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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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Summary

Dendritic cells can enhance the replication of HIV-1 in CD4+ lymphocytes through the inter-
action of the gp120 envelope protein with such molecules as DC-SIGN. The variable loops 
of gp120 have previously been shown to modulate the interaction of HIV-1 with its principle 
receptor CD4 and its various co-receptors, namely CCR5 and CXCR4. Here we utilized a 
panel of molecular cloned viruses to identify whether gp120 modifications can influence the 
virus interaction with immature dendritic cells (iDCs) or a cell line expressing DC-SIGN (Raji-
DC-SIGN). The viruses encompass the R5, R5X4 and X4 phenotypes and are based upon 
V1V2 and V3 sequences from a disease progressing patient. We identify that DC-SIGN en-
hancement to virus replication can be modulated by the V1V2 length, the overall V3 charge 
and N-linked glycosylation patterns and that similar results were observed with iDCs. Viruses 
with higher V3 charges are better transferred to CD4+ lymphocytes when the V1V2 region is 
longer and containing an additional N-linked glycosylation site whereas transfer of viruses 
with lower V3 charges is greater when the V1V2 region is shorter. Viruses differing in the 
V1V2 and V3 regions also demonstrated differential capture by Raji-DC-SIGN cells in the 
presence of mannan. These results indicate that the interaction between HIV-1 and iDCs 
cells via such molecules as DC-SIGN may have a role in selecting viruses undergoing trans-
mission and evolution during disease progression.
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Introduction 

Dendritic cells (DCs) represent a 
heterogeneous group of motile cells in 
terms of morphology and function that 
serve as one of the first immune barri-
ers in various human tissues, reviewed 
in (Banchereau et al., 2000). As antigen 
presenting cells they can capture anti-
gens, process them and present them 
to naïve lymphocytes to initiate antigen 
specific primary immune responses 
(Banchereau and Steinman, 1998; Hart, 
1997; Steinman and Nussenzweig, 
2002). DCs are also believed to play a 
role in the establishment and dissemina-
tion of human immunodeficiency virus 
type 1 (HIV-1) infection (Cameron et al., 
1992; Pope et al., 1994). 

Data on the susceptibility of DCs 
to infection by HIV-1 are controver-
sial, however, DCs have been shown 
to transfer HIV-1 to uninfected T cells, 
amplifying the cytopathic effect of virus 
input (Cameron et al., 1992; Granelli-
Piperno et al., 1996; Granelli-Piperno 
et al., 1998). Several mechanisms ex-
plaining the transfer of HIV-1 to CD4+ 
lymphocytes have been proposed: 1) 
productive infection of DCs; 2) binding 
of HIV-1 to the DCs without internaliza-
tion 3) with temporal internalization of 
the virus and subsequent presentation 
(Cameron et al., 1992). It is suggested 
that de novo HIV-1 production in DCs, zi-
dovudine sensitive, can be distinguished 
from binding and transmission of HIV-1 
to CD4+ lymphocytes, zidovudine insen-
sitive (Turville et al., 2004). The transfer 
ability of HIV-1 by DCs has been heavily 
linked with expression of the membrane-

associated C-type lectin DC-SIGN (den-
dritic cell-specific ICAM-3 grabbing non-
integrin; CD209) which has been shown 
to dramatically enhance HIV-1 infection 
in vitro (Arrighi et al., 2004b; Curtis et al., 
1992; Geijtenbeek et al., 2000b; Geijten-
beek et al., 2000a; Lekkerkerker et al., 
2004). The closely related C-type lectin 
DC-SIGNR has also been implicated to 
transfer HIV-1 to CD4+ lymphocytes in 
trans (Feinberg et al., 2001). DC-SIGN 
and DC-SIGNR can be co-expressed 
on lymph node sinus endothelial cells, 
which in turn may lead to modulation of 
the function of both molecules (Soilleux 
et al., 2002). However, an array of DCs 
and C-type lectins are believed to play 
a role in HIV-1 transfer (Turville et al., 
2001), reviewed in (Turville et al., 2003), 
with some lectins even preventing DC-
SIGN-mediated trans infection of CD4+ 
lymphocytes (Spear et al., 2003). It has 
also been shown that HIV-1 attachment 
and uptake by DCs can be independent 
of DC-SIGN or other C-type lectins but 
mediated via a cholesterol-dependent 
pathway with the function of DC-SIGN 
also being dependent on its cellular 
context (Gummuluru et al., 2003; Trump-
fheller et al., 2003; Wu et al., 2002). 

The interaction between DCs har-
boring HIV-1 and CD4+ lymphocytes is 
bridged by what is termed the infectious 
synapse which supports cell-to-cell viral 
transmission (Arrighi et al., 2004a; Mc-
Donald et al., 2003; Turville et al., 2004). 
The interaction between the gp120 en-
velope glycoprotein and the DC-SIGN 
molecule expressed on DCs as well as 
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the subsequent interactions with the 
CD4 molecule and the array of co-recep-
tors on CD4+ lymphocytes will undoubt-
edly influence virus transfer. A number 
of studies aimed at analyzing the inter-
action between variant gp120 envelope 
molecules with DC-SIGN have produced 
contradictory results with regards to 
which envelopes interact more efficient-
ly (Feinberg et al., 2001; Geijtenbeek et 
al., 2002; Geyer et al., 1988; Hong et al., 
2002; Lin et al., 2003; Lue et al., 2002; 
Mitchell et al., 2001; Su et al., 2004). 
A recent study has indicated that the 
gp120 protein core may be associated 
with HIV-1 binding to DC-SIGN (Geijten-
beek et al., 2002), however, other studies 
indicate that the mannose residues on 
the envelope are significant for gp120 
binding DC-SIGN (Hong et al., 2002; 
Lin et al., 2003). Likely the mannose 
residues associated with gp120 binding 
DC-SIGN can be influenced by the un-
derlying configuration of the envelope 
thereby both influencing the interaction.

The HIV-1 gp120 protein is non-
covalently linked to the gp41 molecule 
that is embedded in the viral membrane. 
The gp120 molecule is composed of a 
number of constant (C1-C5) as well as 
hyper-variable regions termed the vari-
able loops (V1-V5) which are depicted 
in Fig 1A (Pantophlet and Burton, 2006). 
Each envelope is composed of a gp120 
trimer that provides the correct confor-
mation for HIV-1 interacting with its array 
of receptors. The V1V2 and V3 regions 
have been heavily implicated in HIV-1 
co-receptor usage patterns and can de-
termine whether a virus will utilize the 

CCR5 or CXCR4 co-receptor (Nabatov 
et al., 2004; Pollakis et al., 2001). The 
envelope has many potential N-linked 
glycosylation sites (usually numbering 
around 24 for each gp120 molecule) that 
have been shown to influence how HIV-1 
interacts with its receptors but also can 
provide the envelope with a means of 
escape from effective neutralizing anti-
body responses (Pantophlet and Burton, 
2006). The complex interaction between 
the multiple regions of the envelope and 
the selection pressures exerted in vivo 
will determine which viruses are trans-
mitted and propagated during infection. 

Viruses utilizing the CCR5 co-re-
ceptor (R5) are those found soon after 
infection and the CXCR4 using viruses 
(X4) are those associated with later 
stage disease (Berger et al., 1999). One 
hypothesis is that R5 viruses undergo 
selective transmission across the genital 
mucosa (Zhu et al., 1996), where epithe-
lial cells selectively capture R5 viruses 
and transfer them to CCR5-expressing 
target cells (Meng et al., 2002). A number 
of studies have however found no corre-
lation between R5 viruses and intra-vag-
inal transmission of either SIV or SHIV’s 
(Harouse et al., 2003; Miller et al., 1998). 
Whether DCs expressing C-type lectins 
such as DC-SIGN can play a role in virus 
transmission across the mucosal sur-
faces is still unknown but this has been 
postulated as a potential mechanism of 
infection establishment (Hu et al., 2004). 
Upon transmission DCs are likely to play 
a role in early virus dissemination and 
may well determine which viruses ulti-
mately circulate within the host and con-
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tribute to viral evolution in vivo.
Here we studied a panel of mole-

cular cloned viruses altered in their V3 
charge, their V1/V2 region and their N-
linked glycosylation patterns in the V1 
and V3 regions for their interaction with 
DC-SIGN expressing cells (Nabatov et 
al., 2004). The modifications studied 
have been generated based on virus 
sequences obtained from an individual 
progressing in their disease course and 
associated with a switch in coreceptor 
usage. We reveal that the V1V2 region, 
the overall charge of the V3 region and 
N-linked glycosylation patterns within 
both regions can influence DC-SIGN 
mediated enhancement to viral replica-
tion in CD4+ lymphocytes. These gp120 
modifications studied have an influence 
on viral capture via DC-SIGN expressing 
cells and subsequent transmission of the 
virus to CD4+ lymphocytes. The extent 
through which virus transfer can be in-
hibited by mannan is also altered sug-
gesting that the modifications studied 
alter the usage or affinities of virus for 
DC-SIGN. 

Results

The V1V2 and V3 regions of 
gp120 influence HIV-1 enhancement 
in iDC and Raji-DC-SIGN co-culture 
experiments with CD4+ lymphocytes. 
The interaction between the gp120 en-
velope glycoprotein and the DC-SIGN 
molecule expressed on DCs has been 
postulated to play a significant role in 
both HIV-1 transmission and disease 
progression (Geijtenbeek et al., 2000a). 

Here we studied an array of molecular 
cloned viruses that were altered only in 
their V1V2 and V3 regions of the gp120 
envelope and which demonstrated an 
array of co-receptor using profiles (Pol-
lakis et al., 2001). These chimeric viruses 
are based on the variable regions of 
the gp120 envelope identified within a 
patient from the Amsterdam Cohorts 
Studies (ACS168) who progressed in 
their disease course (Nabatov et al., 
2004). Briefly, the chimeric viruses were 
composed of modified V1V2 and V3 
regions within the context of the HxB2 
gp120 envelope and LAI virus back-
bone, with a schematic representation 
of the viruses depicted in Fig. 1A and 
1B. These viruses were altered with 
respect to their overall V3 charge (range 
+3 - +6), the V1V2 region (X and X.10 
viruses) and the removal of N-linked 
glycosylation events within the variable 
loops (X.10ΔgV1 and X.10ΔgV3). The 
co-receptor using phenotypes of these 
viruses were determined by studying 
their ability to replicate on U87. CD4 cells 
expressing different co-receptors or on 
CCR5+/+ and CCR5-/- CD4+ lymphocytes, 
summarized in Table 1. The viruses 
represent a range of co-receptor phe-
notypes ranging from solo R5, through 
R5X4 to X4 viruses that mimic the se-
quential alterations observed in this 
HIV-1 progressing individual (Nabatov 
et al., 2004; Pollakis et al., 2001). Even 
though the viruses were produced on 
a cervical carcinoma cell line the same 
viruses passaged in CD4+ enriched lym-
phocytes were shown to possess identi-
cal co-receptor usage phenotypes (data 
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Figure 1. Viruses utilized in this study. (A) Schematic of the gp120 envelope protein from the amino to 
carboxy terminal with the variable loops depict in dark and labelled V1-V5, the constant regions depict in 
light and labelled C1-C5 and with the potential N-linked glycosylation sites shown (B) Schematic amino acid 
sequence comparison of the V3 charge of chimeric molecular cloned viruses (+3, +4, +5, +6), representing 
the V3 charge and intermediate charges of the early (168) and late (168.10) isolates from patient ACH168. 
N-linked glycosylation site is marked in bold (C) Depicts alterations in the N-linked glycosylation sites (bold) 
in the V1 and V3 regions of the early (X) and late (X.10) cloned viruses. The insertion in the V1 region of 
the virus carrying the N-linked glycosylation site is the main difference with other amino acid substitutions 
in the remaining V1 and V2 region being present. The exact differences between the X.10, X.10ΔgV1 and 
X.10ΔgV3 viruses are depict and we have previously shown through western blot analysis that the envelope 
mobilities alter as predicted based on the alterations to the N-linked glycosylation patterns (Pollakis et al., 
2001). The used molecular cloned viruses are a combination of figure B and C. 
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Table 1) had on virus infectivity of CD4+ 
lymphocytes isolated from CCR5+/+ indi-
viduals at low levels of virus input (100 
TCID50) in the absence or presence of 
iDCs. The iDCs used in this assay were 
tested for high levels of expression of 
DC-SIGN (data not shown). The V3 
charge has an effect on the enhance-
ment to virus replication, with the X panel 

not shown) suggesting that the conclu-
sions drawn here can be extrapolated 
to CD4+ lymphocyte produced viruses. 
Additionally, we utilized the HIV-1 non-
replication competent C33A cell line to 
prevent viral adaptation to the culture 
system utilized. 

We initially studied what effect 
the above HIV-1 modifications (Fig 1,  
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of viruses undergoing a heightened en-
hancement when the V3 charges are 
lower and with the X.10 viruses demon-
strating better enhancement when the 
V3 charges are higher (Fig 2). Removal 
of N-linked glycosylation sites within 
the V1 or V3 regions (X.10ΔgV1 and 
X.10ΔgV3 virus panels) had little effect 
on HIV-1 enhancement over that ob-
served for the X.10 panel of viruses, 
at all V3 charges. Interestingly the only 
+3V3 charged virus that showed any en-
hancement to infection in the presence 
of iDCs was the X virus, the virus with the 

shortened V1V2 region. Virus replication 
in CD4+ enriched lymphocytes alone is 
shown in white bars. No virus replication 
was observed when iDCs were incubat-
ed with virus in the absence of CD4+ lym-
phocytes (data not shown), likely reflect-
ing the low viral input in our assay. Since 
other C-type lectins on iDCs can be in-
volved with HIV-1 binding and transfer 
we wished to identify whether DC-SIGN 
expressed on Raji cells could provide 
similar enhancement as observed with 
iDCs (Turville et al., 2001). We monitored 
TCID50 values for the viruses in the pres-

 57 

(white bars), X.10gV1 (dark grey bars) and X.10gV3 (light grey bars). This 

experiment was performed twice with similar results obtained. 

 

Table 1. Description of viruses and co-receptor usage patterns 

 

 V3 charge N-linked   U87.CD4            CD4+ lymphocytes Phenotype 

  Glycosylation CCR5  CXCR4 CCR5+/+  CCR5-/- 

 +3 X ++++  - +++  - R5 

  X.10 ++++  + ++  + R5/X4 

  X.10gV1 ++++  + ++  + R5/X4  

  X.10gV3 ++++  + ++  + R5/X4  

 +4 X ++++  +/- ++  - R5 

  X.10 ++++  ++++ ++  + R5/X4 

  X.10gV1 ++++  ++++ ++  ++ R5/X4 

  X.10gV3 ++++  ++++ ++  +++ R5/X4 

 +5 X ++++  +/- ++  +/- R5 

  X.10 ++++  ++++ +++  ++++ R5/X4 

  X.10gV1 ++++  ++++ ++++  ++++ R5/X4 

  X.10gV3 ++  ++++ ++++  ++++ R5/X4 

 +6 X ++++  + +++  +  R5/X4 

  X.10 ++++  ++++ ++++  ++++ R5/X4 

  X.10gV1 ++++  ++++ ++++  ++++ R5/X4 

  X.10gV3 -  ++++ +++  ++++ X4 

  

Replication of the different molecular cloned viruses varying in overall V3 charge, 

V1V2 as well as V1V2 and V3 N-linked glycosylation patterns. Virus replication is 

monitored by p24 measurements in culture supernatants on U87.CD4 cells and 

CD4+ lymphocytes on day 7 and day 10 of culture, respectively: - is no replication; 

+/- < 0-1 ng/ml of p24; + 1-10 ng/ml of p24; ++ 10-100 ng/ml; +++  100-1000 ng/ml; 

++++ 1000-10000 ng/ml. 

Replication of the different molecular cloned viruses varying in overall V3 charge, V1V2 as well as V1V2 
and V3 N-linked glycosylation patterns. Virus replication is monitored by CA-p24 measurements in culture 
supernatants on U87.CD4 cells and CD4+ lymphocytes on day 7 and day 10 of culture, respectively: - is no 
replication; +/- < 0-1 ng/ml of CA-p24; + 1-10 ng/ml of CA-p24; ++ 10-100 ng/ml of CA-p24; +++ 100-1000 
ng/ml of CA-p24; ++++ 1000-10000 ng/ml of CA-p24.

Table 1. Description of viruses and co-receptor usage patterns
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ence of both the control Raji and Raji-
DC-SIGN cell types and plot the TCID50 
ratio of DC-SIGN expressing versus 
the control cells (Fig 3A). We choose to 
monitor TCID50 values instead of co-cul-
ture since Raji-DC-SIGN cells are less 
efficient at enhancing virus replication 
than iDCs and would therefore provide a 
more sensitive readout. As with the iDCs 
co-culture experiment we identify a V3 

charge dependent effect with the lower 
+3 charged X virus showing heightened 
DC-SIGN enhancement to TCID50 over 
the other V3 charges (+4, +5 and +6). 
The X.10 panel of viruses demonstrated 
an increase in enhancement to HIV-1 
infection in the presence of the Raji-
DC-SIGN cells when the V3 charges 
are higher (+5 and +6), as observed in 
the presence of iDCs. Again, loss of N-
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Figure 2. Replication of the HIV-1 molecular cloned viruses on CD4+ lymphocytes in the presence of 
iDCs. Co-culture of CD4+ lymphocytes in the presence of iDCs, with the CA-p24 mean values shown (day 
10 of culture) ± SD of triplicate wells. The dark grey bars represent virus replication in CD4+ lymphocytes in 
the presence of iDC cells whilst the light grey bars represent virus replication in CD4+ lymphocytes alone. 
This experiment was performed twice with similar results obtained. We performed paired T-test analysis 
between the different viruses in the presence of iDCs and the statistical findings are shown (** P<0.005 and 
*** P<0.0005).
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linked glycosylation within the V1 or V3 
regions (X.10ΔgV1 and X.10ΔgV3) did 
not alter the enhancement pattern as 
observed with the X.10 panel of viruses. 
The similar patterns observed between 

the Raji-DC-SIGN cells and iDCs would 
suggest that the observed effects with 
the iDCs were due to the virus interac-
tion with DC-SIGN. This is in accord with 
the high levels of DC-SIGN expression 

Figure 3. Replication of the HIV-1 molecular cloned viruses on CD4+ lymphocytes in the presence of 
Raji-DC-SIGN cells. (A) Ratio of TCID50 values determined in the presence of Raji-DC-SIGN cells versus 
Raji control cells. Five fold limiting dilutions of virus stocks were incubated with either Raji-DC-SIGN cells 
or Raji cells before the addition of CD4+ enriched lymphocytes. The results are expressed as a ratio of 
TCID50 determined in the presence of Raji-DC-SIGN cells over the value determined in the presence of Raji 
control cells. For the viruses where the biggest differences were shown the experiment was repeated with 
similar results obtained. (B) Single round infection assay measuring the number of CA-p24 positive CD4+ 
lymphocytes after infection with the X and X.10 panel of viruses in the presence of Raji cells (light grey bars) 
or Raji-DC-SIGN cells (dark grey bars). This experiment was performed twice with similar results obtained. 
We performed paired T-test analysis for single round virus production with the different viruses (* P<0.05, ** 
P<0.005 and *** P<0.0005).
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routinely identified on iDCs prepared in 
this manner (data not shown) and may 
explain the similarity in results obtained 
with iDCs and Raji-DC-SIGN cells.

In order to demonstrate that the 
above effect was not merely due to differ-
ences in the capacities of the viruses to 
undergo replication on CD4+ lymphocyte 
through envelope restrictions we tested 
them in a single-round infection assay 
(Fig 3B). We studied the X and X.10 
panel of viruses since these had shown 
the greatest differences in the co-culture 
experiments (Fig 2). To demonstrate that 
the results were DC-SIGN specific we 
performed the experiment with both Raji 
and Raji-DC-SIGN cells. For the X panel 

of viruses we identify that the +3 charged 
virus is transferred more efficiently than 
either the +4 or the +5 charged viruses, 
a result similar to what was seen in the 
iDC co-culture experiment (Fig 2). The 
+6 charged virus, however, shows a 
similar level of infection in the single-cy-
cle assay as the +3 charged virus even 
though it demonstrates low levels of rep-
lication in the co-culture assay. Our in-
terpretation of this result is that the +6 
charged virus, unlike the +3, +4 and +5 
V3 charged viruses, is capable of inter-
acting with the CXCR4 coreceptor to 
enable for sufficient entry of CD4+ lym-
phocytes, although the virus replicates 
poorly on this cell type via this receptor. 
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Figure 4. Inhibition of viral transfer by iDCs in the presence of a DC-SIGN antibody. Viral transfer was 
assayed in the absence (dark grey bars) or presence of Dc-SIGN blocking Ab (light grey bars) with high 
(100 TCID50) or low (10 TCID50) viral inputs. Results are expressed as medians of data for three replicate 
wells ± 1 standard deviation. For the viruses showing high replication the experiment was repeated with 
similar results obtained. We performed paired T-test analysis for virus production in the presence and 
absence of antibody (* P<0.05).



46
page

This result would indicate that not only 
binding of the virus to the DC-SIGN mol-
ecule is significant for determining viral 
transfer but also the subsequent pres-
entation of the virus to the CD4+ lym-
phocyte (Arrighi et al., 2004a; McDonald 
et al., 2003; Turville et al., 2004). For 
the X.10 panel of viruses we observe an 
identical profile in the single-cycle infec-
tion assay as seen in the co-culture ex-
periment, with the higher charged (+5.10 
and +6.10) viruses showing heightened 
infection over the lower charged viruses 
(+3.10 and +4.10). The X.10 viruses 
demonstrate greater infectivity than the 
X viruses suggesting that the viruses 
with the longer V1V2 region either bind 
better to the DC-SIGN molecule or re-
flects the higher expression levels of the 

CXCR4 coreceptor on the cell surface 
than CCR5. 

Capture and transfer of HIV-1 
by iDCs is not fully alleviated by a 
DC-SIGN antibody. We next tested 
whether viral transfer observed by iDCs 
could be alleviated by pre-incubation 
with a DC-SIGN specific antibody. We 
tested four selected viruses that dem-
onstrated iDC enhancement to infection 
(+3X, +4X, +5X.10 and +6X.10) in iDC 
transfer experiments with and without 
antibody and for two viral inputs (Fig 
4). As observed previously we identify 
that the +4X virus is transferred less ef-
ficiently than the +3X virus and that the 
+5X.10 and +6X.10 viruses are trans-
ferred to high levels. Interestingly, at low 
viral input the +4X and +6X.10 viruses 
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Figure 5. Virus capture assay on 
Raji-DC-SIGN cells. (A) X (light grey 
bars) and X.10 (dark grey bars) virus 
panel with the +3, +4, +5 and +6 V3 
charges. The CA-p24 ELISA data 
were plotted in bars as medians of 
data for three samples of each virus 
± standard deviation. (B) Viruses 
carrying +5 charge: X (closed circles); 
X.10 (squares); X.10ΔgV1 (rhombs) 
and X.10ΔgV3 (open circles) were 
incubated with serial dilution of Raji-
DC-SIGN cells. After incubation and 
intensive washing the cells were 
lysed and the CA-p24 concentrations 
in the lysates were measured. For all 
assays the Raji cell alone was taken 
as a control with the bound CA-p24 
value being subtracted from the Raji-
DC-SIGN value. We performed paired 
T-test analysis for binding of the X and 
X.10 viruses to Raji-DC-SIGN cells  
(* P<0.05). 
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are inhibited with the DC-SIGN antibody, 
although only inhibition for the +6X.10 
virus reaches statistical significance, 
suggesting that the DC-SIGN recep-
tor is mediating the iDC transfer but the 
effect is lost with higher viral input. Our 
interpretation is that other C-type lectins 
can capture and transfer virus and that 
DC-SIGN is providing for a fraction of 
the activity. This viral dose dependen-
cy effect for DC capture by DC-SIGN 
has previously been reported (Gurney 
et al., 2005; Trumpfheller et al., 2003). 
We therefore conclude that although 
DC-SIGN is capturing virus on iDCs 
other C-type lectins are also capable of 

performing the same function and reit-
erates the importance of using the Raji-
DC-SIGN cell in our studies.

The V1V2 and V3 regions of 
gp120 can influence virus capture by 
Raji-DC-SIGN cells. Since we demon-
strated that viruses variant for their enve-
lopes could be transferred by DC-SIGN 
expressing cells to CD4+ lymphocytes 
differently we choose to identify whether 
this could be a reflection on virus binding 
to the DC-SIGN molecule. We there-
fore performed a capture assay where 
virus was incubated with Raji cells or 
Raji-DC-SIGN cells and bound CA-p24 
levels were assayed. When comparing 
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Figure 6. Mannan inhibition of the DC-SIGN mediated enhancement to viral replication. Raji-DC-SIGN 
cells were pre-incubated with different concentration of mannan. The four groups of viruses differing in 
their V3 charges (+3, +4, +5 and +6) were tested; X (rhombs), X.10 (squares), X.10ΔgV1 (triangles) and 
X.10ΔgV3 (circles). This experiment was performed in triplicate with similar results obtained.
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the X and the X.10 panel of viruses for 
bound CA-p24 capture we observe that 
the X.10 viruses demonstrate higher 
levels of capture than the X viruses, ir-
respective of V3 charge, although only 
the viruses with the +3V3 and +4V3 
charge reached statistical significance 
(Fig 5A). To monitor the effect of V1 and 
V3 N-linked glycosylation patterns we 
performed the same capture experiment 
with the array of +5 V3 charged viruses 
and with limiting dilution of Raji-DC-
SIGN cells. Again the X virus demon-
strated lower levels of CA-p24 capture 
than the X.10 virus with both the V1 and 
V3 deglycosylated viruses (X.10ΔgV1 
and X.10ΔgV3) showing similar capture 
than the X.10 virus (Fig 5B). None of 
the bindings observed were related 
to the amount of viral input ie TCID50/
CA-p24 ratio. Collectively these results 
reveal that variations in the V1V2 length 
can alter binding to DC-SIGN, with the 
X.10ΔgV1 virus suggesting that the 
capture effect is not due to the additional 
N-linked glycosylation event within the 

V1 loop. 
The V1V2 and V3 regions can in-

fluence Raji-DC-SIGN mediated viral 
transfer inhibition by mannan. Since 
we identified that the higher V3 charged 
X.10 viruses (+5.10 and +6.10) and 
the deglycosylated viruses (X.10ΔgV1 
and X.10ΔgV3) were more efficiently 
transferred by Raji-DC-SIGN cells to 
CD4+ lymphocytes and showed better 
capture by the same cells we performed 
a mannan transfer inhibition experiment. 
Mannan is a high-mannose polysac-
charide that can effectively inhibit oli-
gosaccharide mediated binding between 
DC-SIGN and gp120 (Hong et al., 2002). 
The level of inhibition of viral replication 
in the presence of mannan is likely to 
reflect the affinity of binding between the 
DC-SIGN molecule and gp120. Pre-incu-
bation of the cells with limiting dilutions 
of mannan (Fig 6) resulted in a pattern 
of decrease in viral infectivity that cor-
related with our previous data on viral 
enhancement (Fig 2 and 3). The viruses 
with the lowest V3 charge (+3) demon-

 58 

Table 2. ID50/ID90 values of virus inhibited with limiting dilutions of mannan 

 

Viruses: X.10 X.10gV1 X.10gV3 

 ID50 / ID90 ID50 / ID90 ID50 / ID90 

 (g/ml) (g/ml) (g/ml) 

 

+4V3 Charge 0.26 / 2.1  0.26 / 6.0 0.31 / 18.5 

+5V3 Charge 1.25 / 17.8  2.35 / 19.3  0.63 / 5.0 

+6V3 Charge n/n / n/n  2.5 / n/n 1.25 / 17.8 

 

ID50/ID90 values of virus inhibited with limiting dilutions of mannan: n/n is no 

neutralization 

 

 

 

 

Table 2. ID50/ID90 values of virus inhibited with limiting dilutions of mannan

ID50/ID90 values of virus inhibited with limiting dilutions of mannan: n/n is no neutralization
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strated low level of replication enhance-
ment in the presence of Raji-DC-SIGN 
with the X virus showing the greatest en-
hancement over the others (Fig 3). The 
viruses with the +5 and +6 V3 charges 
containing the longer V1V2 region 
(X.10, X.10ΔgV1 and X.10ΔgV3) show 
a higher degree of enhancement to rep-
lication than the +4 charged virus panel, 
which demonstrate a heightened resist-
ance to mannan inhibition (Fig 6, Table 
2). Interestingly, the +5.10 and +6.10 
and X.10ΔgV1 viruses show the highest 
resistance to mannan inhibition with the 
+6.10 virus being the most resistant. 
These results demonstrate a tight asso-
ciation between the interaction of HIV-1 
with DC-SIGN that can be influenced by 
V3 charge and N-linked glycosylation 
patterns. In the mannan inhibition ex-
periment the V3 N-linked glycosylation 
effects the interaction of the virus with 
DC-SIGN more so than the N-linked gly-

cosylation site in the V1 region, but only 
with the +6 V3 charged panel of viruses. 
These results again suggest a strong 
link between V3 charge and envelope N-
linked glycosylation patterns altering the 
viral interaction with DC-SIGN. 

Raji-DC-SIGN cells preferential-
ly enhance CXCR4 usage of R5/X4 
viruses with higher V3 charges. Our 
results suggest that V3 charge as well as 
N-linked glycosylation patterns can influ-
ence the extent by which HIV-1 replica-
tion can be enhanced by DC-SIGN ex-
pressing cells. Since both these factors 
have previously been well documented 
in directing co-receptor usage patterns 
we aimed to identify whether interaction 
with DC-SIGN could alter or preferen-
tially enhance co-receptor using phe-
notypes. The co-receptor profile of LAI 
(X4) and JR-CSF (R5) on CD4+ enriched 
lymphocytes isolated from CCR5+/+ and 
CCR5-/- individuals was determined 
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Figure 7. HIV-1 co-receptor usage patterns in the presence of iDCs. Ratio of CA-p24 values for viruses 
co-cultured in CD4+ lymphocytes isolated from a CCR5-/- individual in the presence or absence of iDC 
(CCR5-/-) cells. X viruses (black bars), X.10 viruses (white bars), X.10ΔgV1 (dark grey bars) and X.10ΔgV3 
(light grey bars). This experiment was performed twice with similar results obtained.
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using high viral input (500 TCID50) and 
was shown not to alter in the presence 
of Raji-DC-SIGN cells (data not shown). 
We next tested whether the co-receptor 
phenotype of our panel of viruses could 
be altered through the interaction with 
iDCs. The majority of viruses in our panel 
carry the R5X4 phenotype (Table 1). We 
measured enhancement to virus replica-
tion (500 TCID50) of the different viruses 
in co-culture experiments of iDCs and 
CD4+ lymphocytes isolated from CCR5-/- 
individuals and compared the ratio of in-
fection to CD4+ lymphocytes (Fig. 7). The 
X viruses with the higher V3 charges (+5 
and +6) did not demonstrate enhanced 
replication on CCR5-/- lymphocytes in-
dicating that CXCR4 usage was not 
heightened in the presence of iDC cells 
as may have been expected. Interesting-
ly, the +4 viruses (X.10, X.10ΔgV1 and 
X.10ΔgV3), which are all R5/X4 (Table 
1), did not demonstrate enhancement 
to replication whereas the same viruses 
with the higher V3 charges (+5 and +6) 
did. These results demonstrate that en-
hancement to infection of R5X4 viruses 
via the CXCR4 co-receptor is greater 
when the V3 charge is higher in some 
way mimicking the ability of the viruses 
to utilize the CXCR4 co-receptor in the 
absence of iDCs (Table 1). Interestingly, 
both +5 and +6 viruses lacking the gly-
cosylation in the V1 or V3 (X.10ΔgV1 
and X.10ΔgV3) were less efficiently 
transferred. These data is in accordance 
with the mannan inhibition experiment, 
demonstrating that these glycosylation 
events play a significant role in binding 
to DC-SIGN (Fig. 6).

Discussion

We have described in this study that 
alterations within the gp120 envelope 
protein of HIV-1 can alter the interaction 
of the virus with either iDCs or a cell line 
expressing the DC-SIGN molecule that 
is known to heighten HIV-1 replication 
in CD4+ T lymphocytes (Raji-DC-SIGN) 
(Wu et al., 2004). The advantage of 
using this cell line was the availability of 
the control cell lacking DC-SIGN expres-
sion, therefore providing evidence that 
our results are specific to this molecule. 
Although B cells are fundamentally differ-
ent from dendritic cells (Raji cells are a 
B-cell line), they have partial surface re-
ceptor similarity (e.g. Fc receptors, MHC 
class II etc) and therefore have common 
antigen presenting function. In our ex-
periments the Raji-DC-SIGN cells suc-
cessfully support HIV-1 enhancement 
to replication in CD4+ T lymphocytes in 
a manner similar to iDCs (Fig. 2). This 
finding may be surprising given the iden-
tification that other cell surface adhesion 
molecules, as well as heparan sulphate 
proteoglycans can support virus binding 
and transfer, however, the iDCs and Ra-
ji-DC-SIGN cells utilized had high levels 
of DC-SIGN expression that may explain 
for the similarity in results between the 
cell types used (Arrighi et al., 2004b; 
Feinberg et al., 2001; Geijtenbeek et 
al., 2002; Hong et al., 2002; Lin et al., 
2003; Lue et al., 2002; Mitchell et al., 
2001; Su et al., 2004). Our results with 
the DC-SIGN specific antibody demon-
strate that inhibition of viral transfer is 
only observed at low level of viral input 
suggesting that although DC-SIGN is in-
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volved other molecules can help facili-
tate the transfer by the iDCs.

We have shown that different com-
binations of V1V2 and V3 regions can 
affect not only the ability of the virus to 
interact with DC-SIGN but also the sub-
sequent transfer of the virus to CD4+ T 
lymphocytes and thereby provide en-
hanced replication. The viruses that 
demonstrate the greatest enhancement 
are those with the late V1V2 region in 
combination with the higher V3 charges. 
The mannan inhibition experiment sug-
gests that the N-linked glycosylation 
profile of the V1V2 and V3 regions can 
also influence enhancement to replica-
tion with the +6V3 X.10 virus demon-
strating the greatest resistance to in-
hibition. Removal of the V1 N-linked 
glycosylation had no observed effect on 
altering the enhancement to replication 
of the higher V3 charged viruses, whilst 
removal of the V3 N-linked glycosylation 
event had the effect of reducing virus 
enhancement. The N-linked glcosylation 
events in the V1 and V3 are therefore im-
portant for the virus binding to DC-SIGN 
and undergoing transfer to CD4+ T lym-
phocytes but dependent on other phe-
notypes such as V3 charge. We have 
previously reported that the alterations 
described here can differentially modu-
late co-receptor activity and inhibition 
of the viruses by either CC/CXC-chem-
okines as well as by the 2G12 and b12 
monoclonal antibodies (Nabatov et al., 
2004). Our results suggest that the same 
modifications can influence the interac-
tion of the viruses with DC-SIGN and 
the subsequent presentation of virus to 

CD4+ T lymphocytes. 
The preferential DC-SIGN mediat-

ed enhancement to replication of specific 
viruses over others may help explain for 
some of the virus genotypes associated 
with disease progression. It has been 
postulated that DCs have an important 
role to play in both HIV-1 transmission 
and the subsequent dissemination of the 
virus soon afterwards to local lymphoid 
organs where the virus is presented to 
activated CD4+ T lymphocytes (Cameron 
et al., 1992; Geijtenbeek et al., 2000a; 
Granelli-Piperno et al., 1996; Granelli-
Piperno et al., 1998). Our results dem-
onstrate that there is no preferential en-
hancement of R5 solo viruses over those 
R5X4 and X4 viruses, thereby indicating 
no viral restriction to transmission by 
DC-SIGN or iDCs. A recent study has 
reported on the preferential transmis-
sion, or early amplification, of HIV-1 with 
shortened V1V2 regions and reduced N-
linked glycosylation events amongst het-
erosexual transmitting pairs (Derdeyn 
et al., 2004). Since viruses transmitted 
tend to possess the R5 phenotype and 
presumably have lower V3 charges then 
this finding would fit with our observation 
that the +3X virus (with the shortened 
V1V2 and the reduced V1 N-linked glyc-
osylation events) shows better DC-SIGN 
amplification than corresponding viruses 
with longer V1V2 regions (Fig 2). At the 
same time the higher charged V3 viruses 
and the longer V1V2 regions preferen-
tially interact and undergo a heightened 
level of DC-SIGN mediated amplifica-
tion. These results indicate that the com-
binations of V1V2 and V3 regions can 
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influence the HIV-1 interaction with DC-
SIGN. Viruses with longer V1V2 regions 
and additional N-linked glycosylation 
sites have been previously associated 
with disease progression, together with 
increased V3 charges, corresponding 
with the switch from the R5 to the R5/
X4 and X4 phenotype (Groenink et al., 
1993; Nabatov et al., 2004). Our results 
indicate that as the V3 charge increases 
the length of the V1V2 and the glycosyla-
tion pattern modulate the extent through 
which DC-SIGN can heighten virus rep-
lication and again may help explain for 
the emergence of specific virus pheno-
types during disease progression. The 
loss of glycosylation in the V3 region 
was shown to alter the association of 
the virus with DC-SIGN as shown by the 
mannan inhibition experiment and the 
transfer to CCR5-/- CD4+ T lymphocytes 
suggesting that this N-linked glycosyla-
tion event is beneficial for binding and 
transfer. This may help explain why 
the glycosylation even is not lost early 
in infection even at higher charge even 
though its loss has been associated with 
a better usage of the CXCR4 coreceptor 
(Pollakis et al., 2001). 

As highlighted in the introduc-
tion the de novo infection of iDCs can 
account for the subsequent transfer of 
HIV-1 virus to CD4+ T lymphocytes (Tur-
ville et al., 2004). In our experiments this 
can be ruled out since the Raji-DC-SIGN 
cell line is not infected with HIV-1 and 
the iDC assays were performed at low 
levels of viral infection with short experi-
mental incubation periods. The restric-
tion observed for the preferential trans-

mission of R5 viruses may well represent 
iDC infection and subsequent transfer 
of viruses. The inability of X4 viruses to 
infect iDCs would therefore provide the 
bottleneck in transmission. 

From our previous studies we have 
postulated that co-receptor affinity can 
be influenced by the envelope modifi-
cations described with the viruses rep-
resenting a gradation in the R5 to X4 
switch, Table 1 (Nabatov et al., 2004; 
Pollakis et al., 2001). Our results pre-
sented here would indicate that the 
mediated enhancement to replication 
is directed by the co-receptor usage 
pattern, i.e. the viruses with stronger 
CXCR4 usage being those preferential-
ly enhanced by DC-SIGN, as shown in 
Fig 6 where the +5 and +6 V3 charged 
viruses were preferentially enhanced on 
CCR5-/- cells over the corresponding +4 
charged viruses. This suggests that the 
enhancement shown through virus inter-
acting with DC-SIGN can be at the level 
of presentation of the virus to the CD4+ 
T lymphocyte and reflecting heightened 
co-receptor fusion rather than stronger 
binding to the DC-SIGN molecule. This 
is borne out by the observation that the 
+4.10 virus was captured by DC-SIGN 
as efficiently as the +5 charged and 
more so than the +6 charged virus which 
both showed better transfer to CD4+ T 
lymphocytes. The capture experiments 
would indicate that envelope modifica-
tions can indeed modify HIV-1 binding 
and uptake by the Raji-DC-SIGN cell but 
that these results don’t necessarily as-
sociate with enhancement in co-culture. 
Collectively, the results would indicate 
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that multiple effects are responsible for 
DC-SIGN enhancement to viral repli-
cation and a balance will be reached 
determining the overall enhancement 
profile. Some of the early R5X4 viruses 
(i.e. those with the lower V3 charge) 
are weakly amplified by the DC-SIGN 
interaction, which may explain why a 
switch in co-receptor phenotype often 
appears later in disease and in some 
patients may not occur at all, since the 
early R5X4 viruses will be poorly ampli-
fied by DCs. This would be in addition 
to previous observations describing that 
R5X4 viruses may carry a block to their 
amplification in vivo through conforma-
tional changes in the variable loops of 
the gp120 molecule that alter co-recep-
tor fitness (Nabatov et al., 2004; Pollakis 
et al., 2001). The R5X4 viruses with the 
higher V3 charges may ultimately over-
come the obstacle and be aided by the 
interaction with the DC-SIGN molecule 
and partially explain for the higher viral 
load encountered later in disease. 

Our results with mannan inhibi-
tion of DC-SIGN mediated viral trans-
fer suggest that either the affinity of the 
envelope for the DC-SIGN molecule is 
influenced by the V3 and V1V2 regions 
or that the virus interacts differently with 
the DC-SIGN molecule. We also show 
that removal of the N-linked glycosyla-
tion event in the V3 region can greatly 
influence the degree to which the virus 
can be inhibited by mannan, with the 
loss of the glycosylation rendering the 
virus more sensitive to mannan inhibi-
tion. Loss of this N-linked glycosylation 
event in the V3 loop has previously been 

shown to heighten CXCR4 corecep-
tor usage activity and render the virus 
more resistant to the inhibitory effects 
of SDF-1 (Nabatov et al., 2004). There-
fore the same envelope N-linked glyco-
sylation modification can confer different 
effects on how the virus interacts with 
the host receptors.

The results presented are in ac-
cordance with previous studies that 
have shown that N-linked glycosylation 
sites of HIV-1 gp120 can influence the 
interaction of the virus with DC-SIGN 
(Hong et al., 2002; Lue et al., 2002). In 
this study we demonstrate that the al-
terations in N-linked glycosylation pat-
terns may only be influential when con-
sidered in the context of other envelope 
modifications, such as V3 charge or 
V1V2 length. The glycosylation profile of 
gp120 has been shown to play an im-
portant role in immune escape of HIV-1 
(Calarese et al., 2003), therefore the as-
sociation of the virus with DC-SIGN as 
well as immune escape may influence 
the modifications seen within the gp120 
envelope during disease progression. A 
recent finding describing that dendritic 
cells can capture HIV-1 in the presence 
of neutralizing antibodies and subse-
quently infect target cells suggests that 
these factors may also be related but 
whether the viral capture can be medi-
ated via DC-SIGN or other C-type lectins 
has to be determined (Ganesh et al., 
2004). 

In conclusion, our data demon-
strate that gp120 envelope modifica-
tions associated with co-receptor usage 
may be selected and propagated during 
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disease progression by the interaction of 
gp120 with such molecules as DC-SIGN 
expressed on DCs. These same modifi-
cations, specifically in relation to glyco-
sylation pattern, may also be associated 
with antibody escape. 

Experimental procedures

Source of HIV-1 genetic material: 
generation of molecular cloned viruses 
and infectious HIV-1 viral stocks. All the 
molecular cloned viruses utilized in this study 
have been previously described (de Jong et 
al., 1992; Pollakis et al., 2001). Briefly, a panel 
of HIV-1 chimeric viruses were constructed 
within the pBluescript (Stratagene) expres-
sion plasmid containing the HIV-1 HxB2 
gp120 envelope gene with altered V1V2 
and V3 regions within the context of the LAI 
HIV-1 viral backbone. The specific V1V2 and 
V3 regions were PCR amplified from virus 
material obtained from a patient enrolled 
within the Amsterdam Cohorts Studies 
(ACH168) and from time points early and late 
in his disease course. Between the early and 
late time-points the patient had progressed 
to disease and had undergone a switch in 
virus phenotype from that of non-syncytium 
inducing (viruses known to use the CCR5 
co-receptor) to syncytium inducing (viruses 
known to utilize the CXCR4 co-receptor) (de 
Jong et al., 1992). Through envelope cloning 
from patient material and site-directed muta-
genesis a panel of molecular cloned viruses 
was generated consisting of the desired 
envelope genotypes to be studied (Pollakis 
et al., 2001). Infectious HIV-1 viral stocks 
were obtained by transfecting plasmid into 
the human cervical carcinoma C33A cell line 
and harvesting the virus supernatants on day 
3 post-transfection. A schematic representa-

tion of the viruses generated and studied are 
depict in Fig. 1. We have previously shown 
through western blot analysis that for the set 
of viruses depict in Fig. 1 (representing the +5 
V3 charged panel) that the gp120 envelope 
is equivalently associated with virus particles 
(Pollakis et al., 2001). 

Determining viral infectivity and 
replication phenotype on CD4+ T lym-
phocytes. All viral stocks were assayed for 
tissue culture infectious dose (TCID50) on 
CD4+-enriched T lymphocytes isolated from 
individuals who did not carry the Δ32CCR5 
allele (CCR5+/+), screened for by standard 
polymerase chain reaction technique. PBMCs 
were isolated from fresh buffy coats (Central 
Laboratory Blood Bank, Amsterdam) by 
standard Ficoll-Hypaque density centrifuga-
tion. PBMCs were frozen in multiple vials at 

a high concentration and, when required, 
thawed and activated with 5 µg/ml PHA 
(Sigma) and cultured in RPMI medium contain-
ing 10% fetal calf serum, penicillin (100 units/
ml), and streptomycin (100 units/ml) with re-
combinant interleukin-2 (100 units/ml). On 
day 4 of culture CD4+ T lymphocytes were 
enriched by depletion of CD8+ lymphocytes 
using CD8 immunomagnetic beads (Dynal). 
CD4+-enriched T lymphocytes were plated at 
2 × 105 cells/well in 96-well plates with 5-fold 
serial dilutions of the virus in 8 fold. On days 
7 and 14 of culture the medium was replen-
ished and CA-p24 levels were determined by 
utilizing a standard CA-p24 ELISA assay, with 
the TCID50 value calculated. Replication on 
CD4+ enriched T lymphocytes isolated from 
individuals either homozygous for a 32bp 
deletion in the CCR5 gene (CCR5-/-) or not 
(CCR5+/+) was determined. Cells (2.0 x105 
cells / well) were infected with a set viral input 
(1,000 TCID50) with CA-p24 values measured 
in the culture supernatant on Day10 of culture. 

Culturing of DC-SIGN expressing 
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cells and the generation of iDCs. The Raji 
cell line from the American Type Culture Col-
lection (ATCC; (Rockville, MD)), and the Raji 
cell line expressing DC-SIGN (Raji-DC-SIGN) 
were extensively utilized in this study (Wu et 
al., 2004). The Raji and Raji-DC-SIGN cells 
were cultured in RPMI 1640 medium contain-
ing 10% FCS, penicillin (100 units/ml) and 
streptomycin (100 units/ml). To positively 
select Raji-DC-SIGN cells for DC-SIGN ex-
pression neomycin (2 mg/ml) was included in 
the culture medium. DC-SIGN expression on 
Raji-DC-SIGN cells was routinely monitored 
by FACS analysis using the PE-labelled anti-
DC-SIGN antibodies (BD-Pharmingen). 

Monocyte derived immature dendritic 
cells (iDCs) were generated from the blood 
of either CCR5+/+ or CCR5-/- donors. PBMC 
were obtained by Ficoll-Hypaque density 
centrifugation (Amersham Biosciences) after 
which 1 x 108 cells were plated per 75 cm2 
culture flasks in IMEM supplemented with 
penicillin, streptomycin and 5% FCS. After a 
2 h incubation the non-adherent cells were 
removed by extensive washing and the 
adherent cells were incubated for 6 days 
in RPMI 1640 Glutamax-I medium contain-
ing 10% FCS, supplemented with 250 ng/
ml hGM-CSF (R&D Systems) and 100 ng/
ml humIL-4 (both cytokines were purchased 
from REPRO TECH Inc). After 6 days of 
culture iDCs (where 90% of cells were 
CD1a+ CD14- DC-SIGN+) were removed with 
gentle pipetting, washed and utilized in HIV-1 
transfer experiments. 

Capture of HIV-1 by Raji-DC-SIGN 
cells. Binding and capture of HIV-1 by Raji-
DC-SIGN cells was monitored in a viral CA-p24 
capture assay. The viruses to be tested were 
incubated with Raji or Raji-DC-SIGN cells 
(1.2 x 106 cells / well) with a set input of virus 
CA-p24 (300 ng of CA-p24 per well) for 2 h 
at 37oC in Raji-DC-SIGN culture medium. For 

the analysis of the +5V3 panel of viruses the 
Raji-DC-SIGN cells underwent 2 fold limiting 
dilutions with a set input of virus CA-p24 (300 
ng of CA-p24 per well). Cells were washed 3 
times with PBS and after the last centrifuga-
tion step the cell pellet was lysed in 100 μl (1% 
Empigen in PBS) with the CA-p24 concentra-
tions in the supernatant being determined 
using a standard ELISA protocol (CA-p24 
values for the Raji-DC-SIGN cells were deter-
mined by subtracting the CA-p24 value given 
by the negative control Raji cell). 

Virus infection and replication 
in the presence of Raji-DC-SIGN cells 
or iDCs. Co-culture experiments were 
performed with isolated CD4+ T lymphocytes 
and either Raji-DC-SIGN cells or iDCs. The 
Raji-DC-SIGN cells or iDCs were incubated 
with approximately 100 TCID50 of virus for 2 
h at 37oC followed by the addition of PHA-
stimulated CD4+ T lymphocytes isolated from 
either CCR5+/+ or CCR5-/- donors. For each 
virus the TCID50 values were also determined 
in the presence of Raji or Raji-DC-SIGN cells 
as way of monitoring the effect DC-SIGN ex-
pression had on virus infectivity. Each virus 
stock underwent 5-fold limiting dilutions and 
each dilution was incubated in the presence 
of either Raji or Raji-DC-SIGN cells (3 x 104 
cells/well) for 2 h before the addition of CD4+ 
enriched T lymphocytes to each well (2 x 105 
cells/well). As in standard TCID50 determina-
tion assays each dilution was tested 8 fold 
and the number of CA-p24 positive wells was 
determined on day 7. 

For single cycle infections the Raji or 
Raji-DC-SIGN cells were incubated with virus 
and CD4+ T lymphocytes in the presence of 
indinavir and infection monitored by staining 
for CA-p24. Triplets of 70 μl of 1 x 105 Raji or 
Raji-DC-SIGN cells were incubated with 80 
μl 400 TCID50 for 1.5 h at 37°C followed by 
addition of 50 μl of 1 x 105 PHA-stimulated 
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enriched CD4+ T lymphocytes in a 96 well 
plate. After 48 h medium was refreshed, 
supplemented with 1 μM indinavir and cells 
were further cultured for 48 h. Cells were 
washed 3 times with cold PBS and fixed with 
3.7% PFA, 0.1 M PIPES in PBS for 20 min. 
Fixative was quenched with 20 mM glycine 
in PBS and cells were permeabilized in 0.1% 
saponin, 2% BSA in PBS for 30 min. and sub-
sequently stained with CA-p24-FITC (KC57-
FITC) and CD3-APC for 1 h. The cells were 
washed 2 times with permeabilization buffer 
and once with PBS supplemented with 2% 
BSA. Subsequently cells were resuspended 
and maintained in PBS and analyzed by 
FACS cytometry. Positive cells for CA-p24 
and CD3 were plotted in bars as medians 
of data for three samples of each virus ± 
standard deviation. 

Mannan and DC-SIGN antibody in-
hibition of HIV-1 infectivity. 3 x 104 Raji-
DC-SIGN cells were pre-incubated with 
serial dilutions of mannan (Sigma) in a total 
volume of 100 µl in 96-well plates for 1 h at 
37°C. 50 μl of virus (100 TCID50) was added 
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Summary

Infection of CD4+ T lymphocytes is enhanced by the capture and subsequent transfer of HIV-1 
by dendritic cells (DCs) via the interaction with C-type lectins, such as DC-SIGN. Numerous 
HIV-1 envelope-directed neutralizing Abs have been shown to successfully block the infection 
of CD4+ T lymphocytes. Here we identify that HIV-1-neutralized with the mAb 2F5 is more 
efficiently captured by immature monocyte-derived DCs (iMDDCs) and DC-SIGN express-
ing Raji cells Raji-DC-SIGN. Furthermore, 2F5-neutralized virus captured by these cells 
was able to subsequently infect CD4+ T lymphocytes upon release of HIV-1 from iMDDCs, 
thereby enhancing infection. We show that upon transfer via DC-SIGN-expressing cells, 
HIV-1 is released from immune-complexes with Abs 2F5 and 4E10 gp41-directed, 2G12, 
4.8D and 1.7b gp120-directed. The non-neutralizing V3-21 V3 region of the gp120-directed 
Ab enhanced HIV-1 infection upon capture and transfer via Raji-DC-SIGN cells, whereas no 
infection was observed with the neutralizing b12 Ab gp120-directed indicating that different 
Abs have variant effects on inhibiting HIV-1 transfer to CD4+ T lymphocytes. The increased 
capture of 2F5-neutralized virus by iMDDCs was negated upon blocking the Fc-Receptors. 
Blocking DC-SIGN on iMDDCs resulted in a 70-75% inhibition of HIV-1 capture at 37°C, 
whereas at 4°C a full block was observed, showing that the transfer observed is mediated 
via DC-SIGN. Taken together, we propose that DC-SIGN-mediated capture of neutralized 
HIV-1 by iMDDCs has the potential to induce immune evasion from the neutralization effects 
of HIV-1 Abs, with implications for HIV-1 pathogenesis and vaccine development. 
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Introduction

Dendritic cells (DCs) have been im-
plicated in transmission of HIV-1 follow-
ing sexual exposure (Pope and Haase, 
2003; Steinman et al., 2003). Immature 
DCs (iDCs) are believed to capture virus 
that crosses the mucosal surface and 
transport HIV-1 to replication-competent 
sites in lymphoid tissues, where upon 
maturation to a mature DC, virus can 
be transferred to CD4+ T lymphocytes 
(Engering et al., 2002; Shattock and 
Moore, 2003). DCs can transmit HIV-1 
to CD4+ T lymphocytes in a bi-phasic 
mode: 1) Capture and release of HIV-1 
by DCs occurs within a few hours, with 
or without internalization; 2) Infection 
of the DC, resulting in de novo produc-
tion of virus, which takes a few days 
and is zidovudine sensitive (Turville et 
al., 2004). Importantly, a small number 
of captured HIV-1 particles by DCs can 
survive degradation for several days in 
vitro and can be released as infectious 
virus, whereas free virus loses infectiv-
ity rapidly (Geijtenbeek and van Kooyk, 
2003; Kwon et al., 2002; Moris et al., 
2004). Transfer of HIV-1 from DCs to 
CD4+ T lymphocytes occurs in the infec-
tious synapse, where HIV-1 is recruited 
to the contact zone with the T cell. For-
mation of this synapse results in a high 
concentration of HIV-1 on the DC side, 
whereas HIV-1 receptors like CD4 and 
CCR5 are partially enriched on the T cell 
side (Garcia et al., 2005; McDonald et 
al., 2003). This mode of transmission is 
believed to be the mediator of enhanced 
viral replication in DC-T cell clusters. 

A number of C-type lectins ex-

pressed on DCs have been shown to 
efficiently capture HIV-1 and enhance 
viral infectivity of CD4+ T lymphocytes 
(Geijtenbeek and van Kooyk, 2003). The 
most potent receptor to capture HIV-1 by 
iDCs is the C-type lectin (DC-SIGN), al-
though the in vivo implications of such 
an interaction has remained controver-
sial. Importantly, formation of the in-
fectious synapse is impaired in DCs in 
which DC-SIGN expression has been 
knocked down, resulting in severely im-
paired transmission of HIV-1 (Arrighi 
et al., 2004). Expression of DC-SIGN 
on immature monocyte-derived DCs 
(iMDDCs) is strongly induced upon IL-4 
stimulation, whereas other cytokines 
like IFN-α, IFN-γ, and TGF-β down-
regulate DC-SIGN expression (Relloso 
et al., 2002). The expression of DC-
SIGN, however, is not essential for 
HIV-1 capture by these cells and other 
receptors may be involved, since non-
IL-4 treated iMDDCs with low DC-SIGN 
expression are able to establish virus 
replication on CD4+ T lymphocytes upon 
transmission (Granelli-Piperno et al., 
2005). DC-SIGN expression down-reg-
ulated through siRNA treatment of DCs 
only moderately inhibited HIV-1 capture 
(Granelli-Piperno et al., 2005), again 
suggesting that DC-SIGN is not required 
for capture and transmission of HIV-1 to 
CD4+ T lymphocytes and that other re-
ceptors could mediate these effects. 

Neutralizing Abs directed against 
specific epitopes on the envelope gp120 
and gp41 are likely to be the first agents 
to block HIV-1 infection and are there-
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fore important for vaccine purposes. 
Abs against HIV-1 block viral attach-
ment to HIV-1 receptors or inhibit mem-
brane fusion, required for replication in 
CD4+ T lymphocytes and iDCs (Frankel 
et al., 1998; Holl et al., 2006; Parren et 
al., 1999). Nevertheless, the efficacy of 
Ab responses blocking HIV-1 infection 
in patients appears to be limited, since 
most Abs only partially block HIV-1 in-
fection or are otherwise non-neutral-
izing. Furthermore, HIV-1 has been 
shown to rapidly escape Ab neutraliza-
tion (Wei et al., 2003). Only a few mon-
oclonal (mAbs) against gp41 (2F5 and 
4E10) (Muster et al., 1993; Purtscher et 
al., 1994; Purtscher et al., 1996; Stieg-
ler et al., 2001; Zwick et al., 2001) or 
gp120 (2G12 and b12) (Baba et al., 
2000; Sanders et al., 2002), have been 
shown to efficiently protect HIV-1 infec-
tion in vitro and animal models in vivo 
(Baba et al., 2000; Shibata et al., 1999). 
A study of six acutely, and eight chroni-
cally infected patients demonstrated 
a strong repression of viral load after 
passive immunization with 2F5, 4E10, 
2G12 mAbs; however, viral rebound was 
observed within 12 weeks in most pa-
tients. No change in viral sensitivity was 
found for 2F5 and 4E10, whereas insen-
sitive strains were found for 2G12, sug-
gesting that this Ab provided a selection 
pressure on virus replication (Trkola et 
al., 2005).

Follicular DCs (fDCs) can trans-
fer Ab neutralized HIV-1 to CD4+ T lym-
phocytes and initiate HIV-1 replication 
by an unknown mechanism (Heath et 
al., 1995). Here we have studied the 

capture and transfer of neutralized HIV-1 
by DCs and a Raji cell line stably trans-
fected with DC-SIGN (Raji-DC-SIGN). 
We show that specific mAbs in immune-
complexes (ICs) with HIV-1 can enhance 
capture by iMDDCs and Raji-DC-SIGN 
cells. We demonstrate that DC-SIGN is 
responsible for efficient capture of HIV-1 
within complexes and that Fcγ recep-
tors can increase capture by DC-SIGN. 
Furthermore, we demonstrate that HIV-1 
neutralized by mAbs, and captured by 
DC-SIGN regains its infectivity when 
transferred to CD4+ T lymphocytes, al-
though HIV-1 can be directly re-neutral-
ized by Abs after release from DC-SIGN 
expressing cells. These results indicate 
that the interaction of HIV-1 through 
C-type lectins as DC-SIGN can result in 
immune evasion from HIV-1 neutralizing 
Abs.

Material and Methods

Antibodies and reagents. The mouse 
DC-SIGN specific mAb AZN-D1 was purified 
and used to block HIV-1 interacting with 
DC-SIGN. The mouse mAb anti-human Fcγ 
Receptor I clone10.1, Fcγ Receptor II clone 
3D3, and Fcγ Receptor III clone 3G8 (BD-
Pharmingen) was used to block the FcγRs. To 
control antibody specificity the IgG1 isotype 
mouse mAb (ITK Diagnostics) was used. 
All mAbs were used at 20 mg/ml. Human 
mAbs 2F5 and 4E10 directed against HIV-1 
envelope gp41, 2G12, 4.8D, 1.7b and b12 
directed against gp120, and V3-21 directed 
against the V3 loop of gp120 were obtained 
from the National Institute for Biological 
Standards and Control (NIBSC, Potters 
Bar, U.K.) and used at 20 mg/ml. Human 
sera obtained from a patient with an IgG1 B 
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cell lymphoma was used as an HIV-1-non-
specific control antibody, the sera contained 
IgG1-lambda M-protein at 83 mg/ml, and 
no detectable IgA or IgM (< 0.06 mg/ml). 
Sera were obtained from 4 HIV-1 negative 
donors and 4 HIV-1 subtype B positive indi-
viduals from the Amsterdam Cohort Studies. 
Indinavir (NIBSC) was used at 1 mM to block 
HIV-1 reverse transcription and replication. 
Secondary Ab AffiniPure donkey anti-mouse-
Cy5 was obtained from Jackson laboratories 
and was used at a 200-fold dilution. PE-
labeled DC-SIGN, CD3-labeled APC (BD-
Pharmingen), and CA-p24 FITC were utilized 
for FACS analyses at 100-, 50-, and 200-fold 
dilution, respectively. 

Cells. The Raji cell line and the Raji 
cell line expressing DC-SIGN (Raji-DC-
SIGN) were generated and utilized as pre-
viously described (Geijtenbeek et al., 2000). 
Both cell lines were cultured in RPMI 1640 
medium containing 10% FCS, penicillin and 
streptomycin both at 100 units/ml. DC-SIGN 
expression by Raji-DC-SIGN cells was posi-
tively selected with neomycin (2 mg/ml) and 
routinely monitored by FACS analysis using 
the PE-labeled DC-SIGN Ab. The iMDDCs 
were prepared as previously described 
(Sallusto and Lanzavecchia, 1994). In short, 

human blood monocytes were isolated from 
buffy coats by use of a Ficoll gradient and 
a subsequent CD14 selection step using 

the MACS system (Miltenyi Biotec). Purified 
monocytes were differentiated into iMDDCs 
in the presence of IL-4 and GM-CSF (500 and 
800 U/ml, respectively; Schering-Plough). On 
day 6, the phenotype of the cultured iMDDCs 
was confirmed by flow cytometry. The cells 
expressed high levels of MHC class I and 
II molecules, CD11b, CD11c, ICAM-1, and 
low levels of CD80 and CD86. PBMCs were 
isolated from fresh buffy coats by standard 
Ficoll-Hypaque density centrifugation and 

checked by PCR screening for CCR5 D32 
deletion. PBMCs from three donors were 
pooled, frozen in multiple vials and, when 
required, thawed and activated with PHA at 
2 μg/ml and cultured in RPMI supplemented 
with rIL-2 at 100 units/ml. On day 3 of culture, 
CD4+ T lymphocytes were enriched by 
depletion of CD8+ T lymphocytes using CD8 
immunomagnetic beads (Dynal) and cells 
were cultured for 2 days in RPMI with rIL-2.

Virus. The molecular cloned dual-
tropic HIV-1 (+5X.10DgV3) consisting of the 
LAI backbone with the HXB2 envelope was 
produced on C33A cells (Pollakis et al., 2001). 
Mutations in the HXB2 envelope were made 
within the V1V2 and V3 regions according to 
mutations identified in the envelope from a 
patient from the Amsterdam cohort studies 
(ACH168) (Pollakis et al., 2001). Virus stock 
was assayed for tissue culture infectious dose 
(TCID50) on enriched CD4+ T lymphocytes. A 
GFP-fluorescent variant of HIV-1 HIV-1-GPF 
was produced by transfecting C33A cells with 
a GFP-VPR plasmid and the +5X.10DgV3 
backbone in a 1:1 ratio. Virus produced was 
collected from supernatant three days after 
transfection and concentrated with Amicon 
ultra filters (100.000 MWCO). Concentration 
of viral capsid CA-p24 was determined with 
ELISA and HIV-1-GFP was frozen in aliquots.

Virus neutralization and capture. 
HIV-1 or HIV-1-GPF was incubated with 20 
mg/ml neutralizing mAbs for 1 h. Control 
virus was incubated with medium or 20 mg/ml 
non-HIV-1 specific human IgG1 Ab, to control 
either volume or Ab specificity. Subsequently, 
iMDDCs, Raji-DC-SIGN or Raji cells were 
incubated with the HIV-1 mixture for 2 h and 
unbound virus was removed by washing 
three times with PBS or medium. 

HIV-1 capture
i Confocal analyses of virus capture at 37°C. 
Neutralized or control HIV-1-GFP at 100 ng/
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ml was captured by Raji, Raji-DC-SIGN, 
iMDDCs for 2 h at 37°C. Cells were seeded 
on pre-treated poly-l-lysine coated coverslips 
(1 mg/ml). Cells were fixed after 20 min in 
3.7% paraformaldehyde, permeabilized with 
0.1% saponin, 10 mM NH4Cl, 2% BSA in 
PBS for 30 min, and stained for DC-SIGN 
with AZN-D1 mAb and Cy5-coupled donkey 
anti-mouse secondary Ab. Nuclear DNA was 
stained with Hoechst 33258. Excess Ab was 
removed by washing twice with permeabili-
zation buffer, once with PBS, and twice with 
H2O. Cells were embedded in Vecta-shield 
and fluorescence was analyzed by confocal 
microscopy. Virus particles/cell were counted 
and plotted in column bars or scatters as 
medians ± SEM. 
ii Confocal analyses of virus capture at 4°C. 
iMDDCs were pretreated with Abs against 
Fcγ RI, Fcγ RII, Fcγ RIII or AZN-D1 (all at 
20 mg/ml) for 30 min at 37°C and were used 
to capture 100 ng/ml neutralized or control 
HIV-1-GFP at 4°C for 1 h. Cells were seeded 
on coverslips and stained for DC-SIGN and 
nuclei and fluorescence was analyzed with 
confocal microscopy.

Intracellular CA-p24 ELISA. Pre-
neutralized or control HIV-1 at 100 ng/ml was 
captured by 1.0 X 106 Raji, Raji-DC-SIGN or 
iMDDCs for 2 h at 37°C. Cells were lysed at 
56°C in 1% empigen for 1 h. Cell-debris was 
pelleted and supernatant was analyzed for 
CA-p24 in quadruplicate.

Confocal analyses. Fluorescent 
images were made with Leica DM SP2 
AOBS confocal microscope with a 63x HCX 
PL APO 1.32 oil objective. Images (512 X 
512) with a pixel size of 232 nm and a step 
size of 340 nm were acquired with the Leica 
confocal imaging processing software with a 
line average of 4 scans and were depicted as 
maximum intensity projections.

CD4+ T lymphocyte infection. PHA-

activated CD4+ T lymphocytes (1.5 X 105 
per well) were co-cultured with Raji, Raji-
DC-SIGN, iMDDCs treated with or without 
AZN-D1 or CD4+ T lymphocytes as control (0.3 
X 105 per well) and inoculated with a mixture 
of control or mAb pre-neutralized HIV-1 (200 
TCID50). Medium was removed after 48 h and 
cells were cultured in fresh RPMI, containing 
rIL-2 (2 mg/ml) and indinavir (1 mM) for 3 days. 
Cells were washed three times with cold PBS 
and fixed in 3.7% PFA, 0.1 M PIPES in PBS 
for 20 min. Fixative was quenched with 20 
mM glycine in PBS for 10 min and cells were 
permeabilized in 0.1% saponin, 2% BSA in 
PBS for 30 min, and subsequently stained 
with FITC-labeled CA-p24 and CD3-labeled 
APC for 1 h. Excess Ab was removed by a 
double wash with permeabilization buffer and 
once with PBS supplemented with 2% BSA. 
Subsequently, cells were resuspended and 
maintained in PBS and analyzed by FACS 
cytometry. Cells positive for CA-p24 and CD3 
were plotted as medians of triplicates ± SD.

Transfer of R5X4 HIV-1 to CD4+ T 
lymphocytes. 
i Transfer of captured neutralized virus at 
37°C. Control or pre-neutralized HIV-1 200 
TCID50 with 2F5, 4E10, 2G12, 4.8D, b12, 
or V3-21 directed envelope Ab, captured by 
(1.0 X 105) iMDDCs or Raji-DC-SIGN cells 
for 2 h at 37°C were co-cultured with 1.5 X 
105 CD4+ T lymphocytes in a 96 wells plate 
in triplicate. Medium was removed after 48 h 
and cells were cultured in fresh RPMI, con-
taining rIL-2 (2 mg/ml) and indinavir (1 mM) 
for 3 days. CD4+ T lymphocyte infection was 
measured by following intracellular CA-p24 
expression by FACS flow cytometry.
ii Transfer of captured neutralized virus 
at 4°C. iMDDCs treated with buffer or with 
Abs against Fcγ RI, Fcγ RII, Fcγ RIII and 
or AZN-D1 for 30 min at 37°C were used to 
capture 100 ng/ml control or pre-neutralized 
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HIV-1 at 4°C for 1 h. (1.0 X 105) iMDDCs 
were co-cultured with 1.5 X 105 CD4+ T 
lymphocytes in a 96 wells plate in tripli-
cate. Infection of CD4+ T lymphocytes was 
measured with FACS flow cytometry.

Statistical analysis. Significance was 
determined with unpaired t test two tailed 
and indicated in figures with stars. * P ≤ 0.05, 
** P ≤ 0.005, *** P ≤ 0.0005.

Results

Enhanced capture of 2F5-neu-
tralized virus by iMDDCs. We aimed 
to identify whether HIV-1, neutralized 
with the gp41-directed 2F5 mAb, could 
be captured by iMDDCs. The virus used 
in our assays efficiently uses both the 
CCR5 and CXCR4 co-receptor (Pol-
lakis et al., 2001), and is fully neutralized 
with the 2F5 mAb at 20 mg/ml (Nabatov 
et al., 2004). iMDDCs were inoculated 
with control or HIV-1-GFP pre-neutral-
ized with 2F5 mAb. Non-neutralized as 
well as 2F5 pre-neutralized HIV-1-GFP 
could be visualized below the cell mem-
brane, stained by DC-SIGN (shown in 
red), indicating that virus is endocytosed 
(Fig. 1A). Cells with low DC-SIGN ex-
pression, appeared to capture less HIV-
1-GFP than cells with a high DC-SIGN 
expression Fig, 1A. A high distribution of 
HIV-1-GFP particles per iMDDC was ob-
served, however 2F5-neutralized GFP-
virus (mean particles/cell 34.67 ± 2.16) 
was more efficiently captured than non-
neutralized virus (mean particles/cell 
22.69 ± 1.75) (P < 0.0005) (Fig. 1B). To 
confirm capture of 2F5-neutralized HIV-1 
versus non-neutralized virus by iMDDCs 
a CA-p24 ELISA was performed. In line 

with the confocal analyses, intracellular 
CA-p24 capture was significantly higher 
for 2F5-neutralized virus (mean CA-p24 
ng/ml 2.93 ± 0.03 SD) (P < 0.05) with a 
1.5 fold increase compared to non-neu-
tralized virus (mean CA-p24 ng/ml 1.92 
± 0.36 SD) (Fig. 1C). Heightened capture 
of virus by iMDDCS was also observed 
when 2F5-treated HIV-1-GFP (mean par-
ticles/cell 16.68 ± 1.85 SEM) was com-
pared to virus treated with HIV-1-non-
specific human IgG1 Ab (mean particles/
cell 10.10 ± 1.06 SEM) (P < 0.005), indi-
cating that the effect is HIV-1 Ab specific 
(Fig 1D and 1E). Furthermore, blocking 
DC-SIGN reduced the number of cap-
tured HIV-1-GFP by iMDDCs up to 70% 
for virus treated with non-specific human 
IgG1 Ab and 75% for 2F5-treated virus, 
indicating that DC-SIGN is important 
for capture of HIV-1 and HIV-1 ICs (P < 
0.0005) (Fig. 1D and 1E). 

DC-SIGN enhances capture of 
2F5-neutralized virus. To further analyze 
the role of DC-SIGN in the observed 
capture of neutralized virus by iMDDCs, 
we used the Raji-DC-SIGN line, which 
is derived from a B-cell lineage. As an 
antigen presenting cells this line is able to 
capture and transfer HIV-1 to CD4+ T lym-
phocytes in a similar manner as iMDDCs 
(Nobile et al., 2005). The advantage of 
using this cell line is the availability of the 
Raji control cell not expressing DC-SIGN. 
A capture experiment was performed 
and the number of GFP-particles in one 
plane, divided by the number of cells was 
counted to quantify binding. Background 
GFP-fluorescence of Raji-DC-SIGN cells 
(mean particles/cell 0.07 ± 0.10 SD) was 
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determined by using supernatant from 
C33A cells transfected with GFP-VPR 
DNA, but without HIV-1. Raji-DC-SIGN 
cells efficiently captured non-neutralized 
HIV-1-GFP (mean particles/cell 2.96 
± 0.41 SD) as well as 2F5 neutralized 
virus (mean particles/cell 3.54 ± 1.09 
SD), whereas Raji cells did not capture 
2F5-neutralized virus (mean particles/
cell 0.051 ± 0.04 SD) or non-neutralized 
virus (mean particles/cell 0.04 ± 0.03 SD; 
P < 0.0005) (Fig. 2A). Due to the low 
number of HIV-1 GFP-particles in a plane 
per cell capture of neutralized HIV-1 by 
DC-SIGN was measured with an intrac-
ellular CA-p24 ELISA. Capture of 2F5-
neutralized HIV-1 by DC-SIGN (mean 
CA-p24 ng/ml 7.26 ± 0.07 SD) was signif-
icantly higher (P < 0.005) than non-neu-
tralized virus (mean CA-p24 ng/ml 4.79 
± 0.74 SD), showing that the uptake of 
neutralized virus was stimulated by mAb 
2F5 (Fig. 2B). To investigate 2F5-neu-
tralized HIV-1 dependent capture by DC-
SIGN, HIV-1-GFP was neutralized with 
a serial dilution of the 2F5 mAb. Instead 
of one plane (Fig. 2A) the whole cell was 
scanned and the number of particles/cell 
in all layers were counted. Neutralizing 
HIV-1-GFP with a 2F5 concentration of 
20 mg/ml enhanced capture compared 
to control virus (P < 0.05) (Fig. 2C) in a 
dose dependent manner. This demon-
strates that virus capture is stimulated by 
2F5 mAb and that capture is dependent 
on DC-SIGN.

Neutralization of HIV-1 can be 
reversed by co-culture of DC-SIGN-
expressing cells with CD4+ T lym-
phocytes. iMDDCs are known to 

enhance infection of CD4+ T lymphocytes 
by HIV-1 (Nobile et al., 2005). To deter-
mine the role of DC-SIGN in enhancing 
CD4+ T lymphocyte infection by HIV-1, 
iMDDCs were treated with the DC-SIGN 
blocking mAb AZN-D1. Additionally, 
Raji-DC-SIGN and the control cell line 
Raji were used to exclusively investi-
gate the role of DC-SIGN on enhancing 
HIV-1 infection. Infection of CD4+ T lym-
phocytes was determined by counting 
the number of CD3 and CA-p24 double 
positive cells. Co-culture of CD4+ T lym-
phocytes with iMDDCs or Raji-DC-SIGN 
cells significantly increased infection 
of the lymphocytes by HIV-1 compared 
to infection on CD4+ T lymphocytes 
alone, respectively 32 fold for iMDDCs 
and 47 fold for Raji-DC-SIGN cells (P < 
0.0005) (Fig 3A). Blocking DC-SIGN on 
iMDDCs with AZN-D1 resulted in a 71% 
decreased HIV-1 infection compared to 
untreated iMDDCs. Infection of CD4+ T 
lymphocytes co-cultured with Raji cells 
was 92% lower than Raji-DC-SIGN cells, 
although Raji cells also appeared to in-
crease infection by 3.2 fold (P < 0.05) 
(Fig. 3A). This could be the result of 
DC-SIGN expression, since Raji cells 
are a B-lymphocyte cell lineage, which 
are capable to up-regulate DC-SIGN ex-
pression upon induction by IL-4 together 
and CD40L (Rappocciolo et al., 2006). 
These results illustrate the importance 
of DC-SIGN on antigen presenting cells 
in accelerating HIV-1 infection.

 As previously shown, 100% 
virus neutralization by mAbs 2F5 was 
observed on CD4+ T lymphocytes alone 
(Nabatov et al., 2004). When CD4+ T 
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Figure 1. Capture of 2F5-neutralized 
virus by iMDDCs. A, iMDDCs were in-
oculated with 2F5 pre-neutralized or non-
neutralized HIV-1-GFP (green). iMDDCs 
were stained for DC-SIGN red and 

nuclear DNA (blue). 3D images were made with confocal microscopy and layers were plotted in one picture. 
Right panels show overlay of virus capture, DC-SIGN and nuclei staining. Upper panel shows control virus 
and lower panel shows 2F5 treated virus. White arrows: DCs with low DC-SIGN expression and low virus 
capture. B, Analyses of the number of HIV-1-GFP particles per cell (n = 50) from Fig. 1A. C, 2F5-neutralized 
or non-neutralized HIV-1 captured by iMDDCs was measured by intracellular CA-p24 ELISA. D, capture 
of HIV-1, pre-treated with 2F5 or non-HIV-1 specific human IgG1, by iMDDCs, right panel iMDDCs were 
treated with AZN-D1 Ab to block DC-SIGN, left panel iMDDCs were treated with matched isotype control. 
E, Analyses of the number of HIV-1 particles/cell (n = 40) from Fig. 1C. Statistical analyses on data were 
performed with the student t test and data represents 3 independent experiments.
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Figure 2. DC-SIGN mediated capture of 2F5-neutralized virus. A, Raji or Raji-DC-SIGN cells were inocu-
lated with 2F5 pre-neutralized or non-neutralized HIV-1-GFP green and capture was measured with confocal 
microscopy. GFP-VPR particles were counted in a single plane on different fields on the coverslip. The 
number of particles in each field divided by the number of cells was determined. In total 4 different fields were 
measured containing ~25 cells. Background fluorescence is indicated with GFP-VPR on Raji-DC-SIGN cells. 
B, Capture of control and 2F5-neutralized HIV-1 by DC-SIGN was analyzed with intracellular CA-p24 ELISA. 
Capture of Raji cells was subtracted from Raji-DC-SIGN cells. C, Capture of HIV-1 by Raji-DC-SIGN cells 
was measured with confocal microscopy. 3D pictures were made of different fields on the coverslip and the 
number of GFP-VPR virions/positive Raji-DC-SIGN cell was counted with a computer program (Qwin). Sta-
tistical analyses were performed with the student t test test and data represents 3 independent experiments.
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lymphocytes were co-cultured with iDCs 
or Raji-DC-SIGN cells in the presence of 
2F5, infection was observed (Fig. 3B), 
although reduced to that seen for co-cul-
ture in the absence of the antibody (re-
duction of 92% for iMDDCs and 89% for 
Raji-DC-SIGN cells) (Fig. 3A and 3B). 
However, when iMDDCs were treated 
with AZN-D1 a full block to infection was 
observed, again indicating the involve-
ment of DC-SIGN. The Raji cell line also 
showed no infection providing further 
evidence that DC-SIGN is required for 
infection of CD4+ T lymphocytes in the 
presence of neutralizing mAb. 

2F5-neutralized HIV-1 regains in-
fectivity upon transfer by DC-SIGN-
expressing cells. Because we identified 

an enhanced capture of neutralized virus 
by DC-SIGN-expressing cells and an in-
creased infection of CD4+ T lymphocytes 
with neutralized virus in the presence of 
DC-SIGN-expressing cells compared to 
CD4+ T lymphocytes infection alone, we 
addressed whether neutralized virus cap-
tured by DC-SIGN-expressing cells could 
be transferred to the lymphocytes. Trans-
fer of captured virus by DC-SIGN-ex-
pressing cells was measured by washing 
out unbound virus together with neutraliz-
ing mAb prior to incubation with activated 
CD4+ T lymphocytes. 

Surprisingly, 2F5-neutralized virus 
captured by Raji-DC-SIGN cells or 
iMDDCs could efficiently infect CD4+ 
T lymphocytes, indicating that neutral-
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Figure 3. Neutralization capacity of 2F5 on HIV-1 infection on CD4+ T lymphocytes in the presence 
and absence of DC-SIGN-expressing cells. A, HIV-1 was incubated with CD4+ T lymphocytes mixed with 
either; iMDDCs, iMDDCs pretreated with DC-SIGN blocking mAb AZN-D1, Raji-DC-SIGN cells or Raji cells. 
As control, non-neutralized virus was used. Infection of CD4+ T lymphocytes was measured with FACS flow 
cytometry (n = 3). B, HIV-1 infection of CD4+ T lymphocytes co-cultured with DC-SIGN expressing cells in 
the continuous presence of 2F5 Ab (dark grey bars) (n = 3) compared to HIV-1 infection in the absence of 
neutralizing Ab (light grey bars) (n = 3). Mock is determined as the number of double positive cells (8.2 ± 7.6) 
(n = 3) without addition of HIV-1. Data represents 3 independent experiments.
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ized HIV-1 is released as infectious virus 
during transmission (Fig. 4). Re-addition 
of Ab during transmission resulted in a 
~90% re-neutralization of the released 
infectious particles by either Raji-DC-
SIGN cells or iMDDCs, indicating that Ab 
can efficiently re-target HIV-1 in the in-
fectious synapse formed between CD4+ 
T lymphocytes and DC-SIGN-express-
ing cells during transmission. This would 
also explain for the rather low number 
of infected CD4+ T lymphocytes in co-
cultured with either iMDDCs or Raji-DC-
SIGN cells in the presence of 2F5 (Fig. 
3B). 

Envelope directed HIV-1 ICs are 
captured by DC-expressing cells and 
released as infectious virus. To deter-
mine whether DC-SIGN-mediated uptake 
and propagation on CD4+ T lymphocytes 
of neutralized HIV-1 was dependent on 
the type of Ab, different envelope-direct-
ed Abs were tested. Two gp41-directed 
mAbs (2F5 and 4E10), three gp120-
directed mAbs, (2G12, 4.8D, and b12) 
and one V3 (V3-21) mAb was used to 
form HIV-1 ICs prior to capture by Raji-
DC-SIGN cells (Fig. 5A) or iMDDCs (Fig. 
5B). Transfer of 2F5-treated virus com-
pared to non-neutralized virus was 1.5 
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Figure 4. DC-SIGN-expressing cells release infectious virus after capture of HIV-1 ICs. A, HIV-1 was 
neutralized with 2F5 prior to incubation with iMDDCs or B, Raji-DC-SIGN cells, with non-neutralized virus 
used as a control. Release of infectious HIV-1 captured by DC-SIGN-expressing cells was measured by 
infection of CD4+ T lymphocytes FACS flow cytometry (n = 3). To determine re-neutralization after virus 
release by DC-SIGN-expressing cells during transfer fresh 2F5 mAb was added to the co-culture. Panel A 
and B represent 2 and 4 independent experiments, respectively.
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fold higher (P < 0.05) for Raji-DC-SIGN 
cells and 1.36 fold higher (P < 0.05) for 
iMDDCs, which was consistent with the 
previous results (Fig. 4A and 4B). The 
mean transfer of 4E10 treated HIV-1 by 
Raji-DC-SIGN cells as well as iMDDCs 
was 1.5 fold higher, but this was statisti-
cally not significant, than non-neutralized 
virus. 2G12 also did not show any neu-
tralization after transfer from Raji-DC-
SIGN cells or iMDDCs and the same was 
observed for the gp120 1.7b and 4.8d 
mAbs. Virus treatment with the V3 binding 
gp120 mAb “V3-21” increased infection 
after transfer from Raji-DC-SIGN cells (P 
< 0.05), although this was not seen for 
iMDDCs. Interestingly, transfer of virus, 
pre-neutralized with the b12 mAb, from 
Raji-DC-SIGN cells or iMDDCs com-
pletely blocked CD4+ T lymphocyte infec-

tion (P < 0.0005). These results indicate 
that several mAb can be released from 
the virus during capture and transfer by 
DC-SIGN-expressing cells. We subse-
quently tested transmission of HIV-1 cap-
tured by iMDDCs that had been treated 
with patient serum from HIV-1 nega-
tive and positive donors. Although the 
levels or antibody types (non-neutraliz-
ing versus neutralizing; b12-like versus 
2F5-like) in sera from positive donors 
were not known, infection after transmis-
sion was reduced by 37% (P < 0.05) (Fig. 
5C), but not completely blocked. This in-
dicates that HIV-1 can also be efficiently 
transferred by DC-SIGN expressing cells 
when neutralized with Abs derived from 
patient sera. 

Fc-Receptors enhance DC-
SIGN-mediated capture of 2F5-neu-
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Figure 5. DC-SIGN mediated capture of HIV-1, neutralized with 
gp41, gp120 and V3-directed envelope Abs, and release of infec-
tious virions. HIV-1 was pre-neutralized either with 2F5, 4E10, 2G12, 
4.8D, b12, or V3-21 and incubated with, A, Raji-DC-SIGN cells or, B, 
iMDDCs. C, HIV-1 was inoculated with heat inactivated patient sera from 
HIV-1 negative and positive donors for 2 h before addition of iMDDCs. 
DC-SIGN expressing cells were washed three times and transmission 
of infectious virus was determined by number of CA-p24 positive CD4+ 
T lymphocytes measured by FACS flow cytometry. Data is plotted in 
bars (n = 3) as percentages of infection normalized to control transmis-
sion. Data represent 3 independent experiments for A and B. Data from 
figure 5C represents average HIV-1 transmission incubated with sera 
from four different donors.
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tralized virus by iMDDCs. Recently it 
was shown that blocking Fc-Receptors 
(FcRs) on iMDDCs increased infection of 
iMDDCs with 2F5-neutralized virus (Holl 
et al., 2006), indicating that HIV-1 ICs can 
interact with FcRs. Although we could not 
observe capture of 2F5-neutralized virus 
by FcRs on Raji cells, we were interested 
in the role of FcRs on DC-SIGN-mediat-
ed virus capture by iMDDCs. To minimize 
HIV-1 capture by iMDDCs via phago-
cytosis, pinocytosis or other processes 
we performed the capture assay at 4°C. 
FcRs on iMDDCs were blocked with Abs 
against FcR I, II, and III and DC-SIGN 
was blocked with AZN-D1. Virus capture 
was assayed with confocal microscopy 

and analyzed (Fig. 6A, 6B and 6C). On 
average more 2F5-neutralized (mean 
particles/cell 18.11 ± 4.3 SEM) or b12-
neutralized virus (mean particles/cell 
18.25 ± 2.8 SEM; P < 0.05) was captured 
by iMDDCs compared to non-neutralized 
virus (mean particles/cell, 10.85 ± 2.0 
SEM) at 4°C (Fig. 6C). Interestingly, we 
had shown that b12-neutralized HIV-1 
could not establish infection upon trans-
fer from Raji-DC-SIGN cells or iMDDCs 
(Fig. 5A and 5B). This suggests that 
b12-neutralized HIV-1 is not released, 
or is released during transmission, as an 
Ab-neutralized immune complex and is 
therefore non-infectious. 

Blocking DC-SIGN with AZN-D1 
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Figure 6. Fc Receptors enhance capture of neutralized HIV-1 by DC-SIGN. A, HIV-1-GFP (green) was 
neutralized with either mAb 2F5 or b12 and captured by iMDDCs at 4°C for 1 h. B, iMDDCs, pretreated 
with the AZN-D1 mAb to block DC-SIGN and or Abs against FcR I, II, and III, were used to capture 2F5-
neutralized HIV-1-GFP at 4°C for 1 h. Cells in panel A and B were stained for DC-SIGN (red) and nuclear 
DNA (blue). Panel A and B represent 4 and 2 independent experiments, respectively. C, Analyses of the 
number of HIV-1-GFP particles captured per cell from panels A and B (n = 10). Dashed line indicates that 
virus was pre-neutralized with 2F5. D, HIV-1 was pre-neutralized and captured by iMDDCs, pretreated with 
AZN-D1 or Abs against FcR I, II, and III at 4°C. Washed iMDDCs were co-cultured with CD4+ T lymphocytes 
at 37°C. The level of infected CD4+ T lymphocytes, measured with FACS flow cytometry, indicates release of 
infectious virus by iMDDCs (n = 3). Data represent 3 independent experiments.
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completely abrogated uptake of 2F5 
neutralized HIV-1-GFP (Fig. 6B), indicat-
ing that the interaction of HIV-1 ICs with 
the FcR is weak and that the capture 
is highly dependent on DC-SIGN (Fig. 
1C). Furthermore blocking the FcR on 
iMDDCs reduced capture of 2F5 neutral-
ized virus, indicating that FcRs increase 
capture of HIV-1 ICs via DC-SIGN (Fig. 
6C). 

In a transmission assay, determined 
by FACS flow cytometry, we addressed 
the role of FcRs on capture of neutral-
ized virus by DC-SIGN on iMDDCs at 
4°C and transmission to CD4+ T lym-
phocytes at 37°C (Fig. 6D). Transmis-
sion of 2F5-neutralized virus captured 
by iMDDCs was reduced to similar levels 
of non-neutralized virus upon blocking 
the FcRs (Fig. 6D). No infection was ob-
served when DC-SIGN was blocked on 
iMDDCs at 4°C, as expected (Fig. 6B). 
Taken together our results demonstrate 
that FcRs are partially responsible for 
Ab-enhanced capture of HIV-1 ICs by 
DC-SIGN. 

Discussion

We specifically studied the role of 
DC-SIGN, as a potential receptor for 
HIV-1, in capture and transfer of neutral-
ized HIV-1 to CD4+ T lymphocytes. Both 
Raji-DC-SIGN and iMDDCs, with high 
DC-SIGN expression, were efficiently 
able to capture neutralized HIV-1 with 
different Abs and transferring the virus 
to activated CD4+ T lymphocytes.

HIV-1 capture by DCs occurs via a 
number of processes, such as phago-

cytosis, pinocytosis or specifically via 
capture by receptors, resulting in re-
ceptor-mediated endocytosis (Freder-
icksen et al., 2002; Guo et al., 2004). 
C-type lectins, such as DC-SIGN, have 
been shown to be a potent receptor for 
HIV-1 and are believed to be involved in 
transmission of HIV-1 (Geijtenbeek et 
al., 2000; Geijtenbeek and van Kooyk, 
2003). However, the role of DC-SIGN in 
participating in HIV-1 capture and sub-
sequent transfer to CD4+ T lymphocytes 
is still controversial. Bovine lactoferrin, 
AZN-D1 or other DC-SIGN-blocking Abs 
reduced the capture of LAI (Groot et 
al., 2005), Ba-L (Cambi et al., 2004) or 
pseudotyped HIV-1 with HXB2 envelope 
(Burleigh et al., 2006) by DC-SIGN on 
DCs by at least 50%. Similar results were 
obtained in ELISA studies where gp120 
from Ba-L or CMV235 was used to bind 
DC-SIGN (Lekkerkerker et al., 2004). 
However, other studies have reported 
that blocking DC-SIGN on DCs with 
Abs only moderately reduced capture of 
the HIV-1 Ba-L strain (Granelli-Piperno 
et al., 2005). They demonstrated that 
when DC-SIGN expression on iMDDCs 
was reduced with the use of siRNA there 
was little influence on either capture 
or replication of HIV-1 Ba-L (Granelli-
Piperno et al., 2005). In another study, 
HXB2 binding was reduced by 50% with 
siRNA silencing of DC-SIGN expression 
(Arrighi et al., 2004), suggesting some 
involvement of this receptor in capturing 
virus. We show here that capture of neu-
tralized HIV-1 by iMDDCS can be largely 
dependent on DC-SIGN. Furthermore, 
our inhibition results for HIV-1 capture 
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or transfer to CD4+ T lymphocytes, at 
37oC versus 4oC (Fig. 1E and 6C) with 
the DC-SIGN mAb suggests that the 
DC-SIGN receptor is re-cycling at 37°C 
to the cell surface with the Ab removed 
enabling for its further interaction with 
HIV-1. This does not rule out the pos-
sibility that other C-type lectins or re-
ceptors expressed on DCs can perform 
similar functions, which may become 
evident with higher viral inputs. The dif-
ferences between the studies may also 
arise from the variant viruses used. 
We have previously shown that altered 
V1V2 length, V3 charge and N-linked 
glycosylation patterns can modulate the 
association of HIV-1 with DC-SIGN ex-
pressing cells (Nabatov et al., 2006). 
Since envelope modifications can modu-
late the interaction of HIV-1 with its co-
receptors (CCR5 and CXCR4) as well as 
DC-SIGN it will therefore be of interest 
to identify whether viruses of different 
co-receptor phenotype or genotypes in 
ICs are differentially transferred by DCs 
(Granelli-Piperno et al., 2005; Nabatov 
et al., 2006). 

The role of neutralizing Abs in an 
HIV immune response is to limit cellular 
infection and virus replication, which par-
tially occurs through the blocking of HIV-1 
binding to the host receptors required for 
infection (Lekkerkerker et al., 2004). We 
demonstrate here that HIV-1 ICs can be 
efficiently captured by DC-SIGN on DCs 
and undergo sufficient transfer to CD4+ T 
lymphocytes. We have shown that FcRs 
facilitate the enhanced capture of HIV-1 
ICs by DC-SIGN on iMDDCs, which is 
in line with the function of iMDDCs to 

capture as much antigen as possible. 
We suggest that the Ab Fc tail of HIV-1 
ICs is captured by FcRs with low affin-
ity, resulting in an efficient transfer of 
the complex to DC-SIGN, which has a 
higher affinity for HIV-1 ICs. The height-
ened capture of HIV-1 by iMDDCs via 
this mechanism would therefore normal-
ly result in degradation of more HIV-1 
particles and the therefore increased 
loading of antigen into MHC class II com-
plexes. However, if the iMDDC encoun-
ters CD4+ T lymphocytes during the deg-
radation process then HIV-1 captured in 
endocytic compartments can fuse with 
the plasma membrane (Garcia et al., 
2005; Kramer et al., 2005) and thereby 
expose Ab dissociated infectious virus to 
the CD4+ T lymphocytes in the synapse.

HIV-1 captured by DC-SIGN can 
reside on the plasma membrane or can 
be internalized by the DC. Confocal mi-
croscopy images demonstrated that 
captured, neutralized or non-neutralized 
HIV-1 was clustered underneath the cell 
membrane and occasionally co-localized 
with DC-SIGN. Our results together with 
published data indicate that internalized 
HIV-1 is released from DC-SIGN for deg-
radation in lysosomes in the endocytic 
pathway, whereas DC-SIGN is redistrib-
uted to the cell surface (Fredericksen et 
al., 2002; Guo et al., 2004). However, 
a proportion of the internalized HIV-1 
manages to survive degradation and can 
be found in CD81-, CD63-enriched com-
partments (Garcia et al., 2005; Kramer 
et al., 2005). These compartments can 
fuse with the plasma membrane upon 
lymphocyte stimulation causing release 
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Figure 7. Model of DC-SIGN mediated capture of HIV-1 in immune complex with neutralizing mAb by 
DCs and release of infectious HIV-1 upon transfer to CD4+ T lymphocytes. Neutralized HIV-1 can either 
be captured by DC-SIGN (location 1) directly or (location 1’) via FcR mediated transfer. At (location 2) the 
captured virus is internalized via receptor-mediated endocytosis and enters an early endocytic compartment 
(location 3), where HIV-1 IC is released from DC-SIGN due to acidification. DC-SIGN recycles back to the 
cell-surface (location 4 and 5). Arrow A, The neutralizing Ab is released from HIV-1 due to a gradual decrease 
of the pH along traveling deeper in the endocytic pathway. Arrow B, HIV-1 is degraded in the lysosome or is 
released as infectious virus by fusion of endocytic compartments with the plasma membrane (arrows C and 
D), which can occur spontaneously (Wubbolts et al., 1996) or is mediated via DC-T signaling. HIV-1 particles 
in the infectious synapse can infect the CD4+ T lymphocytes or can be re-targeted by neutralizing Abs.

of HIV-1 (Wiley and Gummuluru, 2006; 
Wubbolts et al., 1996). We speculate 
that neutralizing Abs dissociate from 
HIV-1 ICs due to an increase in acidifica-
tion, whilst passing through the different 
endocytic compartments, and infectious 
HIV-1 is released during DC-CD4+ T lym-
phocyte contact. We have observed dif-
ferences in transmission of Ab neutral-

ized HIV-1 captured by iMDDCs; the 
b12 mAb provided low transmission or a 
high degree of neutralization whilst 2F5 
provided no neutralization after DC-me-
diated transfer to CD4+ T lymphocytes. 
The differences observed between 2F5 
and b12 could not be explained by dif-
ferences in capture of ICs. One hypoth-
esis is that the affinity of the b12 mAb is 



79
page

3
D

C
-S

IG
N

 M
E

D
IATE

D
 E

VA
S

IO
N

 FR
O

M
 H

IV-1 N
E

U
TR

A
LIZIN

G
 A

B

much higher than the 2F5 mAb to HIV-1 
at lower pH. We have incorporated our 
hypothesis and what is currently known 
in the literature into a schematic model 
(Fig. 7).

Our results imply that in the con-
tinued presence of neutralizing Ab the 
infection of CD4+ T lymphocytes is still 
reduced to low levels suggesting that 
virus emerging from iDCs and within 
the infectious synapse can be targeted. 
This has implications for the in vivo sig-
nificance of our findings and proposed 
immune evasion mechanism. It can be 
envisaged that HIV-1 ICs can be cap-
tured at sites of high Ab concentration 
and infect CD4+ T lymphocytes at a dif-
ferent site where Ab concentration levels 
are lower and less effective. This also 
has implications for HIV-1 transmission 
where HIV-1 coated with neutralizing 
Ab can be captured and cleared of the 
Ab in the host, thereby allowing for the 
establishment of infection. The evasion 
mechanism we propose may also have 
implications for vaccines designed at in-
ducing strong mucosal neutralizing Ab 
responses, which could be rendered 
useless, or less effective, through DC 
capture and subsequent infection of 
CD4+ T lymphocytes in lymph nodes. A 
previous study has demonstrated that 
for mDCs infected with HIV-1 the trans-
mission of virus to CD4+ T lymphocytes, 
although reduced, still occurs in the 
presence of Ab (Ganesh et al., 2004). 
It therefore remains to be determined 
whether mDCs can perform a similar 
capture and transfer of HIV-1 ICs as is 
observed for iDCs.

DC-SIGN expression on iDCs has 
important implications regarding the 
design of HIV-1 vaccines, since viruses 
can bind DC-SIGN and undergo effi-
cient transfer to CD4+ T lymphocytes. 
This can be envisaged as an effective 
means of evasion from neutralizing mAb 
responses in vivo. A vaccine designed 
to block transmission and to induce ef-
fective control of infection through Abs, 
will have to induce Abs with high affin-
ity, such as observed with the b12 mAb, 
in order to prevent DC-SIGN mediated 
evasion at the mucosal surface. It is 
possible that enhanced viral replication 
observed in animals vaccinated against 
FIV or SIV is mediated by the process 
described here (Karlas et al., 1999; Ri-
chardson et al., 1997; Staprans et al., 
2004). 

In a study where chronically and 
acutely infected HIV-1 participants 
were passively immunized with a cock-
tail of 2F5, 4E10 and 2G12 Abs during 
antiretroviral therapy interruption some 
individuals demonstrated delay in viral 
rebound after cessation of treatment 
(Trkola et al., 2005). No escape variants 
against the gp41 directed 2F5 or 4E10 
Abs could be identified whilst variants 
insensitive to 2G12 neutralization were 
found, suggesting 2G12 to be the effec-
tive component of the cocktail. Possibly 
the lack of evasion to the effects of 2F5 
and 4E10 could be due, or partly due, 
to immune evasion by DC capture and 
transfer. Other studies have also shown 
that escape variants against 2G12 can 
be selected in vivo (Armbruster et al., 
2004; Nakowitsch et al., 2005; Trkola et 



80
page

al., 2005). Interestingly, no participants 
demonstrated heightened viral loads 
after rebound compared to before treat-
ment, suggesting no enhancement to in-
fection in the presence of extremely high 
concentrations of the neutralizing Abs 
administered.

Collectively, our results suggest that 
the induction of Abs, able to block HIV-1 
from interacting with DC-SIGN or other 
C-type lectins, will be desirable in future 
vaccines, either prophylactic or thera-
peutic. How this can be achieved given 
the interaction of gp120 with DC-SIGN 
remains to be determined. Alternatively, 
small molecule inhibitors aimed at pre-
venting HIV-1 from stably interacting 
with DC-SIGN should be considered in 

the future design of HIV-1 microbicidal 
or therapeutic agents. 
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Summary 

Human immunodeficiency virus type-1 (HIV-1) preferentially utilizes the CCR5 coreceptor 
for target cell entry in the acute phase of infection, whilst later in disease progression the 
virus switches to the CXCR4-coreceptor in approximately 50% of patients. In response to 
HIV-1 the adaptive immune response is triggered and antibody (Ab) production is elicited 
to block HIV-1 entry. We recently identified that dendritic cells (DCs) can efficiently capture 
Ab-neutralized HIV-1, restore infectivity, and transmit infectious virus to target cells. Here 
we tested the effect of Abs on trans-transmission of CCR5 or CXCR4 HIV-1 variants. We 
observed that transmission of HIV-1 by immature as well as mature DCs was significantly 
higher for CXCR4 than CCR5-tropic viral strains. Additionally, neutralizing Abs directed 
against either the gp41 or gp120 region of the envelope such as 2F5, 4E10, and V3-directed 
Abs inhibited transmission of CCR5 tropic HIV-1, whereas Ab-treated CXCR4-tropic virus 
demonstrated unaltered or increased transmission. To further study the effects of corecep-
tor usage we tested molecularly cloned HIV-1 variants with modifications in the envelope 
that were based on longitudinal gp120 V1 and V3 sequences from a patient progressing to 
AIDS. We observed that DCs preferentially facilitated infection of CD4+ T lymphocytes of 
viral strains with an envelope phenotype found late in disease. Taken together, our results 
illustrate that DCs transmit CXCR4-tropic HIV-1 much more efficiently than CCR5 strains; 
we hypothesize that this discrimination could contribute to the in vivo coreceptor switch after 
seroconversion and could be responsible for the increase in viral load.



88
page

Introduction

Human immunodeficiency virus 
type 1 (HIV-1) primarily infects CD4+ T 
lymphocytes of the immune system with 
monocytes, macrophages, langerhans 
cells (LCs) and dendritic cells (DCs) also 
susceptible to infection (Ostrowski et al., 
1998; Rubbert et al., 1998; Sonza et al., 
1995; Zaitseva et al., 1997). For HIV-1 
entry into target cells the viral envelope 
must first engage with the CD4 receptor 
followed by interaction with a chemok-
ine coreceptor, the two most prominent 
being CCR5 and CXCR4. Viruses utiliz-
ing CCR5 (designated R5 variants) are 
found predominantly at time of trans-
mission and early in infection with the 
CXCR4 using viruses (designated X4 
variants) found later in disease in 50% of 
patients (Berger et al., 1999). The factors 
determining this bottleneck in R5 trans-
mission and the subsequent emergence 
of X4 variants is unknown, although 
cell-type of infection and better immune 
control of X4 viruses early in disease 
have been suggested and critically re-
viewed (Blaak et al., 2000; Regoes and 
Bonhoeffer, 2005; van Rij et al., 2000). 

It has been shown that LCs are 
amongst the first cells HIV-1 encoun-
ters in the mucosal epithelia (Hu et al., 
1998; Miller, 1998; Miller and Hu, 1999; 
Sugaya et al., 2004). Although LCs can 
be infected with HIV-1 at high viral input 
the majority of virus is captured by the 
cell protein langerin and degraded in 
Birbeck granules after internalization 
(de Witte et al., 2007; Pope et al., 1994; 
Reece et al., 1998). In the sub-epithe-
lium HIV-1 encounters immature DCs 

(iDCs) which do not express langerin 
but express other C-type lectins, such 
as DC-SIGN, that capture HIV-1 through 
interacting with the viral gp120 enve-
lope protein (Geijtenbeek et al., 2000). 
Although most captured virus is de-
graded by iDCs a fraction can be trans-
mitted to CD4+ T lymphocytes in trans. 
Transmission of virus occurs via the for-
mation of an immunological synapse in 
which HIV-1 is recruited to the contact 
site between the DC and CD4+ T lym-
phocyte (Arrighi et al., 2004). At this site 
CD4 and coreceptors are concentrated 
on the lymphocyte membrane leading 
to efficient HIV-1 trans-infection of CD4+ 
T lymphocytes (Garcia et al., 2005; Mc-
Donald et al., 2003). DCs can also be 
infected with HIV-1. Transmission of de 
novo produced virions to CD4+ T lym-
phocytes by DCs occurs approximately 
after 48 hours and is termed transmis-
sion in cis (Canque et al., 1999; Cavrois 
et al., 2007; Ganesh et al., 2004; Smed-
Sorensen et al., 2005; Turville et al., 
2004). Although iDCs carry the CCR5 
as well as CXCR4-coreceptor, only R5 
viruses are efficiently produced by this 
cell type, which may partially explain for 
the preferential outgrowth of R5 variants 
upon horizontal sexual transmission. It 
has been postulated that productive in-
fection of DCs or LCs followed by HIV-1 
transmission in cis is responsible for 
the onset of acute infection rather than 
transmission in trans (Hu et al., 2000; 
Sugaya et al., 2004). Upon infection or 
capture of HIV-1 by iDCs, the cells differ-
entiate into mature DCs (Harman et al., 
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2006). Since matured DCs leave the epi-
thelial layer and migrate to lymph nodes, 
DCs are thought to act as a Trojan horse 
to deliver HIV-1 to a pool of susceptible 
CD4+ T lymphocytes (Randolph et al., 
2005). 

Infection with HIV-1 induces an 
adaptive immune response in the host 
leading to the production of antibodies 
(Ab). Neutralizing Abs bind to the viral 
envelope and prevent infection whilst 
non-neutralizing Abs can mediate their 
effects via either the induction of anti-
body-dependent cell-mediated cytotox-
icity (ADCC) responses (Hessell et al., 
2007) or via complement-mediated virion 
lysis (Huber et al., 2006). The non-neu-
tralizing Abs induced in the early acute 
phase of infection have been associ-
ated with control of viral load via com-
plement virion lysis, whilst neutralizing 
Abs appear later in disease. Moreover, 
both types of Ab inhibit HIV-1 replication 
in iDCs, thereby preventing transmis-
sion of de novo produced HIV-1 (Holl et 
al., 2006b; Holl et al., 2006a). Despite 
the high variation in the Ab repertoire 
only a few broadly neutralizing Abs di-
rected against the gp41 region, 2F5 and 
4E10 (Muster et al., 1993; Purtscher et 
al., 1994; Purtscher et al., 1996; Stie-
gler et al., 2001; Zwick et al., 2001) or 
the gp120 envelope region, 2G12 and 
b12 (Baba et al., 2000; Sanders et al., 
2002b), have been found to efficiently 
block HIV-1 target cell infection. Passive 
immunization of rhesus macaques with 
these Abs partially protected the animals 
from long-term infection (Baba et al., 
2000; Shibata et al., 1999), whereas im-

munization of acute- or chronic-infected 
HIV-1 patients with a cocktail of 2F5, 
4E10 and 2G12 Abs decreased viral 
load temporarily (Trkola et al., 2005). 
Interestingly, these patients developed 
2G12-sensitive viral escape mutants, 
whereas no escape mutants were ob-
served against the 2F5 or 4E10 Abs 
(Manrique et al., 2007), suggesting that 
HIV-1 can efficiently circumvent neutral-
ization via another mechanism (Wei et 
al., 2003). 

We have previously demonstrated 
that HIV-1 neutralized with either 2F5, 
4E10 or other broadly neutralizing Abs 
can be efficiently captured by imma-
ture monocyte-derived dendritic cells 
(iMDDCs) and transferred to CD4+ T 
lymphocytes (van Montfort et al., 2007), 
in a process we called trans-transmis-
sion. Here, we investigated whether 
capture and transfer by iMDDCs is in-
fluenced by the viral phenotype. We 
show that iMDDCs as well as Raji-DC-
SIGN cells capture and transfer prefer-
entially X4 opposed to R5 variants. We 
demonstrate that Ab-treated R5 HIV-1 
is always stronger inhibited in transmis-
sion by iMDDCs or Raji-DC-SIGN cells 
compared to Ab-treated X4 HIV-1. Fur-
thermore, we demonstrate that other 
types of DCs preferentially transmit X4 
HIV-1 over R5 strains in the presence or 
absence of neutralizing Abs. Taken to-
gether our data suggest that in the pres-
ence of Abs the more efficient transmis-
sion of X4 HIV-1 by DCs may play a role 
in the often observed switch from R5 to 
X4 during disease progression after ini-
tiation of the adaptive immune response.
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Materials and methods

Antibodies and reagents. The 
DC-SIGN specific mAb AZN-D1 was used 
to block HIV-1 interacting with DC-SIGN; 
an IgG1 mouse mAb (ITK Diagnostics) 
was included as an isotype control. Human 
mAbs 2F5 and 4E10 directed against HIV-1 
envelope gp41, 2G12, 1.7b, 4.8D, and b12 
directed against gp120, and V3-13 and 
V3-21 directed against the V3 loop of gp120, 
were obtained from the National Institute for 
Biological Standards and Control (NIBSC). 
All Abs had the IgG1 isotype and were used 
at 20 mg/ml. sCD4 (20 mg/ml) and Indinavir (1 
mM) were obtained from NIBSC. PE-labeled 
DC-SIGN, CD3-labeled APC, CD1A-FITC, 
CD14-FITC, CD83-PE, CD86-FITC, HLA-
DR-PerCP, CD11b, CD11c, streptavidin-
PerCP-Cy5.5 (BD-Pharmingen), biotinylated 
ICAM-1 (R&D Systems, Abingdon, United 
Kingdom), donkey-anti-human-Cy5 (Jackson 
ImmunoResearch Europe Ltd, Suffolk, United 
Kingdom) and CA-p24 FITC were utilized for 
FACS analyses at 50 or 200-fold dilution for 
primary and secondary Abs respectively. 

Cells. The Raji control cell line and Raji 
cells expressing DC-SIGN (Raji-DC-SIGN) 
were generated and used as described 
(Geijtenbeek et al., 2000). Both cell lines 
were cultured in RPMI 1640 medium con-
taining 10% fetal calf serum. DC-SIGN ex-
pression by Raji-DC-SIGN cells was posi-
tively selected with neomycin (2 mg/ml) and 
routinely monitored by FACS analysis using 
the PE-labeled DC-SIGN Ab. The iMDDCs 
were prepared as previously described 
(Sallusto and Lanzavecchia, 1994). In short, 

human blood monocytes were isolated from 
buffy coats by use of a Ficoll gradient and 
a subsequent CD14 selection step using 

a MACS system (Miltenyi Biotec GmbH, 
Bergisch Gladbach, Germany). Purified 
monocytes were differentiated into iMDDCs 

in the presence of interleukin-4 (IL-4) and 
granulocyte-macrophage colony-stimulating 
factor (500 and 800 U/ml, respectively; 
Schering-Plough, Brussels, Belgium) and 
used on day 6. Mature monocyte-derived 
DCs (mMDDCs) were obtained on day 6 
after stimulating iMDDCs on day 5 with 20 
mg poly:IC per ml (Sigma-Aldrich, St. Louis, 
MO). The phenotype of both types of DCs 
was confirmed by flow cytometry with MHC 
class II molecules, CD1a, CD11b, CD11c, 
CD14, ICAM-1, CD83 and CD86. Low level 
surface expression of CD83, CD86 and MHC 
class II was detected for iMDDCs with high 
DC-SIGN expression, whereas mMDDCs 
positively stained with the CD83, CD86 and 
MHC class II Abs with an reduced DC-SIGN 
expression (Supplemental data I). Myeloid 
DCs were isolated from PBMCs with the 
BDCA-1+ DC isolation kit (Miltenyi Biotec, 
Bergisch Gladbach, Germany). In short, 
CD19+ B cells were removed from PBMCs, 
FcRs were blocked and myeloid DCs were 
isolated by positive selection with the BDCA-
1-biotin and anti-biotin microbeads. PBMCs 
were isolated from fresh buffy coats (Central 
Laboratory Blood Bank, Amsterdam) by 
standard Ficoll-Hypaque density centrifu-
gation and checked by PCR for the CCR5 
D32 allele. PBMCs from three donors were 
pooled, frozen in multiple vials and, when 
required, thawed, activated with phytohe-
magglutinin (PHA) at 2 μg/ml and cultured 
in RPMI supplemented with recombinant in-
terleukin-2 (rIL-2) at 100 U/ml. On day 3 of 
culture, CD4+ T lymphocytes were enriched 
by depleting CD8+ T lymphocytes using CD8 
immunomagnetic beads (Dynal, Invitrogen, 
Breda, Netherlands); CD4+ T lymphocytes 
were cultured for 2 days in RPMI with rIL-2.

Virus. C33A cervix carcinoma cells 
were transfected with 40 ng JR-CSF (R5), 
LAI (X4) or envelope-modified molecular 
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cloned HIV-1 proviral DNA per 75 cm2 flask. 
Molecular cloned HIV-1 constructs contain 
the LAI backbone with an HXB2 envelope. 
Mutations in the V1 and V3 variable loops 
of the HXB2 envelope were generated 
according to mutations identified in the 
envelope from a patient from the Amsterdam 
cohort studies (ACH168) (Pollakis et al., 
2001). Virus stock was assayed for tissue 
culture infectious dose (TCID50) on CD4+ 
enriched T lymphocytes. 

Virus capture. Neutralized or control 
HIV-1 (Ca-p24 at 15-40 ng/ml) was incubated 
for 2 hrs at 37°C with 4.0 x 106 Raji, Raji-
DC-SIGN cells. Unbound virus was removed 
by washing three times with PBS or medium. 
Cells were lysed in 1% empigen and 
incubated at 56°C for 1 hr. Cell-debris was 
pelleted and HIV-1 capture was determined 
by CA-p24 detection with ELISA in quadru-
plicates.

Virus neutralization. A fixed dose 
of HIV-1, 200 TCID50 for infection and 400 
TCID50 for transmission, was incubated for 
1 hr at 37°C with neutralizing Ab or control 
IgG1 Ab before experimental use. 

HIV-1 infection. PHA-activated CD4+ 
T lymphocytes (1.5 x 105 / well) were co-
cultured with or without Raji, Raji-DC-SIGN 
or iMDDCs (0.3 x 105 / well) treated with or 
without AZN-D1 for 30 min and inoculated 
with 200-5000 TCID50 control or neutralized 
HIV-1 in the continued presence of control 
Ab or neutralizing Ab. Medium was removed 
after 48 hrs and cells were cultured in fresh 
RPMI, containing rIL-2 (100 U/ml) and 
indinavir (1 mM) for 3 days. Infection of CD4+ 
T lymphocyte was measured by following in-
tracellular CA-p24 expression by FACS flow 
cytometry per 1.0 x 105 CD3+ T lymphocytes.

HIV-1 transmission. 1.0 x 105 iMDDCs, 
mMDDCs, myeloid DCs or Raji-DC-SIGN 
cells were incubated for 2 hrs with neutral-

ized or control HIV-1 at 37°C. Unbound virus 
was removed by washing and cells were co-
cultured with 1.5 x 105 CD4+ T lymphocytes in 
a 96 wells plate. Medium was removed after 
48 hrs and cells were cultured in fresh RPMI, 
containing rIL-2 (2 mg/ml) and indinavir (1 mM) 
for 3 days. Transmission was determined as 
the number of infected CD4+ T lymphocytes 
measured by following intracellular CA-p24 
expression by FACS flow cytometry per 1.0 
x 105 CD3+ T lymphocytes.

FACS staining. Cells were washed 
three times with cold PBS and fixed in 
3.7% PFA in PBS for 20 min. Fixative was 
quenched with 20 mM glycine in PBS for 10 
min and cells were permeabilized in 0.1% 
saponin, 1% BSA in PBS for 30 min, and sub-
sequently stained with FITC-labeled CA-p24 
and CD3-labeled Allophycocyanin (APC) for 
1 hr. Excess Ab was removed by a double 
wash with permeabilization buffer and once 
with 1% BSA in PBS. Subsequently, cells 
were resuspended and maintained in PBS 
until analyzed.

Statistics. Statistical significance was 
determined using the unpaired t test (two 
tailed) and indicated with stars. * P ≤ 0.05, ** 
P ≤ 0.005, *** P ≤ 0.0005

Results

Raji-DC-SIGN cells mediate effi-
cient transmission of 2F5-neutralized 
X4 but not R5 virus. We previously 
demonstrated that an R5X4 strain of 
HIV-1 pre-incubated with a fully neutral-
izing concentration of the 2F5 Ab was 
more efficiently transmitted to CD4+ T 
lymphocytes than non-neutralized virus 
(van Montfort et al., 2007). Here we in-
vestigated the transmission of JR-CSF 
(R5) or LAI (X4) by Raji-DC-SIGN cells 
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when virus was pre-treated with 2F5 Ab. 
Raji-DC-SIGN cells were loaded either 
with control- or 2F5-treated R5 or X4 
virus. After removal of unbound virus, 
cells were incubated with CD4-enriched 
T lymphocytes to quantify transmission 
by measuring CA-p24 trans-infected 
CD4+ T lymphocytes by FACS flow cy-
tometry (Fig. 1A). The transmission ef-
ficiency of 2F5-neutralized R5 HIV-1 by 
Raji-DC-SIGN cells was 62% (P < 0.05) 
compared to transmission of control Ab-
treated R5 HIV-1 (Fig. 1B). Transmission 
could be blocked to a residual 10% (P 
< 0.005) by re-addition of fresh 2F5 Ab, 

implying that captured 2F5-neutralized 
R5 HIV-1 was released as infectious 
virus. In contrast to the R5 virus strain, 
transmission of the 2F5-neutralized X4 
variant by Raji-DC-SIGN cells increased 
to 160% (P < 0.05), compared to the 
isotype control (Fig. 1C). This indicates 
that the X4 HIV-1 variant has an advan-
tage over the R5 strain in transmission 
when neutralized with the 2F5 Ab. Al-
though transmission was enhanced for 
2F5-neutralized X4 HIV-1, re-addition of 
2F5 efficiently blocked transmission by 
90% (P < 0.0001), similar to that was 
seen with the R5 variant, illustrating that 
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Figure 1. Raji-DC-SIGN cells discriminate 
between transmission of 2F5-neutralized X4 
and R5 HIV-1. (A) Transmission of control R5 
(upper row) or X4 (lower row) (-/-) or 2F5-treated 
R5 or X4 (-/+) by Raji-DC-SIGN cells and trans-
mission of 2F5-treated virus in the presence of 
2F5 Ab in the subsequent culture with CD4-cells 
(+/+). The percentage of transmission was nor-
malized to control virus and plotted as percent-
age of trans-infected CD4+ T lymphocytes. (B) 
Transmission of R5, and (C) X4 HIV-1. Data 
is shown as mean values of triplicates ± SD 
in bars. (D) Capture of R5 or X4 HIV-1 by Raji 
or Raji-DC-SIGN cells with 15 ng CA-p24 viral 
input per ml. (E) Capture of 2F5-neutralized R5 
or X4 HIV-1 by Raji-DC-SIGN cells with a 40 
ng CA-p24 viral input per ml. Results represent 
data from three independent experiments.
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both strains were sensitive to 2F5 neu-
tralization upon transmission. 

To investigate whether the differ-
ences observed in transmission of 2F5-
neutralized R5 or X4 HIV-1 were medi-
ated by differences in viral binding to 
DC-SIGN we measured intracellular 
viral CA-p24 captured by Raji-DC-SIGN 
or control Raji cells by ELISA (Fig. 1D). 
R5 (1.6 ± 0.1 CA-p24 ng/ml) and X4 

HIV-1 (2.1 ± 0.2 CA-p24 ng/ml) were 
captured by Raji-DC-SIGN with rather 
similar efficiency, whereas DC-SIGN 
negative cells did not capture either vari-
ants. These results indicate that the dif-
ference observed in transmission of R5 
and X4 HIV-1 was not caused by vari-
ation in capture. Neutralization of R5 
HIV-1 with 2F5 Ab had a limited effect on 
capture, whereas X4 HIV-1 capture was 
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Figure 2. Effect of different antibodies and soluble CD4 on transmission and infection. (A) Transmis-
sion by Raji-DC-SIGN cells of R5 and X4 HIV-1 pre-treated the Abs 4E10, 1.7b, 4.8d, 2G12, b12 or with 
sCD4. Transmission of R5- and X4-treated HIV-1 was normalized for transmission of control virus and plotted 
as mean values of triplicates ± SD. (B) Infection of CD4+ cells with neutralized or untreated R5 and X4 HIV-1 
(200 TCID50) in the presence of Raji-DC-SIGN cells. (C) Infection of untreated or 2F5-neutralized R5 and 
X4 HIV-1 (5000 TCID50). Data represent the results of two independent experiments and is plotted as mean 
values of quadruplicates ± SD, normalized to control HIV-1. (D) Transmission of R5 and X4 HIV-1 treated 
with gp41-directed Abs 2F5 and 4E10, gp120-directed Abs 1.7b, 4.8d, 2G12, and b12, V3-directed Ab V3-13, 
V3-21 or sCD4 by iMDDCs. Data is plotted as mean values of quadruplicates ± SD, normalized to control 
HIV-1 and represents the results of three independent experiments.
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increased 2 fold (P < 0.0001) upon 2F5-
neutralization (Fig. 1E). These results 
suggest that the increase in transmis-
sion observed in Fig. 1C is probably 
mediated by an increase in capture of 
neutralized X4 HIV-1. Interestingly, al-
though 2F5 neutralization of R5 virus 
had only a moderate positive effect on 
DC-SIGN-mediated capture, a decrease 
in transmission was observed (Fig. 1B), 
suggesting that a proportion of transmit-
ted R5 virus remained neutralized during 
transmission. 

Effect of variant Abs on HIV-1 
transfer. Since the 2F5 Ab had a dif-
ferential transmission effect on R5 and 
X4 viruses we tested additional Abs; one 
directed against gp41 and four against 
gp120 (Fig. 2A). Neutralization of R5 
HIV-1 with the gp41-directed Ab 4E10 
did not alter transmission by Raji-DC-
SIGN cells, whereas a small increase 
was observed for the X4 virus (116%, P 
< 0.005). Pre-neutralization of JR-CSF 
with 2G12 prior to capture efficiently 
blocked transmission to 36%, whereas 
transmission of LAI was blocked to 63%. 
The CD4 dependent Abs 1.7b and 4.8d 
were capable of inhibiting transmis-
sion of the R5 virus to 44% and 46%, 
respectively, whereas transmission of 
4.8d-treated X4 virus was reduced to 
75% and no effect was measured with 
the 1.7b Ab. These results with the 1.7b 
and 4.8d Abs indicate that HIV-1 binding 
occurs under the assay conditions used. 
The only Ab that efficiently blocked trans-
mission of both virus strains was b12. 
These data imply that many Abs loose 
the capacity to neutralize HIV-1 during 

capture and transmission by Raji-DC-
SIGN cells and that X4 HIV-1 is always 
more efficiently transmitted after treat-
ment with Abs before capture than R5 
virus. Since the b12 Ab targets the CD4-
binding site of the envelope we tested 
the effect of sCD4 on transmission of R5 
and X4 HIV-1 variants. Transmission of 
sCD4-treated JR-CSF was reduced to 
55%, whereas no effect was observed 
for the LAI strain. These results indicate 
that Raji-DC-SIGN cells can capture 
X4 as well as R5 HIV-1 in complex with 
sCD4 and that subsequent transmission 
is possible. 

We next determined the Ab-neu-
tralization sensitivity of both the R5 and 
X4 strains with 2F5, 4E10 and 2G12 on 
CD4+ T lymphocytes in the presence of 
Raji-DC-SIGN cells. Both viruses were 
efficiently neutralized by ~80% with the 
2F5 and 2G12 Abs (Fig. 2B). In con-
trast, the 4E10 Ab was less efficient at 
neutralizing LAI (~50%) than JR-CSF 
(~83%). To determine the 2F5-neutrali-
zation sensitivity of JR-CSF and LAI in 
the absence of Raji-DC-SIGN cells we 
increased the viral input 25-fold to 5000 
TCID50 to measure direct infection of 
CD4+ T lymphocytes (Fig. 2C). Infec-
tion of both strains was fully inhibited 
in the presence of 2F5. Taken together 
the difference in transmission efficiency 
of neutralized R5 and X4 viruses is not 
caused by variations in neutralization 
sensitivity. 

Since the above results were ob-
tained with Raji-DC-SIGN cells (Geijten-
beek et al., 2000) we studied the effect of 
Abs on transmission of R5 and X4 viruses 
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by iMDDCs derived from human blood 
monocytes (Fig. 2D). Here we included 
Abs directed against the V3 region of the 
envelope (V3-13 and V3-21). Transmis-
sion of 2F5-treated JR-CSF was reduced 
to 63% of control treated virus, whereas 
transmission of 2F5-treated LAI was in-
creased to 170% (P < 0.05), similar as 
previously observed with Raji-DC-SIGN 
cells (Fig. 1C). Transmission of LAI was 
increased upon treatment with 4E10 Ab 
(P < 0.05), whereas treatment had no 
effect on JR-CSF. Transmission of R5 
and X4 viruses by iMDDCs with respect 
to 1.7b, 4.8d, 2G12, or b12 Ab neutrali-
zation was highly comparable to trans-
mission by Raji-DC-SIGN cells. Moreo-
ver, both V3-directed Abs V3-13 and 
V3-21 stimulated transmission of LAI 
and blocked transmission of JR-CSF, 
suggesting that X4 viruses have a strong 
beneficial transmission advantage over 
R5 viruses when neutralized with either 
gp41-directed Abs or V3-directed Abs. 

Neutralized HIV-1 can be ren- 
dered infectious through capture by 

mMDDCs. When comparing absolute 
viral transmission by iMDDCs meas-
ured as number of infected CD4+ T lym-
phocyte, X4 HIV-1 is 2.4-fold (P < 0.001) 
more efficiently transferred than R5 virus 
(Fig. 3A). In the presence of the 2F5 Ab 
the difference in transmission between 
the R5 and X4 virus increased to 7.5-
fold (Fig. 3A). A 2.2-fold difference in 
transmission of R5 and X4 HIV-1 was 
observed upon treatment with the 2G12 
Ab, which partially blocked transfer of 
both viruses. As seen previoulsy in figure 
2D the b12 Ab fully blocked transmission 
of both strains. 

Next we studied whether mature 
monocyte-derived DCs (mMDDCs) 
transferred R5 and X4 viruses simi-
larly as iMDDCs. The mMDDCs trans-
ferred virus more efficiently to CD4+ T 
lymphocytes than did the iMDDCs cells 
(Fig. 3B): 10-fold for R5 and 7-fold for 
X4 HIV-1, which is in line with previous 
studies (Sanders et al., 2002a). As ob-
served with iMDDCs, isolated mMDDCs 
transferred X4 virus more efficiently 
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Figure 3. mMDDCs transmit HIV-1 more efficiently compared to iMDDCs and facilitate transmission 
of X4 HIV-1 over R5 HIV-1. Transmission of R5 and X4 HIV-1 pre-neutralized with 2F5, 2G12, and b12 by 
iMDDCs (A) and mMDDCs (B). Data represent the percentage of trans-infected CD4+ T lymphocytes plotted 
as mean values of quadruplicates ± SEM of two independent experiments.
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to CD4+ T lymphocytes than R5 virus 
(Fig. 3B). Treatment of HIV-1 with 2F5 
or 2G12 reduced transmission of X4 
virus (30% and 68%, respectively) and 
R5 virus (25% and 77%, respectively), 
whereas the b12 Ab fully blocked trans-
mission of both strains. These results 
indicate that mMDDCs can also reverse 
2F5-viral neutralization after capture, 
but less effciently than iMDDCs.

Myeloid DCs preferentially 
transmit X4 HIV-1. Since iMDDCs and 
mMDDCs are differentiated in vitro from 
monocytes we characterized virus trans-
fer with physiologically more relevant 
in vivo obtained myeloid DCs. Isolated 
myeliod DCs from four different donors 
(A – D) were analyzed by FACS cy-
tometry with ~85% of the cells positive 
for BDCA-1 and CD11c whilst nega-
tive for CD3, 14, 16, 19, 20, 56 (data 
not shown). Transmission of R5 HIV-1 

by myeloid DCs was extremely low for 
all donors, with donor A demonstrat-
ing no viral transfer (Fig. 4). Interest-
ingly, donor A was heterozygous for the 
CCR5D32 allele, suggesting that CCR5 
expression by myeloid DCs may play a 
role in transmission of R5 HIV-1 in trans. 
All four donor myeloid DCs showed a 
higher level of viral transfer with the X4 
isolate than with the R5 strain. Treat-
ment with 2F5 did not influence trans-
mission of either virus strain, illustrating 
that myeloid DCs can render neutralized 
virus particles infectious. Pre-treatment 
of virus with 2G12 inhibited myeloid DC 
transfer of JR-CSF from donor D by 81% 
with LAI transfer inhibited by 73% for 
donors A, B and D and 99% for donor 
C. As previously shown for the iMDDCs 
and mMDDCs, b12 strongly blocked 
transmission of both strains. Further-
more, these results demonstrate that 
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Figure 4. Myeloid DCs preferentially transmit X4 HIV-1 over R5 HIV-1. R5 and X4 HIV-1 were pre-
incubated with 2F5, 2G12, or b12 Ab before capture by myeloid DCs isolated from blood of four different 
donors and transmission was measured as percentage of trans-infected CD4+ T lymphocytes and plotted in 
log scale.
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Figure 5. Capture and transmission of R5X4 and X4 HIV-1 by Raji-DC-SIGN cells is dependent on the 
amino acid sequence of the V1 and V3 loop on gp120. (A) Envelope sequence and coreceptor usage of 
the molecular cloned HIV-1 variants (Pollakis et al., 2001). (B) Capture of viruses by Raji or Raji-DC-SIGN 
cells with a 15 ng/ml viral CA-p24 input. (C) Capture of control and 2F5-neutralized HIV-1 clones by Raji-DC-
SIGN cells with a 40 ng/ml CA-p24 input. (D) Transmission of control and 2F5-neutralized HIV-1 clones by 
Raji-DC-SIGN cells. Transmission of neutralized HIV-1 was normalized to control HIV-1 and plotted as mean 
values of triplicates ± SD and represents results of three independent experiments.
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also myeloid DCs, whether the virus was 
neutralized or not, can transfer X4 HIV-1 
more efficiently to susceptible CD4+ T 
lymphocytes.

Influence of the V1 and V3 loops 
of gp120 on transmission. We analyzed 
transmission of R5 and X4 HIV-1 further 
by studying a panel of molecular cloned 
viruses variant in their coreceptor phe-
notype. The gp120 envelope sequence 
of these virus clones was based on mu-
tations found in envelope sequences in 
the V1 and V3 region of gp120 from a 

patient progressing in AIDS. The viruses 
were composed of the LAI backbone 
with selected modifications in the V1 
and V3 regions as previously described 
(Pollakis et al., 2001). A V1 insertion pro-
vided an additional N-linked glycosyla-
tion site and the V3 region increased in 
overall positive amino acid charge, with 
loss of a N-linked glycosylation site. The 
coreceptor usage phenotype of these 
viruses has been previously tested and 
is shown in Fig. 5A. These viruses rep-
resent a switch in coreceptor phenotype 
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Figure 6. DC-SIGN-expressing cells preferentially transmit viral variants, arising later in infection. (A) 
CD4+ T lymphocytes were co-cultured with Raji-DC-SIGN cells and infected with molecular cloned R5, early 
and late R5X4 or X4 HIV-1 in the absence or presence of 2F5 Ab. (B) CD4+ T lymphocytes were cultured 
with Raji-DC-SIGN cells or with (C) iMDDCs and infected with untreated or 2F5-neutralized R5 or X4 HIV-1. 
Data represent results of two independent experiments and was plotted as the mean of triplicates ± SD as 
percentage of infected CD4+ T lymphocytes. (D) Infection of CD4+ T lymphocytes by increasing amounts of 
R5 or X4 HIV-1 in the presence or absence of 2F5. Data represents mean of quadruplicates ± SD at indicated 
viral input. 
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from that of R5 through R5X4 to X4. 
Capture of the different molecu-

lar cloned viruses by Raji-DC-SIGN or 
control cells was determined by meas-
uring intracellular captured CA-p24 
(Fig. 5B). Raji-DC-SIGN cells captured 
2.5-3.3 ng/ml CA-p24 of all strains and 
no virus uptake was seen with Raji cells. 
The two viruses with the additional gly-
cosylation site are the best captured 
as previously reported (Nabatov et al., 
2006). The effect of 2F5-Ab-neutrali-
zation on capture of the different virus 
strains by Raji-DC-SIGN cells is shown 
in Fig. 5C. The two R5 strains 289 and 
293, neutralized with 2F5, were as ef-
ficiently captured as untreated virus. 
No difference in DC-SIGN capture was 
observed for the 293.10 R5X4 strain 
upon 2F5 treatment, whereas a 2-fold 
increase (P < 0.0001) was observed 
with the R5X4 299.10 strain. This sug-
gests that capture by DC-SIGN of 2F5-
neutralized HIV-1 is influenced by an 
increase in the charge of the V3 loop. 
The 299.10DgV3 R5X4 strain and the 
311.10DgV3 X4 strain were also more 
efficiently captured when neutralized by 
2F5, 1.3 and 1.5 fold respectively (P < 
0.005). These results illustrate that X4 
HIV-1 variants are more efficiently cap-
tured by DC-SIGN upon neutralization 
with the 2F5 Ab.

The effect of 2F5-neutralization on 
transmission by Raji-DC-SIGN of the 
molecular cloned viruses is shown in 
Fig. 5D. Transmission of 289, 293 and 
293.10 were reduced by 33% (P < 0.05), 
15%, and 37% (P < 0.05), respectively 
upon treatment with 2F5. Neutraliza-

tion with 2F5 of the 299.10, 299.10DgV3 
(P < 0.05) and 311.10DgV3 increased 
transmission. From these results we 
conclude that molecular clones with an 
X4 or R5X4 phenotype with a higher 
V3 charge are preferentially transmit-
ted upon neutralization with 2F5. Moreo-
ver there is a link between capture and 
transmission of 2F5-neutralized virus, as 
seen with the R5 and X4 HIV-1 shown in 
Fig. 1. 

DC-SIGN-expressing cells pref-
erentially enhance CD4+ T lymphocyte 
infection of X4 over R5 HIV-1. Rever-
sion of neutralized HIV-1 to infectious 
HIV-1 upon transmission by DC-SIGN 
expressing cells is more efficient for X4 
viruses compared to R5 strains. The effi-
ciency of transmission by Raji-DC-SIGN 
cells in the continuous presence of fully 
neutralizing concentrations of 2F5 was 
tested in an infection assay (Fig. 6). 
The 289, 293 and 293.10 viruses in-
fected ~1.7% of CD4+ T lymphocytes 
in the presence of Raji-DC-SIGN cells, 
whereas infection with the 299.10, 
299.10DgV3 and 311.10DgV3 strains in-
creased by 5%, 34% and 30%, respec-
tively (Fig. 6A). Upon neutralization with 
2F5 CD4+ T lymphocytes showed higher 
levels of infection with the 299.10, 
299.10DgV3, and 311.10dDgV3 viruses 
(1%, 7.5% and 5%, respectively) in com-
parison to ~0.35% infection with the 
289, 293, and 299 strains. An overall 
neutralization of 80% was observed for 
all strains, presumably due to re-neu-
tralization of released particles. These 
results demonstrate that there is a pref-
erential enhancement of transmission of 
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X4-strains compared to R5-tropic HIV-1 
by Raji-DC-SIGN cells in the absence or 
presence of neutralizing Ab. We further 
analyzed the transmission by Raji-DC-
SIGN cells (Fig. 6B) and iMDDCs (Fig. 
6C) of JR-CSF and LAI with this infec-
tion assay. Infection of CD4+ T lym-
phocytes by LAI was more efficient than 
by JR-CSF in the presence of Raji-DC-
SIGN cells (Fig. 6B) or iMDDCs (Fig. 
6C), 5- and 4-fold, respectively. Infection 
by neutralized X4 virus was also more 
efficient when compared to neutralized 
R5 virus, with both types of DC-SIGN 
positive cells. The infection efficiency of 
JR-CSF and LAI on CD4+ T lymphocytes 
without DC-SIGN expressing cells is il-
lustrated in Fig. 6D. At low viral input 
(200 TCID50) no significant infection 

could be detected for both strains. At 
high viral input (5,000 TCID50) infection 
of CD4+ T lymphocyte was ~0.25% for 
JR-CSF and about 2-fold higher for LAI 
(~0.45%). These results illustrate that X4 
HIV-1 infects CD4+ T lymphocytes more 
efficiently than R5 HIV-1, likely due to 
the level of coreceptor expression. Neu-
tralization with 2F5, however, strongly 
blocked infection of CD4+ T lymphocytes 
at high viral input for both strains, which 
was not observed when Raji-DC-SIGN 
cells or iMDDCs were present in the co-
culture (Fig 6B and 6C). These data il-
lustrate that DC-SIGN expressing cells 
are required to allow efficient HIV-1 in-
fection of CD4+ T lymphocytes in the 
presence of neutralizing Abs.

Blocking DC-SIGN on iMDDCs 

Table 1. The importance of DC-SIGN on iMDDCs in neutralization of R5, R5X4 or X4 HIV-1 by 2F5

Virus was treated with IgG1 or 2F5 and/or DC-SIGN on iMDDCs was blocked and infection 
of CD4+ T lymphocytes was measured in presence of Ab. Data were analyzed and plotted 
as mean values of quadruplicates normalized to control HIV-1, ± SD. a[Expected inhibition 
= percentage 2F5 neutralization + (100% - percentage 2F5 neutralization) X percentage 
DC-SIGN inhibition] 

 132 

Supplemental data I. Expression profile iMDDCs, mMDDCs, monocytes and 

Raji-DC-SIGN cells. Light grey filled line represents unstained cells and black line 

represents specific staining profile. 

  

TABLE 1. The importance of DC-SIGN on iMDDCs in neutralization of R5, R5X4 

or X4 HIV-1 by 2F5 

 

Percentage of inhibition compared to control infection 

 Antibody treatment 

HIV-1 strain 2F5 DC-SIGN 

2F5 and DC-

SIGN 

expecteda 

2F5 and DC-

SIGN 

measured 

289 72% ± 6.6% 42% ± 9.7% 84% 90% ± 2.7% 

293 60% ± 5.1% 29% ± 5.7% 72% 88% ± 8.5% 

293.10 77% ± 5.7% 31% ± 12.0% 84% 93% ± 3.3% 

299.10 77% ± 14.5% 31% ± 39.2% 84% 90% ± 19.6% 

299.10gV3 75% ± 3.4% 51% ± 24.3% 88% 90% ± 3.6% 

311.10gV3 74% ± 22.4% 41% ± 23.6% 85% 92% ± 8.1% 

JR-CSF 86% ± 3.2% 37% ± 11.5% 91% 95% ± 1.2% 

LAI 72% ± 4.4% 44% ± 4.8% 84% 80% ± 5.6% 

 

Virus was treated with IgG1 or 2F5 and/or DC-SIGN on iMDDCs was blocked 

and infection of CD4+ T lymphocytes was measured in presence of Ab. Data 

were analyzed and plotted as mean values of quadruplicates normalized to 

control HIV-1, ± SD. a[Expected inhibition = percentage 2F5 neutralization + 

(100% - percentage 2F5 neutralization) X percentage DC-SIGN inhibition]  
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strengthens HIV-1 neutralization by 
2F5. To investigate the role of DC-SIGN 
in HIV-1 infection of CD4+ T lymphocytes 
mixed with iMDDCs, we pre-treated the 
iMDDCs with a DC-SIGN-blocking Ab 
and inoculated the cell mixture with HIV-1 
variants in the presence or absence of 
2F5 (Table 1). Blocking DC-SIGN on 
iMDDCs resulted in a reduced infection 
of all viruses varying from 29 to 51%, il-
lustrating the importance of DC-SIGN in 
capture and transfer of HIV-1 to CD4+ 
T lymphocytes. The effect of 2F5-neu-
tralization on CD4+ T lymphocyte infec-
tion with the different molecular strains 
varied between 60-86% and was on 
average 75%. The measured inhibition 
of infection when blocking with both 2F5 
and anti-DC-SIGN proved to be higher 
than predicted, except for LAI. These 
results than indicate that DC-SIGN on 
iMDDCs reduces the efficacy of anti-
body neutralization. 

Discussion

Over the HIV-1 disease course 
the coreceptor phenotype of the virus 
switches from R5 to X4 in ~50% of in-
fected individuals. The utilization of the 
CXCR4 coreceptor by HIV-1 is associat-
ed with an accelerated CD4 cell decline 
and faster progression to AIDS, thereby 
a critical step in pathogenesis (Berger 
et al., 1999). The factors contributing to 
the emergence of X4 variants are poorly 
understood but are believed to include 
target cell availability as well as immune 
selection through either innate or adap-
tive responses in the host (Blaak et al., 

2000; Regoes and Bonhoeffer, 2005; 
van Rij et al., 2000). 

In the present study we demon-
strate that R5 viruses are relatively 
poorly transferred by DCs to CD4+ T 
lymphocytes in relation to X4 variants 
and that some gp41/120 binding Abs in-
crease the transfer of X4 viruses. This 
enhancing effect is observed for cells 
expressing high levels of DC-SIGN such 
as iMDDCs and Raji-DC-SIGN cells. We 
also demonstrate that neutralizing Abs 
are more effective against blocking R5 
than X4 viral transmission by iMDDCs 
and Raji-DC-SIGN cells. Our results 
with the DC-SIGN blocking Ab also in-
dicate that this specific C-type lectin is 
important for mediating transfer of neu-
tralized virus to CD4+ T lymphocytes. 
Overall, our results indicate that the in-
teraction of HIV-1 with DCs, and espe-
cially those cells expressing DC-SIGN, 
may help explain for the large increase 
in viral loads typically observed in pa-
tients undergoing a switch in viral core-
ceptor phenotype. 

DC-SIGN interacts with glycan moi-
eties present on the gp120 of HIV-1. We 
illustrate that all tested HIV-1 variants 
were efficiently captured by DC-SIGN; 
addition or removal of an N-linked gly-
cosylation site in the V1 or V3 region 
of gp120 slightly modulated DC-SIGN 
capture as seen earlier (Nabatov et al., 
2006), although less pronounced due to a 
reduced viral input. Treatment of viruses 
with the 2F5 Ab increased capture by 
DC-SIGN on Raji cells (Fig. 1 and 5). 
This was, however, restricted to late 
R5X4 and X4 variants. IMDDCs demon-
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strated a trend in increased capture of 
LAI upon neutralization with 2F5 (data 
not shown). Although iMDDCs express 
high levels of DC-SIGN the contribution 
of other cellular receptors could negate 
the enhanced capture of 2F5-neutralized 
HIV-1 by this specific C-type lectin. Most 
interesting, although mMDDCs express 
reduced levels of DC-SIGN compared to 
iMDDCs they transmit R5 and X4 HIV-1 
more efficiently (Izquierdo-Useros et al., 
2007; Sanders et al., 2002a). Myeloid 
DCs express low levels of DC-SIGN, 
but can also efficiently transmit virus in 
trans to susceptible T cells. These data, 
together with the result that blocking 
DC-SIGN on iMDDCs reduces infection 
of CD4+ T lymphocytes with ~40% (Table 
1), illustrate that other cellular receptors 
on iMDDCs, mMDDCs and myeloid DCs 
can facilitate the capture and transmis-
sion of HIV-1. Furthermore, for both 
mMDDCs and myeloid DC no enhance-
ment to transmission was observed 
when LAI was neutralized with 2F5, reit-
erating that DC-SIGN expression is cor-
related with enhanced transmission of 
such viruses. 

As previously published, the Fc re-
ceptor facilitates the increase in capture 
of HIV-1-Ab-immune complexes by 
DC-SIGN (van Montfort et al., 2007), 
but this capture cannot be mediated by 
the Fc receptor alone. Since neutraliza-
tion with 2F5 should trigger the same 
enhanced capture by DC-SIGN for all 
viruses facilitated by the Fc receptor. 
Therefore we speculate that Abs in-
crease the affinity of virus for DC-SIGN 
of the late R5X4 and X4 variants. 

We previously reported that 2F5-
neutralized HIV-1 can regain infectiv-
ity upon capture and transmission by 
DCs (van Montfort et al., 2007). Here 
we show that neutralization with 2F5 
increased transmission of only X4 and 
late R5X4 HIV-1 variants by DC-SIGN-
expressing cells, whereas R5 virus 
transmission was decreased upon pre-
treatment with 2F5, indicating that a pro-
portion of the R5 viruses remained neu-
tralized during transmission. Similar to 
2F5 and 4E10, the V3 Abs binding either 
the tip (V3-13 recognizing IRIQRGPGR 
sequence) or stem of the V3 loop (V3-23 
recognizing INCTRPN sequence) in-
creased transmission of X4 viruses and 
reduced R5 transfer. Although gp41-di-
rected Abs are seldom or rarely found 
in sera from HIV-1 infected patients (Li 
et al., 2007), neutralizing V3-directed 
Abs are present (Nabatov et al., 2004a; 
Zwart et al., 1992), which could have 
an advantageous effect on selection of 
HIV-1 variants using CXCR4. Of all the 
gp120-directed Abs tested, only the b12 
Ab prevented transmission of both R5 
as well as X4 viruses, suggesting that 
the b12 Ab cannot be dissociated from 
HIV-1 following the interaction with DCs. 
The 2G12 Ab inhibited transmission of 
R5 as well as X4 viruses, although to 
variant levels. This decreased transmis-
sion is more likely due to a reduced viral 
capture by DC-SIGN rather than an in-
hibition of infectious virus transmission, 
since 2G12 binding to gp120 is known to 
interfere with viral capture by DC-SIGN 
(Binley et al., 2006). In summary, the 
antibodies used have different effects 
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on interfering or enhancing viral capture 
and transfer by DCs; a complex interac-
tion between the viral envelope and the 
Abs induced by the host will therefore 
determine the extent to which this mech-
anism contributes to viral replication and 
switch in coreceptor phenotype. 

The mechanism underlying DC-
mediated trans-infection of CD4+ T lym-
phocytes is not known. It can be either 
through direct transfer of virus or via 
internalization of viral particles into in-
tracellular compartments and their re-
emergence through the immunological 
synapse at the cell surface (McDonald 
et al., 2003). In case viral transmission 
occurs via internalization, X4 variants 
could be differently processed intra-cel-
lularly compared to R5 variants, resulting 
in lower viral degradation and stronger 
antibody dissociation with only the b12 
Ab being attached during trafficking in 
contrast to other Abs. However, it was 
recently suggested that the majority of 
trans-infection of CD4+ T lymphocytes 
occurs through direct viral transfer 
without internalization (Cavrois et al., 
2007; Marzi et al., 2007). In this scenario 
the interaction of the gp41/120 envelope 
with DC-SIGN or other cellular HIV-1 re-
ceptors on the plasma membrane should 
induce dissociation of Abs from the viral 
particle. Either way the generation of 
b12-like Abs could prove to be effective 
in inhibiting not only virus transmission 
but also limiting viral propagation during 
disease progression. Means of induction 
of b12-like Abs should therefore be con-
sidered for both prophylactic as well as 
therapeutic vaccine strategies against 

HIV-1.
After DCs capture HIV-1 through 

interacting with surface C-type lectins 
(Harman et al., 2006), and specifically 
DC-SIGN on iDCs, the virus is target-
ed for degradation in lysosomes and 
processed into peptide for presentation 
by MHC molecules. The likelihood that 
iDCs loaded with HIV-1 in the epitheli-
um encounter CD4+ T lymphocytes is re-
stricted, whereas it could be envisaged 
that in the lymph nodes DCs are continu-
ously stimulated by CD4+ T lymphocytes 
making transmission in trans more likely, 
which provides an niche for X4-variants 
to emerge in the presence of Abs. We 
have previously hypothesized that early 
R5X4 switching viruses have an enve-
lope structure with an open configuration 
that renders them more easily neutral-
ized by CC-chemokines or Abs (Nabatov 
et al., 2004b), therefore providing a bot-
tleneck to their emergence. This hypoth-
esis has recently been supported by a 
study analyzing neutralization of biologi-
cal clones generated from patients pro-
gressing in their disease course and un-
dergoing a switch in coreceptor usage 
(Bunnik et al., 2007). Our results suggest 
a complex interaction between HIV-1 
and DCs that could explain for escape 
from strong neutralizing Ab responses 
and propagating higher viral loads of the 
X4 phenotype. 

We demonstrate that DCs preferen-
tially transmit X4 viruses to CD4+ T lym-
phocytes compared to R5 viruses, which 
could have implications for disease pro-
gression. This mode of transmission is 
likely to play a role later in disease pro-
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gression, since first HIV-1 specific Abs 
have to be made to block infection of 
DCs thereby reducing cis-transmission 
which is dominated by R5 strains (Holl 
et al., 2006b; Holl et al., 2006a). Fur-
thermore, our results indicate that Abs 
could select for the earlier emergence of 
the more pathogenic X4 strains, provid-
ing a cautious note for the use of vac-
cines aimed at inducing HIV-1 specific 
humoral immune responses.
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Supplemental data

Supplemental data I. Expression profile iMDDCs, mMDDCs, monocytes and Raji-DC-SIGN cells. Light 
grey filled line represents unstained cells and black line represents specific staining profile.
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Summary

Neutralizing antibodies can block human immunodeficiency virus type 1 (HIV-1) infection of 
susceptible target cells. Ab-neutralized HIV-1 however, can be captured by dendritic cells 
(DCs) and transmitted in trans as infectious virus to CD4+ T lymphocytes. We previously 
demonstrated that this process is Ab-specific; HIV-1 neutralization with 2F5 was readily 
reversible, whereas neutralization with b12 was irreversible. Using confocal microscopy 
imaging we studied processing of 2F5- and b12-HIV-1 immune complexes (ICs) by DCs. 
Upon HIV-1-IC uptake 2F5 rapidly dissociated from the virus, whereas b12 did not. Although 
intact 2F5-HIV-1 ICs could be visualized in a CD81-enriched compartment in mature DCs, 
we could not identify a specific compartment responsible for dissociation of 2F5 from HIV-1. 
Envelope glycoprotein (Env) ELISA studies demonstrated that b12 was more resistant for 
Ab-dissociation at acidic pH and bound 3-log stronger to variant Envs compared to 2F5. 
Furthermore, viral infectivity data demonstrated that the neutralizing capacity of 2F5 was 
6 to 20-fold lower compared to b12, suggesting that the weaker avidity of 2F5 for the Env 
cannot withstand processing of HIV-1 by DCs, whilst b12 can. Collectively, these data imply 
that only neutralizing Abs with high avidity for Env like b12 can block DC-mediated HIV-1 
transmission.
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Introduction

Dendritic cells (DCs) reside within 
the skin and mucosal epithelia in an im-
mature state. There they capture and 
survey the environment for pathogens 
(Banchereau et al., 2000; Banchereau 
and Steinman, 1998). Non-self antigens 
are captured with an array of specific 
surface expression molecules desig-
nated as pattern recognition receptors 
(Akira et al., 2001; Cambi et al., 2005; 
Figdor et al., 2002). DC-entrapped anti-
gens are processed into small peptides 
to trigger innate and adaptive immune 
responses (Steinman, 2006; Steinman 
and Hemmi, 2006). Human immunode-
ficiency virus type 1 (HIV-1) has found 
a way to circumvent the processing and 
inactivation by DCs and hijacks this cell 
type for infection and viral dissemination 
(Garcia et al., 2005; Geijtenbeek and van 
Kooyk, 2003; Kwon et al., 2002; Trumpf-
heller et al., 2003). DCs have been impli-
cated to transfer HIV-1 towards suscep-
tible target CD4+ T lymphocytes in cis 
and in trans (Turville et al., 2004). HIV-1 
transmission in cis is characterized by 
direct infection of DCs resulting in trans-
fer of de novo produced virions. The 
production of these new viruses takes a 
few days (Cavrois et al., 2007; Holl et 
al., 2006b). Although HIV-1 can infect 
DCs like Langerhans cells, myeloid or 
plasmacytoid dendritic cells, produc-
tion of new viral particles is limited and 
mainly CCR5-tropic (R5) viruses repli-
cate in these cells (Canque et al., 1999; 
Ganesh et al., 2004; Smed-Sorensen et 
al., 2005). It is postulated that this mode 

of transmission is prevalent during acute 
infection (Hu et al., 2000; Sugaya et al., 
2004). HIV-1 transmission in trans is 
mediated by capture of HIV-1 particles 
by DCs followed by transfer to CD4+ T 
lymphocytes, which occurs within a few 
hours (Cavrois et al., 2007; Geijtenbeek 
et al., 2000a). We recently showed that 
transmission in trans is more efficient 
for CXCR4 (X4) using HIV-1 variants 
than for R5 tropic variants (van Montfort 
et al., 2008). Transmission in trans will 
likely be more favourable over transmis-
sion in cis later in disease, when HIV-1 
specific Abs are induced that efficiently 
block DC infection (Holl et al., 2006b; 
Holl et al., 2006a). Therefore our find-
ings could help explain the emergence 
of X4 HIV-1 during disease progression 
(van Montfort et al., 2008). 

Transmission of HIV-1 from DCs 
to CD4+ T lymphocytes occurs via for-
mation of an immunological synapse 
upon cell-cell contact (Arrighi et al., 
2004; Fackler et al., 2007; McDonald et 
al., 2003; Thoulouze et al., 2006). The 
mechanism of transmission of captured 
virus to its target cell remains unclear. 
It was recently suggested that only cell 
membrane bound virions are transmit-
ted and that internalization of HIV-1 
prevents trans-infection (Cavrois et 
al., 2007). Other studies have shown, 
however that internalized HIV-1 can be 
redirected to the immunological synapse 
where the virus is transmitted either as 
free virions or together with exosomes 
(Garcia et al., 2005; Geijtenbeek et al., 
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2000a; Izquierdo-Useros et al., 2008; 
Wiley and Gummuluru, 2006; Wu et al., 
2004). 

Capture of HIV-1 by DCs occurs 
either via phagocytosis, pinocytosis, 
macropinocytoses or receptor-mediated 
endocytosis (Izquierdo-Useros et al., 
2007; Marechal et al., 2001; Wang et 
al., 2008). C-type lectins like DC-SIGN 
(Geijtenbeek et al., 2000b; Geijtenbeek 
and van Kooyk, 2003), DEC205 (Guo 
et al., 2000), langerin (Braathen et al., 
1987; de Witte et al., 2007b), DC-SIGN 
immunoreceptor (DCIR) (Lambert et al., 
2008), and proteoglycans (Roderiquez et 
al., 1995) such as syndecan1-4 (Bobardt 
et al., 2003; de Witte et al., 2007a) have 
been shown to interact with the HIV-1 
envelope glycoprotein (Env). Expres-
sion of these receptors vary on the dif-
ferent DC lineages which can result in 
altered capture and processing of HIV-1 
virions by DCs as shown for Langerhans 
cells and conventional DCs (Turville et 
al., 2002; Turville et al., 2001). 

Processing of gp120-coated nano-
particles by iDCs demonstrated internal-
ization within 10 min after capture and 
degradation occurred within 90 minutes 
in lysosomes (Cambi et al., 2007). Ex-
periments with intact virions however 
showed that LPS-matured DCs retained 
the virus in an internal compartment 
containing the CD81 tetraspanin (Garcia 
et al., 2005; Garcia et al., 2008). Similar 
results were also observed for immature 
DCs. Little colocalization was observed 
of HIV-1 with cell membrane markers or 
lysosomes for either cell type, suggest-
ing that a considerable number of HIV-1 

virions were able to escape lysosomal 
degradation. HIV-1 processing by DCs 
seem to be envelope glycoprotein (Env) 
dependent; R5-viruses are more vul-
nerable for degradation than X4-virions 
(Garcia et al., 2008). 

We demonstrated previously that 
neutralized HIV-1 captured by DCs 
could regain infectivity upon viral trans-
mission in trans to CD4+ T lymphocytes 
(van Montfort et al., 2007; van Montfort 
et al., 2008). Most broadly neutralizing 
Abs like 2F5 did not block DC-mediated 
viral transmission, with the b12 Ab as 
an exception, which efficiently blocked 
viral transfer. Here we followed process-
ing of 2F5- and b12-neutralized HIV-1 
in immature monocytes-derived DCs 
(iMDDCs) and mature monocytes-de-
rived DCs (mMDDCs) to determine how 
viral neutralization is reversed during 
transfer to CD4+ T lymphocytes. During 
internalization, the 2F5 Ab readily disso-
ciated from HIV-1, whereas the b12 Ab 
remained firmly bound. Intact 2F5-HIV-
1-ICs were obtained in a tetraspanin 
CD81-rich compartment in mMDDCs. 
No specific compartment of the endo-
cytic pathway could be identified to be 
responsible for dissociation of 2F5 from 
the virus as analyzed with confocal mi-
croscopy. With ELISA we could detect a 
0.5 pH unit-difference in Ab-dissociation 
from the Env between 2F5 and b12, with 
b12-binding being more acid-resistant. 
The pH, however, in which Ab-disso-
ciation occurs can only be reached in 
lysosomes, suggesting that acidification 
along the endocytic pathway does not 
cause Ab-dissociation in DCs. Moreo-
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ver the binding of the b12 Ab to mono-
meric Env was 1000-fold stronger than 
the 2F5 Ab. Data with intact virions also 
demonstrated a strong decrease in 
HIV-1 neutralization with 2F5 compared 
to b12. Taken together our data suggest 
that binding of the 2F5 Ab to Env is too 
weak to withstand processing by DCs 
and dissociates from the virus, allowing 
trans-infection of permissive cells.

Results

Processing of neutralized HIV-
1-Ab complexes by dendritic cells 
is antibody-dependent. We previous-
ly described the effect of various HIV-
1-specific neutralizing antibodies on 
capture and transfer of HIV-1 from DCs 
to CD4+ T lymphocytes in trans. Pre-
incubation of HIV-1 with the 2F5 Ab in-
creased viral capture and transmission 
by DCs, whereas the b12 Ab blocked 
DC-mediated trans-infection, although 
viral capture was not inhibited (van Mont-
fort et al., 2007). To dissect the differen-
tial effect of these neutralizing Abs on 
viral transfer we visualized the process-
ing of 2F5- or b12-neutralized virus in 
DCs. GFP-HIV-1 and fluorescently la-
belled neutralizing Abs were visualized 
by fluorescence microscopy after 2 hour 
incubation with iMDDCs (Figure 1A) or 
polyI:C-activated mMDDCs (Figure 1B). 
Maturation of DCs was confirmed by 
FACS flow analyses (data not shown). 
Localization of Abs and GFP-HIV-1 
virions was analyzed and plotted as 
percentage of total captured HIV-1 par-
ticles for each cell type (Figure 1C). 

The 2F5 Ab co-localized with 11.9% 
of HIV-1 particles in iMDDCs and with 
14.4% in mMDDCs. In contrast, 42.3% 
of the virus co-localized with the b12 Ab 
for iMDDCs and 42.6% for mMDDCs. 
Control IgG1-treated HIV-1 demonstrat-
ed an overlay of 5.2% for iMDDCs and 
2.6% for mMDDCs (Figure 1C). Appar-
ently, the b12 Ab is much stronger as-
sociated with HIV-1 in DCs compared to 
the 2F5 Ab. These results support our 
previous data that b12 is more potent at 
blocking trans-infection than 2F5 (van 
Montfort et al., 2007; van Montfort et 
al., 2008). Although the average number 
of intact HIV-1-IC for 2F5 and b12 are 
comparable for iMDDCs and mMDDCs, 
we observed that iMDDCs more often 
contained cells without intact HIV-1-IC 
compared to mMDDCs (Figure 1D). As 
seen for iMDDCs 57% (33/58) and 25% 
(14/57) of the cells did not contain 2F5-
HIV-1-ICs, or b12-HIV-1-ICs respective-
ly. For mMDDCs, on the contrary, 29% 
(15/51 for 2F5) and 7% (4/54 for b12) of 
the cells contained Ab-free HIV-1 parti-
cles. The two different cell-types there-
fore appear to process neutralized HIV-1 
differently.

When comparing Ab-levels in 
iMDDCs, internalized by capturing HIV-
1-ICs, we observed a 10-fold increase in 
Ab-uptake for b12 and only a 2.5-fold in-
crease for 2F5, compared to the non-spe-
cific IgG1 control Ab (Figure 1E). These 
data suggest that the 2F5 Ab is removed 
from the virus before or after internali-
zation, whilst the b12 Ab is not. Similar 
results were obtained for mMDDCs, 
with a 6.7-fold increase in Ab uptake of 
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b12, whilst a 2.5-fold for 2F5. Moreover, 
the average Ab-levels in mMDDCs was 
lower compared to iMDDCs (Figure 1E), 
which suggests that Ab-dissociation is 
slower in mMDDCs than in iMDDCs. 

HIV-1-Ab complexes are more ef-
ficiently captured by iMDDCs than by 
mMDDCs. Capture of 2F5- and b12-neu-
tralized HIV-1 by iMDDCs and mMDDCs 
was analyzed by measuring the number 
of captured HIV-1 particles. An increase 
in viral capture by iMDDCs was ob-

served upon neutralization with either 
2F5 (126%, P ≤ 0.05) or b12 (127%, P ≤ 
0.05) in comparison to the IgG1 control 
Ab (Figure 2). The heightened capture 
of neutralized HIV-1 by iMDDCs is facili-
tated by Fc receptors as previously pub-
lished (van Montfort et al., 2007). In con-
trast, HIV-1 neutralization with 2F5 (82%, 
P ≤ 0.05) or b12 (81%, P ≤ 0.05) mildly 
inhibited viral capture by mMDDCs. This 
could be caused by a reduced DC-SIGN 
expression on mMDDCs (Sanders et al., 

Figure 1. HIV-1-Ab complexes captured by DCs. A) HIV-1-GFP particles were treated with 2F5, b12 or 
control IgG1 labeled Ab and captured by iMDDCs or B) mMDDCs for 2 hr. HIV-1 virions (green left panel), 
Abs (middle panel) and nuclear DNA (blue) were detected by confocal microscopy. HIV-1-Ab complexes were 
visualized by co-localization of HIV-1 and Ab signal and plotted as overlay in yellow (right panel). C) The 
number of HIV-1-Ab complexes for the different Abs as percentage of HIV-1 virions for each cell. D) Number 
of HIV-1 positive cells without viral-Ab complexes. E) IgG1, 2F5 or b12 Ab-signal derived from HIV-1-Ab 
complexes in DCs. Data from iMDDCs (light grey) and mMDDCs (dark grey) is depicted in 1A, D and E.
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2002), which is an important receptor 
for capturing HIV-1-ICs (van Montfort et 
al., 2007). Furthermore, we observed an 
1.7-fold increase in capture of control-
treated HIV-1 upon DC maturation with 
polyI:C. This was observed previously 
when LPS was used to induce DC mat-
uration (Izquierdo-Useros et al., 2007; 
Sanders et al., 2002; Wang et al., 2007). 
Together these results show that matu-
ration of the DC results in an altered or 
increased receptor expression pattern 
that increases capture of either control 
or neutralized virus.

Dissociation of 2F5 from HIV-1 
does not occur in a specific compart-
ment of the endocytic pathway. Since 
2F5, but not b12 was easily dissoci-
ated from HIV-1 during DC-processing 
(Figure 1A), we examined the intracel-
lular location of HIV-1 and 2F5-neutral-
ized virus in DCs to determine where 
Ab-dissociation from the virus can occur. 

Plasma membrane (CD81, DC-SIGN), 
early endosomes (EEA1), multivesicu-
lar bodies (MVBs) (CD63, HLA-DM) and 
lysosomes (LAMP-1) were stained with 
Abs directed against the above markers 
and analyzed for co-localization with 
fluorescent GFP-HIV-1 neutralized with 
2F5-labeled Ab. Localization of HIV-1 
with the different markers is shown for 
iMDDCs (Figure 3A) and (Figure 3B). 
MHC class-II staining was used to visu-
alize DC maturation since this molecule 
is mainly localized in MVBs in iMDDCs 
and is recruited to the plasma mem-
brane upon maturation. 

Most GFP-HIV-1 particles in 
iMDDCs were found to be clustered 
with CD81 (38%) and DC-SIGN (47%) 
(Figure 3C). Since DC-SIGN and CD81 
localize on the cell membrane, although 
they are also involved in virus internali-
zation, these data show that the remain-
ing virus (53-62%) is intracellular, which 
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Figure 2. Capture of IgG1-control, 2F5 or b12-neutralized HIV-1 by iMDDCs and mMDDCs. The number 
of HIV-1-GFP particles treated with either IgG1, 2F5 or b12 captured by iMDDCs (light grey) and mMDDCs 
(dark grey) were counted for each cell.
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sis in line with previously published data 
(Garcia et al., 2005; Izquierdo-Useros et 
al., 2007; Wang et al., 2007). Strangely, 
only a relative small percentage of virus 
co-localized with the internal markers 
EEA1 (8.1%), MHC II (7.8%), CD63 
(6.5%), HLA-DM (4.2%) and LAMP-1 
(2.7%) in iMDDCs. The low viral pres-
ence in LAMP-1 positive lysosomes is 
likely caused by loss of the GFP-signal 
from intact virions due to viral degrada-
tion; such degradation is a likely scenario 

as we could find the capsid-p24 protein 
in lysosomes (data not shown). Since 
only ~25% of captured HIV-1 particles 
could be identified with markers from in-
tracellular compartments may indicate 
that HIV-1 enters a DC-compartment dif-
ferent from the endocytic pathway. Nev-
ertheless, the HIV-1 virions found in the 
endocytic pathway did not retain in a 
specific compartment, suggesting these 
particles are readily degraded. 

As seen for mMDDCs a high amount 

Figure 3. Localization of 2F5-neutralized HIV-1 particles in compartments of the endocytic pathway. 
A) iMDDCs and B) mMDDCs were loaded with 2F5-neutralized HIV-1 particles (HIV-1 in green, Ab in red, 
nucleus in blue) and stained for the indicated marker proteins (pink), CD81, DC-SIGN, EEA1, MHC II, CD63, 
HLA-DM and LAMP-1. Large clusters of HIV-1-2F5-ICs in mMDDCs are pointed out with grey arrow. Co-
localization of HIV-1 particles with indicated compartment marker proteins as percentage of total captured 
virions are plotted for C) iMDDCs and D) mMDDCs. Co-localization of HIV-1-Ab complexes with indicated 
compartment marker proteins as percentage of total 2F5-virion particles are plotted for E, iMDDCs and F, 
mMDDCs. Panels 3C-F show average data ± SEM from more than 50 cells.
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of HIV-1 co-localized with the CD81 
marker (57%) (Figure 3D). DC-SIGN 
staining of mMDDCs was strongly 
reduced compared to iMDDCs (data not 
shown), nonetheless, 47% of the virus 
clustered with this marker in mMDDCs. 
HIV-1 co-localization with MHC-II mole-
cules of mMDDCs (34%) increased com-
pared to iMDDCs, which was caused by 
the recruitment of these molecules to 
the plasma membrane upon DC-matu-
ration. HIV-1 co-localization with the in-
ternal endocytic pathway markers EEA1 
(3.7%), CD63 (4.9%), HLA-DM (5.2%) 
and LAMP-1 (0.6%) was even lower 
than observed for iMDDCs, illustrating 
that mMDDCs transport virus less ac-
tively into the endocytic pathway. 

The quantity of 2F5-clustered vir-

ions in each compartment was analyzed 
as a percentage of total neutralized 
viruses to determine in which compart-
ment 2F5 dissociates from HIV-1 (Figure 
3E and 3F). The localization of 2F5-HIV-
1-ICs in the different compartments as 
measured with the mentioned markers 
was 28% for CD81, 35% for DC-SIGN 
and 10% or lower for the other markers 
of iMDDCs (Figure 3E). These co-local-
ization numbers are similar to the HIV-1 
distribution shown in Figure 3C, sug-
gesting that 2F5-HIV-1-ICs are similarly 
processed as Ab-free HIV-1 virions. 

The location of 2F5-HIV-1-ICs in 
endocytic compartments in mMDDCs 
(Figure 3F) was also highly similar as 
the distribution of Ab-free HIV-1 for 
these cells (Figure 3D). We did notice 

Figure 4. The b12-Ab has higher avidity for the HIV-1 envelope than 2F5 at acidic pH. ELISA plates 
were coated with JRFLgp120, JRFLgp140 (R5), or HXB2gp140 (X4) envelopes and loaded with the 2F5 A) 
or b12 Ab B). Ab-dissociation was measured after washing with various acidic pH. Bound Ab was detected 
with alkaline phosphatase conjugated goat anti-human Fc and plotted as percentage of bound Ab at neutral 
pH. 
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however, that incidentally large clus-
ters of intact HIV-1-2F5 complexes in 
mMDDCs were co-localized internally or 
in invaginations with CD81 or DC-SIGN 
and not with the other membrane marker 
MHC II (Figure 3B). These data illustrate 
that big HIV-1 clusters are internalized. 
A recent publication demonstrated that 
uptake of these large clusters of HIV-1 
particles occurs via macropinocytosis 
(Wang et al., 2008; Wang et al., 2007). 
Moreover, these large HIV-1 clusters in 
the internal CD81-compartment are de-
scribed to survive proteolytic degrada-
tion for a prolonged period (Garcia et 
al., 2005; Garcia et al., 2008). Together, 
these data illustrate that 2F5-HIV-1-ICs 
can enter different internal compart-
ments, in which HIV-1 could be proc-
essed differently.

The 2F5 and b12 neutralizing Abs 
dissociate from HIV-1 Env at acidic 
pH. A decrease in pH along the endo-
cytic pathway may cause Ab-dissocia-
tion. Therefore we examined binding of 
the 2F5 and b12 Ab to monomeric enve-
lope glycoprotein (Env) of an R5 (JRFL) 
and X4 (HXB2) virus in ELISA at variable 
acidic pH. At pH 5.0 or above, 2F5 Ab 
bound to JRFLgp140 and HXB2gp140, 
whilst no binding was observed to the 
control JRFLgp120 lacking the 2F5-
binding epitope (Figure 4A). At pH 4.5, 
binding of 2F5 was strongly decreased 
by ~75% for JRFLgp140 and ~90% for 
HXB2gp140; background binding re-
mained at pH 4.0 for both Envs. The 
gp120-specific b12 Ab bound all three 
Envs (Figure 4B). At pH 4.5, ~30% 
of the binding of the b12 Ab was lost 

for JRFLgp120/140 and ~60% for 
HXB2gp140. At pH 4.0, only ~20% of 
the b12 Ab bound to JRFLgp120/140 
and ~5% to HXB2gp140; at pH 3.5 
only residual Ab-binding was observed. 
These results illustrate that the b12-Env 
complex is more resistant to acidic pH. 
Additionally, 2F5 and b12 Ab dissoci-
ated at acidic pH more easily from the 
CXCR4 HXB2gp140-molecule com-
pared to the CCR5 JRFLgp140-mole-
cule. Although the b12 Ab is more resist-
ant to Ab-dissociation than the 2F5 Ab, 
it is not likely that pH causes HIV-1-Ab 
dissociation in DCs, since a pH of 4.5 
can only be reached in lysosomes (Vyas 
et al., 2008). It is unlikely that HIV-1 can 
retain infectivity after dissociation of 
neutralizing Abs in lysosomes, as HIV-1 
is degraded in this compartment.

The 2F5 neutralizing Ab binds 
weaker to the viral Env in compari-
son to the b12 neutralizing Ab. The 
more rapid dissociation of 2F5 from the 
Env at acidic pH, could indicate that 2F5 
binds weaker to the Env, compared to 
b12. We therefore examined the binding 
of 2F5 and b12 to JRFLgp120/140 and 
HXB2gp140 at different Ab concentra-
tions (Figure 5). The b12 Ab still bound 
to JRFLgp120 with mid-point titer of 0.01 
mg/ml (Figure 5A), whereas 2F5 binding 
was negligible as expected. Binding of 
b12 to JRFLgp140 (Figure 5B) showed 
a high binding as seen for JRFLgp120 
with a mid-point titer of 0.008 mg/ml. In 
contrast the 2F5 Ab showed only weak 
binding, with a mid-point titer of 4.7 mg/
ml. Binding of both Abs to the CXCR4 
HXB2gp140-molecule (Figure 5C) again 
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demonstrated weak binding of the 2F5 
Ab (mid-point titer 7.6 mg/ml) and a 
stronger binding of b12 (mid-point titer 
0.02 mg/ml). These results demonstrate 
that the avidity of the b12 Ab to Env is 
approximately 3-logs higher than that of 
the 2F5 Ab. The binding capacity of both 
Abs 2F5 and b12 on intact R5 (JRFL) 
and X4 (LAI) HIV-1 was measured in 
an infectivity assay. Intact virus neutral-
ized at different Ab concentrations were 
incubated on HIV-1 permissive CCR5/
CXCR4 expressing TZM-bl cells and 
the 50% inhibitory concentration (IC50) 
of both Abs was determined. The IC50 
for JRFL was 0.8 mg/ml with 2F5 Ab and 
0.04 mg/ml with b12 Ab (Figure 5D). X4 
(LAI) HIV-1 also demonstrated a higher 

IC50 for 2F5 (2.4 mg/ml) than for b12 (0.4 
mg/ml) (Figure 5E). Again these results 
show that the b12 Ab more potently 
binds to HIV-1 than the 2F5 Ab. This dif-
ference in binding helps to understand 
why b12 Ab does not dissociate from 
the Env during HIV-1 processing by DCs 
and therefore is able to prevent viral 
trans-infection. The 2F5 Ab on the con-
trary dissociates from the virus due to 
its weak binding and is unable to block 
DC-mediated viral transmission to CD4+ 
T lymphocytes.

Discussion

In this study we visualized the dif-
ferences in processing of 2F5- and 

Figure 5. Binding of 2F5 and b12 Ab to either JRFLgp120, JRFLgp140 (R5) or HXB2gp140 (X4) 
envelopes at various concentrations. ELISA plates were coated with A) JRFLgp120, B) JRFLgp140, or 
C) HXB2gp140 and Ab-binding was evaluated at a 3-fold serial dilution range. A-specific Ab binding was 
determined by coating ELISA plates with control medium and plotted in Figure 5A. Infectivity of D) R5 (JRFL) 
and E) X4 (LAI) HIV-1 was measured on TZM-bl cells after pre-neutralization with various concentrations of 
2F5 and b12 Ab. IC50 values were determined and represent the amount of Ab that is required to block 50% 
of the infection.
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b12-neutralized virus by iMDDCs and 
mMDDCs by confocal microscopy. The 
2F5 Ab weakly clustered with HIV-1 in 
both types of DCs, whereas strong co-
localization was observed for HIV-1 with 
the b12 Ab. No specific compartment of 
the endocytic pathway could be identi-
fied to be responsible for the dissociation 
of the 2F5 Ab from the virus. Ab-binding 
studies demonstrated however that the 
2F5 Ab only weakly bound to the Env, 
whereas the b12 Ab bound 1000-fold 
more strongly. Viral infectivity data dem-
onstrated that the neutralizing capacity 
of 2F5 was 6-20-fold lower compared to 
the b12 Ab, suggesting that the 2F5 Ab 
less strongly interacts with HIV-1. Taken 
together, the weak 2F5-virus interaction 
is responsible for the fast dissociation of 
the Ab from the virus and its escape from 
neutralization, allowing trans-infection of 
permissive cells. 

As previously reported by other 
groups we found that next to LPS-stim-
ulated DCs polyI:C matured DCs were 
able to capture virus more efficiently 
than immature DCs (Izquierdo-Useros et 
al., 2007). DC-SIGN and syndecan-3 are 
the main receptors responsible for the 
capture of HIV-1 by iMDDCs (de Witte et 
al., 2007a). Capture of HIV-1 by mMDDCs 
on the other hand only weakly occurs via 
DC-SIGN (Wang et al., 2007) (data not 
shown). Furthermore, DC-SIGN expres-
sion on mMDDCs is reduced compared 
to iMDDCs (Sanders et al., 2002), which 
is in agreement with our observation of 
weak DC-SIGN expression in mMDDCs. 
Interestingly, the remaining DC-SIGN 
expression on mMDDCs strongly co-lo-

calized with HIV-1 particles, suggesting 
that DC-SIGN is involved in capture of 
HIV-1 virions (Figure 3D). Co-localiza-
tion of HIV-1 with DC-SIGN or CD81 was 
mainly found in large clusters of virions. 
Uptake of these HIV-1 clusters appear 
to occur via macropinocytosis (Frank et 
al., 2002; Marechal et al., 2001; Wang 
et al., 2008), which is a process of non-
specific constitutive engulfment of large 
volumes of fluid by DCs. HIV-1 uptake 
via this process can than explain why 
DC-SIGN on mMDDCs is not involved 
in viral capture. Since DC-SIGN is not 
actively involved in capture of HIV-1 by 
mMDDCs we conclude that other re-
ceptors should facilitate HIV-1 capture 
by mMDDCs; these putative receptors 
remain to be identified. 

Capture of neutralized HIV-1 by 
iMDDCs was more efficiently compared 
to untreated virus (Figure 2). DC-SIGN 
together with FcRs are responsible 
for the enhanced capture of HIV-1-
ICs on iMDDCs as previously reported 
(van Montfort et al., 2007). In contrast, 
mMDDCs captured neutralized virus 
less efficiently. This could be caused 
by the reduced expression of DC-SIGN 
on mMDDCs and increased capture of 
HIV-1 by putative other cellular recep-
tors. The reduced capture of HIV-1-ICs 
by mMDDCs may also explain the ob-
served decrease in transmission of 2F5-
neutralized HIV-1 by these cells, which 
was increased for iMDDCs (van Montfort 
et al., 2008). Capture of 2F5- and b12-
neutralized virus by both DCs types also 
demonstrated a substantial quantity of 
Ab-free virus (Figure 1A-D). Our results 
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however with b12-neutralized virus dem-
onstrated that this Ab efficiently blocked 
HIV-1 transmission. A possible explana-
tion could be that, next to Ab-free virions 
and b12-HIV-1-ICs, also free b12 Ab is 
recruited to the immunological synapse 
and cross neutralization occurs during 
transmission. Since the 2F5 Ab less po-
tently neutralizes HIV-1 and less 2F5 Ab 
is present in DCs, the possibility of cross 
neutralization is somewhat reduced.

By visualizing HIV-1 capture by DCs 
with confocal microscopy we observed 
that the majority of the HIV-1 particles 
were internalized in small spots in close 
proximity to the cell surface for iMDDCs 
and mMDDCs as well as in big clus-
ters for the latter cell type. These small 
spots could represent invaginations of 
the plasma membrane. We determined 
that these particles are not part of the 
cell surface, but are internalized (Figure 
3A and 3B). Based on colocalization with 
plasma membrane markers, CD81 for 
iMDDCs and MHC class-II for mMDDCs, 
we estimate that ~60-70% of cell-bound 
virus is intracellular for iMDDCs as well 
as for mMDDCs. This finding is in line 
with results from other studies (Garcia et 
al., 2005; Izquierdo-Useros et al., 2007; 
Wang et al., 2008). 

We observed discrepancies in lo-
cation, size and number of HIV-1 spots 
in polyI:C-stimulated mMDDCs, com-
pared to LPS-matured DCs (Garcia et 
al., 2005). PolyI:C mimics viral infec-
tion, and LPS a bacterial infection, both 
stimuli leading to DC-maturation. LPS-
mMDDCs collect viruses in a few large 
clusters in internal CD81-positive com-

partments, whereas polyI:C treated DCs 
have multiple scattered viral spots close 
to the cell membrane. We note that ex-
posure of HIV-1 for a longer period 
(24 hrs) with DCs decreased the total 
number of viral spots, with a simultane-
ous modest increase in spot-size (data 
not shown). These results illustrate that 
DC maturation or increased time expo-
sure with HIV-1 particles have affect on 
the distribution of virus within the cell.

Internalization of gp120-coated 
beads by DCs occurred rapidly within 
10 minutes and these dots reached the 
lysosome within 90 minutes (Cambi et 
al., 2007). Our results with intact virus 
could not identify a strong clustering of 
HIV-1 with lysosomes after a short in-
cubation (2 hr) (Figure 3A-F). This was 
likely caused by the loss of signal due 
to degradation of intact HIV-1 particles. 
Marking intact and disassembled HIV-1 
virions by staining CA-p24 we observed 
a large internal fluorescent compartment 
likely representing degraded HIV-1 in 
lysosomes (data not shown). This result 
than indicates that a substantial amount 
of HIV-1-GFP is already degraded within 
2 hours. Trafficking and processing of 
HIV-1 particles was different for X4-
enveloped virus compared to R5-tropic 
HIV-1 in LPS-stimulated mMDDCs. R5-
HIV-1 was found to be stronger associ-
ated with the lysosomal marker LAMP-1 
and CD63, whereas X4 HIV-1 was 
stronger clustered with CD81, illustrating 
that the viral Env can trigger an altered 
route or rate of processing of HIV-1 parti-
cles by DCs. All together, exposure time, 
the Env phenotype and DC-maturation 
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stimuli effect trafficking of HIV-1 in DCs, 
resulting in altered transmission in trans 
of HIV-1 to CD4+ T lymphocyte (Groot et 
al., 2006; Sanders et al., 2002). 

Neutralization of HIV-1 with either 
2F5 or b12 did not retain the virus in a 
particular compartment of the endocytic 
pathway nor did it dramatically alter traf-
ficking in DCs (Figure 1). Our earlier 
model (van Montfort et al., 2007) that dis-
sociation of the 2F5 Ab from HIV-1 occurs 
via a decrease in pH was supported by 

our ELISA data. Ab-dissociation from the 
Env, however occurred at pH of 4.0-4.5, 
which can only be reached in lysosomes. 
Confocal microscopy data demonstrated 
that no change in number in HIV-1-ICs 
was observed in the different endocytic 
compartments with various internal pH. 
These data demonstrate that Env-Ab-
dissociation is pH sensitive, but a re-
duction in pH along the compartments 
of the endocytic pathway is probably not 
responsible for the observed Ab-disso-

6

HIV-1 receptor

nAb

HIV-1

FcRn

1)

2)

Early endosome

Figure 6. Schematic model describing how HIV-1-ICs can regain infectivity during DC processing. 
1) Binding of an HIV-1-IC to specific HIV-1 receptor induces Ab-dissociation by triggering a conformational 
change of the envelope. 2) The HIV-1-IC is internalized. The neonatal Fc receptor binds the Fc-tail of the 
Ab at mild acidic pH 6.5 and pulls weak binding Abs from the HIV-1-immune complexes. The Ab is exocy-
tosed and is released from the FcRn at neutral pH 7.0, whereas internal HIV-1 bound its receptor is further 
processed.
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ciation from HIV-1 during processing by 
DCs. Interestingly the low pH of 4 can be 
obtained in vaginal fluids (Garcia-Closas 
et al., 1999; Thinkhamrop et al., 1999), 
suggesting that neutralized HIV-1 upon 
transmission may regain infectivity via 
sexual intercourse. 

We illustrated that the b12 Ab has 
a high avidity for both R5 and X4 Env, 
in contrast to the 2F5 Ab. Based on 
all our data, we propose two following 
models specific for the Ab-dissociation 
of 2F5 (Figure 6). 2F5 Ab is removed 
from HIV-1 on the cell surface upon 
virus binding to a specific HIV-1-recep-
tor, whereas the b12 Ab stays attached 
upon binding to the receptor and is inter-
nalized together with the HIV-1 particle. 
Alternatively, instable 2F5-HIV-1 ICs are 
internalized; Ab is pulled from the virus 
and Ab is recycled, for instance by the 
intracellular recycling neonatal Fc re-
ceptor termed FcRn (Ghetie and Ward, 
2000; Popov et al., 1996; Raghavan 
et al., 1995); Ab-free infectious virus is 
further processed by DCs and can be 
transferred to susceptible CD4+ T lym-
phocytes. The FcRn receptor is strongly 
expressed in DCs (Zhu et al., 2001) and 
has a strong avidity at pH 6.5 for IgG1 
Abs such as 2F5 and b12. The Ab bound 
to the FcRn is recycled back to the cell 
surface, where the Ab is released due to 
loss of receptor avidity at pH 7.0 (Datta-
Mannan et al., 2007; Mezo et al., 2008; 
Vidarsson et al., 2006). The activity of 
the FcRn in DCs could therefore be re-
sponsible for the low amount of 2F5 Ab 
obtained in DCs.

We observed large spots of HIV-1 

particles in mMDDCs strongly clustered 
with the 2F5 Ab, which could not be iden-
tified in iMDDCs. It could be that these 
2F5-HIV-1-ICs clusters are captured 
by macropinocytoses by mMDDCS. 
Since HIV-1 captured by macropinocy-
tosis does not enter the endolysosomal 
pathway (Wang et al., 2008), it could be 
that these big 2F5-HIV-1 clusters are 
not processed in classical internalization 
pathway. This could lead, therefore, to a 
reduced immune response as observed 
in patients, since less HIV-1 is loaded as 
processed peptides in MHC class mol-
ecules. It may therefore be interesting to 
target HIV-1 directly to the classical en-
dolysosomal pathway to strengthen the 
neutralizing Ab response against HIV-1.

Monitoring HIV-1 transmission in 
trans we demonstrated that only the 
b12 Ab was able to block viral transfer 
to CD4+ T lymphocytes, whilst the other 
Abs only partially reduced viral trans-
infection or had no effect (van Montfort 
et al., 2007). Since the main difference 
between 2F5 and b12 Ab-dissociation 
from HIV-1 was strongly correlated 
with avidity for the Env we postulate 
that strong avidity neutralizing Abs will 
likely be able to block DC-mediated viral 
transfer. It would be interesting to test 
the effect of other CD4bs Abs with lower 
avidity for the Env than the b12 Ab with 
regards to dissociation and blocking of 
viral transfer. Moreover Abs in sera from 
HIV-1 infected patients that bind the CD4 
binding site (CD4bs) of gp120, like b12, 
have also the most potent broadly neu-
tralizing activity compared to neutraliz-
ing Abs binding other parts of the Env (Li 
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et al., 2007). Taken together, to increase 
the efficacy of a vaccine against HIV-1 
it to would be desirable to elicit CD4bs 
neutralizing Abs with b12-like avidity to 
minimize Ab-evasion induced by passing 
HIV-1 through DCs.

Materials and Methods

Antibodies and reagents. The human 
Abs 2F5 directed against the HIV-1 Env 
gp41 and b12 directed against gp120, were 
obtained from the National Institute for Bio-
logical Standards and Control (Potters Bar, 
U.K.) and used at 20 µg/ml or indicated in 
figures. Human sera obtained from a patient 
with an IgG1 B cell lymphoma was used as 
an HIV-1-nonspecific control Ab; the sera 
contained IgG1-λ M protein at 83 mg/ml 
and no detectable IgA or IgM (< 0.06 mg/
ml). The Abs to stain DC-compartments, 
CD81, DC-SIGN, EEA1, HLA-DR, CD63, 
HLA-DM and LAMP-1 were obtained from 
BD Pharmingen. The secondary Abs Af-
finiPure donkey anti-human-Cy3, donkey 
anti-mouse-Cy5 was acquired from Jackson 
ImmunoResearch Laboratories and used at 
a 50-fold and 200-fold dilution respectively. 
Nuclear DNA was stained with Hoechst 
33258.

Cells. The iMDDCs were prepared as 
previously described (van Montfort et al., 
2007). In short, human blood monocytes were 
isolated from buffy coats by use of a Ficoll 
gradient and a subsequent CD14 selection 
step using a magnetic bead cell sorting 
system (Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany). Purified monocytes 
were differentiated into iMDDCs by stimulat-
ing the cells twice with 45 ng/ml interleukin-4 
(IL-4) (Biosource, Nivelles, Belgium) and 500 
U/ml granulocyte-macrophage colony-stim-

ulating factor (GM-CSF) (Schering-Plough, 
Brussels, Belgium) on day 0 and day 3 and 
used on day 6. Mature monocyte-derived 
DCs (mMDDCs) were obtained on day 6 
after stimulating iMDDCs on day 5 with 20 
µg of polyI:C per ml (Sigma-Aldrich, St. 
Louis, MO). The phenotypes of both types 
of DCs were confirmed by flow cytometry 
as previously described (van Montfort et al., 
2008). The HIV-1 permissive CD4, CCR5 
and CXCR4 expressing TZM-bl reporter cell 
line (NIH AIDS Research and Reference 

Reagent Program) containing the luciferase 
and β-galactosidase genes under the control 

of the HIV-1 long-terminal-repeat promoter 
was cultured in Dulbecco’s modified Eagle’s 
medium containing 10% fetal calf serum, 1 
x minimum essential medium nonessential 
amino acids, and penicillin-streptomycin 
(both at 100 units/ml) at 37°C with 5% CO2.

Virus/Env production. Molecular 
cloned dual tropic GFP-fluorescent HIV-1 
(299.10ΔgV3) (Pollakis et al., 2001) was 
generated by co-transfecting C33A cells 
with GFP-VPR and full infectious HIV-1 
299.10ΔgV3 vectors in a 1:1 ratio. The su-
pernatant, containing the produced virions 
was collected, three days after the transfec-
tion and was concentrated with Amicon Ultra 
filters (100,000 molecular weight cutoff). 
The concentration of viral capsid (CA-p24) 
was determined with ELISA. HIV-1-GFP was 
frozen in small aliquots. 

The JRFLgp120, JRFLgp140 and 
HXB2-gp140 Envs were generated by 
transfecting C33A cells with Env encoding 
plasmids. Supernatant containing soluble 
Env was collected two days post-transfection 
and was frozen at -80°C in aliquots.

Virus neutralization and capture. 
HIV-1-GPF was incubated with either 20 µg/
ml IgG1 control, 2F5 or b12 Abs for 45 min. 
Subsequently, a 50-fold dilution of secondary 
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anti-human Cy3 Ab was added for 15 min. 
iMDDCs or mMDDCs were inoculated for 
2 hrs at 37°C with the viral Ab mixture. 
Unbound virus and antibody was removed by 
washing three times with PBS and cells were 
seeded on pretreated poly-L-lysine coated 
coverslips (1 mg/ml). Cells were immediately 
fixed in 3.7% paraformaldehyde (PFA) for 20 
min. PFA was quenched with 50 mM NH4Cl 
and cells were permeabilized with 0.1% 
saponin (Riedel de Haen, Germany), 10 
mM NH4Cl, and 1% BSA in PBS for 30 min. 
Subsequently, cells were stained with either 
primary mouse Ab CD81, DC-SIGN, EEA1, 
HLA-DR, CD63, HLA-DM or LAMP-1 and 
Cy5-coupled donkey anti-mouse secondary 
Ab; nuclear DNA was stained with Hoechst 
33258. Excess Ab was removed by washing 
twice with permeabilization buffer, once with 
PBS, and twice with millipore filtered water. 
Cells were embedded in Vectashield and 
fluorescence was analyzed by confocal mi-
croscopy.

Confocal analyses. Fluorescent 
images were made with a Leica DM SP2 
AOBS confocal microscope with a X63 
HCX PL APO 1.32 oil objective. The whole 
cell was scanned in 20 images (512 x 512) 
with a pixel size of 232 nm and a step size 
of 340 nm that were acquired with the Leica 
confocal imaging processing software with 
a line average of two scans per image. For 
each cell the number of HIV-1-GFP spots 
was counted. Colocalization was analyzed 
by using a semi-automatic program based on 
DipImage (TU Delft, The Netherlands), cus-
tom-written in Matlab (Mathworks Inc., USA). 
Briefly, image channels containing relevant 
color information were thresholded using the 
Isodata algorithm. Next, colocalization was 
determined as percentages of the number of 
overlapping pixels for the different channels 
for each Z-stack per cell.

ELISA, Env coating. Wells of ELISA 
plates were coated overnight with 100ml 
sheep antibody D7324 (10 μg/ml; Aalto 
Bioreagents), directed to the gp120 C5 
region, in 0.1 M NaHCO3. After washing 
twice with Tris-buffered saline (TBS), wells 
were blocked with 1% BSA in TBS for 1 hr. 
Soluble Env protein 100 ml/well were bound 
to the sheep Abs for 2 hrs at RT. Unbound 
envelope was removed by washing three 
times with TSM (20 mM Tris, 150 mM NaCl, 
1 mM CaCl2, 2 mM MgCl2) followed by 30 min 
incubation with block buffer (BB) (1% BSA in 
TSM) at RT.

neutralizing Ab dissociation at 
various pH. Env-coated ELISA plates were 
incubated with 20 mg/ml 2F5 or b12 Ab in BB 
pH 7.0 for 1 hour at RT. Unbound Ab was 
removed by washing three times in wash 
buffer (WB), BB supplemented with 0.05% 
Tween 20 at pH 7.0. Subsequently, wells 
were washed five times in WB at pH 6.0-3.0 
over a 30 min period, followed by 2 wash 
steps in WB pH 7.0. Bound Ab was detected 
with alkaline phosphatase conjugated goat 
anti-human Fc (GaH-PO) (1:10,000, Jackson 
Immunoresearch) in 2% milk, 20% sheep 
serum, 0.5% Tween and absorbance at 450 
nm was measured in an ELISA reader.

neutralizing Ab binding at various 
concentrations. Env-coated ELISA plates 
were incubated with a concentration range of 
30-0.0005 μg/ml 2F5 or b12 Ab in BB pH 7.0 
for 1 hr at RT. Unbound Abs was washed 5 
times in wash buffer (WB) and bound Ab was 
detected with GaH-PO.

Single cycle infectivity assay. One 

day prior to infection, TZM-bl cells were 
plated on a 96-well plate JRFL and LAI ~3-5 
ng CA-p24 was preincubated for 60 min at 
room temperature with serial diluted Ab con-
centrations (30-0.0015 μg/ml). Pre-neutral-
ized virus was added to the TZM-bl cells in 
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the presence of 400 nM saquinavir (Roche, 
Mannheim, Germany) and 40 µg/ml DEAE 
in a total volume of 200 µl. Two days post-
infection, the medium was removed and cells 
were washed once with phosphate-buffered 
saline (PBS) and lysed in reporter lysis buffer 
(Promega, Madison, WI). Luciferase activity 
was measured using a luciferase assay kit 
(Promega, Madison, WI) and a Glomax lu-
minometer according to the manufacturer’s 
instructions (Turner BioSystems, Sunnyvale, 
CA). All infections were performed in 
duplicate. Uninfected cells were used to 
correct for background luciferase activity. 
The infectivity without Ab was normalized 
at 100%. Nonlinear regression curves were 

determined and 50% inhibitory concentration 
(IC50) was calculated using Prism software 
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Burning HIV-1 questions in 
2009

HIV-1 infection is a major burden 
with respect to health, social and eco-
nomical perspectives. The number of 
HIV-1 infected people in 2007 worldwide 
has been estimated at 33 million indi-
viduals. Despite considerable effort from 
academia, industry and governments 
to stop the HIV-1 pandemic, no medi-
cine or vaccine has been developed to 
either prevent infection or cure people 
from HIV-1. Fortunately, however, HIV-1 
research over the past decades has re-
sulted in the development of medicines 
that reduce viral loads, thereby increas-
ing life-expectancy of those infected by 
many years. Although our knowledge 
of HIV-1 increases every year, there 
are still many important and unan-
swered scientific questions concerning 
the health threat of HIV-1. Scientifical-
ly one of the most important questions 
to address is how the virus defeats the 
innate and adaptive immune response. 
Why is HIV-1 not cleared, even in pa-
tients receiving antiretroviral therapy 
where viral loads are barely detectable? 
How does the virus evade neutraliza-
tion by Abs and why are virally infected 
cells not fully cleared by CTLs? Will in-
duction of neutralizing Abs by a vaccine 
be able to block viral transmission? Un-
derstanding the mechanisms how HIV-1 
escapes the immune system would be 
of great help and perhaps mandatory for 
the development of vaccines as well as 
new generation medicines. An intrigu-
ing question is why exclusively CCR5-
tropic viruses are sexually transmitted 

when CXCR4-HIV-1 variants are more 
pathogenic? Why are dual-tropic R5X4 
variants not as efficiently transmitted 
as CCR5-tropic HVI-1 variants? What 
causes the CCR5 to CXCR4 coreceptor 
switch? Also important is which factors 
determine disease progression of rapid-
progressors (RP) versus long term non-
progressors (LTNPs)? Here we address 
some of these questions in light of the 
findings in this thesis on the role of DCs 
and neutralizing Abs in HIV-1 infection.

HIV-1 attachment receptors

HIV-1 can bind several different 
membrane proteins: DC-SIGN, Synde-
can-3, DCIR, MMR, Langerin, CD4, and 
some less well known receptors. These 
receptors will be shortly discussed. 
The type II membrane-spanning C-type 
lectin, DC-SIGN, was the first identi-
fied receptor on DCs shown to interact 
with HIV-1. This receptor is expressed 
on DC subtypes found in rectal, dermal 
and cervical tissues (Gurney et al., 
2005; Hu et al., 2004; Jameson et al., 
2002; Reece et al., 1998); also CD14+ 
blood DCs (Engering et al., 2002b) and 
DCs in lymphoid tissue (Lore et al., 
2002; Schwartz et al., 2002) express 
DC-SIGN. Additionally, macrophages in 
lymphoid tissues abundantly express 
DC-SIGN (Granelli-Piperno et al., 2005) 
and B-lymphocytes stimulated with IL-4 
and CD40L have also been found to up-
regulate DC-SIGN expression (Rappoc-
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ciolo et al., 2006). Blood plasmacytoid 
DCs (pDCs), however, do not express 
DC-SIGN (Turville et al., 2002); these 
cells can capture monomeric gp120 
through CD4 (Turville et al., 2001). The 
contribution of DC-SIGN in the capture 
and transmission of HIV-1 is still con-
troversial and unclear. Granelli-piper-
no et al. demonstrated that DC-SIGN 
on immature monocytes-derived DCs 
(iMDDCs) does not contribute to the 
capture and transmission of HIV-1 
(Granelli-Piperno et al., 2005), whereas 
other groups (Geijtenbeek et al., 2000; 

Wu et al., 2004b) and our own results 
described in Chapter 3 and 4 illustrate 
that between 30-50% of the virus is cap-
tured by DC-SIGN on iMDDCs. Interest-
ingly, matured monocyte derived DCs 
(mMDDCs) with moderate DC-SIGN 
expression do not capture HIV-1 via 
this C-type lectin (Fig 1). These cells, 
however, can more efficiently capture 
HIV-1 compared to iMDDCs, suggesting 
that these cells capture HIV-1 by other 
receptor proteins or via a different mech-
anism. Moreover, capture of HIV-1 by 
mMDDCs was not dependent on other 
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Figure 1. HIV-1 capture by iMDDCs or mMDDCs. iMDDCs or mMDDCs from four different donors were pre-
incubated with either 20 mg/ml AZN-D1 Ab (α-DC-SIGN), mannan, Oct4 Ab (α-CD4) or isotype IgG1 control 
Ab (Control). Cells were subsequently inoculated for 2 hours with 15 ng/ml HIV-1 (299.10gΔV3). Unbound 
virus was removed by washing the cells three times and cells were lysed in 1% empigen. Cellular CA-p24 
content was determined by ELISA and normalized for each donor. Data is plotted in bars and represent mean 
values of quadruplicates ± SD. CA-p24 capture by control treated cells was set at 100%.
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C-type lectins, since mannose treatment 
did not reduce capture of HIV-1 by these 
cells (Fig 1). 

Syndecan-3 was recently identi-
fied as an iMDDC-specific HIV-1 at-
tachment receptor. Blocking DC-SIGN 
and removal of Syndecan-3 on iMDDCs 
either by siRNAs or enzyme treatment 
completely inhibited viral capture (de 
Witte et al., 2007a). Other Syndecans, 
such as type 1, 2 and 4 also have been 
demonstrated to bind HIV-1 (Bobardt et 
al., 2003) and have been found to be 
responsible for ~90% of HIV-1 capture 
by macrophages (Saphire et al., 2001). 
Syndecans are not only expressed by 
DCs or macrophages, but many epi-
thelial cells in dermal, rectal, renal and 
cervical tissue express these mole-
cules (Bernfield et al., 1999). Interest-
ingly, cervical epithelial cells expressing 
these Syndecans have been shown to 
moderately facilitate HIV-1 transcytosis 
(Bobardt et al., 2007). The interaction 
of HIV-1 with these receptors is medi-
ated by heparan sulphates that interact 
with the V3 region of gp120. Although 
many epithelial cells and other cell types 
in matrixes express heparan sulphated 
glycoprotein (HSPGs) these receptors 
are currently not directly linked with the 
involvement in HIV-1 capture or disease 
pathogenesis. Nevertheless, we should 
not underestimate the role of these re-
ceptors and have to further explore their 
contribution not only to viral transmis-
sion, but also in viral dissemination.

The DC-immuno receptor (DCIR) 
(Lambert et al., 2008), also referred 
to as CLECSF6 or LLIR (Richard et 

al., 2003), was recently identified as a 
major HIV-1 receptor on iMDDCs. Ap-
proximately 60% of the HIV-1 particles 
on iMDDCs were captured through 
this receptor as shown by reduced ex-
pression through treatment with spe-
cific DCIR siRNAs. Intriguingly, block-
ing DC-SIGN and Syndecan-3 already 
fully blocked HIV-1 capture by iMDDCs 
(de Witte et al., 2007a). Moreover, as il-
lustrated in figure 1, blocking DC-SIGN 
with Ab AZN-D1 or all C-type lectins, like 
DCIR and DC-SIGN with mannan did 
not alter HIV-1 capture by iMDDCs as 
well as mMDDCs. This could mean that 
either the DC-SIGN Ab or siRNA against 
DCIR are not specific or that both lectins 
are required to allow HIV-1 capture on 
iMDDCs. DCIR expression has also 
been found on pDCs (Meyer-Wentrup 
et al., 2008), monocytes, B-cells, and 
granulocytes (Bates et al., 1999). These 
cells however are not actively involved 
in capture of HIV-1 virions. For instance, 
pDCs capture HIV-1 through CD4 rather 
than via C-type lectins (Turville et al., 
2001). Nevertheless, it could be that 
lack of DC-SIGN expression by pDCs 
hampers HIV-1 capture by DCIR. There-
fore HIV-1 capture by DCIR could be im-
portant, but should not be overestimat-
ed. 

The mannose macrophage recep-
tor (MMR) is also an important HIV-1 re-
ceptor. Treatment of monocyte-derived 
macrophages (MDM) with a specific 
MMR Ab strongly inhibited (60-100%) 
capture of HIV-1 particles (Nguyen and 
Hildreth, 2003; Pollicita et al., 2008). 
MMR is moderately expressed on 
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iMDDCs and mMDDCs (Turville et al., 
2002). However, the role of this recep-
tor in HIV-1 capture by DCs is currently 
unknown, but is likely minimal given the 
low expression levels (Kato et al., 2000).

The Langerin receptor is expressed 
by Langerhans cells (LC) and is respon-
sible for 50% of captured HIV-1 particles 
by these cells (de Witte et al., 2007b). 
Captured HIV-1 is internalised and de-
graded in Birbeck granules. Since LCs 
do not express DC-SIGN it has been 
suggested that LCs are more effective 
in blocking HIV-1 infection, rather than 
spreading the virus via trans-infection. 
LPS-stimulated LCs, however, have 
been shown to transmit HIV-1 in trans, 
suggesting that LCs may capture HIV-1 
via other receptors (Fahrbach et al., 
2007).

Other receptors such as DEC-205, 
LSECtin are known to be expressed by 
various DC subsets (Dominguez-Soto 
et al., 2007; Jiang et al., 1995; Mahnke 
et al., 2000; Van Vliet et al., 2008). 
DEC-205 has been shown to support 
HIV-1 internalization of renal tubular 
cells (Hatsukari et al., 2007). However 
no evidence to-date is available showing 
that these receptors are important for 
HIV-1 binding on DCs and what their 
impact could be on HIV-1 pathogenesis.

Although all the above-mentioned 
receptors have been described to be 
involved in mediating HIV-1 capture it 
is difficult to describe the contribution 
of each receptor on capture of HIV-1 
on different DC subtypes. Confusing is 
that several of these receptors are ex-
pressed by numerous cell types that do 

not capture HIV-1 (Bernfield et al., 1999). 
In other words, there is no clear correla-
tion between the expression of poten-
tial HIV-1 receptors and the capture of 
virions. It is possible that the membrane-
density of receptors or their phosphor-
ylation patterns play a role in stabilizing 
HIV-1 binding. Defining the role of spe-
cific receptors on different cell types is 
therefore required to better understand 
viral capture and transmission. 

HIV-1 receptors and their inter-
nalization pathways

Capture and internalization of 
HIV-1 by DCs or other cells can be ac-
complished via several mechanisms, 
like receptor-mediated endocytosis 
or via non-specific uptake mediated 
by macropinocytosis or phagocytosis 
(Frank et al., 2002). Receptor-mediat-
ed endocytosis is a rapid internalization 
process that is dependent on the classic 
internalization signals such as tri-acidic 
cluster, tyrosine-based internalization 
motifs, and di-leucine motifs located in 
the cytoplasmic domain of the receptor 
(Bonifacino and Traub, 2003). A confor-
mational change in the receptor upon 
ligand-binding can trigger recruitment of 
adaptor proteins to bind the internaliza-
tion motifs in the cytoplasmic tail. The 
formed adaptor complex on the cyto-
plasmic tail attracts clathrin molecules 
that cluster and form a clathrin-coated 
pit. The clathrin-coated pit is pinched 
from the membrane by the dynamin 
protein and the newly formed endocytic 
vesicle containing the ligand-bound-
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receptor complex is transported to the 
endocytic pathway. Vesicular transport 
to a specific compartment is dependent 
on the various adaptor proteins that bind 
signalling motifs in the cytoplasmic tail.  
 Most of the described C-type 
lectins contain the classical internaliza-
tion motif (Van Vliet et al., 2008) and 
are internalized via classical receptor-
mediated endocytosis and end up in the 
endocytic compartment (Cambi et al., 
2007; Howard and Isacke, 2002; Mc et 
al., 2002; Meyer-Wentrup et al., 2008). 
Ligands bound to DC-SIGN, DCIR or 
DEC205 (Azad et al., 2008; Enger-
ing et al., 2002a; Mahnke et al., 2000; 
Meyer-Wentrup et al., 2008), are endo-
cytosed and transported into late endo-
somes and lysosomes, whereas ligands 
captured by MMR are released in early 
endosomes (Engering et al., 1997). 
Langerin accumulates in recycling endo-
somes after internalization and shuttles 
between Birbeck granules and early en-
dosomes (Mc et al., 2002). Thus, HIV-1 
can be recruited to different areas of the 
endocytic pathway dependent on the 
type of C-lectin receptor the virus is at-
tached to. 

Syndecans are single-pass type 
I membrane proteins that belong to 
the heparan sulphated proteoglycan 
(HSPG) family and have been shown to 
be crucial for induction of actin organi-
zation (Nakase et al., 2007). In contrast 
with C-type lectins, Syndecans are not 
internalized via formation of coated pits 
(Tkachenko et al., 2004), but internaliza-
tion occurs via macropinocytosis.

Syndecans possess two highly ho-

mologous regions (C1 and C2) in their 
cytoplasmic domain. The C2 region has 
a post-synaptic density disc-large zo-1 
(PDZ)-binding domain (Bass and Hum-
phries, 2002) that binds PDZ-adaptor 
proteins such as CASK and Synec-
tin (Grootjans et al., 2000). The CASK 
protein contains a Hook domain that binds 
to the actin/spectrin-binding protein 4.1, 
a member of the ERM protein family, so 
called because it includes ezrin, radixin 
and moesin (Cohen et al., 1998). These 
ERM proteins contain actin binding sites 
to which they anchor to the actin cy-
toskeleton. Syndecans or other HSPGs 
are therefore linked to the actin cytoskel-
eton that mediates their internalization 
(Kopatz et al., 2004). Moreover, Syn-
decans and HSPGs are also indirectly 
linked to integrins and tetraspanins for 
maintenance of cell morphology, adhe-
sion and migration via formation of the 
above described protein complexes 
(Woods et al., 1998). Although little is 
known about intracellular trafficking of 
Syndecans, a study with breast carci-
noma cell-lines has demonstrated that 
Syndecan-1 directly ended up in lyso-
somes (Burbach et al., 2003), whereas 
Syndecan-2 and 4 could be found in en-
dosomes (Zimmermann et al., 2005). 

HIV-1 capture and internaliza-
tion by monocyte-derived DCs

As illustrated by de Witte et al. 
iMDDCs capture 50% of the HIV-1 par-
ticles by DC-SIGN and the other 50% is 
captured via Syndecan-3. In Chapter 2, 
3 and 4 we demonstrated that DC-SIGN 
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on iMDDCs is responsible for 30-50% 
of the captured HIV-1 particles. On 
mMDDCs only ~10% of the total HIV-1 
capture is facilitated by this C-type lectin 
as illustrated in figure 1. Confocal analy-
sis demonstrated that large clusters of 
HIV-1 virions were seen in mMDDCs, 
whereas captured HIV-1 in iMDDCs 
was distributed in small scattered spots 
(Chapter 5). It is possible that the larger 
HIV-1 clusters in mMDDCs are internal-
ized via macropinocytosis that is asso-
ciated with uptake of large volumes of 
fluid, rather than by clathrin-mediated 
endocytosis that occurs via formation 
of small vesicles. Since Syndecans 
or other HSPGs are endocytosed via 
macropinocytosis we hypothesize that 
these larger clusters of captured HIV-1 
in mMDDCs could be internalized via 
these proteins. Recently its was shown 
that HIV-1 capture by macropinocyto-
sis accounts for 40-50% by iMDDCs or 
mMDDCs (Wang et al., 2008). There-
fore we hypothesize that ~50-60% of the 
HIV-1 particles bound by mMDDCs are 
captured by Syndecans or other HSPGs. 
Since iMDDCs capture small HIV-1 clus-
ters via DC-SIGN and Syndecan-3 (de 
Witte et al., 2007a) it is possible that 
the larger HIV-1 clusters in mMDDCs 
are captured via other Syndecans or 
HSPGs. Moreover, if 50% of HIV-1 parti-
cles by mMDDCs are captured via mac-
ropinocytosis and 10% by C-type lectins 
it is possible that other mechanisms or 
receptors (not of C-type family origin) fa-
cilitate the capture. It will be interesting 
and important to decipher these mecha-
nisms, since mMDDCs are quite efficient 

in capturing HIV-1.

HIV-1 internalization in CD81-
enriched compartment

It has been documented that HIV-1 
in a tetraspanin CD81-enriched compart-
ment is protected against degradation 
(Garcia et al., 2008; Garcia et al., 2005; 
Izquierdo-Useros et al., 2008). As ob-
served in Chapter 5 HIV-1 strongly clus-
tered with CD81 on the DC-membrane 
and occasionally internally in large HIV-1 
clusters. These results suggest that the 
CD81-tetraspanin is internalized togeth-
er with HIV-1. The CD81-tetraspanin 
binds PDZ-domain proteins and co-
localizes with proteins from the ERM 
family (Chang and Finnemann, 2007; 
Pan et al., 2007). It is therefore possi-
ble that the CD81-tetraspanin is internal-
ized during macropinocytosis facilitated 
by complex formation with Syndecans or 
HSPGs that internalize HIV-1 by binding 
PDZ and ERM containing proteins. 
HIV-1 particles internalized by Synde-
cans or HSPGs could therefore be better 
protected from degradation than virions 
captured by C-type lectins that, after en-
tering the endocytic pathway, are rapidly 
degraded in lysosomes. The arginine on 
position 298 in the V3-loop of gp120 is 
known to be required for binding Synde-
can. Since the 298 arginine residue in 
the envelope is 100% conserved in all 
HIV-1 strains, this residue could serve 
as a key component to survive fast deg-
radation in DCs.
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Capture of neutralized HIV-1 by 
DCs

Not much is known about capture 
and processing of HIV-1-Ab complexes 
by DCs. In Chapter 3 we evaluated the 
capture of Ab-neutralized HIV-1 by cells 
expressing DC-SIGN. We observed an 
increase in capture when HIV-1 was neu-
tralized with the 2F5 Ab. Fc-receptors on 
DCs facilitated enhanced capture of the 
HIV-1-2F5 complex, but were not solely 
responsible for the enhanced capture. 
The majority of the HIV-1 immune com-
plexes were captured by DC-SIGN on 
iMDDCs as illustrated by blocking either 
the Fc receptors or DC-SIGN or a com-
bination of both. DC-maturation reduced 
capture of Ab-neutralized HIV-1. This 
could be explained by the reduction of 
DC-SIGN expression upon DC matura-
tion, resulting in less efficient capture of 
HIV-1 immune complexes. Thus other 
receptor(s) or mechanisms may be re-
sponsible for capture of Ab-HIV-1 com-
plexes on mature DCs, but are less ef-
ficient than DC-SIGN.

The enhanced capture of neu-
tralized HIV-1 by Raji cells expressing 
DC-SIGN was observed for dual-tropic 
as well as for X4 HIV-1, whereas for R5 
HIV-1 no change in capture upon virus 
neutralization occurred. This implies that 
Ab-binding to HIV-1 can increase the 
affinity for DC-SIGN for viruses with a 
high V3 charge in the gp120 envelope 
as found for X4 viruses. Since Ab-bind-
ing can induce a conformational change 
in the envelope and thereby affect 
DC-SIGN binding, more research with 
R5 and X4 viruses and different Abs is 

required to confirm the correlation of Ab-
enhanced affinity of DC-SIGN to enve-
lopes with increased V3-charge.

Internalization of HIV-1-Ab 
com-plexes in monocyte-de-
rived DCs

Intact HIV-1-2F5 immune comple-
xes were observed in large clusters 
in mMDDCs, whereas intact Ab-HIV-
1 complexes were rarely observed in 
smaller HIV-1 spots. The low number of 
HIV-1-Ab complexes in small spots may 
be caused by Ab-dissociation during 
processing, whereas processing of large 
clusters of HIV-1-Ab complexes might 
be slower or less efficient. Recent data 
showed that big clusters of internal-
ized HIV-1 via macropinocytosis had 
an increased half-life (Izquierdo-Useros 
et al., 2007). Another possibility why 
large HIV-1 clusters contain more intact 
immune complexes could be related to 
receptor engagement. HIV-1 binding to 
DC-SIGN could induce a conformational 
change in the envelope thereby inducing 
shedding of the Ab, whilst HIV-1 internal-
ized via macropinocytoses upon binding 
to Syndecans does not. Further it has 
been demonstrated that HIV-1 internali-
zation via macropinocytosis can occur 
independent of the envelope thus sug-
gesting that binding to a receptor is not 
required (Izquierdo-Useros et al., 2007). 
Therefore, the chance of HIV-1-Ab-in-
duced shedding mediated by receptor 
binding could be minimal when internal-
ized by macropinocytosis.
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Immune evasion

We have demonstrated that neu-
tralized HIV-1 captured by Raji-DC-SIGN 
cells, iMDDCs, mMDDCs, or myeloid 
DCs are able to escape Ab-neutralization 
upon DC-mediated processing leading 
to viral transmission in trans to suscep-
tible CD4+ T lymphocytes (Chapter 3). 
How is HIV-1 Ab-dissociation induced 
during capture and processing by DCs? 

Binding of the HIV-1 immune 
complex to an HIV-1 receptor could 
trigger a conformation change in the 
envelope that destabilizes Ab-binding, 
causing Ab-dissociation as discussed 
above. 

Fc receptors could facilitate Ab-
dissociation by binding to the Fc tail of 
the HIV-1-Ab complex that is bound to a 
HIV-1 receptor, such as DC-SIGN. Ab-
dissociation may then occur during HIV-1 
internalization or by diffusion of the Fc 
receptor from HIV-1 on the plasma mem-
brane. Abs against the Fc receptors, 
however, did not prevent transmission 
of DC-SIGN captured neutralized HIV-1, 
which seems to exclude a role for Fc re-
ceptors in immune evasion. 

Another possibility for HIV-1 Ab-dis-
sociation could be the low pH in a com-
partment of the endocytic pathway in 
DCs. In Chapter 5 we illustrated that the 
2F5 and b12 Abs dissociate from Env at 
pH 3.5-4.0. A pH of 4.0, however, can 
only be reached in lysosomes. Thus suc-
cessful transmission of infectious virus 
particles from lysosomes is unlikely as 
HIV-1 will be degraded in this compart-
ment.

The neonatal Fc receptor (FcRn) 

could play a role in Ab-dissociation early 
during internalization. This receptor has 
a high affinity for IgG1 molecules and 
is active in early endosomes (Ober et 
al., 2004). Internalized IgG1 Abs bind 
the FcRn at pH 6.0-6.5 (Raghavan et 
al., 1995) and are directed to sorting 
endosomes. FcRn bound IgG1 Abs 
are than transported back to the cell 
surface, where the Ab is released from 
the FcRn by loss of Ab-binding affinity at 
pH 7.3-7.4 (Ober et al., 2004). In con-
trast, IgGs that do not bind to FcRn enter 
lysosomal compartments and undergo 
degradation (Ward et al., 2003). FcRn 
is highly expressed by monocytes, mac-
rophages and DCs (Zhu et al., 2001). 
This could explain for the low amount of 
2F5-Ab observed inside DCs compared 
to the b12 Ab that, due to high affinity for 
the envelope, does not dissociate from 
the HIV-1-immune complex, whereas 
the weak 2F5 Ab is recycled by the FcRn 
(Chapter 5). Trafficking of FcRn is facili-
tated by formation of clathrin-coated pits 
(He et al., 2008). The activity of FcRn 
may therefore be stronger in HIV-1 com-
partments internalized by C-type lectins 
than in compartments internalized by 
Syndecans. 

The FcRn also facilitates IgG Ab 
transfer through the placenta (Ghetie 
and Ward, 2000) and from mother milk 
to blood across intestinal epithelial cells 
(He et al., 2008) which is mediated by 
transcytosis. The FcRn may therefore 
facilitate transfer of Ab-bound HIV-1 
from mother to child in utero.
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Selection of R5 HIV-1 after 
sexual transmission

There are numerous routes of 
HIV-1 transmission, such as sexual in-
tercourse, breast feeding, or direct 
blood-blood contact. To establish a new 
infection, HIV-1 has to reach the CD4+ 
T lymphocyte population, which is pro-
tected by epithelial and mucosal layers. 
Some mucosal and epithelial layers can 
be breached by the virus, like intesti-
nal epithelia or genital mucosal layers, 
whereas epidermal and oral epithelial 
layers are less permeable (Hussain and 
Lehner, 1995). The likelihood of sexual 
transmission of HIV-1 is dependent on 
a number of factors including viral load, 
stage of disease in the donor, and the 
presence of other sexually transmitted 
infections (STIs) or other opportunis-
tic infections, such as tuberculosis (TB) 
(Chan, 2005). STIs are thought to in-
crease the possibility of HIV-1 infection 
either by attracting CD4+ T lymphocytes 
or by disrupting mucosal layers. Two 
studies correlating STIs and risk of 
HIV-1 infection have, however, conflict-
ing conclusions (Grosskurth et al., 1995; 
Wawer et al., 1999). 

Following sexual transmission, 
CCR5 tropic viruses are predominantly 
recovered in the acute stage of HIV-1 in-
fection. This finding suggests that during 
transfer, viruses using the CXCR4 core-
ceptor have a limited number of suscepti-
ble target cells or are outcompeted by the 
CCR5 HIV-1 variants. Sexual transmis-
sion studies in macaques demonstrated 
that primarily memory CD4+ T cells and 
macrophages, resident in mucosa, were 

infected; only a small percentage of in-
fected DCs were found (Zhang et al., 
1999). Similar findings were observed 
in ex vivo studies using cervical human 
explants. Infected T cells in ex vivo ex-
plants primarily produced R5-tropic 
HIV-1 and much less dual-tropic and X4 
HIV-1 (Greenhead et al., 2000; Hladik et 
al., 1999) upon viral challenge. Treating 
these mucosal layers with phytohemag-
glutinin (PHA) dramatically increased 
replication of R5X4 and X4 HIV-1 vari-
ants, which reached similar replication 
levels as R5 HIV-1 (Greenhead et al., 
2000). Infected non-activated T cells 
replicate HIV-1 poorly compared to ac-
tivated T lymphocytes, suggesting that 
these cells have a post-entry replica-
tion block that can be reversed due to 
activation (Hladik et al., 1999). HIV-1 
production of infected non-activated T 
cells also increased upon encountering 
DCs or LCs (Hladik et al., 1999), illus-
trating that DC can also annihilate the 
post-entry block. Since R5 viruses rep-
licate on non-activated T cells, whereas 
R5X4 and X4 HIV-1 only poorly, it could 
be that triggering the CXCR4 corecep-
tor induces a strong post-entry block to 
replication. This block, however appears 
to be restricted for non-activated T cells, 
since T cell activation dramatically in-
crease replication of especially R5X4 
and X4 viruses (Zhang et al., 1999). In-
duction of this inhibition may result from 
activation of RNAi via a downstream 
pathway induced by CXCR4 signalling, 
which is lost after immune activation. 

A polymorphism in the CXCR4 
ligand SDF-1, termed SDF-1 3’A is 
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strongly associated with a decreased 
risk of HIV-1 infection and disease pro-
gression. It could be that this genetic 
polymorphism may cause an increased 
post-entry block in non-activated T cells 
via CXCR4 signalling (Chaudhary et al., 
2008; Koning et al., 2004; Reiche et al., 
2007). It would therefore be interesting 
to test this SDF1-polymorphism for CX-
CR4-signalling and HIV-1 replication in 
non-activated T cells. 

DCs or LCs in the genital mucosal 
layers are heavily infected as quanti-
fied through measuring the number of 
DNA integration sites (Cameron et al., 
2007), but do not seem to contribute sig-
nificantly to viral replication. Activated 
and infected mucosal and blood DCs, 
however, migrate towards lymph nodes 
and can disseminate newly produced 
viruses to surrounding T cells (Dillon et 
al., 2008; Lore et al., 2002). Like resting 
T cells, DCs and LCs also primarily rep-
licate CCR5-tropic HIV-1 (Cameron et 
al., 2007; Ganesh et al., 2004; Granelli-
Piperno et al., 1998; Sivard et al., 2004; 
Smed-Sorensen et al., 2005). Although 
X4 and R5X4 viruses can also infect 
DCs ex vivo, production of virus is low 
compared to CCR5 HIV-1 (Cavrois et al., 
2007; Ganesh et al., 2004).

 Taken together, increased infec-
tion of resting T cells, a lower post-entry 
block and increased dissemination via 
DCs that travel to lymph nodes may help 
explain for a preferential selection of R5 
HIV-1 over X4 tropic viruses in the acute 
phase of disease course.

Role DCs in HIV-1 transmission 
in trans

Activated and infected DCs or LCs 
can travel to lymph nodes where they 
disseminate newly produced viruses 
to T cells. This mode of HIV-1 transfer 
by DCs is termed transmission in cis. 
Next to HIV-1 transmission in cis, DCs 
can transfer captured virus to T cells, 
which is termed transmission in trans. 
Since most HIV-1 particles captured 
by DCs are internalized and degraded, 
transmission in trans has to occur fast 
within a couple of hours. It is therefore 
not very likely that this mode of trans-
mission plays a significant role in initial 
infection, because DC migration towards 
lymph nodes takes a couple of days. We 
demonstrated in Chapter 2 that binding 
of HIV-1 to DC-SIGN was enhanced 
when the V1V2 region of the gp120-en-
velope was provided with an additional 
extra glycosylation site. An increase in 
V3 charge of gp120 weakly increased 
DC-SIGN binding, but a higher V3 charge 
together with the extension in the V1V2 
region enhanced transmission of HIV-1 
by either Raji-DC-SIGN cells as well as 
iMDDCs in trans. The observed efficien-
cy of transmission in trans mediated by 
DC-SIGN correlated with chemokine co-
receptor usage. Therefore we evaluated 
in Chapter 4 the effect of HIV-1 core-
ceptor usage on transmission in trans, 
and discovered that DCs preferential-
ly transmitted X4 viruses. Our results 
fit the profile that during the course of 
disease progression X4 viruses evolve 
from R5 virions. Most neutralizing Abs 
were not able to block trans-infection 
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of CD4 cells. Treatment of HIV-1 with 
neutralizing Abs prior to capture by DCs 
even enhanced transmission in trans, 
which correlated with an increase in 
HIV-1 capture through DC-SIGN. Inter-
estingly, X4 viruses were better trans-
mitted after Ab-neutralization compared 
to R5 HIV-1. Although other receptors 
can capture HIV-1 we demonstrated 
that especially DC-SIGN is responsi-
ble for the increased capture of HIV-1 
immune complexes. Neutralizing as well 
as non-neutralizing Abs can efficiently 
prevent DC infection, thereby complete-
ly blocking HIV-1 transmission in cis 
(Holl et al., 2006b; Holl et al., 2006a), 
but at the same time increase transmis-
sion in trans. Activation of the immune 
system and production of neutralizing 
Abs reduced direct infection of the CD4+ 

T lymphocytes and DCs, whereas these 
Abs could indirectly promote emergence 
of the more pathogenic X4 viruses.

As DCs in the presence of Abs can 
preferentially transmit X4 HIV-1 over R5 
tropic virus. However no preferential 
transmission of X4 HIV-1 is observed in 
the acute phase of disease course after. 
This could be caused by the absence of 
Abs within the first few weeks after infec-
tion. Absence of HIV-1 neutralizing in this 
period could result in infection of macro-
phages, DCs and LCs that preferential 
select R5 HIV-1 by transmission in cis. 
Additionally, the initiated Ab response 
two weeks after infection is primarily 
composed of weak non-neutralizing Abs 
(Aasa-Chapman et al., 2004; Pellegrin 
et al., 1996). Therefore this time period 
before induction of strong neutralizing 

Abs could be sufficient to select for R5 
variants. The acute phase of disease 
progression is apparently critical for the 
selection of R5 HIV-1 amongst all other 
HIV-1 quasispecies. Whether a single 
R5 virus is selected for transmission or 
whether multiple R5 virus variants are 
transmitted but one is selected for prop-
agation remains unclear (Keele et al., 
2008). 

HIV-1 transmission by iMDDCs 
versus mMDDCs

We found that mMDDCs transmit-
ted HIV-1 more efficiently to CD4+ T 
lymphocytes in comparison to iMDDCs, 
which was caused by increased capture 
of HIV-1 particles. Most of the internal-
ized HIV-1 particles were colocalized 
with CD81. The CD81 compartment 
containing HIV-1 particles of DCs can 
efficiently fuse with the cell membrane 
(Garcia et al., 2005; Izquierdo-Useros 
et al., 2008). Therefore, this CD81 com-
partment is a potential reservoir, that 
may be important for HIV-1 transmis-
sion in trans. X4 HIV-1 is more prevalent 
in the CD81 compartment compared to 
R5 virus, which could contribute to the 
preferential transmission of X4 HIV-1 
(Garcia et al., 2008). 

Confocal imaging illustrated that 
matured DCs stored HIV-1 more ef-
ficiently in large clusters in the CD81 
compartment compared to iMDDCs 
(Chapter 5). This could explain the 
strong increase (~10-fold) in transmis-
sion of HIV-1 by mMDDCs. Interestingly, 
2F5-neutralized HIV-1 complexes in the 
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CD81 compartment in mMDDCs were 
intact, suggesting that these viruses 
were still neutralized during transmis-
sion. This result could explain for the 
decrease in transmission of 2F5-neutral-
ized X4 HIV-1 seen in mMDDCs. These 
large clusters of 2F5-neutralized HIV-1 
were not observed in iMDDCs, therefore 
iMDDCs are able to transfer neutralized 
HIV-1 more efficient than mMDDCs.

Routes of HIV-1 transmission 
in trans

HIV-1 transmission in trans can 
occur via internalization of HIV-1 into 
intra-cellular compartments followed 
by fusion of these compartments with 
the plasma membrane upon encoun-
tering CD4+ T lymphocytes. More re-
cently, evidence emerged that prima-
rily cell surface bound HIV-1 particles 
are transmitted to CD4+ T lymphocytes 
(Cavrois et al., 2007). In Chapter 5 was 
shown that approximately 60-70% of the 
HIV-1 particles captured by iMDDCs and 
mMDDCs are internalized after a two 
hour incubation period (Chapter 5). Most 
recently captured HIV-1 was located at, 
or just underneath, the plasma mem-
brane. Most likely, these virions are 
preferentially transmitted to susceptible 
CD4+ T cells, since virions that are proc-
essed into deeper compartments in DCs 
must be redistributed back to the cell 
surface before transmission can occur. 
Virus located in deeper compartments, 
however are also transmitted to CD4+ T 
lymphocytes. This was demonstrated by 
Garcia et al. showing that HIV-1 in the 

internal CD81-rich compartment can 
relocate to the immunological synapse 
(Garcia et al., 2005). Endosomes, multi-
vesicular bodies (MVBs) and lysosomes 
can also fuse with the plasma mem-
brane and thereby transfer internalized 
HIV-1 from these compartments to CD4+ 

T lymphocytes (Wiley and Gummulu-
ru, 2006; Wubbolts et al., 1996). Since 
plasma membrane-bound virus can 
be rapidly internalized into these com-
partments, transmission of internalized 
HIV-1 should not be underestimated. 

Not all cells that express HIV-1 re-
ceptors can facilitate viral transmission to 
CD4+ T lymphocytes. Raji and Namalwa 
cells transfected with DC-SIGN were 
capable of transmitting HIV-1 (Bobardt 
et al., 2003), whereas THP and K562 
cells expressing DC-SIGN efficiently 
captured, but failed to transfer HIV-1 to 
CD4+ T lymphocytes (Wu et al., 2004b; 
Wu et al., 2004a). Internalization of HIV-1 
bound to DC-SIGN seems required for 
efficient transmission to occur (Kwon et 
al., 2002). Moreover, at neutral intracel-
lular pH less virus was transmitted via 
DC-SIGN than at a mild acidic intracel-
lular environment of pH 6.2 (Garcia et 
al., 2005). A pH around 6 is established 
in the CD81-rich compartment and in 
early endosomes. It is possible that the 
most recently captured viruses that have 
just reached the mild acidic early endo-
some compartment are more efficiently 
transmitted than cell-bound virus, but 
not those internalized into later compart-
ments of the endocytic compartment. 
Lateral movement of cell surface bound-
HIV-1 to the immunological synapse 
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could be less efficient than internalized 
HIV-1 that can be directed via vesicular 
transport to the T cell contact zone.

HIV-1 transmission via the ex-
osome-dissemination pathway

Exosomes are small vesicles that 
are embedded in MVBs that can be se-
creted by fusion of the MVB with the 
plasma membrane. These exosomes 
have a immunological function and can 
interact with HIV-1 (Wiley and Gummu-
luru, 2006). 

Infected macrophages hardly 
produce newly synthesized HIV-1 parti-
cles via viral budding from the plasma 
membrane, but assemble and store 
virions in MVBs (Deneka et al., 2007; 
Pelchen-Matthews et al., 2003). The 
newly synthesized virions are subse-
quently released by fusion of MVBs with 
the plasma membrane together with ex-
osomes. It has recently been shown that 
exosomes and HIV-1 particles released 
by MVBs are efficiently captured by 
mature DCs that store the virions in the 
CD81-rich compartment (Izquierdo-Use-
ros et al., 2007). Since macrophages in 
cervical mucosa are primarily infected 
by R5 HIV-1 it could be that surrounding 
matured DCs are loaded with exosome-
derived R5 HIV-1 from macrophages. DC 
migration to lymph nodes, prolonged re-
tainment of HIV-1 particles in the CD81-
compartment and efficient transfer of 
HIV-1 to CD4+ T lymphocytes via fusion 
of CD81 into the immunological synapse 
can help explain for the selection of R5 
viruses early in disease course.

Transmission route of neutral-
ized HIV-1

A substantial quantity of 2F5-pre-
neutralized HIV-1 captured by DCs was 
located near or at the plasma membrane 
but not colocalized with neutralizing Ab, 
suggesting that these virions are not 
neutralized. This result could explain for 
the efficient transmission of 2F5-neutral-
ized virus. Like 2F5-, also b12-neutral-
ized virus demonstrated a substantial 
quantity of Ab-free virus near the plasma 
membrane. Our transmission results 
however with b12-neutralized virus dem-
onstrated that this Ab efficiently blocked 
HIV-1 transmission. A possible explana-
tion could be that, next to Ab-free virions 
and b12-HIV-1-immune complexes, also 
free b12 Ab is recruited to the immuno-
logical synapse and cross neutralization 
occurs during transmission. Since the 
2F5 Ab less potently neutralizes HIV-1 
and less 2F5 Ab is present in DCs, the 
possibility of cross neutralization is 
somewhat reduced (Chapter 5).

The role of Abs in DC-mediated 
HIV-1 transmission

Abs can theoretically control HIV-1 
replication via a number of mechanisms, 
such as through induction of comple-
ment-mediated virion lysis, antibody-
dependent cellular cytotoxicity (ADCC), 
as well as their capacity to neutralize 
virus upon binding. Most Abs tested 
in our studies did not prevent DC-me-
diated transmission of HIV-1 to CD4+ 

T lymphocytes, except for the b12 Ab 
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(Chapter 3 and 4). The 2F5 Ab quickly 
dissociated from the HIV-1-immune-
complex, whereas the b12 Ab remained 
associated with HIV-1 during processing 
by DCs. As the 2F5 Ab had a low affin-
ity for the envelope, in contrast to b12 
we speculate that only Abs with strong 
affinity for the envelope can block DC-
mediated HIV-1 transmission. Abs that 
sterically hinder binding of HIV-1 to 
DC-SIGN could also be considered 
as potent Abs to block HIV-1 transmis-
sion. The 2G12 Ab binds to glycans on 
the viral envelope and has been shown 
to inhibit HIV-1 attachment to DC-SIGN 
(Binley et al., 2006). Unfortunately, this 
Ab does not sufficiently block DC-SIGN 
binding, since we observed transmission 
of 2G12-neutralized virus by Raji-DC-
SIGN cells. V3-directed Abs could block 
HIV-1 capture by the recently identified 
Syndecans on iMDDCs, by blocking at-
tachment of the important Arg at position 
298 to Syndecans (Bobardt et al., 2003). 
Interestingly, only R5 HIV-1 transmis-
sion by DCs was inhibited by V3-direct-
ed Abs. Although we have not evaluated 
capture of V3-neutralized HIV-1 by DCs, 
it could be that V3-neutralized X4 HIV-1 
with high V3 charge still can bind to Syn-
decans, whereas R5 HIV-1 can not. 

Abs can re-neutralize HIV-1 during 
DC-mediated transmission demonstrat-
ing that the Abs have access to the 
formed immunological synapse between 
DCs and T cells. HIV-1 transmission 
between T cells, which occurs via for-
mation of a virological synapse on the 
contrary is not accessible to Abs (Chen 
et al., 2007). Transmission via a virologi-

cal synapse occurs via formation of a 
network of thin nanotubes that connect 
and forms a tight synapse. These nan-
otubes protrude from the plasma mem-
brane and can connect over long dis-
tances (Sowinski et al., 2008). Since 
DCs preferentially transmit X4 over R5 
HIV-1 in the presence of neutralizing Ab 
(Chapter 4) and subsequent transmis-
sion of HIV-1 amongst T cells cannot be 
blocked by neutralizing Abs, evolution 
towards a X4 envelope phenotype could 
be promoted.

The role of complement and 
Abs in HIV-1 transmission

Abs can control HIV-1 replication 
via induction of complement-mediat-
ed virion lysis (Gregersen et al., 1990; 
Huber et al., 2006; Lederman et al., 
1989; Schmitz et al., 1995) and ADCC 
(Blumberg et al., 1987; Ojo-Amaize 
et al., 1987; Rook et al., 1987). None-
theless complement binding to HIV-1 
without Ab, can enhance infection of 
DCs and subsequent viral transfer to 
CD4+ T lymphocytes (Bajtay et al., 
2004; Bouhlal et al., 2007). Not only 
were DCs better infected when HIV-1 
was opsonized with complement, but 
PBMCs, B cells, monocytes and mac-
rophages were also more susceptible 
to infection after complement opsoni-
zation (Bouhlal et al., 2001; Stoiber et 
al., 1997; Thieblemont et al., 1993). In-
terestingly, complement opsonized viral 
particles that are also neutralized with 
an Ab cannot infect DCs (Wilflingsed-
er et al., 2007). DCs, however can ef-
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ficiently capture and internalize these 
HIV-1-Ab-complement complexes to the 
CD81-rich compartment. These internal-
ized complexes by DCs have also been 
shown to be efficiently transmitted to 
CD4+ T lymphocytes, when transferred 
three hours after initial capture (Wilfling-
seder et al., 2007). Longer incubation 
periods, however, reduced successful 
HIV-1 transmission (Wilflingseder et al., 
2007). These results suggest that HIV-
1-Ab-complement complexes are simi-
larly processed as HIV-1-Ab complex-
es. Moreover blocking the complement 
receptor 3 or DC-SIGN dramatically 
reduced capture of these HIV-1-comple-
ment immune complexes by DCs and 
subsequently inhibited viral transfer to 
CD4 T lymphocyte (Bouhlal et al., 2007). 
Taken together, complement can induce 
virion lysis but also increase direct infec-
tion of HIV-1 susceptible cells. Induc-
tion of neutralizing Abs are therefore re-
quired to block infection and to minimize 
DC-mediated trans-infection.

Vaccination

A sterilizing vaccine against HIV-1 
should induce immune responses that 
recognize the virus and protect against 
infection. Two large-scale vaccine trials 
in humans have failed. The CTL based 
STEP trial was prematurely terminated. 
This proof-of-concept trial was intended 
to test whether the vaccine could either 
reduce infection or reduce HIV-1 viral 
load following infection. The vaccine was 
based on the adenovirus-5 vector, which 
contained the coding sequences of Gag, 

Pol and Nef derived from subtype B HIV-1 
and was administrated as three vacci-
nations (http://www.hvtn.org/media/pr/
step111307.html) (Buchbinder et al., 
2008; McElrath et al., 2008). Although 
specific CD8+ T cell responses were 
measured by IFN-γ ELISPOT, the 
vaccine did not protect against infection. 
Moreover, a trend of enhanced HIV-1 in-
fection was observed in vaccinees with 
strong immunity against adenovirus-5 
(Cohen, 2007; Ledford, 2007; Sekaly, 
2008). Although this T-cell based vaccine 
failed in humans, data from rhesus 
macaque studies showed that induction 
of a proper T cell response could reduce 
the viral load set-point (Liu et al., 2009; 
Schmitz et al., 1999). Moreover, patients 
with HLA-B57 or HLA-B27 had a limited 
HIV-1 replication through their CTL re-
sponse (Leslie et al., 2004; Streeck et 
al., 2008). These patients had lower viral 
set-points and disease progression was 
reduced (Migueles et al., 2000; Navis et 
al., 2007). These data indicate that T-cell 
responses may be important to suppress 
HIV-1 replication.

A phase I vaccine trial inducing a 
humoral immune response through vac-
cinating with the monomeric HIV-1 en-
velope gp120 protein induced no de-
tectable protective efficacy (Flynn et 
al., 2005; Pitisuttithum et al., 2006). 
Vaccine failure was not caused by low 
Ab-responses, but the elicited Abs were 
not broadly-reactive against the huge 
variety of HIV-1 envelopes (Mascola et 
al., 1996; Moore et al., 1995). 
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Infusion of the broadly neutralizing 
Abs such as b12, however, has been 
shown to protect macaques from vaginal 
infection with SHIV in a dose-dependent 
manner (Parren et al., 2001; Veazey et 
al., 2003). Other studies administering 
neutralizing Abs by passive infusion, 
such as F105, 2F5 or 2G12 also dem-
onstrated that macaques could be pro-
tected against SHIV challenge (Baba et 
al., 2000; Mascola et al., 1999; Mascola 
et al., 2000; Shibata et al., 1999). Inter-
estingly, neutralizing Abs were not effec-
tive in protecting macaques when viral 
challenge occurred 2-18 hrs before im-
munization (Foresman et al., 1998). 
Moreover, passive immunizations with 
neutralizing Ab did not fully protect 
macaques since some animals could 
still be infected. Additionally, no lasting 
protection was observed in acute and 
chronically HIV-1 infected patients that 
were receiving passively infused Abs 
(Lefrere et al., 1996; Mehandru et al., 
2007; Trkola et al., 2005; Vittecoq et al., 
1995). These results so far suggest that 
Abs may have a prophylactic but not a 
therapeutic role in protection against 
HIV-1 infection.

Our results have shown that HIV-1 
can evade Ab neutralization in vitro via 
DC-mediated viral transmission in trans. 
The passive immunization studies in 
macaques with Abs such as 2F5, 2G12 
or b12 demonstrated that only the b12 
Ab was able to prevent SHIV infection 
whereas 2F5 and 2G12 could not, al-
though the latter two Abs were able to 
protect macaques from infection when 
combined (Mascola et al., 1999). In 

agreement with the SHIV results (Parren 
et al., 2001; Veazey et al., 2003) we 
showed that only the b12 Ab was able 
to block DC-mediated HIV-1 transmis-
sion. Therefore, it is possible that Ab-
immune evasion mediated by DCs as 
described in this thesis could occur in 
vivo. Our results demonstrate that DCs 
preferentially transfer X4 HIV-1 over R5 
viruses in trans (Chapter 4) in contrast 
to transmission of HIV-1 in cis that is 
dominated by R5 virions (Ganesh et al., 
2004). Neutralizing Abs administrated 
by passive infusion efficiently blocked 
infection of DCs thereby blocking HIV-1 
transmission in cis (Holl et al., 2006b; 
Holl et al., 2006a). Immune activation 
and induction of Abs on one hand has an 
advantageous effect on reduced HIV-1 
replication, but has a disadvantageous 
effect on HIV-1 evolution towards the 
more pathogenic X4 viruses.

Vaccination strategy

Our results and data from the litera-
ture indicate that there are many difficul-
ties in developing an HIV-1 vaccine that 
will provide coverage against the multi-
tude of HIV-1 variants. 

To deal with the preferential trans-
mission of X4 over R5 HIV-1, b12-type 
like Abs should be induced with high 
Ab-affinity for a multitude of different en-
velopes. Additionally, usage of a com-
bination of Abs could help to block es-
tablishment of infection (Mascola et al., 
1999). Abs are also required that do no 
stimulate formation of infectious comple-
ment-HIV-1 complexes (Bouhlal et al., 
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2007; Stoiber et al., 1997; Thieblemont 
et al., 1993; Wilflingseder et al., 2007). 
To induce such a vaccine will be difficult, 
especially since induction of effective 
neutralizing Abs against the viral enve-
lope to-date has been very poor.

In this thesis we have described 
that DCs are able to revert HIV-1 Ab-
neutralization. As a role for FcRn in HIV-
1-Ab dissociation, it would be interesting 
to inactivate this receptor through ad-
ministrating already developed peptides 
(Mezo et al., 2008). IgG3 neutralizing 
Abs are not able to bind the FcRn recep-
tor and an IgG3 immune response would 
therefore be expected to have better 
protective effects. In addition to induc-
tion of a proper Ab response, an active 
T cell response is required to kill infect-
ed cells that could have been infected 
by HIV-1 at locations where Abs are not 
present in sufficient levels to provide for 
full neutralization. 

All data so far have illustrated that 

immune activation not only increased 
replication in susceptible cells, such as 
in T lymphocytes and DCs (Smed-So-
rensen et al., 2005), but also facilitated 
migration of DCs to lymph nodes. More-
over the interaction of DCs with activat-
ed T cells is more stable and therefore 
has been shown to increase trans-infec-
tion (Wilflingseder et al., 2007). 

For the development of future HIV-1 
vaccines, more knowledge needs to be 
gained about the different routes HIV-1 
exploits for transmission and pathogen-
esis, such as the role of DCs and the in-
volved HIV-1 receptors. Additionally, the 
in vivo relevance of the findings report-
ed in this thesis need to be expanded 
to obtain better insight into what detri-
mental role Abs may cause in HIV-1 in-
fection. As DCs are key players of the 
immune system and are involved in the 
innate and adaptive immune system, 
more study is required on their role in the 
HIV-1 life cycle and disease outcome.
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also be delivered as fully infectious virus 
to CD4+ T lymphocytes that become in-
fected, which is designated as HIV-1 
transmission in trans. Transfer of virus 
between DCs and CD4+ T lymphocytes 
occurs in the contact zone between both 
cells types, where virus and cellular re-
ceptors required for infection are con-
centrated. This contact zone is termed 
the immunological synapse. Since DCs 
express CD4 and the CCR5 and/or 
CXCR4 chemokine co-receptor they are 
susceptible for HIV-1 infection, however 
HIV-1 replication in DCs is relatively in-
efficient. DCs mature upon infection 
and migrate to draining lymph nodes 
where newly synthesized viral particles 
are disseminated amongst CD4+ T lym-
phocytes. Infection of DCs and transmis-
sion of newly made virus is designated 
as HIV-1 transmission in cis. 

DCs are essential key players of 
the immune system that can activate 
both the humoral and cellular immune 
responses against invading pathogens 
such as HIV-1. Viral infected cells are 
cleared by cytotoxic T lymphocytes 
(CTL), whereas free virions are cleared 
or neutralized by Abs. Moreover, Abs are 
involved in complement-mediated virion 
lysis and antibody-dependent cellular 
cytotoxicity (ADCC), which limits viral 
infection levels. Unfortunately, activa-
tion of both arms of the immune system 
is not sufficient to clear HIV-1 infection 
in vivo. In this thesis we evaluated the 
role of neutralizing Abs in DC-mediated 
HIV-1 transmission in trans and studied 
how the HIV-1-Ab complexes were proc-

Summary

Presently, 33 million humans are 
infected with HIV-1. Viral spread occurs 
via sexual contact, injecting drug use or 
through mother to child transmission. 
For HIV-1 infection to be established 
the virus must breach mucosal barriers 
and come into contact with cells such as 
CD4+ T lymphocytes, macrophages and 
dendritic cells (DCs) that are sensitive to 
viral infection. HIV-1 cell infection is fa-
cilitated by the CD4 receptor; its primary 
receptor and a chemokine coreceptor; 
usually CCR5 or CXCR4. During the 
acute stage of HIV-1 infection viruses 
predominantly use the CCR5 corecep-
tor, whilst later in infection in ~50% of 
individuals viruses emerge that use the 
CXCR4 coreceptor. The switch from 
coreceptor usage coincides with accel-
erated disease progression. 

DCs are believed to play an impor-
tant role in the establishment of primary 
HIV-1 infection and enhancement of 
viral replication in vitro. These cells are 
antigen presenting cells that are spe-
cialized in capturing pathogens such 
as HIV-1. A number of receptors have 
been identified on DCs that can facilitate 
capture of HIV-1 particles such as the 
C-type lectin DC-SIGN and heparan sul-
phated proteoglycans. Captured HIV-1 
particles are internalized by DCs and 
processed into small peptide fragments, 
which are subsequently presented at the 
cell surface on MHC class II molecules. 
CD4+ T lymphocytes can recognise the 
membrane-displayed HIV-1 peptides 
and induce a specific immune response. 
Alternatively, DC-captured HIV-1 can 
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essed by DCs.
In chapter 2 of this thesis, the in-

fluences of gp120 envelope modifica-
tions that affect HIV-1 co-receptor usage 
were tested for their interaction with DC-
SIGN. The envelope proteins were gen-
erated by site directed mutagenesis and 
were based on early and late viral se-
quences obtained from an HIV-1 patient. 
Combinations of mutations in the V1V2 
and V3 region of the gp120 molecule 
were analyzed on HIV-1 replication in 
the presence of Raji, Raji-DC-SIGN cells 
and DCs. We observed that viruses with 
an extended V1V2 loop in the envelope 
replicated more efficiently on CD4+ T 
lymphocytes when DC-SIGN expressing 
cells were present. The viruses with ex-
tended V1V2 envelopes were more ef-
ficiently captured by DC-SIGN. Removal 
of the potential N-linked glycosylation 
site in the extended V1V2-region mildly 
effected DC-SIGN enhanced viral repli-
cation. A netto increase in V3 charge of 
the envelope enhanced DC-SIGN medi-
ated viral replication. Removal of the N-
linked glycosylation site in the V3 region 
with high V3 charge caused a decrease 
in HIV-1 replication in the presence of 
DC-SIGN expressing cells. This could 
be explained by a reduced DC-SIGN af-
finity, causing a reduced HIV-1 transmis-
sion. Transfer experiments in presence 
of limiting dilutions of mannan suggest 
that indeed the affinity for DC-SIGN for 
envelopes with higher netto V3 charge 
was reduced by the loss of N-linked gly-
cosylation sites. Together the results of 
these experiments demonstrate the im-
portance of envelope modifications on 

altering the capacity by which HIV-1 can 
interact with DC-SIGN and can affect 
enhanced HIV-1 transmission.

In Chapter 3, we used a dual-tropic 
(R5/X4) HIV-1 and tested the effect of 
neutralizing Abs on capture and trans-
fer of this virus by DC-SIGN-expressing 
cells. Pre-neutralization of HIV-1 with the 
2F5 Ab, that binds the gp41-region of the 
envelope, efficiently neutralizes a broad 
panel of HIV-1 strains and increased 
capture of HIV-1 by DC-SIGN-express-
ing cells. The enhanced capture of the 
2F5-HIV-1 complex was facilitated by 
Fc-receptors. Interestingly, DCs loaded 
with 2F5-neutralized HIV-1 showed in-
creased transfer of infectious virus in 
trans to CD4+ T lymphocytes in compari-
son to control virus. Re-addition of neu-
tralizing Ab during transmission could re-
neutralize DC-released virus, implying 
that Abs have access to the immunologi-
cal synapse. By testing other broad neu-
tralizing Abs we observed that none of 
these Abs were able to block DC-medi-
ated transmission except for the b12 Ab. 
Sera, containing multiple HIV-1 specific 
Abs from infected patients were tested 
and also demonstrated no block in DC-
mediated HIV-1 transmission. DCs or 
other cells expressing DC-SIGN could 
therefore facilitate Ab-immune evasion 
in vivo. This could provide an explana-
tion for the low efficiency of the humoral 
immune responses in blocking HIV-1 
replication. 

In Chapter 4, we evaluated the 
effect of neutralizing Abs on DC-mediat-
ed transmission of HIV-1 using either the 
CCR5 or CXCR4 coreceptor for cell entry. 
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CXCR4 using HIV-1 neutralized with 
2F5 demonstrated an enhanced DC-me-
diated HIV-1 transmission, whilst CCR5 
using HIV-1 transfer was partially inhibit-
ed by 2F5 neutralization. By using more 
broadly neutralizing Abs we showed that 
CXCR4 using HIV-1 showed heightened 
transfer by DCs to CD4+ T lymphocytes 
compared to R5 HIV-1. We also showed 
that mature DCs and myeloid DCs also 
preferentially transferred X4 strains over 
R5 variants. By selecting six molecu-
larly cloned HIV-1 variants previously 
described (Chapter 2), we confirmed 
that DCs promote transmission of X4 
viruses more efficiently than R5 strains. 
DCs may therefore aide in the in vivo 
emergence of X4 viruses during disease 
course.

In Chapter 5, we examined 
processing of 2F5 or b12-neutralized 
HIV-1 by DCs. Fluorescent HIV-1 and la-
belled Abs were visualized and tracked 
in the immature and mature state by 
confocal microscopy. Tracking of these 
HIV-1 complexes in DCs confirmed that 
the 2F5 Ab quickly dissociated from 
HIV-1 during viral processing, whilst the 
b12 Ab was not. Different compartments 
of the endocytic pathway were labelled 
to identify where the 2F5 Ab dissociates 
from HIV-1 after internalization. No spe-
cific compartment could be localized in 
DCs corresponding with Ab-dissocia-
tion. We tested Ab-dissociation from the 
viral envelope by ELISA at decreasing 

pH. The 2F5 Ab lost its binding capac-
ity to the envelope at pH 4.5, whilst the 
b12 Ab dissociated at pH 4.0. Moreover, 
Ab-binding at various concentrations 
showed that the 2F5 Ab bound 1000-fold 
weaker to the monomeric envelope than 
the b12 Ab. Additionally, we demonstrat-
ed that at decreasing Ab-concentrations 
the neutralization capacity of the 2F5 Ab 
was weaker compared to the b12 Ab. 
Therefore we conclude that 2F5-neu-
tralization of HIV-1 is quickly reversed 
due to low Ab-affinity. We hypothesize 
two plausible mechanisms to explain 
how neutralization of HIV-1 particles is 
undone upon capture and processing by 
DCs. Either the Ab dissociates from HIV-
1-immune complex upon engagement 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. Understanding how DCs fa-
cilitate Ab-evasion will undoubtedly help 
in the development of new vaccine strat-
egies for HIV-1.

In Chapter 6, the main findings of 
this thesis have been discussed in per-
spective with recent literature in review 
format with respect to the role of DCs 
in HIV-1 capture mechanism, internali-
zation, processing and transmission to 
CD4+ T lymphocytes. Furthermore, we 
discuss our results in perspective to the 
possible consequences for vaccine de-
velopment.
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Samenvatting

Momenteel zijn er 33 miljoen 
mensen met het humaan immunode-
ficiëntie virus geïnfecteerd. Het virus 
verspreid zich via seksueel contact, het 
injecteren van geïnfecteerde drugs, via 
borstvoeding, of via placenta bloedin-
gen waarbij het virus van moeder op 
kind wordt overgedragen. Om HIV-1 
overdracht mogelijk te maken moet het 
virus eerst door mucosale barrières om 
in contact te komen met CD4+ T lym-
focyten, macrofagen and dendritische 
cellen (DC) die het virus kan infecteren. 
Om een cel te infecteren maakt het virus 
gebruik van de CD4 receptor en een 
coreceptor; meestal CCR5 of CXCR4. 
Virussen die de CCR5 of CXCR4 chem-
okine receptor gebruiken worden aange-
duid als R5 of X4 virussen. In de acute 
infectie fase gebruiken de virussen voor-
namelijk de CCR5 co-receptor en later 
in het ziekte verloop wordt de CXCR4 
coreceptor gebruikt wat voorkomt in 
~50% van de geïnfecteerde patiënt-
en. De omschakeling van coreceptor 
gebruik gaat gepaard met een versneld 
ziekte verloop.

  Er wordt aangenomen dat DCs 
een belangrijke rol vervullen in de pri-
maire HIV-1 infectie en een verhoging 
van virus replicatie in vitro veroorzaken. 
Deze cellen hebben een antigeen pre-
senterende functie en zijn gespeciali-
seerd in het opnemen van pathogenen 
zoals HIV-1. Er zijn verschillende recep-
toren op de DC geïdentificeerd die be-
trokken zijn bij het opnemen van HIV-1 
partikeltjes zoals de C-type lectine 
DC-SIGN and heparaan sulfaat prote-

oglycanen. HIV-1 partikeltjes die door 
de DC zijn opgepakt worden geïnternali-
seerd en opgewerkt tot kleine peptide 
fragmenten die gepresenteerd worden 
op MHC class II moleculen op de cel 
membraan. CD4+ T lymfocyten herk-
ennen de kleine peptiden als lichaam-
svreemd en induceren een specifieke 
immuun-response. DCs kunnen ook 
infectieus virus presenteren aan CD4+ 

T lymfocyten die hierdoor geïnfecteerd 
raken, dit wordt omschreven als HIV-1 
transmissie in trans. De overdracht van 
virus tussen een DC en CD4+ T lymfo-
cyt gebeurt via een contact zone die im-
munologische synaps wordt genoemd. 
DCs hebben HIV-1 receptoren zoals 
CD4, CCR5 en CXCR4 en zijn dus ook 
bevattelijk voor virus infectie, alhoewel 
virus replicatie in deze cellen relatief in-
efficient is. DCs matureren na infectie 
en migreren naar lymfe knopen, waar 
ze gerepliceerd virus verspreiden aan 
omliggende CD4+ T lymphocyten. Over-
dracht van nieuw gemaakt virus door de 
DC aan CD4+ T lymfocyten wordt HIV-1 
transmissie in cis genoemd.

 DCs reguleren essentiele proc-
essen van het immuun systeem, waarbij 
de humorale en cellulaire immuun 
respons geactiveerd worden tegen bin-
nendringende pathogenen zoals HIV-1. 
Viraal geïnfecteerde cellen worden door 
cytotoxische T lymfocyten opgeruimd 
en vrije HIV-1 partikeltjes worden ge-
neutraliseerd door antilichamen (Abs). 
Antilichamen zijn ook betrokken bij het 
lyseren van virus partikeltjes door com-
plement en het cytotoxisch verwijder-
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en van geïnfecteerde cellen (ADCC), 
waardoor virus replicatie omlaag gaat. 
Jammer genoeg is activatie van beide 
takken van het immuun systeem niet 
genoeg om HIV-1 infectie in vivo te 
klaren. In dit proefschrift hebben we 
gekeken naar de rol van neutraliserende 
antilichamen in HIV-1 transmissie in 
trans via DCs en bestudeerden we hoe 
HIV-1-antilichaam-complexen door deze 
DCs bewerkt werden.

In hoofdstuk 2 van dit boekje 
hebben we gekeken naar veranderingen 
in het gp120 deel van de envelop, die 
invloed hebben op het HIV-1 coreceptor 
gebruik, en de interactie met DC-SIGN. 
De veranderingen in de envelop eiwit-
ten zijn verkregen door mutagenese en 
zijn gebaseerd op vroege en late virale 
envelop sequenties afkomstig van een 
HIV-1 geïnfecteerde patiënt. Combina-
ties van mutaties in de V1V2 en V3 regio 
van het gp120 molekuul zijn op HIV-1 
replicatie geanalyseerd in de aanwezig-
heid van Raji, Raji-DC-SIGN en DCs. 
We hebben geobserveerd dat een ver-
lenging in de V1V2 regio in de envelop 
een verhoging gaf van HIV-1 replicatie 
op CD4+ T lymphocyten in de aanwezig-
heid van cellen met DC-SIGN expressie. 
Het weghalen van een potentiële suiker 
in het verlengde V1V2 deel had weinig 
effect op de verhoogde replicatie in de 
nabijheid van DC-SIGN. Een verhoog-
de netto lading van amino zuren in de 
V3 van de envelop verhoogde de rep-
licatie van virus gefaciliteerd door DC-
SIGN. Verwijdering van een suiker in 
de V3 regio met hoge V3 lading zorgde 
voor een verlaagde HIV-1 replicatie in 

de aanwezigheid van cellen met DC-
SIGN. Dit zou verklaard kunnen worden 
door een verlaagde affiniteit voor DC-
SIGN, waardoor er een verlaagde kans 
op HIV-1 transmissie ontstaat. Trans-
missie experimenten met enveloppen 
met een hoge V3 lading zonder suiker 
in de V3, bevestigde dat de affiniteit 
voor DC-SIGN inderdaad verlaagd werd 
na toevoeging van een verhoogde con-
centratie mannan dat competitief aan 
DC-SIGN bind. Samenvattend laten de 
resultaten van deze experimenten zien 
dat veranderingen in de envelop be-
langrijk zijn voor de mate waarin HIV-1 
aan DC-SIGN bind en verhoogde HIV-1 
transmissie teweeg kan brengen.

In hoofdstuk 3 hebben we een 
R5X4 virus gebruikt en hebben we 
gekeken naar het effect van neutralis-
erende antilichamen op HIV-1 binding 
aan DC-SIGN en transmissie naar CD4+ 

T lymfocyten. HIV-1 geneutraliseerd met 
het 2F5 antilichaam, dat aan de gp41-re-
gio van de envelop bind en veel verschil-
lende HIV-1 partikeltjes efficiënt neutrali-
seert, verhoogde de opname van HIV-1 
door cellen met DC-SIGN expressie. De 
verhoogde opname van de 2F5-HIV-1 
complexen werd bewerkstelligd door Fc-
receptoren. De verhoogde opname van 
2F5-geneutraliseerd HIV-1 door DCs re-
sulteerde in een interessante verhoging 
van de HIV-1 transmissie in trans naar 
CD4+ T lymfocyten. De transmissie van 
HIV-1 van DCs naar CD4+ T lymfocyten 
kon geblokkeerd worden na toevoeg-
ing van 2F5-antilichaam tijdens de 
overdracht. Dit impliceert dat het 2F5-
antilichaam toegang heeft tot de immu-
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nologische synaps tijdens transmissie. 
Nadat we ook andere HIV-1 specifieke 
antilichamen getest hadden op HIV-1 
transmissie via DCs kwamen wij tot de 
conclusie dat geen enkel antilichaam 
transmissie kon blokkeren met als uit-
zondering het b12 antilichaam. Sera van 
HIV-1 patiënten die talloze verschillende 
HIV-1 specifieke antilichamen bevatten 
waren ook niet in staat HIV-1 transmis-
sie te blokkeren. Met behulp van DCs 
of andere cellen die DC-SIGN bevatten, 
zou HIV-1 antilichaam neutralisatie in 
vivo kunnen ontkomen. Dit kan de reden 
zijn waarom de humorale respons een 
lage effectiviteit heeft tegen HIV-1 rep-
licatie.

In hoofdstuk 4 hebben we het 
effect van neutraliserende antilichamen 
bekeken op transmissie van R5 en X4 
virussen via DCs. X4-virussen die ge-
neutraliseerd waren door 2F5 gaven 
een verhoogde transmissie van DCs 
naar CD4+ T lymfocyten terwijl R5-virus-
sen een verlaagde transmissie toonde 
na 2F5 neutralisatie. Door verschillende 
neutraliserende antilichamen te gebruik-
en zagen we dat X4 virussen sterker 
overgedragen werden van DCs naar 
CD4+ T lymfocyten dan R5-virussen. X4 
virusen werden ook door mature en my-
eloide DCs bij voorkeur overgebracht in 
vergelijking met R5 HIV-1. Deze bev-
inding, dat X4 HIV-1 bij voorkeur door 
DCs overgedragen worden, konden we 
bevestigen door gebruik te maken van 
zes moleculaire gekloneerde HIV-1 vari-
anten die beschreven staan in hoofdstuk 
2. DCs kunnen dus via deze transmis-
sieroute het ontstaan van X4 virussen in 

vivo faciliteren.
In hoofdstuk 5 hebben we gekeken 

naar opname en verwerking van 2F5-, en 
b12-geneutraliseerd HIV-1. Fluorescer-
end HIV-1 en de gelabelde antilichamen 
werden gevisualiseerd en gevolgd na 
opname door immature of mature DCs 
met behulp van confocale microscop-
ie. Door HIV-1-antilichaam complexen 
te volgen in DCs konden we aantonen 
dat het 2F5 neutraliserende antilichaam 
snel van een HIV-1 complex werd ver-
wijderd, maar niet het b12-antilichaam. 
Verschillende DC compartimenten 
werden bestudeerd om te kijken in welk 
compartiment het 2F5-antilichaam na 
opname van een HIV-1-complex disso-
ciëerde. Helaas konden we geen speci-
fiek compartiment aanwijzen waar verw-
ijdering van het antilichaam plaats vond. 
Met ELISA hebben we gekeken of antili-
chaam-dissociatie veroorzaakt kon zijn 
door verlaging in de zuurgraad. Het 2F5-
antilichaam verloor envelop binding bij 
pH 4.5, terwijl het b12-antilichaam geen 
binding vertoonde bij pH 4. Na het testen 
van antilichaam binding aan monomeer 
envelop met verschillende antilichaam 
concentraties konden we aantonen dat 
2F5 1000-keer minder sterk bond in 
vergelijking met b12. Ook konden we 
aantonen dat de neutralisatiecapac-
iteit van 2F5 zwakker was dan van b12. 
Onze conclusie is dat HIV-1 neutralisa-
tie door 2F5 snel verloren gaat vanwege 
een lage bindingsaffiniteit van het antili-
chaam voor het virus. Twee mogelijke 
hypothesen stellen wij voor hoe DCs 
de neutralisatie van HIV-1 ongedaan 
kan maken. Het antilichaam dissocieert 
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passief van een HIV-1-complex door 
binding aan een HIV-1 receptor op DCs, 
of het antilichaam wordt actief van een 
HIV-1-complex getrokken door de FcRn 
die antilichamen hergebruikt en de cel 
uit transporteert. Het begrijpen van het 
mechanisme hoe het HIV-1-antilichaam 
complex verwerkt wordt door DCs kan 
ontwikkeling van een nieuwe HIV-1 
vaccin strategie bevorderen.

In hoofdstuk 6 worden onze bev-
indingen zoals beschreven in dit boekje 
met anderen bevindingen uit de liter-
atuur bediscussieerd in een overzicht. 
Dit zal met name gaan over binding, 
opname, verwerking en transmissie van 
HIV-1 door DCs. Verder bediscussiëren 
wij onze resultaten in het perspectief 
van de ontwikkeling van een vaccin.



173
page

Acknowledgements / Dankwoord

Tijdens mijn studie raakte ik geïnteresseerd in de virologie na een college van 
Raoul de Groot (bedankt) op de universiteit van Utrecht. Wat de doorslag gaf, waren 
een aantal plaatjes van katten die onder de bulten zaten en meer half dood dan 
levend waren. Het is fascinerend hoe een virusje, iets dat je niet eens kan zien en 
eigenlijk niet eens leeft, in staat is om een gezond dier zodanig te verminken. Na 
een stage bij celbiologie lukte het om een stageplaats te bemachtigen bij de afdeling 
virologie van diergeneeskunde. Dit ging nog bijna mis vanwege een zoekgeraakt 
mailtje, zodat ik niet uitgenodigd was op de allereerste introductiedag op het lab. 
Gelukkig kon Raoul op het laatste moment nog iet regelen en kwam ik onder super-
visie van Eddie te Lintelo (een enthousiaste analist, bedankt) en Marieke van der 
Lubbe (bedankt). Mijn project bestond uit het maken van recombinant Sindbis virus 
dat ik gebuikte om immuun-responsen te meten van T lymphocyten die geïsoleerd 
waren uit geïmmuniseerde katten. Na het afstuderen kreeg ik van Adri (mijn schoon-
vader, BEDANKT) te horen dat er een vacature open stond bij het AMC op de afde-
ling humane retrovirologie. Samen met vijf andere sollicitanten moest ik een praatje 
geven op deze afdeling. Martine (bedankt) werd op het project dimeriseren van HIV-1 
RNA aangenomen en ik mocht beginnen aan een immunologisch/virologisch project 
onder leiding van Bill Paxton (bedankt). Mijn Russische begeleider Alex Nabatov 
(bedankt) en ik ontdekten dat HIV-1 slecht te neutraliseren was met verschillende 
antilichamen als het virus via DC-SIGN cellen doorgegeven werd aan T lymphocyten 
(dit is vaktaal en alleen te begrijpen als je ook een vakidioot bent). Deze bevinding 
samen met meerdere gerelateerde bevindingen heeft geresulteerd in dit proefschrift, 
dat voor de meeste van jullie niet te snappen is. Dit weet ik omdat ik mijn vriendin 
het meerdere malen heb uitgelegd en als zij het probeert te herhalen zegt ze: “Het 
gaat over DC-SIGN en prrruuppp prrhhruuu pprrruuuuppp.” Kortom, er komt een boel 
wartaal uit en zij laat zien dat degene die het wel begrijpt een vakidioot moet zijn. 
Desondanks verdient mijn vriendin het bovenal bedankt te worden voor het tot stand 
komen van dit boekje. Bij deze BEDANKT mijn lieve Isabelle.

Natuurlijk wil ik mijn vrienden, vriendinnen en vakidioten van onze afdeling nog 
bedanken op gepaste manier in willekeurige volgorde:

Bedankt voor het ….
• Nakijken van al mijn publicaties (Adri)
• Gunstig buffelen op de sportschool (Nick)
• Voordoen hoe je moet ravijnsnowboarden op wintersport (Dirk)
• Laten van knalscheten, kan bijna niet overtroffen worden (Mark)
• Gejoehhooe op shiny sneakers (Moniek)
• Oprichten van de grote Fab-stucadoorspartij (Alex)



174
page

• Loeihard snurken na 10 bakken koffie (Jeroen)
• Ophalen van buffies en voordoen hoe je snaai moet eten (Ylja)
• Groente/fruit hapje, gras hoort hier niet bij (Odwan)
• Meenemen van asperges/walnoten/pannenkoeken etc. (Julia)
• Uitwisselen van tuinartikelen (Renée)
• Koken van een cremeknoflooksoepie met alle eigenaardigheden die hieraan 

verbonden zijn (Gisela)
• Voordoen hoe je jezelf dood roeit in 500 meter sprint (Joost)
• Overnachten met whiskey, als ik de laatste trein weer eens gemist had (Martijn)
• Aannemen van mij als Post-Doc zonder titel (Rogier)
• Organiseren van een super kerstdiner en het feestje na AIDS vaccin-congres 

(Georgios)
• Aanhoren van mijn gepeupel over het werk tijdens de dinsdagavonden in het 

casino (Ronald) Corrigeren van fouten in mailtjes, collegialiteit en vriendelijk-
heid ( )

• In elkaar zetten van dit boekje (Przemek)
• En natuurlijk niet te vergeten; het bespreken van literatuur in de eppsteinbar 

om 2 uur (Walter)

Verder wil ik nog alle andere collega’s, vrienden en onze drie poezen bedanken die 
ik niet specifiek heb genoemd, maar wel er voor gezorgd hebben dat ik een leuke tijd 
heb gehad.

 Thijs
 



175
page

Publication list

Alexey A. Nabatov, Thijs van Montfort, Theo B. Geijtenbeek, Georgios Pollakis, 
William A. Paxton. Interaction of HIV-1 with dendritic cell-specific intercellular adhe-
sion molecule-3-grabbing nonintegrin-expressing cells is influenced by gp120 enve-
lope modifications associated with disease progression. FEBS J. 2006 Nov; 273(21): 
4944-58

Thijs van Montfort T, Alexey A. Nabatov, Theo B. Geijtenbeek, Georgios Pol-
lakis, William A. Paxton. Efficient capture of antibody neutralized HIV-1 by cells 
expressing DC-SIGN and transfer to CD4+ T lymphocytes. J Immunol. 2007 Mar; 
178(5): 3177-85

Walter de Vries, Joost Haasnoot, Jeroen van der Velden, Thijs van Montfort, 
Fokla Zorgdrager, William A. Paxton, Marion Cornelissen, Frank van Kuppeveld, 
Peter de Haan, Ben Berkhout. Increased virus replication in mammalian cells by 
blocking intracellular innate defense responses. Gene Ther. 2008 Apr; 15(7): 545-52

Thijs van Montfort, Adri A.M. Thomas, Georgios Pollakis, William A. Paxton. 
Dendritic cells preferentially transfer CXCR4-using human immunodeficiency virus 
type 1 variants to CD4+ T lymphocytes in trans. J Virol. 2008 Aug; 82(16): 7886-96

Thijs van Montfort, Adri A.M. Thomas, Przemek M. Krawczyk, Dirk Eggink, 
Rogier W. Sanders, William A. Paxton. Antibody dissociation during HIV-1-immune 
complex processing by dendritic cells depends on avidity. Submitted (2009)

Martijn J. Stax, Thijs van Montfort, Richard R. Sprenger, Mark Melchers, Rogier 
W. Sanders, Elisabeth van Leeuwen, Sjoerd Repping, Georgios Pollakis, Dave 
Speijer, William A. Paxton. Mucin 6 in Seminal Plasma Binds DC-SIGN and Potent-
ly Blocks Dendritic Cell Mediated Transfer of HIV-1 to CD4+ T-Lymphocytes. Virology 
(accepted 2009)



176
page

List of commonly used abbreviations

Ab: antibody
ADCC: antibody-dependent cellular cytotoxicity
Ag: antigen
AIDS: acquired immunodeficiency syndrome
ART: antiretroviral therapy
CRD: carbohydrate recognition domain
CTL: cytotoxic T lymphocyte
DC: dendritic cell

cDC: conventional DC 
pDC: plasmacytoid DC

DCIR: DC immunoreceptor
DC-SIGN: dendritic-cell-specific ICAM-3 grabbing nonintegrin
FcRn: neonatal Fc receptor
GMCSF: granulocyte-macrophage colony-stimulating factor
IFN: interferon
IL: interleukin
HIV: human immunodeficiency virus
HSPG: heparan sulphate proteoglycan 
LC: langerhans cell 
LFA-1: lymphocyte-associated antigen
LPS: lipopolysaccharide 
LTNP: long-term nonprogressor
MDDC: monocyte-derived DC
MMR: mannose macrophage receptor
MVB: multivesicular body
NK: natural killer cell
PAMP: pathogen-associated molecular patterns 
PHA: phytohemagglutinin
PRR: pathogen recognition receptor
RP: rapid progressor
SDF-1: stromal cell-derived factor-1
STI: sexually transmitted infection
TLR: toll like receptor


