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1.  HIV-1

1. 1  Discovery of human immuno-
deficiency virus 

In 1981 the first clinical reports were 
published of a few homosexual men that 
suffered from severe immunodefiency 
(Friedman-Kien, 1981; Gottlieb et al., 
1981). In 1983 a virus was identified that 
caused the acquired immunodeficiency 
syndrome (AIDS), which was initially 
termed lymphadenopathy-associated 
virus (LAV) or human T-lymphotropic vi-
rus-III (HTLV-III) and is now designated 
as human immunodeficiency virus type 
1 (HIV-1) (Barre-Sinoussi et al., 1983; 
Gallo et al., 1983). At that time already 
1.757 AIDS cases were reported only in 
the USA (Dowdle, 1983). Later in 1986 
a second HIV-type (HIV-2) was found 
causing less severe disease progres-
sion and being less prevalent compared 
to HIV-1 (Clavel et al., 1986). In 2007 33 
million people were infected with HIV-1 
with the highest prevalence amongst 
people from sub-Saharan Africa (http://
www.unaids.org). The growth in number 
of HIV-1 victims nowadays is not rising 
and appears to have reached a steady 
state. Since the discovery of HIV-1 25 
years ago, much knowledge has been 
gained concerning the viral life cycle and 
the host defence system. Drugs have 
been generated to suppress viral rep-
lication. However, to-date the vaccine 
that is urgently required to stop new in-
fections and limit viral spread has not 
been developed. For development of a 
successful vaccine our immune system 
has to be specifically triggered to induce 

the appropriate response that will ter-
minate all free infectious virus particles 
and early infected cells. To accomplish 
such a vaccine the interaction between 
HIV-1 and our immune system needs 
to be fully understood. This thesis will 
focus on the struggle between our adap-
tive immune system and survival of se-
lected virus variants. Aspects of alerting 
the adaptive immune system will be dis-
cussed and the possible consequences 
for HIV-1 pathogenesis and vaccine de-
velopment. 

1. 2  Viral genome and composi-
tion

The viral genome of HIV-1 is com-
posed of two positively stranded RNA 
molecules of approximately 9 kb each, 
encoding 9 genes. The three structural 
genes Gag, Pol, and Env are transcribed 
as polyproteins, which are further proc-
essed and cleaved into functional pro-
teins (Ratner and Niederman, 1995; 
Sanchez-Pescador et al., 1985; Wain-
Hobson et al., 1985). The Gag polypro-
tein precursor is cleaved in nucleocapsid 
(NC), capsid (CA), and matrix (MA), all 
components of the viral core packaging 
the RNA strands. Protease (PR), reverse 
transcriptase (RT) and integrase (IN) are 
translated from a polyprotein encoded by 
the pol gene (Frankel and Young, 1998). 
The Env gene encodes the envelope of 
the virus formed from a gp160 precursor 
protein that is cleaved into a gp41 trans-
membrane domain and the gp120 outer 
surface domain (Weiss et al., 1988). 
The envelope protein is incorporated in 
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a lipid membrane derived from the in-
fected host cell that encloses the viral 
core; it is the only viral protein that can 
be targeted for antibody vaccine purpos-
es, if considering neutralization. The ac-
cessory proteins Vif, Vpr, Vpu, and Nef 
(Ratner and Niederman, 1995), are not 
strictly required for viral replication, but 
facilitate virus replication in certain cell 
types or under certain cellular conditions 
(Cullen, 1998; Trono, 1995). Tat and Rev 
are both essential regulatory proteins.

1. 3  HIV-1 replication
HIV-1 replication primarily occurs in 

CD4-positive T lymphocytes, but mono-
cytes, macrophages, and dendritic cells 
(DCs) are also susceptible for infection. 
For entry into the host target cell the CD4 
molecule, the primary receptor for HIV-1 
and a chemokine co-receptor are re-
quired. The viral envelope first binds the 
CD4 receptor on the host cell inducing 
a conformational change which exposes 
the coreceptor binding site within the 
gp120 molecule (Weissenhorn et al., 
1997). Upon binding of envelope to the 
coreceptor the gp120 subunit dissoci-
ates. The gp41 subunit inserts a hydro-
phobic peptide into the host membrane 
which fuses with the viral membrane via 
a spring-load mechanism (Greenberg 
et al., 2004; Sullivan et al., 1998). The 
membrane fusion event releases the 
viral core into the host cytoplasm, where 
it is partially uncoated. A pre-integration 
complex is formed and the RNA-genome 
is converted into double stranded DNA 
by the RT enzyme (Anderson and Hope, 
2005). The viral DNA is inserted into 
the host genome that serves as a tem-

plate for the production of novel RNA 
genomes and viral proteins. Newly syn-
thesized viral proteins package the viral 
RNA and new virions leave the host cell 
by budding from the cellular membrane. 
A more extensive description of the 
HIV-1 replication cycle has been pub-
lished (van Maele and Debyser, 2005).

1. 4  HIV-1 disease course
Natural course of untreated HIV in-

fection can be divided into four stages. 
In the first 2-4 weeks in the incubation 
period or primary infection, there is a 
dramatic increase in viral load accom-
panied by a decrease in CD4+ T-cell 
levels in blood (Piatak, Jr. et al., 1993). 
The acute phase of disease course lasts 
for 3-4 weeks and can include fever-like 
symptoms, lymphadenopathy, pharyngi-
tis, rash, myalgia, and sores (Kahn and 
Walker, 1998). During that time period 
immune activation occurs and viral repli-
cation declines by induction of anti-HIV-1 
cytotoxic T cells and anti-HIV-1 antibod-
ies (Abs). In the clinical latency stage, 
an asymptomatic period of 2-15 years, 
viral replication is controlled. During this 
period, viral replication is continuing at a 
high rate of up to 1010 infectious virions/
day, leading to approximately 108-109 
lymphocytes/day being infected, which 
are replaced quickly. It is therefore re-
markable that the rate of CD4+ T lym-
phocyte depletion is not more rapid than 
observed (Weiss et al., 2004). When 
CD4+ T cell numbers decline below a 
critical level in the AIDS stage, cell-me-
diated immunity is lost, and a variety 
of opportunistic infections and tumors 
appear leading eventually to death. In 
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some patients, these phases of natural 
HIV infection are considerably acceler-
ated, so that the HIV load remains high 
or increases with a quick drop in CD4 
count. These patients rapidly progress 
to AIDS-stage disease in less than 5 
years. These patients are termed rapid 
progressors (RP). Alternatively, there 
are patients who remain clinically well 
in the asymptomatic phase, with normal 
CD4 counts and low or undetectable 
viral loads. These long-term nonpro-
gressors (LTNP) do not requirer antiret-
roviral therapy (ART) over a prolonged 
time which can exceed 10 years and 
with some patients over 25 years. How 
these contrasting presentations in re-
sponse to HIV disease progression may 
occur is still not completely understood. 

1. 5  Envelope structure
The envelope is composed of three 

gp120 molecules non-covalently linked 
to the trimeric gp41 and forms a hetero-
oligomeric spike on the surface of the 
virus. Each gp41-molecule contains a 
transmembrane region and two heptad 
repeat regions, designated HR1 and 
HR2 that can form a six-helix bundle that 
juxtaposes the viral and cellular mem-
branes for the fusion event (Chan et al., 
1997; Tan et al., 1997; Weissenhorn et 
al., 1997). One region of gp41 known 
to be exposed for antibody binding is 
termed the membrane proximal region 
(MPER), whereas the remainder is 
shielded by either gp120 or glycosyla-
tions. The gp120 molecule of the en-
velope contains five variable regions 
(V1-V5) and five constant core domains 
(C1-C5). The V1V2 loop has a common 

stem region that together with the C4 
domain forms a bridging sheet that is in-
volved in the binding of the V3-loop of 
the envelope to the chemokine receptor. 
The outer loop domains of the V1 and V2 
region shield the CD4 binding domain. 
The V2 loop is highly immunogenic, but 
Abs to epitopes in this loop are often 
isolate-specific (Gorny et al., 1994). The 
V3 region forms a loop that interacts 
with the chemokine receptor. This region 
is immunogenic, but only after extended 
antigen (Ag) stimulation (Gorny et al., 
2002; Gorny et al., 1992; Scott, Jr. et al., 
1990). The amino acid composition of 
the tip (GPGR), and stem (INCTRPN) of 
this region are more conserved and are 
supposed to be a good target for vaccine 
development (Hartley et al., 2005). The 
exact function of the domains of the en-
velope including V4 and V5 is largely 
unknown. These regions are highly di-
vergent amongst quasispecies and are 
associated with host-specific adapta-
tions to immune constraints and other 
selective pressures (Castro et al., 2008). 

1. 6  Chemokine receptor
Next to the CD4-receptor, HIV-1 

binds a chemokine co-receptor to 
mediate cell entry. The CCR5 (Alkhatib 
et al., 1996; Choe et al., 1996; Deng et 
al., 1996; Doranz et al., 1997; Dragic et 
al., 1996) and CXCR4 chemokine (Feng 
et al., 1996) co-receptors are mainly 
used by HIV-1, but several other chem-
okine receptors, like CCR2b (Rucker et 
al., 1996) and CCR3 (Choe et al., 1996) 
have also been shown to enable viral 
entry; their contribution with regards to 
HIV-1 infection and dissemination in vivo 
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however is unknown. HIV-1 virions that 
use the CCR5 coreceptor for entry are 
designated as R5-viruses and X4-virus-
es use the CXCR4-coreceptor. The con-
formation and N-linked glycosylations in 
the variable loops of the envelope and 
amino acid charge of the V3-loop can 
determine coreceptor usage (Pollakis et 
al., 2001). A shorter V1V2-region and an 
increased number of positively charged 
amino acids in the V3-loop are associ-
ated with CXCR4-usage (Pollakis et al., 
2001). Coreceptor usage can be predict-
ed from the amino acid sequence of the 
V3 region with a sensitivity and specifici-
ty between 80-95% (Jensen et al., 2003; 
Pillai et al., 2003; Raymond et al., 2008). 

The onset of infection starts with 
HIV-1 using solely the CCR5-corecep-
tor for entry. Only a few rare cases are 
described of patients that were infect-
ed with CXCR4-tropic HIV-1 (Balotta 
et al., 1997; Biti et al., 1997; Sheppard 
et al., 2002; Theodorou et al., 1997). A 
number of individuals have been identi-
fied whose CD4 cells proved more re-
sistant to infection with CCR5 viruses 
(Dragic et al., 1996; Liu et al., 1996; 
Paxton et al., 1996). These patients 
were homozygous for a 32-base pair 
deletion in the CCR5-gene, which has 
a frequency of 1% amongst the human 
population (Dean et al., 1996; Huang 
et al., 1996; Samson et al., 1996). The 
deletion causes non-functionality of the 
receptor. Heterozygosity for the CCR5-
Δ32 allele is associated with slower 
disease progression, particularly in in-
dividuals in which the virus does not 
switch co-receptor usage (Michael et al., 

1997). This effect is related to a reduced 
viral load in the onset of HIV-1 infection 
(de Roda Husman et al., 1997; Meyer et 
al., 1997). In 50% of infected individu-
als a switch to the CXCR4-coreceptor is 
observed (Richman and Bozzette, 1994; 
Sheppard et al., 1993), which is asso-
ciated with faster progression to AIDS 
(Jurriaans et al., 1994). The reasons for 
the emergence of X4 variants is largely 
unknown, although viral evolution, loss 
of immune control and infection of differ-
ent target cells all have been suggested 
to play a role in the in vivo emergence 
of X4 HIV-1 during disease progression 
(Blaak et al., 2000; Regoes and Bonho-
effer, 2005; van Rij et al., 2000).

2.  The role of dendritic cells in 
the immune system

2. 1  Immune system
The immune system is com-

posed of two major subdivisions; the 
innate immune response and the adap-
tive or specific immune response. The 
innate immune system is the first line 
of defence against invading pathogens. 
This defence system is non-specific and 
consists of physical barriers, chemical-
ly secreted enzymes and components 
of the complement system that inacti-
vate the pathogen. A-specific cellular re-
sponses such as phagocytoses followed 
by degradation also belong to the innate 
immune system. Characteristic to the 
innate immune system is that it elicits 
no memory or lasting protective immu-
nity. The adaptive immune system acts 
as a second line of defence which more 
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slowly is raised against an invading or-
ganism and often protects against re-ex-
posure to the same pathogen. The adap-
tive immune system includes defences 
that, for the most part, are constitutively 
present and ready to be mobilized upon 
infection. The adaptive immune system 
is antigen-specific and reacts only with 
the organism that induced the response.

2. 2  Cells of the immune system
Cells that belong to the immune 

system have their origin in the bone 
marrow. From lymphoid and myeloid pro-
genitor stem cells the lymphoid progeni-
tors give rise to the natural killer cells 
(NK), as well as T and B lymphocytes. 
Erythrocytes, platelets, neutrophils, ba-
sophils, eosinophils, monocytes, mac-
rophages and dendritic cells all differen-
tiate from the myeloid progenitor cells. 
Development of T lymphocytes occurs in 
the thymus where they undergo differen-
tiation into either CD4+ T helper cell or 
CD8+ cytotoxic T lymphocytes (CTL). T 
helper cells further differentiate into Th1 
and Th2 cells. Th1 cells assist the acti-
vation of CTL to secrete cytotoxic com-
pounds, whereas the Th2 cells stimulate 
activated B lymphocytes to differentiate 
into plasma cells that secrete antibodies. 
Besides Th1 and Th2 cells, many other 
different cell types play an important 
role in regulation of the immune system 
such as T regulatory cells and the more 
recently discovered T helper 17 cells 
(Th17) (Harrington et al., 2006). All cells 
from the immune system form a complex 
network that settles the overall response 
to a given pathogen and determine the 
disease course. 

2. 3   Role of dendritic cells in the 
 immune system

DCs have the unique feature of 
bridging the innate and adaptive immune 
system (Steinman, 2006; Steinman and 
Hemmi, 2006). They remove invading 
pathogens and non-self Ags a-specifi-
cally and on the other hand they trigger 
the initiation of the adaptive immune 
response (Banchereau et al., 2000; 
Banchereau and Steinman, 1998). Two 
types of DCs have been identified in 
humans, plasmacytoid DCs (pDCs) and 
myeloid DCs (mDCs), also termed con-
ventional DCs (cDC). The pDC popu-
lation is found in low numbers in blood 
and secondary lymphoid organs. Al-
though their function is not entirely clear 
they play a role in the innate immune re-
sponse in silencing virus replication via 
production and secretion of interferon 
alpha type 1 (IFN-α) (Krug et al., 2001). 
Several different mDC types exists such 
as Langerhans cells (LC), dermal DCs, 
follicle DCs and interstitial DCs, which 
can be distinguished by expression of 
specific cell surface markers. The CD1a+ 
mDC subset is not found in peripheral 
blood, but originate from blood-derived 
CD14+ monocytes and are called mono-
cyte-derived DC (MDDC). These DCs 
harbour similar functions as mDCs and 
can be generated in vitro from mono-
cytes by stimulation with granulocyte-
macrophage colony-stimulating factor 
(GMCSF) and interleukin-4 (IL-4) (Sal-
lusto and Lanzavecchia, 1994). 

mDCs migrate from the blood into 
peripheral tissues that line the external 
environment, like skin and mucosal epi-
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thelia. As antigen-presenting cells they 
play a central role in the induction and 
regulation of most adaptive immune re-
sponses (Randolph et al., 2008). Im-
mature DCs (iDC) efficiently recognise, 
capture and internalise non-self Ags. 
The recognised Ag triggers the iDC to 
differentiate into an activated mature 
state mDC. Cell-surface co-stimula-
tory molecules on DCs that help T cell 
activation, such as CD80, CD83 and 
CD86, are upregulated upon maturation. 
The expression of CCR7, a chemotac-
tic receptor that is responsive to CCR7 
ligands CCL19 and CCL21 is also up-
regulated on DC maturation and these 
receptors assist DC migration to lym-
phoid tissues (Ato et al., 2002; Gunn 
et al., 1999; Reis e Sousa et al., 1997). 
During maturation and migration, DCs 
process the internalized Ag into peptides 
which are displayed on major histocom-
patibility complex (MHC) class mole-
cules to prime naïve T cells and to ini-
tiate their differentiation. Ags processed 
into peptides derived from the cytosol 
are incorporated into MHC class I mol-
ecules and trigger a cellular response, 
whereas endocytosed Ags that end up in 
the endocytic pathway are embedded in 
MHC class II molecules and trigger an 
adaptive immune response.

2. 4  DC pathogen recognition
DCs express a variety of pathogen 

recognition receptors (PRR) (Akira et al., 
2001; Cambi et al., 2005; Figdor et al., 
2002). These receptors can recognise 
specific molecular motifs of pathogens 
referred to pathogen-associated mo-
lecular patterns (PAMPs) (Geijtenbeek 

et al., 2004; Gordon, 2002). The PRR 
can be divided into the family of Toll-
like receptors (TLRs) and C-type lectins. 
TLRs recognize a variety of PAMPs, like 
RNA, DNA, lipids, peptides and proteins 
which coincides with signalling and pro-
duction of cytokines (Akira et al., 2001; 
Boehme and Compton, 2004; Schnare 
et al., 2001). C-type lectins possess car-
bohydrate-recognition domains (CRD) 
that can bind a variety of different car-
bohydrate structures displayed on path-
ogens. Binding of carbohydrate ligands 
to the CRD is stabilized by Ca2+. C-type 
lectin receptor binding is associated 
with internalization of the pathogen and 
processing for Ag presentation (Enger-
ing et al., 2002; Engering et al., 1997; 
Gijzen et al., 2006; Janeway, Jr. and 
Medzhitov, 2002). 

2. 5  HIV-1 DC interaction
The dendritic-cell-specific ICAM-3 

grabbing nonintegrin (DC-SIGN) mol-
ecule was identified as an HIV-1 recep-
tor on DCs (Geijtenbeek et al., 2000b; 
Geijtenbeek et al., 2000a). DC-SIGN 
is a C-type lectin that interacts with 
HIV-1 via binding of carbohydrate moie-
ties on gp120. Other C-type lectins like 
DEC-205 (CD205) (Guo et al., 2000; 
Hatsukari et al., 2007; Mahnke et al., 
2000), the macrophage mannose recep-
tor (CD206) (Kato et al., 2000; Nguyen 
and Hildreth, 2003), langerin (Turville 
et al., 2002) (CD207), and the DC im-
munoreceptor (DCIR) (Lambert et al., 
2008) expressed on DCs are also able 
to capture HIV-1 virions. Binding of 
HIV-1 to these receptors results in virus 
internalization, processing and degra-
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dation. Besides C-type lectins, heparan 
sulphate proteoglycans (HSPGs) are 
able to bind HIV-1 particles (Roderiquez 
et al., 1995). The interaction is medi-
ated by the heparan sulphate chains 
which bind the V3 region of the gp120 
molecule. The basic arginine on position 
298 in the V3 region of the envelope was 
found to be critical for binding. All syn-
decans, which belong to a specific class 
of HSPGs, have been found to efficient-
ly capture HIV-1 virions (Bobardt et al., 
2003; Saphire et al., 2001). More recent-
ly, syndecan-3 was identified as a specif-
ic HIV-1 attachment receptor on iMDDCs 
(de Witte et al., 2007) and this receptor 
together with DC-SIGN provided for the 
complete capture of HIV-1 virions. Al-
though a considerable number of DC-
specific HIV-1 receptors have been iden-
tified, it is unclear which HIV-1 receptor 
or receptors are expressed on the differ-
ent DC types and what their contribution 
is towards capturing HIV-1. For instance, 
DC-SIGN expression is downregulat-
ed on DCs in a mature state, although 
they capture HIV-1 more efficiently com-
pared to their immature state (Wang et 
al., 2007), illustrating that other recep-
tors have facilitated the capture of HIV-1 
on mMDDCs that are as yet unidentified.

2. 6  DC-mediated HIV-1 transmis-
sion

DCs that encounter HIV-1 have 
been implicated to disseminate the virus 
amongst susceptible target CD4+ T lym-
phocytes via two routes of transmission. 
DCs can be infected by HIV-1 resulting in 
the production of newly synthesized par-
ticles. Infection of DCs, like LCs, mDC 

or pDCs by HIV-1 is common (Braathen 
et al., 1987; Knight et al., 1990; Knight 
et al., 1991; Macatonia et al., 1989; Pat-
terson and Knight, 1987; Stingl et al., 
1990), but production of HIV-1 is limited 
(Patterson et al., 1991). Transmission 
of de novo synthesized HIV-1 by DCs 
has been shown to take a few days and 
is designated as transmission in cis 
(Cavrois et al., 2007; Holl et al., 2006). 
Virions can also be captured by the DCs 
and then transmitted to HIV-1-sensitive 
cells, which is termed transmission in 
trans (Turville et al., 2004). This route 
of transmission can only occur when the 
DC contacts a T lymphocyte. A long-term 
stable interaction is required to success-
fully transmit HIV-1 from DCs to T cells 
that is facilitated through binding of the 
intercellular adhesion molecule-1 (ICAM-
1) on DCs to the lymphocyte function-as-
sociated antigen 1 (LFA-1) integrin on T 
cells (Groot et al., 2006; Sanders et al., 
2002). HIV-1 captured by DCs is recruit-
ed to the contact zone where receptors 
such as CD4 and CCR5 are found on 
the T cell side (Garcia et al., 2005; Mc-
Donald et al., 2003). This contact zone 
is referred to as the infectious synapse 
where unprocessed virions, freely or 
via exosomes (Wiley and Gummuluru, 
2006), are delivered to CD4+ T lym-
phocytes. Exosomes are small secreted 
vesicles derived from internal vesicles 
from multivesicular bodies (MVB) that 
can contain HIV-1 particles (Keller et 
al., 2006; Wiley and Gummuluru, 2006). 
This mode of trans transmission and 
formation of the synapse is partially de-
pendent by DC-SIGN (Wu et al., 2004) 
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and occurs soon after HIV-1 capture, 
since DCs efficiently degrade a high pro-
portion of captured virus within a couple 
of hours (Turville et al., 2004). Although 
most virions are rapidly degraded, some 
virus particles can survive inside DCs for 
a prolonged period of time in an acidic 
non-lysosomal compartment which is 
enriched with the tetraspanin CD81 mol-
ecule (Garcia et al., 2008; Garcia et al., 
2005; Kwon et al., 2002; Trumpfheller 
et al., 2003). Since DCs can temporar-
ily store captured HIV-1 and migrate 
towards lymph nodes they are regarded 
as the Trojan horse in bringing HIV-1 to a 
large pool of susceptible T lymphocytes.

3.  Transmission

3. 1  Sexual transmission
HIV-1 transmission can occur via 

contact with body fluids containing HIV-1 
particles such as semen, vaginal lavage, 
blood, or breast milk. A study in Uganda 
of 240 monogamous partner pairs from 
which one of the partner was HIV-1 posi-
tive demonstrated that over a four year 
period 30% of the partners became in-
fected via sexual HIV-1 transmission 
(Wawer et al., 2005). The viral transmis-
sion per ciotal act was estimated and 
was found to vary between 0.001-0.009 
percent and was dependent on the viral 
load and stage of disease progression. 
The highest risk period for transmitting 
HIV-1 was in the five months following 
seroconversion. The median HIV-1 RNA 
viral load in seminal plasma was ~104 

copies/ml (Coombs et al., 1998; Vernaz-
za et al., 1997) and in cervical-vaginal 

lavage ~103 copies/ml (Shepard et al., 
2000). Although the viral load in these 
fluids is substantial, albeit lower than 
in blood, the chance on transmission 
of HIV-1 is minimal, due to the natural 
barriers of the mucosal surface and the 
innate immune system.

3. 2  Crossing the mucosal barrier 
In order for HIV-1 to reach the CD4+ 

T lymphocytes the virus has to cross a 
mucosal barrier which includes several 
layers of stratified squamous cells, a 
single layer of columnar epithelium and 
the submucosa containing DCs and 
macrophages. Multiple mechanisms for 
HIV transmission across genital epithe-
lia have been proposed: direct HIV-1 
infection of epithelial cells, transcytosis 
of HIV-1 through epithelial cells, trans-
migration of HIV-infected donor cells 
through the epithelial, uptake of HIV-1 
by intraepithelial LCs, or crossing rup-
tured epithelial layers (Shattock and 
Moore, 2003). Direct infection of specif-
ic colonic intestinal epithelial cells was 
observed to be dependent on internali-
zation via attachment to galactosylcera-
mide (GalCer) that facilitated infection 
independently of CD4 (Fantini et al., 
1991b; Fantini et al., 1991a; Fantini et 
al., 1993). Although GalCer is present 
on epithelia in the cervix no evidence 
for infection of these cells was observed 
(Palacio et al., 1994; Pomerantz et al., 
1988). The mechanism of HIV-1 trans-
port through the epithelia via transcy-
tosis is unclear, however syndecan-1 
and -2 facilitate the binding of HIV-1 on 
the apical side of genital epithelial cells 
and the chemokines CCR5 and CXCR4 
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are involved in the entry and release 
of the particles on the basolateral side 
(Bobardt et al., 2007). The efficiency 
of HIV-1 transcytosis, however, is very 
low (0.02%) (Bobardt et al., 2007) and 
is believed to have limited contribution 
to transfer of HIV-1 across the mucosal 
epithelial barrier. Ex vivo studies using 
intact genital mucosa as a model to 
mimic HIV-1 transmission demonstrated 
however, that virus efficiently penetrated 
the epithelial layers (Maher et al., 2005). 
In the sub-mucosa HIV-1 directly infect-
ed CD4+ T lymphocytes and macrophag-
es (Collins et al., 2000). LCs efficiently 
captured and stored HIV-1 particles and 
were shown to migrate from the sub-
mucosa (Collins et al., 2000; Hladik et 
al., 2007). Although in these studies the 
LCs were not infected, macaque studies 
have shown that LCs in the mucosa 
were infected and migrated to draining 
lymph nodes within 18 hours after intra-
vaginal SIV exposure (Hu et al., 2000; 
Spira et al., 1996).

3. 3  Transmission of CCR5-tropic 
HIV-1 strains

In the acute stage of disease, 
CCR5-tropic viruses dominate the in-
fection. In approximately 50% of in-
fected individuals, HIV-1 switches from 
using CCR5 to CXCR4 as co-receptor 
during disease progression (Berger et 
al., 1999), and this switching of viral-
coreceptor is often associated with 
accelerated disease progression. In-
terestingly, donors that harbour CX-
CR4-viruses preferentially transmit 
CCR5-tropic strains and CXCR4 or du-
al-tropic strains are seldomly transmit-

ted. Although the underlying mechanism 
explaining why CCR5-tropic viruses 
are preferentially transmitted sexually 
is poorly understood, several possible 
factors have been identified as listed 
below. The CD4 CD45RO+ memory 
T lymphocyte in the sub-mucosa are 
mainly infected by viruses using the 
CCR5-co-receptor and these maybe the 
first lymphocytes encountered by HIV-1 
(Collins et al., 2000; Greenhead et al., 
2000; Hladik et al., 2007; Maher et al., 
2005). Macrophages in the submucosa 
are mainly susceptible for CCR5-tropic 
HIV-1 (Alkhatib et al., 1996; Kuhmann 
et al., 2000; Mori et al., 2000; Rana et 
al., 1997), although some reports de-
scribed infection by CXCR4-enveloped 
viruses (Simmons et al., 1998; Verani et 
al., 1998). Since macrophages are less 
susceptible to the cytopathic effects of 
HIV-1 than CD4+ T lymphocytes (Gartner 
et al., 1986; Meltzer et al., 1990), they 
may constantly shed CCR5-tropic HIV-1 
for the duration of their normal lifespan. 
Other cells in the sub-mucosa, such as 
DCs and LCs can be infected with CCR5-
using viruses (Ganesh et al., 2004). Al-
though DCs can be infected by CXCR4-
tropic strains, they mainly replicate R5 
strains. DCs travel to lymph nodes upon 
activation, where they can spread newly 
produced virions to CD4 T lymphocytes. 
Collectively these results indicate that 
the available cell types at site of expo-
sure may influence which virus pheno-
type is transmitted.
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4.  The battle between HIV-1 and 
the immune system 

4. 1  Immune activation
After the onset of HIV-1 infection 

the adaptive immune response is initiat-
ed. The HIV-1 specific CTL response is 
the first response mounted against HIV-1 
(Goulder and Watkins, 2004; Letvin, 
2006). CTLs kill viral-infected cells by 
recognition of viral peptides derived from 
Nef, Pol, Env, Gag and other proteins 
presented on HLA class I molecules of 
the infected cell. The appearance of a 
HIV-1-specific CTL response correlates 
with a decline in viral load in the acute 
phase of infection (Koup et al., 1994). 
However viral escape mutations within 
CTL epitopes occur rapidly (Borrow et 
al., 1997; Goulder et al., 1997; Goulder 
and Watkins, 2004).

The humoral Ab response is initi-
ated within a few weeks of infection (Aa-
sa-Chapman et al., 2004; Pellegrin et 
al., 1996). HIV-1 induced Abs can have 
various functions and are involved in dif-
ferent mechanisms that interfere with 
viral replication. The function of Abs can 
be divided into neutralizing and non-
neutralizing activity. 

Neutralizing Abs block HIV-1 infec-
tion of target cells by preventing recep-
tor engagement or by interfering with the 
fusion process. Most neutralizing Abs 
target the envelope, since this is the only 
viral protein present on the surface of the 
virion. Unfortunately only a small propor-
tion of HIV-1-elicited Abs have neutraliz-
ing capacity (Parren et al., 1999; Wyatt 
and Sodroski, 1998). In the acute phase 

of disease the Ab titer against gp120 
and gp41 is low and increases during 
disease progression. The increase in 
Ab levels in patients does not necessar-
ily coincide with an increase in neutrali-
zation activity against replicating virus 
(Bunnik et al., 2007; Huber et al., 2006). 
However, a broader neutralization activ-
ity was observed against heterologous 
viruses, demonstrating that the increas-
ing neutralizing Ab titer only neutralizes 
earlier viruses: the Ab response cannot 
follow the fast mutation rate of HIV-Ags.

Non-neutralizing Abs do not direct-
ly inhibit viral infection, however they 
have been shown to play a significant 
role in complement-mediated virion lysis 
(Gregersen et al., 1990; Huber et al., 
2006; Lederman et al., 1989; Schmitz et 
al., 1995). This mechanism is mediated 
through Abs that bind the HIV-1 virion 
and trigger the complement system to 
lyse the virion by forming pores in the 
viral membrane. In the acute phase 
~20% of the virions are lysed via this 
mechanism and which has been shown 
to increase to ~40% in the chronic phase 
of disease progression (Huber et al., 
2006; Huber and Trkola, 2007). 

Abs can also bind and opsonize 
HIV-1 rendering the virus more suscepti-
ble for uptake and destruction by phago-
cytes (Dimmock, 1993). Another mecha-
nism by which Abs can interfere with the 
replication cycle of HIV-1 is by activation 
of antibody-dependent cellular cytotox-
icity (ADCC). This mechanism relies on 
binding of Abs to HIV-1 proteins, such 
as the envelope that are exposed on the 
cell surface of the infected cell. Effector 
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cells, such as natural killer cells, recog-
nise the Fc-region of the Ab bound to 
the Ag. Identification of infected cells by 
this mechanism triggers release of cyto-
toxic granules, cytokines, chemokines 
or proteases that lead to destruction of 
the infected cell. HIV-1 Abs mediating 
ADCC have been detected in the early 
acute phase of infection (Blumberg et 
al., 1987; Ojo-Amaize et al., 1987; Rook 
et al., 1987) and its activity is associated 
with delayed disease progression (Broli-
den et al., 1996; Ferrari et al., 1994). 
The importance of ADCC in HIV-1 infec-
tion was highlighted in a macaque study, 
where the Fc-region of the Ab was trun-
cated in such a manner that Fc receptor-
binding activities were impaired. Loss of 
ADCC resulted in reduced protection by 
the Ab (Hessell et al., 2007).

4. 2  Broad neutralizing Abs
Many variant neutralizing Abs are 

produced during the disease course 
and are considered important in con-
trolling progression to AIDS in HIV-1 in-
fected patients (Dowbenko et al., 1988; 
Goudsmit, 1988). The advantage of Abs 
is that they can specifically target and 
neutralize infectious free HIV-1 virions 
systemically regardless of other cellular 
stimuli. Target sites for Abs within gp120 
are the V1V2 loop, V3 loop, the CD4-
binding site (CD4Bs) and the CD4-in-
duced (CD4i) binding site. On gp41 only 
the membrane proximal region (MPER) 
can be targeted by HIV-1 neutralizing 
Abs. Unfortunately the neutralizing Ab 
response against HIV-1 in humans is 
poor. Most neutralizing Abs have only 
a weak neutralization capacity and 

neutralize HIV-1 only partially or when 
present in large quantities. Furthermore, 
the disadvantage of most neutralizing 
Abs is that they recognise only one or 
a small number of epitopes and thereby 
can only neutralize a limited number of 
the huge amount of HIV-1 variants in the 
quasispecies seen between or within 
infected individuals. Up to now only a 
few interesting Abs have been found, 
which can efficiently neutralize a broad 
range of HIV-1 strains. The most-stud-
ied broadly neutralizing Abs are 2F5, 
4E10, 2G12 and b12 and these Abs 
have been extensively reviewed (Zolla-
Pazner, 2004). The binding epitopes for 
2F5 and 4E10 are LELDKWANL and 
NWFDISNWLW, which are located in 
the membrane-proximal region of gp41 
(Zwick et al., 2005). This region is highly 
conserved amongst different viral strains 
and these Abs play an essential role in 
inhibiting the cell fusion event (Golding 
et al., 2002; Gorny and Zolla-Pazner, 
2000; Munoz-Barroso et al., 1999). The 
2G12 Ab binds oligomannose glycan 
clusters on gp120 (Trkola et al., 1996). 
Residues N295 and N332 in the C2 and 
C3 region flanking the V3 loop of the 
envelope have been identified to be re-
sponsible for binding, whereas residue 
N339, N386 and N392 were indirectly in-
volved in binding (Scanlan et al., 2002; 
Trkola et al., 1996). The b12 Ab binds 
the CD4Bs of gp120 and is a recom-
binant Ab that was constructed from the 
bone marrow of an infected donor using 
sequence phage display technology 
(Barbas et al., 1992). Unlike other mon-
oclonal CD4Bs Abs, only the b12 Ab can 
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neutralize a broad spectrum of primary 
isolates for reasons that are not well 
understood (D’Souza et al., 1995; Hioe 
et al., 1997). The 1.7b and 4.8d CD4i 
Abs neutralize HIV-1 when bound to the 
CD4 receptor. Removal of the Fc-part of 
these Abs increased the neutralization 
capacity, suggesting that binding of the 
complete IgG to the envelope is weak-
ened due to a reduced accessibility (Dey 
et al., 2003; Moulard et al., 2002).

4. 3  HIV-1 Ab escape in immuniza-
tion studies

As anti-HIV drugs can only sup-
press HIV-1 infection, a proper vaccine 
would be a prerequisite to control the 
HIV-1 pandemic. Broadly neutralizing 
Abs have been shown to efficiently block 
HIV-1 entry and replication of primary 
isolates in CD4+ T lymphocytes. Studies 
with macaques and mice have demon-
strated that the 2F5, 4E10, 2G12 and 
b12 Ab are good candidates to block 
sexual transmission of HIV-1, although 
infection could still incidentally occur 
(Mascola et al., 1999; Mascola et al., 
1996; Mascola et al., 2000; Moore et 
al., 1995; Parren et al., 2001; Veazey 
et al., 2003). Passive immunization with 
a cocktail of 2F5, 4E10 and 2G12 Abs 
in early, acute or chronically infected 
HIV-1 patients, who temporarily stopped 
antretroviral therapy (ART), could not 
maintain the viral load below detection 
levels (Mehandru et al., 2007; Trkola et 
al., 2005). However, in some patients a 
delayed relapse in viral load occurred 
compared to previously obtained viral 
relapses in these patients. These data 
imply that the infused Abs did partially 

reduce viral replication during the ART 
cessation. Interestingly, the re-emerging 
viruses did not loose their sensitivity for 
the 2F5 and 4E10 Abs as expected; mu-
tations in the epitopes of these Abs were 
not found in viral sequences. However 
virus-insensitivity against the 2G12 Ab 
was observed for most patients with de-
tectable resistant mutations in the 2G12 
epitope (Manrique et al., 2007; Trkola et 
al., 2005). Taken together these data il-
lustrate that once infected with HIV-1, 
the virus can efficiently escape even 
broad neutralizing Abs.

Scope of the thesis

DCs are important cells in the early 
stages of HIV-1 infection. They are prob-
ably one of the earliest cells that HIV-1 
encounters after it has crossed an epi-
thelial cell layer. As DCs seem more 
vulnerable to CCR5-tropic HIV-1, they 
may play an important role in the pref-
erential infection by CCR5-HIV-1. DCs 
also capture HIV-1 and transmit the 
virus to sensitive T cells in lymph nodes. 
Moreover, DCs are efficient in capturing 
HIV-1 and presenting HIV-1 particles to 
immune cells for activation. The interac-
tions between DCs and HIV-1 are gov-
erned by cellular and viral receptors; 
DC-SIGN, CD4 CCR5, CXCR4 among 
others on the cellular side; and the en-
velope glycoprotein on viral particles. In 
this thesis, the properties of the viral en-
velope will be studied with regard to their 
binding to DC-receptors. The impact of 
neutralizing antibodies on HIV-1 capture 
by DCs will be explored. HIV-1 DC-me-
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diated transmission in trans of R5 and 
X4 viruses will be studied in perspective 
of neutralizing Abs. Finally processing of 
neutralized HIV-1 by DCs will be exam-
ined.

The influence of the V3-charge 
and N-linked glycosylations in the V1V2 
and V3 region of the HIV-1 envelope on 
binding and transmission by DC-SIGN 
expressing cells is outlined in Chapter 
two. The effect of gp120 modifications 
on DC-SIGN-mediated HIV-1 transmis-
sion was studied. Different envelope 
proteins were generated by site directed 
mutagenesis, based on viral sequences 
obtained from a single HIV-1 patient pro-
gressing in their disease course, which 
was associated with a viral-coreceptor 
switch. We observed that removal or 
addition of potential glycosylation sites 
and increased V3 charge of gp120 
had an impact on the efficiency of co-
receptor usage by HIV-1. An increased 
V3 charge with elongated V1V2 region 
of gp120 increased DC-SIGN-mediated 
viral replication in CD4+ T lymphocytes 
and removal of the glycosylation site in 
the V3 region caused a reduced replica-
tion in the presence DC-SIGN express-
ing cells.

In Chapter three, we selected a 
dual-tropic HIV-1 strain that demon-
strated DC-SIGN-mediated, enhanced 
viral replication and assessed the effect 
of Ab-neutralization on binding to DC-
SIGN-expressing cells. We show that 
DC-SIGN transfected cells and dendritic 
cells were able to capture 2F5-neutral-
ized HIV-1 more efficiently than control 
treated virus. Fc receptors on DCs were 

responsible for the enhanced capture of 
neutralized HIV-1 by DC-SIGN. By ex-
ploring the effect of Ab-neutralization in 
HIV-1 transmission by DCs, we obtained 
evidence that neutralization of HIV-1 with 
various Abs did not inhibit, but instead 
enhanced transmission of virions to 
CD4+ T lymphocytes. The b12 Ab was 
an exception, since this neutralizing Ab 
blocked DC-mediated viral transmission. 
We have therefore identified a potential 
mechanism whereby HIV-1 can evade 
the effects of neutralizing Abs.

In Chapter four, we evaluated 
the effect of HIV-1 coreceptor usage 
on capture and transmission of neutral-
ized HIV-1 virions by various DC types. 
We identified that CXCR4-tropic virus 
was preferentially transmitted to acti-
vated CD4+ T lymphocytes compared to 
a CCR5-using primary isolate. Further-
more, we noted that neutralization with 
various Abs inhibited transmission of 
the CCR5-tropic strain, whereas an in-
crease or mild inhibition was observed 
for the CXCR4-envelope variant. By se-
lecting six molecularly cloned HIV-1 var-
iants used in previous studies we con-
firmed that DCs promote transmission 
of CXCR4-derived viruses compared to 
CCR5-tropic strains. These data provide 
pivotal evidence that immune activation 
and initiation of an Ab-response can ac-
celerate the evolution of R5 HIV-1 into 
the more pathogenic X4 strains.

To gain more insights into how cap-
tured neutralized HIV-1 by DCs can be 
released as infectious virus upon trans-
mission, we examined processing of 
neutralized HIV-1 by DCs with confo-
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cal imaging in Chapter five. The 2F5 
and b12-Ab were selected to investi-
gate processing of the dual tropic HIV-1 
variant used in chapter three. Fluores-
cent HIV-1 together with visualized Abs 
captured by DCs in the immature and 
mature state were tracked by confocal 
microscopy. Compartments of the en-
docytic pathway were labelled to evalu-
ate the location of captured, neutralized 
HIV-1 particles. Furthermore we investi-
gated 2F5 and b12 Ab-affinity for R5 and 
X4 envelopes and tested Ab-dissociation 
at variant pH values. We conclude that 
2F5-neutralization of HIV-1 is quickly re-
versed due to low Ab-affinity. Moreover, 

we provide two possible mechanisms 
how neutralization of HIV-1 particles is 
undone upon capture and processing 
by DCs. Either the Ab dissociates from 
HIV-1-immune complex upon engage-
ment to a cell surface receptor or the 
Ab is pulled from the virus in an internal 
compartment by binding to the FcRn that 
reshuttles the Ab back to the cell surface 
where it is released. 
In Chapter six, the main findings of this 
thesis are put in perspective with recent 
literature and are broadly discussed with 
respect to the role of DCs in HIV-1 trans-
mission and consequences for vaccine 
development. 
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