain of gp120..................................................29 
5.2.2 The bridging sheet ................................................................29 
5.2.3 The outer domain of gp120..................................................30 

5.3 Receptor binding: the synapse between virus and target cell..........30 
5.3.1 Primary receptor binding......................................................31 
5.3.2 Co-receptor binding..............................................................32 

6 Antibody mediated neutralization of HIV-1..............................................34 
6.1 Antibody types elicited during HIV-1 infection and vaccination ...36 

6.1.1 Non-neutralizing antibodies.................................................37 
6.1.2 Neutralizing antibodies ........................................................38 
6.1.3 Broadly neutralizing antibodies ...........................................39 

7 Delivery of a vaccine..................................................................................42 
7.1 Recombinant proteins (Paper I, II, III and IV) ................................42 

7.1.1 Soluble stable trimers ...........................................................43 
7.1.2 Stabilized core ......................................................................44 
7.1.3 Adjuvants..............................................................................45 

7.2 Viral vectors (paper I, II and III)......................................................46 
7.2.1 The Semliki Forest Virus vector system..............................46 

8 Results and discussion................................................................................49 
9 Conclusions.................................................................................................60 
10 Acknowledgements ....................................................................................62 
11 References...................................................................................................64 
 



 

 

LIST OF ABBREVIATIONS 
 
β-sheet Beta sheet 
AIDS Human immunodeficiency virus 
B cell Cell of the immune system maturing in the bone marrow 
BCR B cell receptor 
C region Conserved region 
CCR5  CC-chemokine receptor 5 
CD4bs CD4 binding site 
CD4i antibody HIV-1 co-receptor-site-directed antibody  
CDR Complementary determining region 
CXCR4 CXC-chemikine receptor 5 
D segment Diversity segment of a lymphocyte receptor 
DC  Dendritic cell 
Env  Envelope glycoproteins 
ER  Endoplasmatic reticulum 
Fab mAb fragment containing a single H and L chain, lacking the Fc  
Fc Constant region of an antibody, made up of two H chains 
GFP Green fluorescent protein 
H chain Heavy chain of an antibody 
HepB Hepatitis B virus 
HIV-1 Human immunodeficiency virus type-1 
J segment Joining segment of a lymphocyte receptor 
L chain  Light chain of an antibody 
M group The main group of HIV-1, as defined by sequence homology  
mAb  Monoclonal antibody 
MHC Major histocompatibility complex 
MPER Membrane proximal external region 
MPL Monophosphoryl lipid-A 
NHP Non-human primate 
PBMC Peripheral blood mononuclear cell 
PRR Pathogen recognition receptor 
SFV Semliki Forest virus 
SHIV Engineered, chimeric HIV-1/SIV immunodeficiency virus 
SIV Simian immunodeficiency virus 
T cell Cell of the immune system maturing in the thymus  
TCR T cell receptor 
TD T cell (or thymus) dependent 
Th T helper cell, a mature CD4+ T cell 
TI T cell (or thymus) independent 
V region Variable region 
V segment Variable segment of a lymphocyte receptor  
VDJ The result of V, D, and J segment recombination 



 

  1 

1 AIM 
 
The major aim of this thesis is to evaluate novel strategies to elicit neutralizing 
antibodies against HIV-1. The HIV-1 envelope glycoprotein-based immunogens used 
in this thesis were characterized for the biochemical and antigenic properties in vitro, as 
well for their immunogenic properties in preclinical animal models. 
 
Study I: To evaluate the ability of the recombinant Semliki Forest Virus vector system 
for the expression of soluble, stable HIV-1 envelope glycoprotein trimers, and to 
characterize envelope glycoprotein-directed immune responses in small animals. 
Rationale of study I: Viral vectors are potent inducers of cellular immunity while 
recombinant proteins are potent inducers of humoral immunity. Combination regimens 
using both delivery methods may lead to the elicitation of both potent cellular and 
humoral immune responses against HIV-1. 
` 
Study II: To construct an improved Semliki Forest virus vector by exploiting the 
natural SFV translational enhancer element to increase expression of heterologous 
antigens and to evaluate the ability of this vector to stimulate humoral immune 
responses. Rationale of study II: Limited induction of humoral immune responses by 
the conventional recombinant Semliki Forest virus vector may be due to sub-optimal 
expression of HIV-1 envelope glycoproteins. Increased expression may translate into 
increased induction of humoral immunity. 
 
Study III: To expand study I and evaluate similar vaccine regimens in non-human 
primates. An additional arm, aimed to focus the immune response on conserved 
determinants of the HIV-1 envelope glycoproteins was also included. Rationale of 
study III: Currently there is limited information about the quality of immune responses 
elicited by HIV-1 envelope glycoprotein based vaccine candidates in primates. The 
close genetic relationship between non-human primates and humans may allow for 
more predictive assessments of HIV-1 vaccine candidates.  
 
Study IV: To determine the mechanism by which HIV-1 co-receptor site directed 
antibodies are elicited by HIV-1 envelope glycoproteins during vaccination and 
infection. Rationale of study IV: Elicitation of co-receptor site directed antibodies may 
be a direct consequence of in vivo CD4 binding of the HIV-1 envelope glycoproteins 
during vaccination. Co-receptor site directed antibodies are poor neutralizers of primary 
HIV-1 isolates and are generally not considered to be beneficial to elicit with a vaccine 
regimen. The elucidation of the mechanism by which they are elicited may provide 
useful information for future immunogen design. 
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2 HIV-1  
 

Between the years 1981 and 1983 reports of an unusual medical condition 

characterized by life-threatening opportunistic infections started to accumulate in the 

literature. The condition was suggestive of a severe deficiency of the cellular immune 

system caused by an unknown agent and was termed Aquired Immunodeficiency 

Syndrome (AIDS), as reviewed in (1). In 1983 Luc Montagnier and co-workers 

provided the first evidence that ` novel retrovirus may be the causative agent of AIDS 

(2) and within one year two other groups reported that other novel, but related, 

retroviruses were also causing AIDS (3, 4). Shortly thereafter it became clear that all 

three groups had identified variants of the same virus and in 1986 this virus was named 

Human Immunodeficiency Virus type-1 (HIV-1) (5). Based on the mutation frequency 

of HIV-1 and historical isolates it has been estimated that HIV has been circulating in 

the human population since sometime in early part of the twentieth century (6) when it 

likely appeared as a zoonotic infection transferred from Chimpanzees infected with the 

closely related Simian Immunodeficiency Virus (SIV) (7). Sequence diversity within 

the HIV-1 species, as well as in comparison with SIV have lead to the division of HIV-

1 into three distinct groups; the main group (M), the outlier group and the and new 

group, likely arising from three different ape-to-man transmission events (8-10). Of 

these, the M group comprises the main bulk of the pandemic and based on sequence 

diversity within this group it has been further sub-divided into several different sub-

classes, or clades (11). Since the discovery of the virus there are now approximately 33 

million people known to be infected according to WHO and UNAIDS, where two 

thirds of the cases have been diagnosed in the sub-Saharan part of the African 

continent.  

 

2.1 THE VIRUS 
 

HIV is a lentivirus of the retroviridae family. A common feature of retroviruses, 

including HIV, is that they use the viral enzyme reverse transcriptase (12, 13) to 

synthesize DNA from the RNA genome. The two genomic strands of HIV-1 RNA as 

well as viral proteins essential for the infection process are contained within a capsid 

comprised of the viral gag p24 proteins. Surrounding the capsid is a matrix of viral p17 
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proteins, which in turn is enveloped by a lipid-bilayered membrane acquired from the 

host-cell upon budding of the newly assembled virion. Embedded into the bilayer, and 

exposed on the outside of the virion, is an array of host-cell derived proteins, which are 

carried along during the budding process (14) but also the virally derived spike 

proteins, the envelope glycoproteins, responsible for attachment and fusion to target 

cells. A schematic diagram of an HIV-1 virion is shown in Figure 1. For the purpose of 

this thesis only two viral gene products will be discussed in detail. The first protein is 

the reverse transcriptase (chapter 2.1.1), responsible for the variability of HIV-1 and the 

other is the HIV-1 envelope glycoproteins (Env), which in addition to mediating 

attachment and fusion comprise the only virally derived target for antibody-mediated 

neutralization of HIV-1.  

 
 

 

 

Figure 1. The HIV-1 virion. The Envelope glycoproteins 

gp120 and gp41 are protruding from a host-cell derived 

membrane. Directly below the envelope is a matrix comprised 

of p17 proteins. The matrix is surrounding the viral capsid, 

which in turn encloses the viral genome as well as viral proteins 

essential for the HIV-1 life-cycle. Figure reprinted with 

permission from Nature Reviews Microbiology; Karlsson 

Hedestam et al 2008 Feb 2008. 

 

 

 

2.1.1 The HIV-1 reverse transcriptase 
 

Upon fusion, the contents of the HIV-1 virion are released into the cytoplasm of the 

target cell. One of the first events post-fusion is that the viral protein reverse 

transcriptase translates the HIV RNA genome into a double stranded DNA molecule 

(12, 13). This DNA molecule is subsequently transported into the nucleus of the cell 

and integrated into the host genome by the viral integrase to form a provirus. An 

important feature of the reverse transcriptase enzyme is that it lacks the proofreading 

ability that the eukaryotic DNA polymerases use to minimize mutations during 

amplification of genomic DNA during cell division. The reverse transcriptase enzyme 

has also been shown to promote recombination, by template switching, if the cell is 



 

4 

superinfected with several virus variants (15). The error rate of the HIV-1 reverse 

transcriptase during amplification of the viral genome during an infection is difficult to 

exactly enumerate but it has been approximated to 1 mutation per 1700 amplified base 

pairs, if the reaction is performed with purified protein (16), or approximately ten times 

lower when the reaction is performed in a cell-based in vitro system (17). Each of these 

changes has the potential to cause the alteration of an amino acid position during 

translation of the viral genome into proteins. The probability for this to occur for one or 

many of the viral proteins is further increased as some of the reading frames of the 

HIV-1 proteins are overlapping. The low fidelity of the reverse transcriptase combined 

with the high recombination rate and constant selective pressure exerted by the host 

adaptive immune response likely explains the extreme diversity observed for the HIV-1 

species. While many mutations are deleterious, and may contribute to a relatively high 

percentage of non-infectious virions, some will result in viral variants with unique 

properties capable of evading the immune response. The impact of this for the 

development of a vaccine will be highlighted later in this thesis. 

 

2.2 HIV-1 PATHOGENESIS 
 

The time from the initial infection event to the time when HIV-1 replication has been 

suppressed to a steady-state level is called the acute phase. During this phase, which 

lasts approximately 4 to 8 weeks, the virus is propagated to very high levels with a peak 

viremia observed at around 21 days after reported exposure (18). The rising viremia 

during this stage commonly coincides with the appearance of flu-like symptoms with 

varying severity. The symptoms include fever, body ache and swollen lymph glands 

and may last for several weeks until the virus is under control. 

 

Eventually the viremia is reduced to a steady-state level several logs lower than that of 

the peak viremia (19). This phase of the infection is described as the chronic phase, 

usually lasting years to decades (on average 9-10 years) (20), during which time the 

HIV infection is clinically asymptomatic. While both the cellular response and the 

humoral response are triggered by the infection it is mainly the cellular response that 

has been attributed to the reduction of the peak viremia (21). The importance of the 

CD8+ Thymocyte (T) cell response was shown in non-human primate model where 

transient in vivo depletion of the CD8+ T cells gave rise to a similarly transient increase 

in viremia (22, 23). The observation that antibodies capable of neutralizing the virus 
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seldom can be detected until after the virus is under control supported a view of that 

antibodies contributes little, or nothing, to initial control of the virus (24). However, in 

a depletion experiment, similar to the one showing the importance of the CD8+ T cells, 

it was recently demonstrated that animals lacking the capability of making anti-viral 

antibodies quickly progress to AIDS whereas the control animals achieve suppression 

of the virus to a steady-state (25). Therefore it is likely that antibodies do contribute to 

some level of control of the virus in the chronic state, and potentially also during 

suppression of peak viremia (either though sub-detectable IgG levels or perhaps 

through IgM). As will be discussed below, this can be due to neutralization of free viral 

particles, reducing spread of the virus, but also by mechanisms acting directly on 

infected cells. The time-span during which an infected individual can control the virus 

varies greatly and while the general health status can influence the progression to AIDS 

the most predictive elements identified so far is found in the hosts’ genetics, in which 

certain genotypes are linked with rapid or slow progression. Currently the most 

strongly linked factor of those is the genotype of the major histocompatibility complex 

(MHC) class I complex, responsible for HIV-1 peptide presentation to T cells (26, 27).  

 

The last stage of an HIV-1 infection is the symptomatic stage or AIDS. This occurs 

when the numbers of CD4+ T cells have been reduced to such an extent that they are 

unable to support the activity of the cellular and humoral immune response. This results 

in an impaired capacity to combat microorganisms and leads to the development of 

AIDS, when untreated individuals generally succumb to lethal opportunistic infections 

within one year (20).  

 

The cause of the CD4+ T cell depletion is still not fully understood but the classical 

model of prolonged but relatively constant depletion of CD4+ T cells by the virus 

during the chronic infection has recently been challenged (28, 29). Instead a model has 

been proposed where the initial rapid destruction of CD4+ T cells in gut mucosa (30, 

31) leads to translocation of intestinal pathogens, causing systemic (and antigen non-

specific) immune activation (32) and that the magnitude of initial depletion and 

immune activation sets the pace for progression to disease (33).      
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2.3 HIV-1 PREVENTION 
 

The frequency of HIV infections around the world and the negative socio-economic 

impact of AIDS in highly endemic areas justify an immense effort to limit, control or 

eradicate the disease and its causative agent. Since the majority of HIV infections occur 

during sexual intercourse the easiest solution to this problem is, undoubtedly, to 

increase the use of condoms. The implementation of education and accessibility efforts 

to increase such use and to change social risk behaviours contributes to some level of 

reduction of HIV infections but seem unlikely to completely lead to control of the 

pandemic. The introduction of antiretroviral drugs in the western world has proven 

relatively effective in delaying the time from HIV infection to the development of 

AIDS and there is a continuous effort to develop new and effective drugs with few side 

effects. However, the implementation of antiretroviral drugs in the developing world 

has not been straightforward, where cost, distribution and political issues make them 

poorly available to the majority of infected individuals. Therefore there is a great need 

for alternative approaches to prevent the spread of HIV. Since the establishment of the 

principles of mass-vaccination by Edward Jenner in the late 18th century, this strategy 

has so far successfully eradicated smallpox and is the main tool to combat and reduce 

infections and clinical manifestations of many pathogens such as measles, seasonal 

influenza, yellow fever and Hepatitis B (HepB) (34). The development of an effective 

vaccine against HIV-1 is likely to be critical if we are to succeed in controlling and 

reducing the current HIV pandemic.  
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3 THE IMMUNE RESPONSE AGAINST INFECTION 
 

3.1 INNATE IMMUNITY  
The first line of defence against infection is conferred by the innate immune system. 

This includes external barriers such as the skin, tears and mucus, which together form 

an almost impenetrable shield around the body, but also biologically synthesized 

products and cells that act in a non-specific manner against invading pathogens. While 

the external barriers protect us against most of the pathogens we are exposed to during 

a life-time the cells of the innate immune system are essential to induce a localized host 

response in the event that such barriers do not provide sufficient protection. 

Importantly, these cells (represented by macrophages, dendritic cells (DCs), natural 

killer cells and other non-adaptive immune cells) are also essential for activating 

adaptive immune response (35, 36). Both of these functions are mediated through the 

recognition of certain evolutionary conserved pathogen associated patterns by one or 

many of a series of specialized pattern recognition receptors (PRRs) (35, 37-39). These 

receptors thus remain unspecific enough to recognize most, if not all, pathogens, and to 

initiate an immune response, while being specific enough to avoid activation by most 

self-molecules. While self molecules can be recognized by the innate immune system 

the PRRs are located such that recognition only occurs if the self molecules are found 

in the wrong cellular compartment, indicating cell death and/or infection (39). The 

expression of the pattern recognition receptors varies between cell populations in the 

body but is highly frequent on cells contributing to various innate immune functions, 

such as various types of DCs and macrophages. It is becoming clear that the activation 

pattern of these receptors during infection can influence both immediate innate host 

responses as well as subsequent adaptive responses (35, 38). Another essential function 

of the innate immune cells is to capture and transport foreign material from the 

peripheral surfaces of the body to lymphoid organs and to subsequently present this 

material to cells of the adaptive immune system (40, 41). Since the aim of vaccination 

is to induce a long-lived adaptive immune response against a pathogen-of-interest, the 

vaccine needs to stimulate the innate response. Traditionally the stimulation of the 

innate immune response is achieved by using either attenuated (ex. Yellow Fever 

vaccine) or “killed” (Influenza vaccine) pathogens, where viral components stimulating 

the innate response are built in to the immunogen itself. However, with the introduction 

of purified recombinant proteins as vaccine components it is necessary to stimulate the 
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innate immune response with co-administered adjuvants, this since most proteins are 

relatively inert for recognition by the innate immune system. So far the only approved 

adjuvants for use in humans are aluminium hydroxide (alum), as in the HepB vaccine 

(42) or alum in combination with MPL, currently in the recent Human Papilloma Virus 

vaccine (43). MPL, or monophosphoryl lipid A, is a derivate from a lipopolysaccaride 

component of the cell wall of bacteria and is well described to stimulate the innate 

immunity by activating a specific PRR, the toll-like receptor 4 (44). The mechanism by 

which alum provides its adjuvant effect was long believed to be due to a depot effect 

(the opposite charge of protein and alum leads to aggregation) but more recent findings 

indicate that stimulation of uric acid production (45) as well as uptake of particulate 

antigen by dendritic cells mediate the innate immune stimulating effect of alum (46, 

47).  

 

3.2 THE ADAPTIVE IMMUNE RESPONSE 
 

While the innate immune response can be considered as a rapid response system 

inducing a general anti-pathogen state, the adaptive immune response is relatively slow 

to develop (days/weeks instead of hours). However, once mature it provides a highly 

specific and long-lived response, which is generally very effective in combating 

infection upon antigen recall exposure. Immunological memory is achieved through a 

portion of the mature cells which are further differentiated into long-lasting memory 

cells, allowing for the lag-time of the response against previously encountered 

pathogens to be shortened from weeks to days. The two main components of the 

adaptive immune response are the cellular and the humoral arms, mediated by T cells 

and B cells respectively. While both cell-types originate from the same hematopoetic 

stem cells in the bone marrow the T cells mature in the thymus, while B cells mature in 

the bone marrow. During the maturation of a high affinity immune response they both 

undergo an extensive and selective T- or B-cell receptor editing process, shaping a 

response against invading pathogens which, as opposed to the innate immune response, 

is highly adapted and specialized at combating the pathogen responsible for infection.  

 

3.2.1 The cellular immune response response  
 

The cellular immune response includes two main cell types, the cytotoxic CD8+ T cells 

and the CD4+ T helper cells. The CD8+ T cells are the effectors of the cellular immune 
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response with the main purpose to eliminate infected cells. The process by which this is 

achieved includes the recognition of “foreign” peptides, generally 9 amino acids long 

(9-mers), anchored to MHC class I molecules on the infected cell, by the T cell receptor 

(TCR) of the CD8+ T cell (48). This subsequently leads to the initiation of a process by 

which the CD8+ T cell kills the infected cells by release of perforin and granzyme to 

perforate the target cell membrane and initiate apoptosis of the infected cell. Another 

way CD8+ T cell mediated killing can occur is the induction of apoptosis by interaction 

between Fas molecules on the target cell and Fas-ligand on the CD8+ T cell. Since 

MHC class I molecules are expressed on every cell type of the body (except 

erythrocytes) and all cells can proteolytically process protein components into peptide 

fragments, the CD8+ T cells have the potential to indiscriminately recognize and kill 

any infected cell. As mentioned above, the control of viral peak during the acute phase 

of an HIV infection is largely attributed to this response and control of the virus during 

chronic infection is, at least in part, mediated in the same way.  

 

The TCR on CD4+ T cells recognize foreign peptides bound to MHC class II 

molecules, which can accommodate longer peptides than the class I molecules (48), on 

antigen presenting cells. There are several different subsets of CD4+ T cells, including 

T-helper (Th)1, Th2, Th17 and T regulatory cells, which mature by stimuli provided by 

DCs (49). One important function of the various Th cells is to provide support for other 

immune cells during infection (50, 51), where Th1 cell mediated immune responses 

have been attributed to control of intracellular pathogens and Th2 cells mediate 

clearance of extracellular pathogens. The recently discovered Th17 cells have been 

linked to robust tissue inflammation and control of certain extracellular pathogens 

where Th1 or Th2 responses are poorly protective. In contrast the T regulatory cells 

control autoimmunity by suppressing or killing of self-reactive immune cells (52), 

although they have also been shown to mediate control of infection caused by the 

parasite Leishmania major (53). Importantly, the Th cells are required for efficient 

evolution of the B cell response to acquire high affinity and specificity for foreign 

molecules and the type of Th response, mainly Th1 or Th2, have been attributed to the 

elicitation of different sub-types of antibodies. This is achieved by direct interaction of 

the TCRs on the Th cell with peptide loaded MHC class II molecules on the B cell in 

concert with the expression of specific co-stimulatory molecules by the Th cell (50). 

While MHC class I molecules are expressed by the majority of cells in the body, MHC 

class II molecules are selectively expressed by antigen presenting cells including, but 
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not limited to, DCs, macrophages and B cells (40). As the name implies the antigen 

presenting cells can acquire antigens or whole pathogens by various mechanisms upon 

which these are processed into peptides and loaded onto MHC class II molecules. 

Therefore, in contrast to activation of CD8+ T cells, infection is not a requirement for 

CD4+ T cell activation but direct exposure to foreign, non-infectious molecules is 

sufficient. The capture and internalization process of antigen mainly occurs in the 

periphery of the organism, as this is where infections usually occur. Activation of APCs 

by PRRs during antigen uptake stimulates migration of the APC to lymphoid tissues 

(54). The presentation of the peptide loaded MHC class II complex to the TCR and 

activation of the CD4+ T cells generally occurs after this migration.  

 

The acquisition of high affinity for MHC:peptide complexes of the TCR is achieved 

through VDJ-recombination (55) similar to the B cell receptor (BCR) on B cells, a 

process which is described below. However, an important difference seen in the 

maturation process between the TCR and the BCR is that no further affinity maturation 

occurs for the TCR after the VDJ-recombination. Therefore the TCR affinity to the 

MHC-peptide complex, which is reached by the randomized association of genetically 

carried V, D and J fragments, is final. This is likely to reduce the risk for autoimmunity 

since the complexes recognized by the TCR can only differ in a finite amount of 

positions. Small differences between self peptides and non-self peptides that can be 

picked up due to a certain affinity threshold of the TCR may become non-

distinguishable if the TCR can increase its affinity (increasing binding to both its 

cognate peptide in complex with a MHC but also to those complexes where less 

optimal affinity was already present).  

 

3.2.1.1 The contribution of cellular immunity for control of HIV-1 during infection 

 

Due to the association between a reduced viremia in the late stage of acute infection 

and the appearance of HIV-1 specific CD8+ T cells it is well accepted that the CD8+ T 

cell response significantly contributes to initial control of HIV-1 (21). It is likely that 

this response also contributes to keep viral replication under control during the chronic 

phase of the infection (22, 23). However, since CD8+ T cell responses are seen in 

virtually all infected individuals one can also interpret this as that the natural CD8+ T 

cell responses are incapable of protecting the majority of individuals from succumbing 

to AIDS unless under antiretroviral therapy. There are exceptions to this rule where 
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CD8+ T cell responses have been linked to extremely good control of the virus and 

current research is attempting to investigate the characteristics of those responses with 

the aim to understand by what means control is achieved (26, 56) and current evidence 

suggests that certain MHC class I genotypes are critical for such control (26). 

 

3.2.2 The humoral immune response  

 
The BCR is comprised of two heavy (H), two light (L) -chains. In addition to the 

variable (V) and the diversity (D) segements comprising each L chain, the H chains 

include an additional junction (J) segment as well as a constant (Fc) region. It is the V, 

D and J regions, in combination with association of the H- and L-chains, which confer 

the binding specificity of the BCR, where the binding site is termed the complementary 

determining region (CDR). By random genomic recombination upon maturation each 

BCR receives a unique set up of VDJ segments allowing for almost unlimited capacity 

to recognize foreign molecules (57). Initially up to 75% of the initial VDJ 

recombinations give rise to self-reactive BCRs (58). To avoid autoimmunity, 

downstream mechanisms of the VDJ recombination include receptor editing (59, 60) 

followed by induced anergy (61) or apoptosis (62) of any remaining self-reactive B 

cells. B cells can be activated by either T cell-independent (TI) or T cell-dependent 

(TD) antigens. TI-antigens can induce activation either through polyclonal stimulation 

regardless of BCR affinity or through cross-linking of BCRs by presenting highly 

repetitive arrayed epitopes (63). Both of these types of TI-antigens can induce B cell 

activation, differentiation and elicitation of antibodies. TD-antigens are antigens, which 

are dependent on CD4+ T cells for B cell-activation. Upon recognition of its cognate 

antigen in secondary lymphoid organs the B cell internalizes the BCR:antigen complex, 

after which the antigen is processed into peptides and presented on MHC class II 

molecules. Subsequent recognition of this complex by the TCR on Th cells induces the 

production of Th specific cytokines, which together with BCR ligation to its cognate 

antigen promotes B cell expansion and affinity maturation (57, 64). This process 

includes somatic hypermutation (introduction of stochastic point mutations in the CDR 

of the BCR) coupled with subsequent clonal expansion of B cells with the highest 

affinity BCR (65). The selective maturation and expansion of high affinity clones is 

explained by the competitive advantage a high affinity BCR gives when the amount of 

BCR-accessible antigen is reduced. An additional step in the BCR maturation process 

is the isotype-switch, which allows the BCR to acquire a defined Fc region (57). The 



 

12 

cytokine milieu, governed by the Th type of the interacting CD4+ T cell, is also 

important for control of the isotype-switch. Th1 cells provide an environment (usually 

defined by IFNγ production) which promotes isotype switch to IgG2 while Th2 cells 

promote (in part by producing IL-4) switch to IgG1. However, while most literature on 

Th1 and Th2 bias of antibody elicitation is based on mouse immunology the human 

immune system appears less easy to define according to Th-subtypes. The impact of 

antibody isotypes for neutralization of HIV-1 is not fully clear but may be of 

importance since emerging evidence points to that effector mechanisms, in addition to 

direct binding, is critical for the neutralization potency of an antibody (66). The ability 

of antibodies to induce such mechanisms is governed by the Fc region of the antibody 

and potential role of this for neutralization of viruses is described in chapter 3.2.2.1.  

 

Following successful activation and selection, the B cells differentiate into either 

antibody producing plasma cells or into B memory cells (64, 65, 67). The plasma cells 

represent a dead-end for differentiation but instead these cells produce copious amounts 

of soluble antibodies (soluble BCRs), which are capable of neutralization. While the 

specificity of antibodies is achieved by the variable regions of the antibody, the Fc 

region contributes with various effector functions, such as multimerization, 

complement binding and Fc receptor binding (68). The discussion here is limited to 

antibodies containing the gamma-constant region (regardless of sub-set), denominated 

IgG, which are antibodies possessing high affinity and specificity and usually dominate 

the serological antibody response induced by infection and vaccination. A description 

of the elicitation of IgA, which together with IgG is abundant on mucosal surfaces, is 

outside the scope of this thesis.  

 

3.2.2.1 Antibody mediated neutralization of viruses  

  

The definition of a “neutralizing antibody” in this thesis is an antibody that can bind 

virally derived, surface exposed proteins and block or reduce infection events of target 

cells. It should be noted that antibodies aimed at host-cell derived components are 

excluded from this discussion even though they in some cases can block infection by 

binding to cellular receptors involved in viral entry or to host-cell proteins that are 

incorporated into the virion upon budding, as recently reviewed by Phogat et al (69).  
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Direct blocking of virus infection of target cells is an obvious step that can lead to 

inhibition of infection (70-72) and it has been suggested that occupancy of antibodies 

on the virion rather than epitope specificity determines if blocking will be successful or 

not (68, 70, 72, 73). This is supported by the marked linear relationship between virus 

surface area and the number of antibodies required to bind the virus for neutralization 

and implies that the bulk size of bound antibodies contributes to the neutralization (by 

providing steric or spatial hindrance for the receptor interactions) (72). The ability of 

antibodies directed against incorporated host-cell derived proteins to neutralize SIV 

(69) provides another line of evidence supporting this model. 

 

In addition to direct blocking of infection, evidence indicates that mechanisms 

mediated through the Fc region of the IgG (68) play an important role for in vivo 

neutralization of viral infections (66, 74, 75). By necessity the immune system needs to 

distinguish between soluble and pathogen-bound antibodies to avoid autoimmunity. 

This is achieved both by conformation changes in the Fc region of the antibody upon 

binding to a cognate antigen (allowing for complement or Fc receptor binding) (76, 77) 

as well as by activation only if a threshold concentration is exceeded through a local 

accumulation of antibodies (78, 79). In addition, complement control proteins are 

abundant in serum and on the cell-surface, protecting the host from complement-

mediated lysis to be activated by sporadic, low-affinity binding of antibodies to healthy 

cells (80). Presumably, aggregation and increased antibody concentration can overcome 

the repressive effect of the complement control proteins if an infected cell presents 

“enough” foreign proteins on the surface. Both Fc receptor binding and complement 

activation by antibodies can be said to be governed by an occupancy rule, but in 

contrast to blocking of infection, the threshold is here set on a physiological basis rather 

than as a function of virion surface area and may differ for the activation of different 

effector mechanisms.  

 

It is likely that all of the above mechanisms work in concert to achieve in vivo 

neutralization of viruses, where blocking entry and direct disruption of virions is 

necessary for blunting the infection, while the Fc region mediates phagocytosis, 

antibody-dependent cell-mediated cytotoxicity and complement activation to remove 

infected cells (66, 68). An overview of potential antibody-mediated neutralization 

mechanisms is provided in Figure 2. 
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Figure2. Antibody mediated neutralization of a virus infection. The currently known mechanisms by 

which an antibody can act during an HIV-1 infection; a) direct neutralization by binding to the virus, 

thereby blocking the infection event b) complement mediated lysis of a virion or an infected cell. c) 

antibody mediated opsonization or phagocytosis of virions or d) antibody-dependent cell-mediated 

cytotoxicity acting on infected cells. Figure reprinted by permission from Wiley InterScience: Journal of 

Infectious Medicine; Huber & Trkola, 26th June 2007 (81).  

 

In the absence of autoimmunity the neutralizing antibody response during infection or 

vaccination is solely aimed against virally derived surface proteins and the occupancy 

thresholds are therefore governed by the spike content of the virion rather than the total 

viral surface. Occupancy must then be considered as a function of antibody occupancy 

of viral spikes rather than occupancy of the total surface, at least in the cases for viruses 

with relatively low spike content in relation to surface area, but the exact relationship 

between the two remains to be determined (82). 

 

3.2.2.2 The contribution of humoral immunity for control of HIV-1 during infection 

 

Since antibodies generally are detected after the peak viremia has been reduced (24) it 

is likely that they do not play a significant role in the initial control of the virus. When 

anti-HIV-1 antibodies do appear, there is a continuous escape by viruses which acquire 

mutations in the antibody targeted regions (83, 84). The highly selective pressure 
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applied by the humoral immune response may indicate that such response could be 

beneficial early in infection if the antibodies were targeting conserved regions on the 

viral surface. The potential importance of antibodies for viral control is further 

suggested by observations that animals, not capable of mounting antibody-mediated 

immune responses, are unable to control the challenge virus in a recent non-human 

primate study (25). Extremely potent antibody-mediated neutralizing activity was 

observed in HIV-1 infected individuals with a slow progressor phenotype (85). 

However, as there was no significant difference in over-all anti-HIV antibody potency 

in serum from progressors, as compared with that from individuals with a slow 

progressor phenotype it remains unclear if the elicitation of potently neutralizing 

antibodies during an established HIV-1 infection contributes to increased virus control 

(however, the study included too few subjects for a proper statistical comparison – 

further screening may provide a more definitive answer). While the above studies 

examined the contribution of serum antibodies for control, the contribution of mucosal 

antibodies is also currently being examined but so far there is no clear consensus 

regarding if HIV-1 viral inhibition at mucosal surfaces are mediated by IgG and/or IgA 

antibodies, or by antibodies at all (86). Huber et al recently addressed the role of in vivo 

complement activation by antibodies during infection and found that complement 

activity could not be linked to the infusion of neutralizing antibodies or predict 

treatment success (87, 88).  

 

3.2.3 Viral control during infection versus vaccine development 
 

Overall, caution should be taken when trying to correlate control of natural HIV-1 

infection to protection against acquisition of infection (the goal of prophylactic 

vaccination), as these are two different situations. Nevertheless, one important take-

home message from studies of natural HIV-1 infection is that the viral set-point during 

the chronic phase of the infection predicts both disease progression and the likelihood 

of transmission to other individuals (89-91). This indicates that even a vaccine, which is 

incapable of providing complete protection, but which reduces the viral load during 

acute and/or chronic infection, may delay the onset of AIDS as well as to reduce the 

transmission rate of HIV-1. 
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4 VACCINATION 
 

The principle for vaccination is relatively straightforward; by exposure to components 

of a pathogen a long-lived immune response is established. This allows the host to 

prevent or to effectively combat the infection in case of subsequent natural exposures. 

Currently, the existing human vaccines against virus infections are based on one of the 

following three approaches; (i) vaccination with a live attenuated virus, such as the 

measles vaccine, (ii) vaccination with an inactivated virus, such as for the polio “Salk” 

vaccine, and (iii) vaccination with recombinant viral proteins, such as the HepB and the 

Human Papilloma Virus vaccines. A common feature of all of these vaccines is that 

they are thought to confer protection mainly via neutralizing antibodies that act directly 

on the virus (34). While all three strategies are potent in inducing B cell and CD4+ T 

cell responses, only vaccination with live attenuated virus induces an immune response 

that in addition to the B cells and CD4+ T cells also activates CD8+ T cells. Induction 

of CD8+ T cell responses is also a feature of many of the experimental genetic vaccines 

currently in pre-clinical or clinical trials against HIV-1, such as naked DNA or 

recombinant viruses used to express vaccine antigens in vivo in vaccinated individuals 

(92-96).  

 

4.1 VACCINE DEVELOPMENT AGAINST HIV-1 
 

That HIV-1 initiates a chronic infection together with the immense variability of the 

virus poses a great challenge for vaccine development. With the exception of HepB, 

there are currently no completely successful vaccines against chronic viruses. Whether 

this is due to sub-optimal vaccine strategies, an intrinsic inability of the adult immune 

system to confer immunity to chronic viruses as suggested by Zinkernagel and 

colleagues (97) or depends on other factors remains to be determined. The insight that 

the immune system appear to control most persistent, chronic, viruses by CD8+ T cell 

responses, in combination with the failure of an antibody-based vaccine trial (98) raised 

hope that vaccine candidates designed to induce CD8+ T cell responses would induce 

some degree of protective immune responses against HIV-1 (99). However, this view is 

currently being re-evaluated since a recent trial based on this strategy failed (100). 
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The notion that it is difficult to induce protective immunity against a chronic viruses by 

antibody-based vaccine approaches can be debated since the successful HepB virus 

vaccine achieves protection through humoral immunity (34). Similarly, an experimental 

antibody-based Herpes Simplex Virus 2 vaccine reduced the infection rate with 70% in 

women (101). Therefore, it is possible that the major challenge for HIV-1 vaccine 

design lies in the development of a strategy that can meet the immense variability of 

circulating HIV-1 variants rather than that it is a chronic infection. The variation of 

HIV-1 and the implications this has for vaccine development have been extensively 

discussed (102) and recently compared with the relatively effective annual vaccination 

against influenza virus (103). The current influenza vaccine strategy is to produce an 

annual vaccine against the strains most likely to spread across the globe during the 

upcoming influenza season. While this approach so far has proven to be highly 

effective it remains strain-specific and the influenza vaccine produced for one season 

only confers partial protection against upcoming seasons of circulating influenza virus. 

The partial or whole loss of efficacy of the vaccine is due to genetic drift (104), where 

mutations in a current strain of influenza may lead to reduced efficacy, or the more 

rarely occurring antigenic shift, where completely new variants of influenza are 

transferred from the avian reservoir to the human population, making the previous 

vaccine ineffective (105). Fortunately the “drift” process is mostly an annual event with 

seeding in south-east Asia, making the “predict and produce” approach relatively 

effective on a yearly basis (106) while a genetic shift is less, if at all, predictable but 

also much more rarely occurring (years to several decades) (105). In comparison HIV-1 

have an extremely fast mutation rate, where a single HIV-1 infected individual shortly 

after infection harbours an array of HIV-1 quasi-species, where vaccination against 

either one of them may provide sub-optimal protection against the others. On a global 

scale this means that a single vaccine regimen will need to be able to protect against an 

array of viruses with a total variability only slightly surpassed by all currently known 

avian and human influenza strains together (103).  

 

One potential solution to combat the variability of HIV-1 and other variable viruses is 

to develop vaccines, which specifically target regions that are under functional 

constraints. By necessity (to remain infectious) such regions are less prone to mutation 

and therefore provide targets that are conserved within a whole virus species. While 

there are conserved regions throughout the HIV-1 genome, particularly in the genes 

essential for the viral life cycle, the focus here is limited to the stimulation of antibodies 
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against conserved regions of the HIV-1 envelope glycoproteins (Env) (chapter 5) as this 

is the sole target antigen for antibody mediated neutralization of the virus. However, it 

should be noted that viral variability and escape from recognition also affects the ability 

of the CD8+ and CD4+ T cells to mediate their functions (107-111).   

 

4.2 FACTORS CONTRIBUTING TO VIRAL CONTROL IN MODEL 
SYSTEMS 

 
In the absence of relevant small animal models for HIV-1, SIV and SHIV infection of 

non-human primates (NHP) remain the best model systems available. During the early 

years after the discovery of HIV-1, chimpanzees were used as model species as they 

can be infected with HIV-1. However, ethical and financial as well as immunological 

(112) complications have lead to a halt for chimpanzee studies and have been replaced 

with macaque challenge models. Since macaques cannot be infected by HIV-1 (113-

115) the closely related SIV (116, 117) or engineered, HIV/SIV chimeric viruses 

(SHIV) (118, 119) are used to mimic HIV-1 infection. In its natural hosts, among them 

the sooty mangabey and the chimpanzee, SIV rarely causes disease but in other species, 

such as macaques, is can be highly pathogenic with similar disease progression, viral 

evolution and escape from the immune response as HIV-1 (120). Due to the low (or 

lack of) cross-reactivity between the SIV and HIV-1 Env (121) the SIV model does not 

allow for the evaluation of vaccines based on the elicitation of neutralizing anti-HIV-1 

antibodies. Therefore the SHIV model was developed as an alternative, where the 

genes for HIV-1 env, vpu, tat, and rev were introduced on an SIV backbone. The 

resulting virus is dependent on the HIV-1 Env for infection and can replicate in 

macaque cells and is therefore the preferred model for in vivo studies on HIV-1 Env 

immunogenicity and pathogenicity. While the pathogenesis for SIV is isolate specific 

the pathogenesis of SHIV has been closely linked to the introduced HIV-1 Env. Early 

SHIV viruses did not accurately mimic HIV-1 infection and the reason for this is likely 

the utilization of CXCR4 or both CXCR4 and CCR5 as co-receptors instead of only 

CCR5. Since CXCR4 but not CCR5 is highly expressed on naïve T cells these SHIV 

preferentially infects a different cell population than HIV-1, and has been shown to 

poorly predict the outcome of a recent HIV-1 vaccine trial aimed to elicit protective 

CD8+ T cell responses (122). Later SHIV models instead utilize CCR5 as co-receptor, 

where memory T cells are preferentially targeted by the virus and therefore more 

closely mimic events during an HIV-1 infection. The development of various SHIV 



 

  19 

and SIV challenge models and the use of these for identification of protective Env 

antibody-epitopes have recently been extensively reviewed (120, 123). Findings in the 

above mentioned NHP models which may be relevant for vaccine design is briefly 

summarized below. 

 

Like for HIV-1 infected humans, the disease progression in SIV and SHIV infected 

animals is associated to the MHC class I, where certain genotypes can predict slow 

progression (124). Due to this it is essential to genotype and exclude animals where 

slow progression is predicted prior to vaccination. Several experiments have shown that 

vaccine induced CD8+ T cell responses can lead to rapid control of infection by HIV-1, 

SIV and SHIV (95, 125, 126). However, longitudinal studies further demonstrated that 

the containment is transient and that eventual virus escape from CD8+ T cell 

recognition occurs. This leads to a rise in viral replication and rapid disease progression 

(127, 128). The data above, in combination with the recent failure of a CD8+ T cell 

based vaccine in a human clinical trial (100) suggests that viral escape as well as host-

genetics is something which need to be considered for the development of a vaccine 

aimed to induce CD8+ T cell responses capable of controlling HIV-1 upon infection 

(110, 124). 

 

Currently the only successful proof-of-concept studies addressing vaccine induced 

immunity against the variable HIV-1 species comes from passive immunization 

experiments using monoclonal antibodies (mAbs) (129-132) and further reviewed in 

(123). These experiments demonstrate that a sufficient level of a neutralizing antibody 

in the serum can confer sterilizing protection against both CCR5-using as well as 

CXCR4-using SHIV viruses and likely also HIV-1. In addition, they show that 

intravenously infused HIV-1 Env specific IgG antibodies can protect against a mucosal 

challenge (130, 132), indicating that induction of IgG without mucosal IgA may be 

sufficient for an effective vaccine. Similar protection have been achieved by 

vaccination with recombinant Env protein against homologous HIV-1 and SHIV 

challenges (133, 134). Even though homologous challenges do not represent a “real-

world” challenge, these studies illuminate two important factors for vaccine 

development; that sterilizing protection can be achieved by vaccination with 

recombinant Env and that in vitro neutralization of a virus can predict in vivo protection 

upon challenge (134). The latter finding highlights the importance of well-controlled 
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and standardized in vitro-assays for initial screening of vaccine candidates against 

heterologous HIV-1 isolates of varying neutralization resistance (135-137).  

 

4.3 IN VITRO HIV-1 NEUTRALIZATION ASSAYS 
 

The ability to in vitro measure the HIV-1 neutralizing capability of antibodies elicited 

after vaccination is an important advance for vaccine research. While some effects 

induced in vivo by antibody binding may be overlooked in in vitro assays, where direct 

blocking of infection is measured, such assays still measure the prime requirement for 

neutralization (since only antibodies binding to the functional spike can block 

infection). To reduce variables, such as virus growth kinetics and other non-antibody 

related factors, single round neutralization assay systems were used in this thesis. This 

means that the virus is not allowed to propagate, either by including an HIV-1 protease 

inhibitor during the assay or by the use of replication defective HIV-1 pseudotype 

viruses. The differences between using HIV-1 viruses propagated in peripheral blood 

monocytes (PBMCs) or produced by pseudotyping, as well as the difference between 

using PBMCs or TZM-bl (HeLa cell line) as target cells in neutralization assays has 

been extensively discussed (136-139). For viral origin, the use of PBMCs versus cell-

lines for production may have impact on the incorporated host-cell proteins, which in 

turn may provide differential help for virus attachment. In addition, PBMC derived 

virus will represent a “swarm” of evolutionary closely related viruses since the viruses 

use reverse transcriptase for propagation. In contrast, pseudotyped viruses are produced 

by co-infecting a cell-line with a DNA plasmid encoding the HIV-1 genome, lacking 

the Env component, in combination with a plasmid encoding only for HIV-1 Env from 

the strain of choice (Figure 3A). This method allows for the production of highly 

homogenous populations of HIV-1 virions where a stain-specific Env is incorporated 

(Figure 3a). In contrast to the PBMC derived viruses, the pseudotyped viruses usually 

contain only one variant of Env. However, it is also possible to produce heterogenous 

“swarms” of HIV-1 virions by simultaneously co-transfecting the cells with a mix of 

DNAs encoding for different Envs. The pseudotyped viruses are commonly used to 

infect TZM-bl cells, which have been engineered to express the luciferace reporter gene 

under the control of a HIV-1 responsive promoter region. Since these cells also carry 

CD4 and CCR5 (as well as CXCR4) they are readily infected by HIV-1 and luciferace 

activity is used as read-out for infection (Figure 3b). While the PBMC based assay may 

better mimic natural infection, the assay format suffers from limited scalability and 
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intra-assay variation (presumably much due to genetic variability of different PBMC 

donors). The use of pseudotyped viruses and TZM-bl cells as targets is a relatively 

scalable method, allowing for simultaneous and reproducible testing of immune serum 

against several different HIV-1 isolates. However there appears to be slight differences 

between the two formats, as measured by the neutralization capability of monoclonal 

antibodies (137, 138), but the significance of these for the over-all interpretation of 

efficacy remains to be determined. The pros and cons for the PBMC based assay versus 

the more artificial pseudotype assay have been extensively discussed (136, 137). 

However, the ultimate goal of HIV-1 vaccine research is to develop a vaccine capable 

of neutralizing a large array of diverse viruses. It is therefore likely that scalability and 

reproducibility should be prioritized to allow for rapid testing against a broad array of 

viruses, as previously suggested (136), since the neutralization capability of a truly 

effective vaccine will most likely translate between the two assay formats.     
 

Figure 3. In vitro neutralization using 

pseudotyped viruses. a) Co-transfection of 

human 293 cells with a plasmid containing a 

HIV-1 backbone (green)and lacking the Env 

gene (ΔEnv), together with a plasmid 

encoding a heterologous Env (brown) leads 

to the production of single-round infectious 

HIV-1 virions with heterologous spikes. b) 

Incubation of the pseudotyped viruses with 

TZM-bl target cells lead to infection and 

HIV-1 driven, cellular production of 

luciferace (top panel). CD4 on the TZM-bl 

cells is colored red and CCR5 black. If the 

pseudotyped viruses are incubated with 

neutralizing antibodies (bottom left panel) 

the infection is blocked or reduced affecting 

the luciferace expression (bottom right 

panel). Neutralization is directly correlated 

to reduction of luciferace activity between 

the top and the bottom right panels. Adapted 

by permission from Åsa Hidmark: Induction 

of type I interferons and viral immunity, 

Thesis, Karolinska Institutet, June 2007. 
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In paper I of this thesis, we use an assay where PBMCs are infected either by PBMC 

derived virus or by pseudotyped virus, engineered to drive the expression of GFP upon 

infection. The read-out for the assay is either HIV-1 p24 production in infected cells or 

GFP production. To avoid multiple rounds of infection the assay was performed in the 

presence of a protease inhibitor (140). In paper III and IV of this thesis we used a 

pseudotype assay as previously described (85, 141). Of note is that in paper IV we 

frequently utilize pseudoviruses with Env derived from an HIV-2 isolate to be able to 

detect antibodies directed specifically against the co-receptor site (142). 

 

4.4 PHASE III CLINICAL TRIALS 
The ultimate test of a potential vaccine is to go through the rigorous process of phase I 

(safety), phase II (immunogenicity) and phase III (efficacy) human clinical trials. There 

are currently only two HIV-1 vaccine candidates that have proceeded through phase III. 

The first study was performed by Vaxgen Inc. The vaccine component of Vaxgens 

AIDSVAX was either 300μg each of recombinant gp120 from the two clade B HIV 

strains, MN and GNE8 (AIDSVAX B/B) or 300μg each of recombinant gp120 from 

the clade B MN strain and the clade E A244 stain (AIDSVAX B/E). The proteins were 

delivered in alum adjuvant and the test subjects were injected seven times (98, 143). 

Upon completion of the efficacy trial it was shown that the vaccine neither prevented 

HIV-1 infection nor contributed to delayed disease progression (as predicted by a 36 

month follow-up upon acquired infection) (98). The results from the trial indicate that 

monomeric gp120 is a sub-optimal vaccine component for elicitation of broadly 

neutralizing antibodies. Further it suggested, due to abundant elicitation of anti-Env 

antibodies upon vaccination, that Fc mediated mechanisms, potentially contributed by 

binding of non-neutralizing antibodies to infected cells, do not significantly contribute 

to control or clearance of an initial infection. The second trial, the STEP trial, was 

halted by interim results suggesting that the vaccine was not only ineffective but also 

showed a trend of increased HIV-1 infection in certain vaccinated individuals. The 

STEP trial, co-funded by the pharmaceutical company Merck, consisted of the HIV-1 

gag gene delivered by a recombinant serotype 5 adenovirus with the aim of inducing 

anti-HIV CD8+T cell responses. While the increased infection have been associated 

with strong pre-existing immunity against the adenovirus vector used, further analyses 

are on-going to evaluate if any trace of protection can be found if the vaccinees are 

divided into sub-groups. However, currently no significant evidence exists for a 

protective effect of the vaccine. While both of these trials showed no vaccine efficacy 
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against HIV-1 transmission alternative approaches may prove successful in the future. 

Under the scope of this thesis we are primarily investigating the feasibility of inducing 

neutralizing antibodies against HIV-1 by the use of various modified forms of 

recombinant HIV-1 Env and by delivery of those as purified protein in adjuvant or by a 

viral vector system.  
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5 THE TRIMERIC HIV-1 ENVELOPE GLYCOPROTEIN 
SPIKE COMPLEX 

 

The lipid bilayer surrounding the HIV-1 capsid and its components is acquired from the 

host-cell membrane upon virus budding. Other than the membrane itself, a plethora of 

host-cell proteins are carried along and are incorporated during the process. The only 

virally derived component embedded in the membrane is the HIV spike complex (144) 

and as such it represents the sole target for neutralizing antibodies against HIV-1. The 

functional spike complex of HIV-1 is a trimer comprised of gp120/gp41 heterodimers, 

where gp120 is the exterior glycoprotein and gp41 is the transmembrane glycoprotein 

(145), which is supported by atomic resolution structural homologies of gp41 with 

other viral transmembrane proteins known to exist in trimeric form (146). Furthermore, 

the trimeric gp120 structure complex was also suggested by combining the antigenic 

map of gp120 with its atomic resolution structure into a trimeric model of a liganded 

gp120 cores (147, 148). However, the structure of a trimeric HIV-1 spike complex has 

yet to be resolved by crystallography.  

 

Cryo-electron tomography is a relatively new method where virus samples are quick 

frozen, sliced into thin layers from where images are generated at different angles of the 

slices. By merging these images it is possible to generate high resolution 2D and 3D 

images of biological structures at a nanometer resolution (149). While it remains 

difficult to resolve the structure of the HIV-1 virion (at the level where detailed 

determinants of Env can be visualized) using this method, SIV has proven to be an 

easier case. Therefore, SIV was initially used to generate more complex models and 

due to the close evolutionary relationship of the two viruses it is assumed that 

interpretations for SIV are also fairly accurate for HIV-1 (150-152). To increase the 

density of spikes on the virion, approximated to 10/virion for both HIV and SIV (153, 

154), viruses engineered to lack the cytoplasmic tail of gp41 are most commonly used. 

This truncation deletes internalization motifs, responsible for internalization of Env 

from the plasma membrane, and leads to enhanced spike density on the cell surface and 

consequently on the virus during budding, approximately 70 spikes/virion (153). 

Consistent with previous suggestions (155), the spikes on the virion are not 

homogenous in their appearance but seem to vary greatly. By generating many images 
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of individual SIV spikes, two groups almost simultaneously proposed models of the 

functional spike complex (150, 151). The two models were not entirely consistent with 

each other, as one describes the complex as a “tripod” embedded in the envelope (151) 

and the other as a “mushroom” with a cavity at the gp120 and gp41 interface (150). 

However, they both suggest that the functional spike is a tri-lobed structure on the 

surface of the virion and the discrepancies of the two models perhaps lie in the limits 

set up to define what images to include in model building as well as with the 

assumptions made for the averaging process (150, 156).  

 

In a very recent publication by Liu et al the molecular architecture of the native HIV-1 

spike protein was successfully visualized by cryo-electron tomography (157). The 

images that were generated show the trimerc spike in complex with either an antibody 

fragment, comprising a single H and L chain and lacking the Fc region (Fab), of mAb 

b12, in a complex with both CD4 and a Fab of the mAb 17b or in the unliganded form. 

The liganded spike images allowed for fitting of the crystal structures of gp120 core in 

complex with the respective ligands, providing information of the relative orientation of 

the various regions of the gp120 monomers in the native spike. In combination with the 

generated image of the unliganded spike complex (Figure 4a) the authors provide a 

model for the over all alteration of the spike induced upon CD4 binding. In the 

unliganded state it appears that the V1/2 stem region and the V3 stem region are 

located at the apex of the trimeric complex, where the V1/2 stems of each gp120 in the 

protamer is in close proximity to each other while the V3 stems are facing the opposite 

directions (Figure 4b). Further it appears that the gp120 trimeric complex is held 

together by interaction with gp41 at the base but also at the apex, perhaps contributed 

by the V1/2 regions. Upon binding to CD4, the interaction at the apex of the gp120 is 

lost and all three protamers swing outwards, leaving the V3 regions facing toward the 

target cell membrane as would be during an infection event (Figure 4c). In this model, 

the co-receptor region is now also oriented towards the target cell membrane, likely 

allowing for the interactions necessary for initiation of fusion. A schematic model for 

the quaternary changes of the spike complex upon CD4 binding is shown in Figure 4d.   
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Figure 4. Cryo-electron tomography image of the unliganded HIV-1 spike complex and a model for 

the tertiary changes occurring during primary receptor interaction by gp120. a) A cryo-electron 

tomography image of the unliganded spike complex (blue) embedded in the viral membrane (grey). b) 

The proposed fitting of gp120 (white) in the unliganded spike during CD4 (yellow) attachment, as 

viewed from the apex of the trimer towards the viral membrane. The V1/2 stem is indicated in red and the 

V3 stem in green. c) Fitting of gp120 in the CD4 liganded conformation (same color scheme as in b). d) 

Schematic representation of the proposed tertiary conformation changes of the HIV-1 spike complex, 

induced by CD4 binding. The exact structure of gp120 in the unliganded form (red) is currently not 

known. Upon CD4 binding (yellow) gp120 undergoes both an intra-molecular conformation change 

(purple) as well as an inter-molecular change, where a prior interaction at the apex is lost and the gp120 

monomers fold outwards, exposing the co-receptor site (green). Figures reprinted by permission from 

Macmillan Publishers Ltd: Nature, advance online publication, 30th July 2008 (doi: 

10.1038/sj.Nature.07159) (157).    

 

Interestingly it has previously been shown that HIV-1 can initiate CD4-independent 

fusion by the introduction of mutations or deletions in the V1/2 region (158). Perhaps 

these deletions, in one way or another, disrupts the apex interaction between the gp120 

protamers leading to the formation of the CD4 liganded conformation without the 

involvement of CD4. The apparent neutralization sensitivity to co-receptor site directed 

antibodies induced by the same mutations supports this possibility (159). However, 

since there is currently no crystal structure of unliganded, full length, HIV-1 gp120, and 

the fact that the gp120 core fragments fitted lacks the majority of the variable regions, 

the exact location, folding and interactions of these regions remains to be precisely 

defined. The positioning of the V3 region after CD4 binding was defined by 

crystallization of a V3-containing gp120 core (160) however, a definite model of how 
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the V3 region is position in the unliganded form has yet to be produced. Experimental 

evidence suggest that while it, to some extent, masks the conserved receptor-binding 

surfaces, the V3 region itself may be shielded by other determinants (147, 161, 162), 

perhaps including the V1/2 region. 

 

It should be noted that the crystal structure of the unliganded SIV core (152) does not 

fit the unliganded HIV-1 tomography model as proposed (157). This suggests either 

that the crystal structure is in a conformation not normally occurring in the functional 

spike, or that the SIV and the HIV-1 spike have a fundamentally different structure or 

alternatively that the cryo-electron tomography model is somehow not fully accurate. 

However, in the absence of an unliganded HIV-1 gp120 crystal structure, and for the 

purpose of this thesis, the unliganded SIV core will be used to represent the 

“alternative” conformation state (or states) of HIV-1 gp120 in the native, unliganded, 

trimeric spike complex. 

 

5.1 SYNTHESIS OF THE ENVELOPE GLYCOPROTEINS 
 

The HIV-1 envelope glycoproteins gp120 and gp41 are translated as a gp160 precursor 

protein, which is translocated into the endoplasmatic reticulum (ER). During this 

process the protein is glycosylated, folds and trimerizes. Next, the precursor proteins 

are transported through the Golgi apparatus and are cleaved into gp120 and gp41 by the 

cellular protease furin. The gp120 and gp41 are maintained as a trimer by a 

trimerization domain located in gp41 and by interactions between the gp120 N- and C-

terminus with the ectodomain of gp41. In addition, during the passage of the envelope 

glycoproteins through the Golgi apparatus the carbohydrates are modified by trimming 

of some of the high mannose sugars and replacement with complex sugar residues 

(163). A striking feature of gp120 as compared to many other viral surface proteins is 

the unusually high amount of glycosylation, accounting for approximately half of the 

molecular weight of the final product. The trimer is then incorporated into budding 

virions on the cell surface by interaction with the gag p17 matrix protein. The low ratio 

between non-infectious to infectious virions (est 10-3 to 10-7) in HIV preparations (154, 

164) combined with the fact that it is possible to capture virus with both non-

neutralizing and neutralizing antibodies (only neutralizing antibodies can bind to the 

functional spike) (165, 166) indicates that conformations, other than the functional 

spike, exist on the surface of the virion. This is perhaps a consequence of inefficient 
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cleavage of the precursor protein, the labile interaction between gp120 and gp41, 

leading to disassociation and shedding of gp120 (167-169), or other folding or 

oligomerization issues and may explain the relative low infectivity of HIV-1. 

 

5.2 THE CRYSTAL STRUCTURE OF GP120 
 

By examining the genomic variability of HIV-1 Env it was early concluded that Env is 

comprised of five conserved regions (C1-5) and as many variable regions (V1-5) (170). 

While the variable regions are thought to consist of relatively well-exposed structures 

(171), the conserved determinants are folded into the core of gp120, as was later 

definitively confirmed by the first atomic resolution structure of HIV-1 gp120 (172). 

The crystal structures of HIV-1 or SIV gp120 solved so far are all of core molecules. 

This means that they are derived from gp120 molecules that lack parts of the variable 

regions as well as the N- and C- terminus and (for HIV-1) have been enzymatically 

deglycosylated (152, 172). The purpose of the deletions was to reduce the flexibility of 

gp120 to facilitate the generation of crystals that diffract well. Crystallization was 

further aided by the addition of ligands that bind to gp120, such as antibody fragments 

and/or soluble CD4. The first HIV-1 gp120 core protein, for which the crystal structure 

was resolved, were in complex with a fragment of CD4 and a Fab fragment of the mAb 

17b (Figure 5a) (172, 173). Conversely, the core of SIV gp120 was crystallized in the 

absence of ligands (152). While the evolutionary relationship between the two viruses 

has allowed for a detailed comparison of the structural rearrangements induced upon 

CD4 binding to gp120 (152), it has been suggested that the HIV-1 spike may adopt 

many different conformations in its unliganded state (174-176). Therefore, the 

unliganded structure of SIV gp120 might represent only one of many conformations 

that the protein can assume. Interestingly, the EM tomography observation that SIV 

spikes are easier to visualize on virions than HIV-1 spikes may suggest that there are 

intricate differences in stability and packing of the two closely related envelope 

glycoproteins. Perhaps this is also reflected in the current lack of an unliganded HIV-1 

gp120 crystal structure. Additional evidence suggesting differences between the SIV 

and HIV-1 is that the SIV spike appears to only accommodate one CD4 molecule while 

the HIV-1 spike can accommodate three (177) as well as that SIV is more stable than 

HIV-1 upon CD4 binding (167, 178). This may be important to bear in mind when 

comparing data generated by the SIV and the HIV-1 spike complexes.  
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Figure 5. The crystal structure of a HIV-1 gp120 core. a) A HIV-1 gp120 core (blue) in complex with 

CD4 (red) and a Fab frangment of the co-receptor site-directed antibody 17b (magenta). b) A 

magnification of the HIV-1 gp120 core with the different domains coloured in blue (inner domain), 

orange (outer domain) and green (bridging sheet). DeLano, W.L. The PyMOL Molecular Graphics 

System (2002) http://www.pymol.org) was used to visualize the crystal structure (PDB id: 1GC1). 

  

5.2.1 The inner domain of gp120 
 

The inner domain of gp120 (Figure 5b: Blue colour) is mainly comprised of the N-

terminal C1 segment and the C-terminal C5 segment as well as the V1- and V2-regions 

(172). As the name implies the majority of the inner domain is facing the inside of the 

functional trimer where both C1 and C5 are believed to interact with the ectodomain of 

gp41. Due to its location in the trimer the C1 and C5 regions are largely devoid of 

glycosylation while the surface exposed V1- and V2-regions have several potential 

sites for N-linked glycosylation. While a large conformational change was previously 

predicted by the thermodynamics of CD4 binding, structural comparisons of the 

unliganded SIV gp120 core with the CD4 liganded core specifically defines the change 

as occurring in the inner domain while the outer domain remains relatively unaltered 

(152, 172, 175). 

 

5.2.2  The bridging sheet 
 

The bridging sheet of gp120 (Figure 5b: Green colour) is comprised of four beta (β)-

sheets (β2, β3, β20 and β21), important for co-receptor binding. The sheet was initially 

named due to the distinct structure seen in the CD4 liganded state of HIV gp120 core, 

where the bridging sheet is tightly packed as four anti-parallel strands between the inner 
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and outer domain (172). Similarly to the inner domain the bridging sheet has been 

predicted to undergo a relatively large conformation change upon CD4 binding. This 

was supported by the unliganded SIV gp120 structure where the conformation of the 

inner domain and the position of the V1-2 stem indicates that two of the β-strands, β2 

and β3, are displaced approximately 40Å from their location on the CD4 liganded HIV 

gp120 core structure (152). The other two strands (β20-β21) appear to remain at 

relatively fixed positions in relation to the outer domain regardless of CD4 binding. It 

should be noted that the fixed positions, as observed in the unliganded SIV gp120 core 

structure, are likely to represent just one conformation that the inner domain and the 

β2-β3 strands may adopt in the absence of CD4 (176). 

  

5.2.3 The outer domain of gp120   
 

The remaining variable and conserved regions of gp120 make up the outer domain 

(Figure 5b: Orange colour). The conserved, surface-exposed determinants of this 

domain are either predicted to be covered by extensive glycosylation or otherwise 

contribute to critical functions of gp120 (such as CD4- and co-receptor-binding) (148). 

Similar to the inner domain, the only relatively well-exposed regions on the outer 

domain of the trimer consist of the variable regions. In contrast to the inner domain, the 

core of the outer domain does not seem to alter its conformation in a significant way 

upon CD4 binding to gp120 (152). Additional information regarding the variable 

regions protruding from the conserved outer domain regions was acquired when an 

atomic level resolution structure of a gp120 core fragment containing the V3 loop in 

complex was solved, demonstrating that, at least in the context of the monomer, the V3 

region protrudes 30Å out from the core (160).  

 

5.3 RECEPTOR BINDING: THE SYNAPSE BETWEEN VIRUS AND 
TARGET CELL 

 
By necessity, a biological membrane is a thermodynamically stable structure (since if it 

was not the membrane would not be able to retain the contents of cells, viruses and 

bacteria) and therefore the fusion of two such membranes cannot take place 

spontaneously, but requires energy. In the case of HIV-1 the energy required for virus-

to-cell fusion is released by the large conformation changes within the envelope 

glycoproteins during primary- and co-receptor binding to gp120, eventually leading to 
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the insertion of the gp41 fusion peptide into the target membrane (179). The fusion then 

proceeds by a process, mediated by gp41, defined as type I viral membrane fusion 

(180). The sequential receptor binding events that are needed for the initiation of fusion 

are briefly summarized below.  

 

5.3.1 Primary receptor binding 
 

The binding of the primary receptor CD4 to gp120 induces a drastic conformational 

change within gp120, drastically moving parts of the inner domain and bridging sheet 

(152) (Figure 6). This event induces an entropic change of approximately 50 kcal/mol, 

as measured by isothermal calibration (175). Thermodynamic analyses further show 

that while a gp120 core variant, pre-stabilized into the CD4 bound conformation, have 

a five to ten-fold increased affinity for CD4, the on-rate remains fairly similar to that of 

a non-stabilized gp120 core (181). The thermodynamic analyses together with 

structural information from the unliganded SIV gp120 (152) and the CD4-liganded 

HIV gp120 core (172) indicates that the CD4bs site is not fully formed prior to CD4 

binding and that CD4 likely binds in a sequential manner to gp120. Most likely, CD4 

initially binds with low affinity to the relatively invariant outer domain of gp120 (181). 

Although weak, this interaction is then sufficiently stable, presumably by providing 

proximity and time, for further interactions to occur between the two molecules. This 

facilitates the rearrangement of the inner domain of gp120, stabilizing the interaction 

with CD4 and exposing the co-receptor-site. In addition it has been suggested that 

induced conformational change also induces a rigidification of the V3 loop, making it 

protrude 30Å away from the core to allow for co-receptor interaction with the tip of the 

loop (160). The crystal structure reveals that when CD4 is fully bound it covers 

approximately 800Å2 of the gp120 surface (172). Due to its important role in the 

immune system CD4 is a relatively conserved molecule throughout mammalian 

species. One critical requirement for the CD4:gp120 complex to form seems to be that 

the phenylalanine at position 43 of CD4 can access a hydrophobic pocket of CD4 (172, 

182). The quartenary conformation change of the trimeric complex induced by CD4 

binding was previously discussed in relation to the recent cryo-electron tomography 

images of the HIV-1 spike complex (157). 
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Figure 6. Approximate movements of the bridging sheet beta strands upon CD4 interaction with 

gp120. The movement of the beta strands (green) is based upon the structures of the unliganded SIV core 

gp120 (152) and the CD4-bound HIV core (172). A “split” orientation is visualized in the unliganded 

core structure. Upon CD4 binding (red) the bridging sheet is formed in the liganded HIV-1 structure. The 

binding site of the monoclonal antibody 17b (purple) on gp120 is over-lapping with the HIV-1 co-

receptor binding site and indicates the approximate area for this interaction on the core structure. Note 

that 17b binds to the unliganded HIV-1 core with low affinity (~1 uM) consistent with the “split 

orientation” of the bridging sheet, as revealed by the unliganded SIV core structure. However, 17b can 

recognize full length gp120 with high affinity (nM) suggesting that the bridging sheet may not be in 

exactly the same conformation in the full length protein context as it is in the original core protein. 

DeLano, W.L. The PyMOL Molecular Graphics System (2002) http://www.pymol.org was used to 

visualize the crystal structures (PDB id: 1GC1 and 2BF1). 

 

5.3.2 Co-receptor binding 
 

Primary receptor binding alone does not allow for HIV to initiate fusion with a target 

cell but the CD4 induced conformational change in gp120 forms and/or exposes the 

surface to which the co-receptor can bind (157, 183, 184). The most commonly used 

co-receptor is the seven-transmembrane spanning chemokine receptor CCR5 (185-190) 

although different co-receptor usage has been shown (191). Since CCR5 is abundantly 

expressed on CD4+ T memory cells (192), this has been used to explain why these cells 

represent the main target for the virus. The interaction with CCR5 occurs at two distinct 
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contact areas on gp120. The N-terminus of CCR5 interacts with residues in and around 

the bridging sheet of gp120, while the tip of the V3 loop interacts with the second 

extracellular loop of CCR5 (161, 193-195). Interestingly, it has been shown that the 

differential co-receptor usage, normally CXCR4, for HIV-1 isolates from late in the 

course of an infection is linked to subtle point mutations in the V3 loop (161, 196), 

suggesting that the use of CCR5 may  be advantageous for the virus to survive during 

an extensive immune pressure (due to the pathogenesis of the virus the pressure is 

reduced later in infection). These interactions lead to an additional conformation 

change, albeit one yet to be fully defined, in gp120 allowing for the fusion peptide of 

gp41 to insert into the target cell membrane and leading to the initiation of the fusion 

process.  
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6 ANTIBODY MEDIATED NEUTRALIZATION OF HIV-1  
 

The sole targets for vaccine-induced antibodies against HIV-1 are the trimeric spike 

complexes. During the new synthesis of virions and subsequent budding it has been 

approximated that roughly 10 spike complexes are incorporated in each new virion 

(153, 154). Since there is no correlation between HIV-1 virus capture and neutralization 

by an antibody, where non-neutralizing antibodies can capture but not neutralize (165, 

166), the spikes on the viral surface likely comprises a heterogenous population spikes. 

The population that only neutralizing antibodies can bind are commonly termed the 

“functional spike” (which in theory may represent many different conformational 

states). The potential sources for the heterogeneity includes incorporation of uncleaved 

spike proteins (gp160) (197, 198), the appearance of post-fusion state gp41 trimers (six-

helix bundle) due to shedding of  gp120 (167), gp41 associated gp120 monomers (155), 

conformational flexibility of the unliganded spike (176) as well as other potential 

sources for heterogeneity (82, 155). Although less investigated, this may also be true 

for the closely related SIV spike. An additional difference between non-neutralizing 

and neutralizing antibodies is that while neutralizing antibodies appear to induce little 

or no entropy change upon binding to monomeric gp120, non-neutralizing antibodies 

(directed against the trimer surface) generally do so (174). This indicates that 

neutralization is primarily achieved in the case where an antibody can latch onto the 

functional spike without inducing a conformation change and also suggests that the 

presence of steric or conformational barriers are a means by which the virus resists 

neutralization.  

 

It is clear that antibody binding to trimeric functional spikes rather than monomeric 

gp120 or gp41 determines neutralization. This is based on the observation that binding 

to the latter does not predict neutralization (199). The stoichiometry of antibody 

binding to inactivate a functional spike, as well as the amount of spikes that needs to be 

inactivated has been investigated by two groups with slightly varying results (200, 

201). The findings of Yang et al indicate that binding of a single antibody leads to 

inactivation of the trimer. Further it was concluded that for the virus to be neutralized, 

all trimers need to be inactivated (201). In contrast, Herrera et al found that the virus 

needs more than 3 functional trimers to remain infectious (190). While the former 

model states that HIV-1 only requires one functional spike to remain infectious, the 
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latter model, which suggests that more than one functional spike is needed for 

infection, was recently supported by the imaging of an “entry claw” by EM 

tomography (202), where a number of rod-like structures seems to span the interface 

between SIV or HIV-1 and a target cell. Under the assumption that a virion contains on 

average 10 spikes the two models together predict that 75-100% of the spikes need to 

be occupied by antibodies for the virus to be neutralized. Consistent with the previously 

described model, that occupancy rather than epitope specificity determines 

neutralization, it has also been shown that binding to an artificial epitope, inserted into 

the V4 region of HIV-1 Env, can neutralize the virus. This occurs even though the 

binding itself does not directly block in vitro interaction between gp120 its receptors 

(203). Similar results were consistently found when the study was expanded to several 

HIV-1 isolates. (204). In addition, it was concluded that increased affinity correlated 

with increased neutralization sensitivity (204). 

 

While most HIV-1 neutralization experiments are done in vitro and measures 

neutralization by direct blocking of infection, a recent experiment investigated the 

contribution of functions mediated by the Fc region of an antibody for in vivo 

protection (66). This was done by infusing the broadly neutralizing antibody b12 either 

as a fully functional antibody, with the complement-activating region inactivated or 

with both the complement activating and Fc receptor binding region inactivated. 

Infusion of these antibody types was followed by a mucosal SHIV challenge. Whereas 

potent neutralization was seen in the two former cases, inactivation of the Fc receptor-

binding region severely compromised the ability of the antibody to neutralize the 

challenge virus. This suggests that Fc mediated mechanisms of viral clearance and 

killing of infected cells is an important factor to consider for antibody mediated 

neutralization of HIV-1 (66). Alternatively (or in addition to), the lack of Fc receptor 

binding may have inhibited trancytosis of the antibody across the epithelial barrier 

(205), thus not allowing it to be present at the site of the mucosal challenge. The lack of 

complement mediated activity by b12 have previously been attributed to low binding to 

primary HIV-1 isolates in an in vitro study by Takefman et al (206). Interestingly only 

2G12 out of three well-characterized broadly neutralizing antibodies (2G12, b12 and 

2F5) were able to mediate complement lysis if applied singularly. However, synergy 

and increase in complement activity were observed by a combination of 2G12 and b12, 

presumably due to increased amount of antibody binding to the spikes, since 2G12 and 

b12 do are not competing antibodies and may bind simultaneously to the functional 
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spike on virions (207). This in vitro data suggests that the total amount of b12 bound to 

a viral particle is too low to induce complement-mediated lysis of virions.  

 

The differential thresholds for direct neutralization, Fc-mediated activity and 

complement activation, as well as that the content of both functional and non-functional 

spikes on the surface of the virion have interesting implications for models regarding 

antibody-mediated neutralization of HIV-1. While the number of antibodies that need 

to occupy each virion for neutralization contributed by direct blocking is correlated 

with the amount of functional spikes on the virion, the threshold for achieving Fc 

receptor or complement binding is likely not. In theory, this means that non-

neutralizing antibodies may induce the latter mechanisms under the assumption that 

enough non–functional spikes are present on the viral surface. However, the lack of 

measurable in vitro and in vivo complement activity by monoclonal neutralizing 

antibodies suggests that this is not the case (66, 206) and it seems plausible that 

complement mediated lysis of virions may only be achieved when several different 

neutralizing antibodies act in concert (with or without non-neutralizing antibodies) on 

the HIV-1 spike proteins. The relative contribution, if any, of non-neutralizing 

antibodies or complement activity for protection against HIV-1 infection has so far not 

been conclusively determined and it would be interesting to investigate this, perhaps 

through passive immunization with cocktails of non-neutralizing and/or neutralizing 

monoclonal antibodies followed by challenge, similar to what has been done with 

neutralizing antibodies alone (123). In vitro, it has been shown that non-neutralizing 

antibodies can inhibit HIV-1 replication in DCs and macrophages through Fc receptor 

binding (208), but since the same results were not observed upon infection of CD4+ T 

cells, which represent the main target for HIV-1, it is remains unclear whether the 

observed inhibition is of physiological relevance.   

 

6.1 ANTIBODY TYPES ELICITED DURING HIV-1 INFECTION AND 
VACCINATION 

 

As discussed above, the elicitation of antibodies is mainly driven by a process where 

the B cells with the highest affinity for an antigen have a competitive advantage during 

clonal expansion and maturation of the humoral response. This means that different B 

cells with non-overlapping epitope-specificities will compete for the same protein 

antigen. Therefore it may be advantageous to, in a vaccine setting, limit the elicitation 
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of antibodies with unwanted specificities to limit competition and thereby promote the 

elicitation of neutralizing antibodies. However, it is hard to conceive that neutralizing 

antibodies with strain specific reactivity will induce sufficient protection against the 

highly diverse HIV-1 virus and the challenge this variability means for the development 

of an antibody based vaccine on have been thoroughly discussed in several excellent 

reviews (103, 209, 210). The most logical solution to circumvent the variability is to 

design vaccine moieties that will mainly, or only, elicit antibodies against conserved 

neutralization determinants on the HIV-1 spike. The natural antibody response against 

HIV-1 can be divided into three main classes; non-neutralizing, neutralizing and 

broadly neutralizing, each of which is briefly reviewed below. 

 

6.1.1 Non-neutralizing antibodies 
 

Non-neutralizing antibodies are characterized by their inability to bind the functional 

spike and block infection. As has been discussed, the trimeric spike complex is held 

together by a labile interaction, which allows for disassociation and shedding of 

monomeric gp120 (167-169) as well as formation of the six-helix bundle (the gp41 

post-fusion state). While monomeric gp120 retains the surface exposed areas of the 

functional spike, albeit with less conformation constraints than in the functional spike, 

it also will also expose highly conserved regions normally facing the inside of the 

trimer to the immune system. This gives rise to abundant elicitation of non-neutralizing 

antibodies. Similarly, the post-fusion state of gp41 is highly immunogenic but not 

present in the native, functional spike complex (211, 212). Another surface determinant 

against which non-neutralizing antibodies are elicited is the co-receptor binding site, 

also referred to as the CD4-induced, or CD4i-epitope. Since this surface is one of the 

most conserved determinants on the HIV-1 envelope glycoproteins (and have high 

conservation throughout the primate lentiviruses) it initially provided a tantalizing 

option for the elicitation of broadly neutralizing antibodies. However, monoclonal 

CD4i antibodies are incapable of in neutralizing primary isolates of HIV-1 in vitro 

(213). Further, CD4i antibodies are abundantly elicited during natural infection (142) 

and can commonly be detected before autologous neutralization is achieved (214). 

Perhaps the strongest indication that co-receptor site directed antibodies are non-

neutralizing is provided in paper IV of this thesis where we show potent elicitation of 

such antibodies in the sera of human vaccinees from the Vaxgen trial, a trial which 

failed due to lack of protection. It is apparent that although CD4i antibodies can bind to 
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monomeric gp120 in the absence of CD4 (215), the lack of neutralization suggests that 

the epitope is not accessible on the functional spike until after CD4 engagement of 

gp120. After CD4 engagement, is has been suggested that the, now exposed, co-

receptor site on the functional spike is in such close proximity to the target cell 

membrane that a molecule the size of an antibody cannot access the epitope (213). As 

was previously mentioned, non-neutralizing antibodies have been attributed to 

inhibition of HIV-1 infection by Fc mediated mechanisms and this has been used to 

argue for that elicitation of such antibodies may be warranted in a vaccine setting (208). 

However, the failure of the Vaxgen trial indicates that the non-neutralizing antibodies 

elicited by monomeric gp120 have no direct beneficial effects, at least not in the 

absence of a neutralizing antibody response. The author of this thesis argues that the 

elicitation of non-neutralizing antibodies is likely more detrimental for the evolution of 

a neutralizing antibody response than it may be beneficial by contributing to various 

Fc-mediated functions.  

  

6.1.2 Neutralizing antibodies 

 
During natural infection there is abundant elicitation of antibodies capable of 

neutralizing HIV-1 in a strain-specific manner (83, 84, 210). While there are 

exceptions, most neutralizing antibodies target the highly exposed variable regions of 

the virus envelope glycoproteins and are highly potent at virus neutralization. Due to 

the lack of functional constraints and the ability of the virus to tolerate mutations in the 

variable regions, the neutralizing capacity of antibodies aimed at these regions will only 

be transient as it will lead to rapid selection of virus variants that contain mutations in 

these antibody epitopes (83, 84) (Figure 7a). However, another means for HIV-1 to 

evade the neutralizing antibody response is to “move” the extensive glycosylation that 

covers most of the outside of the protein, the so-called glycan shield (83) (Figure 7b). 

Once the immune system responds to the new variant and elicits new variable region-

directed neutralizing antibodies new escape variants will emerge and this process 

continuously repeats throughout an infection. It therefore seems unlikely that vaccine-

elicited strain-specific neutralizing antibodies will contribute to protection of infection 

against the broad array of circulating viral variants.  
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Figure 7. Immune evasion of a strain-specific neutralizing antibody response. a) Upon elicitation of 

V region directed antibodies (red) there is transient neutralization of the homologous virus. Subsequent 

mutation of the epitope, recognized by the neutralizing antibody, allows for the virus to escape 

recognition and neutralization. New strain specific antibodies (blue) are elicited by the immune response 

from which the virus eventually escapes and the process is repeated. b) HIV-1 escape from antibody 

mediated neutralization is also achieved by mutations leading to a movement of the glycan shield. Such 

mutations do not necessarily appear directly in the epitope recognized by an antibody, but the movement 

of glycans to close proximity of the binding site is sufficient to block antibody binding. Similarly to in a) 

,this process is constantly repeated throughout an infection. Figures reprinted with permission by 

Incitament; Sundling et al 7/2007.  

 

6.1.3 Broadly neutralizing antibodies 

 
Due to their importance, the broadly neutralizing antibodies deserve to be described as 

a separate class of antibodies. While the virus can escape strain-specific neutralizing 

antibodies, it cannot readily escape neutralization by the broadly neutralizing 

antibodies. The reason for this is that they target regions on Env with heavy functional 

constraints, such as the CD4 binding site and the membrane-proximal epitope region 

(MPER). As a consequence broadly neutralizing antibodies are defined as antibodies 

that allow neutralization of a diverse array of variable viruses. How often such 

antibodies are elicited during natural infection has not been established but it is thought 

that they generally appear late during infection, presumably as a result of constant 

maturation of the humoral immune response against an ever-changing viral population. 

Currently there are five well-characterized broadly neutralizing monoclonal antibodies, 
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all which have been isolated from HIV-1 infected individuals. The potency and breadth 

of these antibodies was extensively characterized in a study by Binley et al, where they 

tested the neutralization capability of four of these antibodies against a panel of 93 

different HIV-1 isolates, spanning all clades (138). The monoclonal antibody b12 was 

early on shown to target the CD4 binding site on gp120 (216) and this was further 

confirmed by the recent atomic resolution structure of a gp120 core in complex with 

b12 (181). The structure further shows that while much of the b12 binding site over-

laps with that of CD4, b12 only binds to the invariant outer-domain of the protein 

whereas CD4 binds both the inner and outer domain. This information further clarifies 

the thermodynamic finding of low entropy change upon b12 binding (174). The 

neutralization capability of b12 was approximated to cover 50% of HIV-1 (based on the 

93 viruses tested) with the main weight on isolates from clade B (138). However, it was 

recently demonstrated that some HIV-1 infected individuals have extremely broad and 

potent neutralization activity (surpassing the breadth of b12) aimed at the CD4 binding 

site (85). This indicates that CD4 binding site antibodies can be extremely potent as 

well as that they may be more commonly elicited during infection than previously 

thought. An interesting, but perhaps peripheral, observation is that a highly conserved 

arginine at position 368 in gp120 seems critical for binding of both b12 as well as for 

the antibodies mediating the broad reactivity in the serum. The monoclonal antibody 

2G12 is aimed at the the glycan shield of HIV-1 (217), and binds to a cluster of 

oligomannose chains. In addition to the broad neutralization capability, 2G12 is 

interesting for two reasons; its cognate epitope and the structure of the antibody. 2G12 

binds to a component of the glycan shield, which is normally recognized by the 

immune system as “self” and therefore non-reactive. This reactivity has been attributed 

to that the clustering of the oligomannose chains is apparently not seen on other 

proteins and therefore is recognized as foreign. How the antibody recognizes these 

structures was later explained by the highly unusal domain swapped structure of the 

antibody where it not only has the normally occurring H and L-chain binding regions 

but also a dimer interface between the two H-chains (218). The breadth of 

neutralization achieved by this antibody was 43%, limited to clades other than C and E, 

in the Binley et al study (138). The three antibodies 2F5 (219), 4E10 (220) and Z13 

(221) all bind linear epitopes in the membrane proximal region (MPER) of gp41, where 

the 2F5 antibody binding site over-laps with the relatively conserved sequence 

ELDKWA, while 4E10 and Z13 both bind to an epitope adjacent to the C-terminus of 

the 2F5 epitope. The crystal structures of 2F5 and 4E10 (222, 223) in complex with 
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their cognate epitopes revealed extremely long CDR loops that appears to have limited 

contact with the actual epitope but has been suggested to interact with the viral 

membrane (222). While 2F5 could neutralize 67% of all isolates tested (none from 

clade C), 4E10 was able to neutralize all 93 viral isolates it was tested against in the 

Binley et al. study (138). The apparent need for membrane interaction of the 2F5 and 

4E10 antibodies suggests that, although the recognized protein component is linear, 

both were elicited against a conformational epitope, including a membrane component.   

 

Taking the information about the broadly neutralizing antibodies and their specificities 

into consideration it is clear that at least three sites on HIV-1 Env are susceptible to 

antibodies, which appear to be resistant to viral escape; The CD4 binding site on gp120, 

an epitope of the glycan shield and the MPER (Figure 8). As reviewed (224), several 

efforts are currently on-going to engineer novel immunogens to re-elicit antibodies with 

such reactivities.      

 

 

 
Figure 8. Schematics of the currently known broad neutralization determinants on HIV-1 spike 

complex. The CD4 binding site of gp120 is targeted by the mAb b12 (black) while mAb 2G12 (dark red) 

binds to a component of the glycan shield, which covers most of gp120. The antibodies 2F5 (red) and 

4E10 (yellow) bind to linear epitopes in the membrane proximal external region of gp41. Figure 

reprinted with permission by Bentham Science Publishers; Current pharmaceutical design, Phogat & 

Wyatt 2007 (224).  
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7 DELIVERY OF A VACCINE 
 
The inoculation of a weakened or non-pathogenic virus for protection against highly 

pathogenic viruses still remains one of the most effective methods of vaccination, an 

approach nicely illustrated for example by the yellow fever vaccine currently in use. 

Another method for vaccination is to produce the pathogenic viruses followed by 

inactivation so productive infection cannot be initiated. This is commonly what is done 

for the annual influenza vaccine where the virus after production is disrupted by 

treatment with detergent and the antigenic fraction isolated. While both of these 

approaches have proven useful they are currently not considered as an alternative for a 

future HIV-1 vaccine due to both safety issues and the variability of the virus. This 

thesis focuses on two other vaccine approaches that are under evaluation for the 

induction of immune responses against HIV-1 Env, namely the use of purified 

recombinant proteins administered with adjuvant (paper I to IV) and a recombinant 

virus (paper I to III). 

 

7.1 RECOMBINANT PROTEINS (PAPER I, II, III AND IV) 

 
The use of recombinant proteins as vaccine components is a clinically well-proven 

strategy as this is the basis for the highly efficacious Hepatitis B virus vaccine. The 

principle behind this strategy is to identify the viral protein(s) against which 

neutralizing antibodies are directed during infection and then to produce the protein 

using a suitable expression system. The protein(s) are subsequently purified, 

characterized and finally injected into an individual as a vaccine component. As 

discussed above it is likely that a vaccine aimed at eliciting broadly neutralizing 

antibodies against HIV-1 needs to target conserved discontinuous epitopes on the 

functional trimeric spike complex. Therefore the production, purification and 

characterization process is critical, as unintentional disruption of the recombinant 

protein(s) will likely render the vaccine inefficacious. The recombinant Env proteins 

produced for the current thesis work includes soluble stabilized trimers (study I, III and 

IV), monomeric gp120 (study II) and a core variant of gp120, which have been 

stabilized in the CD4 bound conformation by various mutations (paper III). The trimers 

and the core variant will be discussed in detail below. 
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7.1.1 Soluble stable trimers  
 

The soluble stable HIV-1 Env trimers were designed in an attempt to produce an 

antigen, which would mimic the functional trimeric spike complex of HIV-1 (225-227). 

The trimeric antigens used here are derived from the HIV-1 clade B primary isolate 

YU2. Briefly, the trimers consist of gp120 followed by the ecto domain of gp41 (gp41 

was truncated just above the transmembrane domain. Instead, a heterologous 

trimerization motif was fused to the truncated C-terminus of gp41. As the name implies 

this motif allows for stabilization of the trimeric Env complex. While various 

heterologous motifs can be used for such stabilization the trimerization motives used 

here are from a yeast transcription factor, GCN4 (228) (paper I), or from the fibritin 

protein of bacterophage T-4 (229) (paper III and IV). To prevent disassociation of 

gp120 and g41, the furine cleavage site in the junction were rendered defective by point 

mutations, where two arginine residues important for cleavage was mutated into serine 

residues. The resulting proteins are produced from mammalian cells and extensively 

purified, based on affinity (capture via glycans and by a His-tag) as well as size-

exclusion by gel-filtration, the resulting population consists mainly of trimers with a 

minor fraction of higher order forms, which cannot be excluded under the conditions 

used (Figure 9). While further modifications of the trimers to more closely mimic the 

functional spike are needed, these proteins show an incremental improvement for 

elicitation of neutralizing antibodies over monomeric gp120 (230-232) and currently 

represent the gold standard immunogen for antibody elicitation against HIV-1. While 

monomers expose conserved and immunogenic regions otherwise occluded on the 

inside of the functional spike, the trimers are designed so that these regions are facing 

to the inside of the complex (227), perhaps leading to reduced competition between 

epitopes during the evolution of the B cell response and favouring elicitation of 

antibodies recognizing the functional spike complex. It is also conceivable that 

antibodies capable of binding “across” the trimer, thus spanning two or three protamers, 

are beneficial for neutralization. The soluble trimers but not the monomers have the 

potential to elicit such antibodies.   
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Figure 9. Gel filtration profile of soluble, stabilized, HIV-1 Env trimers. As a final purification step 

the protein preparations are resolved through a gel-filtration column and separated by size. Normally the 

gel filtration consists of three to four different fractions; DT (dimer of trimers), trimers, dimers and 

monomers, which can all be separated by collection of the different fractions. As shown, the majority of 

the protein consists of trimers, whereas DT, dimers and monomers contribute to minority populations. 

For immunization purposes the fraction collected is depicted by the double arrow and consists of a 

majority of trimers but also some dimer of trimers (and potentially higher order forms which cannot be 

resolved under the conditions applied). The y-axis depicts absorbance (280nm) (each peak represents a 

protein moiety) and the x-axis indicates the elution volume applied (large proteins or protein complexes 

migrate faster through the column than small). The molecular weight standards used are noted below the 

y-axis.  

 

7.1.2 Stabilized core 
 

A core protein is generally a gp120 protein where the variable elements as well as N 

and C terminal sequences have been deleted. As mentioned previously, such proteins 

with variations have been used for all successful crystallization efforts to date (chapter 

5.2). The core proteins are also intriguing alternatives to full-length proteins as 

immunogens since they contain none, or few of the otherwise highly immunogenic 

variable loops, while retaining the functionally conserved CD4 binding-site and the co-

receptor site. However, like monomeric gp120 the core proteins have an exposed N- 

and C-terminus which likely will lead to at least a partial antibody response against 

epitopes facing to the inside of the functional HIV-1 spike. The core protein used in 

paper III of this thesis is a slightly modified version of the core protein used for the 
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crystallization of the broadly neutralizing antibody b12 (181) where an additional 

number of residues from the stem of the V3 loop was included to allow easier 

purification by antibody affinity column after production. The main feature warranting 

investigation on its immunogenicity after vaccination is that the mutations introduced, 

demonstrated in Figure 10, reduces flexibility and stabilizes the core protein in the CD4 

bound conformation (181) potentially leading increased elicitation of antibodies aimed 

against the functionally conserved CD4 binding site on gp120.  

 

 
Figure 10. Structure of a gp120 core protein, stabilized in the CD4 bound conformation. The grey 

spheres depict the introduced cysteines (W96C/V275C and I109C/Q428C), which contribute to the 

disulphide bond formation between the inner (blue) and the outer (orange) domain of the core protein. 

Red spheres depict two mutations (T257S and S375W), proximal to the critical CD4 Phe43 interaction 

site, which stabilizes the core protein in the CD4 bound conformation (233). An additional two mutations 

(M95W and A433M), not highlighted in this structure, was also introduced to further stabilize the core 

protein. DeLano, W.L. The PyMOL Molecular Graphics System (2002) http://www.pymol.org was used 

to visualize the crystal structure (PDB: 2NY7). 

 

7.1.3 Adjuvants 

 
A critical factor to consider for the use of recombinant proteins as vaccine 

components is that pure proteins are seldom able to activate the immune response. 

This is ascribed to the lack of motifs that can potently stimulate the innate immune 

system. Therefore recombinant proteins are usually delivered as a formulation to 

which immunostimulatory compounds are included. The two adjuvant systems used 
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within the scope of this thesis is the Ribi adjuvant (paper I) and the GlaxoSmithKline 

manufactured AS01B adjuvant system (paper III and IV). The immunostimulatory 

compounds included in the Ribi adjuvant formulation includes MPL as well as 

natural and synthesized microbial components (glycolipids and cell wall skeleton 

from Mycobacteria) in a metabolizable oil. The AS01B adjuvant system formulation 

is comprised of QS21, an extract from the bark of the South American soap bark tree 

Quillaja saponaria, and MPL. A recent study by Li et al demonstrated that the use of 

the AS01B adjuvant system slightly improves the elicitation of neutralizing 

antibodies against HIV-1 as compared to Ribi (231). 

 

7.2 VIRAL VECTORS (PAPER I, II AND III) 

 
The use of engineered, recombinant viruses as delivery vehicles for foreign genes 

have been extensively evaluated in pre-clinical and clinical studies (234-237). While 

type of immune response they induce as well as how much foreign genetic material 

that can be introduced varies, usually depending on the origin of the recombinant 

virus used, they all have the potential to induce CD8+ T cell responses upon 

vaccination. Further, viral vectors commonly induce Th1 immune responses that are 

more biased to combat intracellular pathogens, in contrast to recombinant proteins in 

adjuvant, which generally bias the response towards Th2 responses and the 

production of antibodies that are active against extracellular pathogens. In paper I, II 

and III we utilize a recombinant virus, derived from Semliki Forest virus, to drive the 

expression of monomeric or trimeric, soluble Env-based immunogens.   

 

7.2.1 The Semliki Forest Virus vector system 

 
Semliki Forest virus (SFV) is an alphavirus of the Togavirus family, where the single 

stranded, positive sense RNA genome is surrounded by a nucleocapsid protein and 

enveloped by a lipid bilayer derived from the host cell plasma membrane. In contrast to 

HIV-1, the viral envelope of SFV is tightly packed with the spike proteins E1, E2 and 

E3, protruding as trimers from the membrane (238). Upon infection, after the virus has 

attached to a target cell by a yet undefined mechanism, the SFV genome is released into 

the cytoplasm and the first two thirds encodes a viral replicase complex. The replicase 

then initiates negative strand synthesis of the viral genome. The negative strand serves 

as template to new genomic RNAs as well as to the abundant synthesis of a shorter, 
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sub-genomic, mRNA from a previously unexposed sub-genomic promoter. Infection 

with SFV induces a stress response in the host-cell, which leads to the phosphorylation 

of eukaryotic initiation factor 2α (eIF2α), leading to the shut-off of host cell protein 

synthesis (239). However, the first 103 nucleotides of the viral sub-genomic RNA, 

encodes a translational enhancer sequence, which allows for efficient translation of the 

viral proteins even under the restrictive conditions induced by the stressed cell (139). 

Thereby it avoids competition for the host-cells protein production machinery and can 

effectively produce the viral structural proteins encoded by the sub-genomic RNA. This 

subsequently leads to the formation of new virions, which bud from the host cell 

membrane. 

 

The broad host range of SFV and the possibility to obtain high gene expression from 

heterologous cDNAs inserted into the vector has lead to the development and 

evaluation of recombinant SFV (rSFV) expression vectors for vaccine, cancer and gene 

therapy applications (240-242). By replacing the coding region of the SFV structural 

genes with a foreign gene-of-choice, the sub-genomic promoter can drive the 

expression of virtually any cDNA (Figure 11). 

 

 
 

Figure 11. SFV replicons. The replicase complex is encoded by the first two thirds of the replicon and is 

the first virally derived protein translated and assembled after introduction of the viral genome into a cell. 

The replicase complex then synthesizes a negative strand template, which is used to make new copies of 

the viral genome, and subgenomic RNA from a previously unexposed promoter. Figure reprinted with 

permission from Åsa Hidmark: Induction of type I interferons and viral immunity, Thesis, Karolinska 

Institutet, June 2007. 
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However, since the recombinant rSFV vector cannot produce its own structural 

proteins, and thereby not make new viral particles, the regions encoding the SFV capsid 

and spike proteins are provided in trans. Recombinant particles are therefore produced 

by co-transfection of three RNAs (the vector and the two helper RNAs) into host cells. 

The rSFV particles are capable of single-round infection of target cells (the in-trans 

provided genes for the capsid and spike are not incorporated into the recombinant 

virions) (243, 244). It has been shown that the sub-genomic RNA can be translated 

even in the absence of the enhancer element but then at approximate 5 to 10-fold lower 

levels (139). The rSFV vectors used in paper I and III lacks the translational enhancer 

element, while in paper II we explore the use of this element for increased expression 

of monomeric Env. 
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8 RESULTS AND DISCUSSION 
 

Efforts to develop HIV-1 Env-based immunogens capable of stimulating broadly 

neutralizing antibodies have so far achieved limited success, where incremental rather 

than significant improvement of neutralization breath over monomeric gp120 have 

been demonstrated. However, there is a continuous development of new and improved 

antigens with the aim to preferentially stimulate broad neutralizing antibodies. Since 

most known broadly neutralization targets, as described in chapter 6.1.3, contains a 

structural component it is likely that the delivery of a correctly folded antigen is 

essential for elicitation of such antibodies. Consequently there is a requirement for 

structural and biochemical characterization of antigens prior to their use in 

immunogenicity studies. Previous work has shown that the rSFV vector system is 

suitable for the expression of complex glycoproteins, including HIV-1 Env (245-248). 

Therefore this system may be valuable for the delivery and expression of newly 

designed HIV-1 Env immunogens. It is generally thought that a prophylactic HIV-1 

vaccine needs to stimulate both a potent cellular as well as a humoral immune response 

to be effective (249). Therefore, evaluation of regimens utilizing both viral vectors (for 

the induction of a cellular immune response) and recombinant protein in adjuvant (for 

induction of potent humoral responses) is warranted. In study I (small animals) and 

study III (non-human primates (NHP)) we evaluate the ability of rSFV to induce 

immune responses against the trimeric HIV-1 Env immunogens described in chapter 

7.1.1. In paper I, we demonstrate that the rSFV system allows the expression of a 

highly homogenous population of apparently well-folded Env trimers (Figure 12), 

supporting the use of such vectors to induce neutralizing antibodies against HIV-1 Env. 

Interestingly, native gel analysis demonstrate that rSFV infected cells produced a more 

homogenous trimeric glycoprotein species compared to the purified trimers produced 

by transient transfection of 293T cells and subsequent purification by affinity 

chromatography. Whether this apparent increased trimeric homogeneity is due to the 

rSFV-driven expression or results from introduction of oligomeric heterogeneity during 

the protein purification process remains to be determined (Figure 12c). 
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Figure 12. Biochemical analysis of rSFV produced HIV-1 Env trimers. a) Assessment of structural 

integrity of rSFV produced Env trimers by immunoprecipitation with a polyclonal anti-HIV-1 serum 

(positive control) and the monoclonal antibodies b12 and 2G12 (both conformation sensitive). b) Gel 

migration under blue native conditions of monomeric gp120 and trimeric Env produced by rSFV. gp120 

migrates as monomers or dimers while the stabilized Env trimers migrates as a homogenous population 

consistent with the molecular weight of trimers. c) The supernatant (10 µl) from rSFV infected cells was 

also analyzed side-by-side with the purified Env trimer protein (30 ng) by blue native/Western blot 

analysis.  

 

We therefore designed head-to-head studies comparing an rSFV prime-protein boost 

regimen to a homologous prime-boost regimen using protein in adjuvant. Initial studies, 

performed in mice, demonstrated that the rSFV prime induced a Th1 biased response. 

Interestingly, we found that subsequent boosting with recombinant protein in adjuvant, 

which alone induced a Th2 biased response, did not alter the Th bias induced by the 

viral vector. This indicates that the nature of the priming agent is important for shaping 

the Th response, which may be an important factor to consider for the design of optimal 

vaccine regimens. The capacity of the two regimens to stimulate antibodies exhibiting 

neutralizing activity was evaluated in rabbits, using a single round in vitro 

neutralization assay with PBMCs as target cells. When comparing neutralization 

activities in sera from rabbits immunized with the rSFV prime-protein boost regimen 

with sera from the homologous protein prime-boost regimen we observed that the two 

regimens induced similar breadth of neutralization. This suggests that the rSFV prime 

did not compromise the elicitation of neutralizing antibodies if followed by a boost 

with recombinant protein. While these results were obtained in small animals, study III 

describes the assessment of a similar regimen in cynomolgus macaques. This study is 

the first evaluation of the trimeric YU2 Env immunogens in NHPs and indeed, not 

many trimeric gp140 immunogens have yet been evaluated in primates. Since the 

immune system of NHPs is likely to more closely resemble the human immune system, 
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it provides an important validation step for potential vaccine candidates before entering 

human clinical trials. In study IV we present further results which demonstrate that 

there may be previously unappreciated immunological differences between small 

animal and primates for the evaluation of HIV-1 Env immunogens. The resulting 

neutralizing antibody response in the NHPs was evaluated by a pseudovirus assay using 

TZM-bl cells as targets. In contrast to in study I, where neutralization was measured at 

a 1 to 5 serum dilution, here we titrated the serum and the data are presented as the 

lowest serum dilution capable of 50% neutralization (ID50) of the in vitro challenge 

virus. The advantage of this is that potential non-specific effects are significantly 

reduced at higher serum dilutions (an effect also sometimes noted in pure binding 

assays) and that the ID50 value provides a more specific value for determining potency 

of neutralization than that of % neutralization at a set dilution. The TZM-bl assay 

allows higher throughput of samples and accordingly we expanded the test-panel of 

HIV-1 viruses to include eleven isolates. Most of theses isolates are representative of 

Tier-1, but also including four Tier-2 viruses. The classification of Tier-1 and Tier-2 

viruses is based on their relative neutralization sensitivity as described by Mascola et al 

(136), where Tier-1 is more sensitive to neutralization than Tier-2.  In this assay, using 

similar immunization regimens as in paper I, serum samples from the rSFV primed 

animals indicated that, while a comparable over-all breath of neutralization was 

achieved to that of the protein alone regimen, the potency was generally lower (i.e. 

lower ID50 value). The reason for the difference in potency of neutralizing activity 

between the groups observed in paper III, but not in paper I, can be many-fold. As 

discussed above, neutralization data becomes more interpretable when a titration is 

performed rather than comparing a single dilution as in paper I. In retrospect one can 

speculate that the small differences detected between the two regimens in paper I may 

indicate differences that would be more apparent if ID50 values were determined. 

Another factor that may explain the difference is that in paper I we used Ribi adjuvant 

to deliver the Env trimers, while in paper III (and paper IV) we use the GSK AS01B 

adjuvant system to deliver the trimeric immunogens. It is possible that the change to a 

more potent adjuvant system for the protein injections (231) contribute to enhance 

small differences in potency between the regimens. An interesting observation in paper 

III, where we also addressed the induction of T cell responses is that, in contrast to 

previously published data in the mouse model system (242), we could not detect any 

significant IFNγ production contributed by a CD8+ T cell response. Further, rSFV 

appears more potent at priming the humoral responses in primates than in mice since 
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three out of five macaques receiving one injection with rSFV had similar antibody titers 

as seen after a single injection with recombinant Env trimers in adjuvant. We therefore 

find it unlikely that the absence of CD8+ T cell responses in the rSFV prime-protein 

boost group is due to low intrinsic immunogenicity of the rSFV vector system in 

primates. 

 

In study III we included an additional arm in the immunization schedule. This consisted 

of a prime-boost regimen with a stabilized core protein (described in chapter 7.1.2) as 

prime followed by a boost with trimeric proteins. The core protein is stabilized in the 

CD4-bound conformation, and also lacking variable regions as well as parts of the N- 

and C-terminus. This may increase the chances of stimulating antibodies against the 

CD4 binding-site as compared with the trimeric antigens, where sterical hindrance as 

well as the inclusion of immunodominant regions in the trimers may make the CD4 

binding site sub-optimal for antibody elicitation. In the context of a prime-boost 

regimen it is a viable rationale that if such antibodies can be initially elicited by the 

stabilized core protein then perhaps cross-reactive, core-primed, anti-CD4 binding site 

(CD4bs)-directed B cells may preferentially expand and affinity-mature upon boosting 

with the trimers. When analyzing serum samples from primates inoculated with the 

core prime-trimer boost regimen for core and trimer binding antibodies by ELISA, we 

did not detect enhanced binding to the core protein after the trimer boost, suggesting 

that antibody-cross-reactivity is limited between the two immunogens. Perhaps this is 

due to subtle differences in the presentation of the CD4-binding site, where the 

structural stabilization of the CD4bs of the core diminishes any prior exisiting cross-

reactivity. Another potential factor is that the CD4+ T cell response, important for 

maturation of the humoral response, may significantly differ between the two protein 

immunogens. However, we found that the CD4+ T cell response induced by the core 

protein was enhanced by the boost with trimer protein, indicating that lack of T cell 

help is not a likely reason for the poor cross-reactivity between the two immunogens. 

As compared with the two other regimens in the study, trimer alone and the rSFV 

prime-trimer boost, it is clear that the core prime influenced the epitope specificity of 

the CD4+ T cell response even after the trimer boost, since the CD4+ T cells in animals 

immunized with either of the other two regimens showed primarily responses to 

epitopes which were trimer specific rather than core specific.  
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When comparing the neutralizing antibody response we found no significant 

differences between the core prime-trimer boost regimen and the trimer alone regimen. 

The data suggests that the former regimen induced more consistent neutralization 

against some of the test viruses but the significance of this observation remains 

unknown. The resulting ID50 neutralization titers induced after vaccination of 

cynomolgus macaques with the different regimens are shown in Figure 13. 

 

 
Figure 13. HIV-1 neutralization activity in serum samples after injection of cynomolgus macaques 

five times with different vaccine regimens. Trimer represents a regimen consisting of recombinant Env 

trimers in adjuvant. SFV Trimer represents a regimen consisting of Env trimers delivered by the rSFV 

vector system. 8bcore represents a regimen consisting of a recombinant core protein in adjuvant. 

ID50<100 is depicted in light blue. ID50≥100 is depicted in dark blue. The strains of the test viruses are 

indicated at the top of the table. 

 

To further map the elicited antibody response we analyzed serum samples for 

neutralization activity against four Tier-1 viruses in the presence of a peptide 

homologous to the V3 region of the YU2 derived trimeric Env immunogen. The 

peptide competition analysis demonstrates that the neutralizing activity against two 

strains, MN and SF162, was mainly contributed by V3-reactive antibodies. In contrast, 

neutralization of HXBc2 and MW965 was mainly achieved by antibodies of non-V3-

directed specificities. While these data demonstrate that MN and SF162 are sensitive to 

V3-reactive antibodies it should be noted that such antibodies were elicited with an 
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antigen derived from the YU2 strain of HIV-1 in this study. This can be explained by 

that the fact that the YU2 strain contains a similar V3 region to these viruses, thus 

providing “homologous” V3 reactivity against MN and SF. To note is that the YU2 

isolate itself is relatively resistant to such neutralization reactivity (231), highlighting 

that the V3 region on this virus may be occluded from antibody mediated recognition, 

which may be representative of the functional viral spike of most primary isolates.  

 

In study IV we further map the antibody response elicited by Env trimers in rabbits and 

non-human primates, with the focus on antibodies directed against the HIV-1 Env co-

receptor binding site (CD4i antibodies). This class of antibodies was described 

relatively early after the discovery of HIV-1 (250) and it is now clear that they are 

abundantly elicited during natural HIV-1 infection (142). By utilizing a recently 

developed assay, based on HIV-2 neutralization (142) we found that CD4i antibodies 

were elicited to high titers in primates but not at all in rabbits. Since a similar HIV-1 

neutralization profile was observed between the two species, the difference in CD4i 

antibody elicitation could not be explained by a difference in the overall antibody 

response. Previously it has been suggested that CD4i antibodies are elicited either as a 

result of spontaneous exposure of the HIV-1 co-receptor site on Env or through Env 

interactions with CD4 and subsequent formation of the co-receptor site. While the 

former suggestion demands little intuition to perceive, the latter can be somewhat 

counter intuitive since the known CD4i antibodies bind the co-receptor site, in vitro, 

with high affinity even in the absence of CD4 (215). However, if one considers that the 

naïve BCR, which need to recognize the co-receptor site for elicitation to occur, has 

approximately a thousand times lower affinity than a matured IgG antibody, the latter 

alternative appears reasonable. The co-receptor site of HIV-1 gp120 has been 

extensively discussed in the context of primary- and co-receptor binding but less so in 

the context of antibody elicitation. Our observation that CD4i antibodies were elicited 

in cynomolgus macaques but not in wild-type (wt) rabbits strongly indicated that the 

elicitation is not due to spontaneous in vivo exposure of the site, but that other factors 

needed to be considered. Primate CD4 but not rabbit CD4 can bind to HIV-1 gp120 and 

we hypothesized that CD4 binding is a requirement for elicitation of CD4i antibodies to 

occur. Since an alternative explanation is that rabbit B cell repertoire may lack the 

intrinsic ability to generate antibodies against the co-receptor site, we sought to confirm 

our observation in rabbits, rendered transgenic for human CD4 (huCD4) (251). After 

immunization of huCD4 transgenic rabbits with an identical regimen as for the wt 
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rabbits we analyzed the polyclonal serum samples for presence of CD4i antibodies. In 

contrast to the wt rabbits, we detected CD4i antibodies in serum samples from the 

immunized huCD4 transgenic rabbits, strongly suggesting that the in vivo presence of 

human CD4 (or primate CD4) is a requirement for the elicitation of HIV-1 co-receptor 

site directed antibodies during vaccination (Figure 14a).  
 

 
Figure 14. Elicitation of co-receptor site directed antibodies against HIV-1 requires the in vivo 

presence of primate CD4. a) Cynomolgus macaques (cyno), wild-type rabbits (NZW) and huCD4 

transgenic rabbits (tg NZW) were immunized with Env trimers after which serum samples were 

examined for neutralization against HIV-2 in an assay designed to specifically detect antibodies directed 

against the HIV-1 Env co-receptor site (142). b) Serum samples from human vaccines participating in the 

VaxGen trial (AIDSVAX B/B) were examined for HIV-1 Env co-receptor site-directed antibodies in the 

same assay format.  
 

These findings may also explain the presence of CD4i antibodies in serum from HIV-1 

infected individuals, where there are at least two potential sources of HIV-1 Env with 

the potential to bind CD4 in vivo; Env trimers on virions and soluble shed gp120 (252).  

That antibodies can be elicited against trimers situated on the HIV-1 virion is apparent 

due to the isolation of trimer-specific monoclonal antibodies from HIV-1 infected 

individuals (167). However, under the scope of study IV we do not address if CD4i 

antibodies are elicited against intact trimeric Env on HIV-1 virions during natural 

infection, but we rely on soluble trimer mimietics and the elicitation of CD4i 

antobodies in the context of Env immunization. To investigate the ability of shed 

monomeric gp120 to induce the elicitation of CD4i antibodies, we acquired serum 

samples from 20 individuals, participating in the failed Vaxgen trial. These individuals 

had all been injected four times with recombinant gp120 in Alum adjuvant and 

therefore allowed us to investigate vaccine induced elicitation of CD4i antibodies in a 
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human stetting, as well as providing us with a model for CD4i elicitation by monomeric 

gp120. When analyzing the serum samples we found an abundance of CD4i antibodies 

demonstrating that these are readily elicited by monomeric gp120. Further our data 

suggests that shed gp120 is one likely source for the elicitation of CD4i antibodies 

during natural infection (Figure 14b). Study IV provides ample evidence for a model 

explaining how the elicitation of CD4i antibodies occurs through in vivo association of 

HIV-1 Env with primate CD4 during vaccination or infection (Figure 15).. The findings 

in paper IV have several implications. With regards to basic science, it describes (to our 

knowledge) a novel mechanism by which the immunogenicity of a recombinant viral 

surface protein is changed in vivo by functional receptor binding. It is likely that this 

will also prove true for other foreign proteins, which undergo a conformation change 

upon receptor binding. For HIV-1 vaccine research an obvious concern is that primary 

receptor binding of an Env immunogen may occlude a broad neutralization 

determinant, namely the CD4 binding site. Further, and in combination with historical 

data describing CD4i antibodies, the Vaxgen samples provide compelling evidence that 

CD4i antibodies are not protective, likely because they do not neutralizing primary 

circulating isolates of HIV-1 (213). In addition, the mechanism of elicitation is 

suggestive of yet another means by which HIV-1 evades a productive elicitation of a 

neutralizing antibody response. By occlusion of a broad neutralization determinant (the 

CD4 binding site) and instead providing the immune system with a highly 

immunogenic surface (the co-receptor site), inaccessible on the functional spike 

complex prior to primary receptor binding, the virus likely drives the advantageous 

elicitation of non-neutralizing antibodies over the elicitation of those capable of 

neutralizing the virus at a conserved and exposed site. While study IV provides 

evidence for the mechanism by which CD4i antibodies are elicited, the consequences of 

this for the elicitation of broadly neutralizing antibodies, such as those directed against 

the CD4 binding site, is so far not known but is currently under investigation in our 

ongoing studies. The results described here imply that caution should be taken when 

comparing immunogenicity studies in small animals and in primates, as unanticipated 

effects due to CD4 binding cannot be ruled out. Investigations into these matters are 

ongoing but beyond the scope of this thesis. A schematic of our proposed model of 

CD4i antibody elicitation is shown in Figure 15. 

 



 

  57 

 
 

Figure 15. Co-receptor region and recognition of this region by the naïve B cell receptor repertoire. 

In the left and middle panel, the co-receptor binding site is in some other conformation or conformations 

other than that induced by primate CD4. Following binding of in vivo primate CD4, the bridging sheet is 

formed and locked into a single, CD4-dependent conformation which then allows efficient B cell receptor 

recognition and elicitation of the co-receptor-site-directed, CD4i antibodies (right panel). The somatically 

mutated and matured 17b antibody can recognize either conformation, presumably inducing a proper fit 

of the unliganded bridging sheet conformation. 

 

In paper II we focus on the development of a novel rSFV vector with enhanced ability 

to express soluble Env immunogens. Due to the limited elicitation of Env-specific 

antibodies in mice observed upon immunization with the classical rSFV vector (study 

I) we wished to determine if this could be improved by increasing the expression of 

Env from rSFV. We therefore exploited the translation enhancer element encoded by 

the first 103 nucleotides of the SFV capsid protein, which when inserted in frame with 

homologous or heterologous proteins, downstream of the subgenomic promoter, 

mediates increased expression. Since the enhancer element must be placed in the 5’ end 

of the subgenomic RNA it will be N-terminal to any subsequently translated protein. 

Therefore it may not be optimal for the expression of proteins that contain natural N-

terminal signal sequences that mediate translocation of newly synthesized proteins into 

the endoplasmatic reticulum (ER). In paper II we describe the construction of a novel 

rSFV vector, rSFV-Eiss, which yields enhanced expression and secretion of soluble 

gp120. For this study we used monomeric gp120, derived from the same HIV-1 isolate 

(YU2) as the previously described Env trimers used in this thesis. In the standard rSFV 

vector this gp120 was engineered to encode a N-terminal signal sequence (ss) derived 
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from the cluster of determination molecule 5 (CD5), leading to the production of well-

folded monomers after infection of cells. Initial designs containing the enhancer 

element and gp120 included the addition of the foot-and-mouth disease virus 2A 

peptide, which is used in the helper construct encoding the spike proteins of SFV (244). 

However, when gp120 was inserted downstream of 2A, the secretion of gp120 into the 

supernatant of infected cell was impaired due to poor translocation of gp120 into the 

ER (as deduced by that the molecular weight of gp120 was consistent with an 

unglycosylated form). Under the assumption that inefficient translocation of the CD5ss 

containing gp120 into the ER was the reason for the lack of secretion, we re-designed 

the vector using an internal signal sequence (iss) from SFV, normally located between 

the 6k and E1 SFV spike proteins (253). The iss was inserted in frame between the 

enhancer element (E) and gp120, lacking the CD5ss. Upon infection of cells with this 

vector, rSFV-Eiss, the secretion of gp120 was increased by approximately 10-fold 

compared to cells infected with the parental rSFV vector lacking the enhancer element. 

We also noted an abundance of intracellular, unglycosylated, gp120, indicating that the 

translocation of gp120 into the ER was not complete, while this is not seen in cell 

lysates from rSFV-infected cells. Nevertheless, the secreted gp120 from rSFV-Eiss 

appeared fully glycosylated and possessed a similar biochemical profile as that of rSFV 

produced gp120. To evaluate the immunogenicity of rSFV-Eiss-gp120, we immunized 

two groups of mice with either the classical rSFV vector, lacking the enhancer element, 

or the rSFV-Eiss. Consistent with paper I we observed that the rSFV vector was poorly 

immunogenic for the elicitation of antibodies against gp120 in mice. However, all mice 

injected with the rSFV-Eiss vector produced high titer antibodies against gp120, 

indicating that increased expression and secretion of a heterologous antigen by a viral 

vector translates into increased humoral immunogenicity (Figure 16a).  
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Figure 16. Antibody and CD4+ T cell response after immunization with rSFV, or rSFV-Eiss. a) 

serum samples from rSFV or rSFV-Eiss injected mice were examined for the presence of gp120 binding 

antibodies. Control mice were injected with an rSFV vector expressing the influenza NP protein. b) 

gp120 specific CD4+ T cell responses induced by either vector was determined by an ELISPOT assay.    

 

We did not detect an increase in magnitude of the induced CD4+ T cell responses 

between the two vectors (Figure 16b), suggesting that the cellular immune system 

requires lower levels of antigen for activation than the humoral immune system.  
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9 CONCLUSIONS 
 
The major aim of this thesis was, as the title implies, to evaluate novel strategies to 

elicit neutralizing antibodies against HIV-1, using different Env immunogens and 

different modes of delivery. While we did not observe an increase in breadth of the 

neutralizing antibody response with the prime-boost regimen regimens examined in 

paper I and III, we obtained several examples of how the nature of the priming agent 

shapes the immune response as measured after a protein boost. In paper I we 

demonstrate that the Th response against HIV-1 Env differs markedly depending upon 

if it is induced by a viral vector prime-protein boost regimen or by protein alone. 

Whereas the importance of this for the induction of a protective immune response 

against HIV-1 remains to be determined, we show that the Th response can be 

manipulated and that a Th1 biased response does not appear to be detrimental for the 

induction of antibody responses. Further, in paper III we demonstrate that the epitope 

specificity of the Th response can be focused on different regions of Env depending 

upon which immunogen is used to prime the response. This is highly relevant to the 

design of vaccine regimens aimed at focusing the immune response on conserved 

epitopes of Env, since a direct interaction between Th cells and B cells is critical for B 

cell and antibody maturation. Pre-primed Th cells likely allows for a more rapid and 

effective response than that induced by naïve T cells upon subsequent boosting with 

heterologous antigens.  

 

In paper II we designed a novel rSFV vector for the enhanced expression of soluble 

proteins containing an N-terminal signal sequence. The major finding of this study is 

that the vector increased the secretion of HIV-1 gp120 approximately 10-fold and 

induced more potent antibody responses than the parental vector. This demonstrates 

that the amount of protein expressed and secreted with the rSFV vector system can 

influence the magnitude of antibody elicitation. The enhanced rSFV-Eiss vector, 

designed and constructed in study II, is therefore a potential candidate vector to deliver 

HIV-1 Env based antigens. 

 

Perhaps the most novel finding of this thesis is described in study IV. The aim of 

study IV was to define the mechanism by which antibodies directed against the co-

receptor binding site of Env, so-called CD4i antibodies, are elicited against HIV-1. In 
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the study, partially spurred by preliminary results from study III and historical data 

from rabbit immunizations, we definitively demonstrate that the in vivo presence of 

primate CD4 is a requirement for the elicitation of antibodies against the conserved 

co-receptor site of HIV-1 Env. This was achieved by a set of well-controlled 

experiments in non-human primates, wt rabbits, rabbits transgenic for human CD4 

and sera from gp120-immunized volunteers. We observed elicitation of CD4i 

antibodies in cynomolgus macaques, human vaccinees and in rabbits rendered 

transgenic for human CD4. In contrast, no CD4i antibodies were detected in wt 

rabbits, which possess CD4 molecules that have low affinity to HIV-1 Env. Based on 

our results we propose a model where naïve B cell recognition of a surface of gp120 

implicated in HIV-1 co-receptor binding is only achieved post CD4-binding (as 

illustrated in figure 15) and this was previously unappreciated in the literature. Due to 

the different capability of CD4 from small animals and primates to bind HIV-1 

gp120, this study highlights an important difference between immunogenicity studies 

in small animals and primates. In addition, it is plausible that the mechanism 

underlying the induction of CD4i antibodies represents yet another means by which 

HIV-1 evades the production of antibodies against a conserved determinant. By 

binding to its primary receptor, CD4, HIV-1 produces a highly conserved and 

immunogenic surface to the immune system, against which antibodies are readily 

elicited. However, since these antibodies are not capable of neutralizing the virus the 

surface appears to be a decoy for driving the “wrong” antibody response. Study IV 

therefore provides new fundamental information of relevance to both natural HIV-1 

infection and the development of HIV-1 Env-based vaccines.  
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