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Dendritic cells (DCs) are thought to be crucial for the sexual transmission of HIV-1, the most common
route of acquiring HIV-1. HIV-1 subverts the biological function of DCs to facilitate its transport from site
of entry at mucosal tissues to lymphoid tissues to infect T cells. Recent data have furthered our
understanding of how DCs mediate viral transmission to T cells. DCs capture HIV-1 through specific
attachment receptors, such as DC-SIGN, which not only facilitate HIV-1 transmission but also infection
of DCs. These receptors are therefore very promising targets for the design of inhibitors or vaccination
strategies to prevent mucosal HIV-1 transmission. Here, we will discuss the mechanism of HIV-1
transmission, potential intervention strategies and further demonstrate the role of DC-SIGN for capture
of HIV-1 on DCs using electron-microscopy.
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DCs mediate transmission of HIV-1
CD4+ T cells, the main target cells for HIV-1 during established infection, are rare or absent in the
genital epithelia, where HIV-1 invades the body. A fact that has mystified researchers on HIV-1
transmission. In 1992, Cameron et al. provided a possible solution: HIV-1 would target dendritic cells
(DCs) in the mucosal genital tissues to subvert their function and to reach their main target cells; the
CD4+ T cells7,40,45. His theory was based on observations that HIV-1-pulsed DCs induced a massive
explosive infection in co-cultured T cells, which was mainly observed in DC/T cell clusters7. Later
studies revealed that DCs transmit virus for several days after capture, partially through protection of
captured virus particles15,41,43 and productive infection of de novo HIV-143, thereby enabling HIV-1
survival during migration of DCs to lymphoid tissues
The path DCs follow to elicit their function in the immune system from the peripheral tissues to the
lymphoid tissues (Section 1) resembles the required route for HIV-1 from the site of entry to induce
systemic infection. Therefore the virus is thought to hijack DC function; DCs capture HIV-1, migrate to
the lymphoid tissues, but instead of -or at the same time as- inducing an efficient immune reaction
against the virus, DCs mediate HIV-1 transmission to T cells in the lymphoid tissues38,40,45.

The localization of DC-SIGN+ DCs
Genital mucosal tissues contain at least two important DC subsets: the Langerhans cells (LCs) and a
subset of DCs that is characterized by the expression of the C-type lectin DC-SIGN (DC-SIGN+ DCs).
Both subsets have a specific anatomical localization and express unique receptors. LCs reside in the
stratified mucosal epithelia of the vagina, ectocervix and foreskin but not in the columnar epithelium of
the rectum and the endocervix10,23,30. Moreover, LCs are abundantly present in the epidermis of
foreskin, glans penis and skin30 (Figure 2.2.1). Due to these anatomical and functional characteristics,
LCs are the first DC subset that encounters HIV-1 within intact vagina, ectocervix and penile tissues
(Table 2.2.1). In contrast, the rectal epithelium and endocervix consist of columnar epithelial cells that
lack LCs and contain DC-SIGN+ DCs23 (Figure 2.2.1, Table 2.2.1). Moreover, the low transmission rate
of HIV-1 suggests that the epithelial barrier might be an important barrier to HIV-1. Indeed, HIV-1
transmission is enhanced under conditions of trauma, and ulcerative anogenital co-infections12,26, which
damage the epithelial LC rich layer and provide access for HIV-1 to the subepithelial DC-SIGN+ DCs
(Figure 2.2.1, Table 2.2.1).
Thus, HIV-1 encounters different DC subsets depending on the site of infection and the integrity of the
epithelial layer. Here we focus on the interaction with DC-SIGN+ DCs, and in section 4-6 we will discuss
the interaction of HIV-1 with LCs.

Table 2.2.1 HIV-1 encounters different dendritic cells subsets
Entry site
Vaginal, ectocervical epithelium
Foreskin, glans penis
Rectum
Abrasion epithelium vagina, ectocervix, penis
Disrupted epithelium and subepithelium,
vagina, ectocervix, penis

First target cell
Langerhans cell
Langerhans cell
DC-SIGN+ DC
DC-SIGN+ DC
DC-SIGN+ DC, but also CD4+ T cells, macrophages
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Figure 2.2.1. Langerhans cells
reside
in
the
epithelia,
whereas
DC-SIGN+
DCs
reside in the subepithelia.
Different DC subsets are
present at the mucosal
epithelium where HIV-1 enters
the body. To illustrate these
subsets,
cryosections
of
human foreskin (a) and
rectum (b) were fixed and
stained as described before10
with
primary
antibodies
against CD1a, Langerin and
DC-SIGN. Sections were
counterstained with isotype
specific Alexa-488 (green) or
Alexa-594 (red) anti-mouse
antibodies, and nuclei were
stained blue with Hoechst.
The slides were analyzed by
Immunofluorescence
microscopy and the mucosal
epithelium depicted. LCs were
visualized using antibodies
against CD1a (upper panels),
and Langerin (upper right
panel). The DC-SIGN+ DCs
were stained using antibodies
against DC-SIGN (lower and
middle left panels). Cartoons
are displayed to show the
specific localization of the LCs
and DC-SIGN+ DCs (low and
middle right panels) in the
genital tissues. (See CD for
color pictures of this figure)

DC-SIGN efficiently captures HIV-1 on monocyte-derived DCs
The paucity and difficulty of isolating primary DC-SIGN+ DCs resulted in the use of human monocytederived DCs (moDCs) as a model for DC-SIGN+ DCs at the site of HIV-1 transmission. MoDCs are
thought to resemble DC-SIGN+ DCs, although direct comparisons at a molecular and cellular level
should be further performed.
MoDCs efficiently capture HIV-1; however the receptors that are important for this binding are under
debate. There is consensus that the C-type lectin DC-SIGN (for more information Chapter 4.1)
expressed on cell lines efficiently binds HIV-115,18. In addition, various research groups have
demonstrated that DC-SIGN is important for binding HIV-1 to moDCs1,15. We further investigated the
role of DC-SIGN by visualizing HIV-1 capture by DCs using electron-microscopy. Double-staining of
HIV-1 capsid protein (large gold-labeling) with DC-SIGN antibodies (small gold-labeling) demonstrated
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that approximately 70% of the virus particles on the cell membrane co-localized with DC-SIGN,
indicating that DC-SIGN is indeed involved in binding HIV-1 on moDCs (Figure 2.2.2). However this
technique does not exclude that other receptors are also important. Different reports have stated that
moDCs bind HIV-1 independently of DC-SIGN4,18,20, and suggested a role for other receptors, such as
the glycospingholipid galactosyl ceramide29, the mannose receptor33,42 and HIV-1 receptor CD442. In
chapter 2.3 we will describe an additional HIV-1 receptor on moDCs, the heparan sulfate proteoglycan
syndecan-3. The interaction of HIV-1 with different receptors on DC-SIGN+ DCs is thought to dictate the
subsequent fate of the virus within DCs, resulting in either degradation and antigen presentation, or viral
capture, infection and transmission.
Figure 2.2.2. DC-SIGN and HIV1 colocalize in and on
monocyte-derived DCs.
DCs were cultured as described
before15 and at day 6, the cells
6
(3x10 ) were incubated with 1µg
of HIV-1 (JR-CSF, generated as
previously described10 for 4
hours in complete medium
containing GM-CSF and IL-4.
Cells were washed and fixed in
2% paraformaldehyde and 0.2%
glutaraldehyde
in
0.1
M
phosphate buffer for 2 hours at
room temperature. Cells were
pelleted in 12% gelatine,
cryoprotected in 2.3M sucrose
and snap-frozen in liquid
nitrogen. Ultrathin cryosections
were immunolabeled with sheep
polyclonal antibody P24
(D7230 sheep anti-HIV-1- P24 polyclonal antibody, Aalto Bioreagents,Dublin, Ireland) and counter stained with 15nm protein-A
goldlabel. Subsequently the sections were blocked and stained with mouse and DC-SIGN antibody (DCN46; BD Pharmingen,
San Diego, CA, USA), which was detected using 10nm protein A goldlabel. After incubation, the sections were stained with
uranylacetate and embedded in methylcellulose. Sections were examined with a transmission electron microscope (model
Philips CM100 Bio Twin). Multiple HIV-1 virions were detected on the cell membrane (2.2.2) as well as intracellular (Figure
2.2.4 & 2.2.5).

Monocyte-derived DCs mediate viral transmission of HIV-1
MoDCs efficiently mediate transmission of HIV-1 to T cells, and it is now evident that different pathways
are involved14,35,45 (Figure 2.2.3): trans-infection and de novo transmission.
MoDCs transmit HIV-1 without becoming infected. This was shown by experiments demonstrating that
Trans-infection. DCs transfer single-round HIV-1 virus to T cells. This virus is replication defective, and
thus infection of T cells has to be derived from virus that was initially captured by DCs5,15. This
mechanism is referred to as trans-infection or first phase transmission, since it occurs fast and
independently of de novo synthesis of virus43 (Figure 2.2.3). After capture, the virus is internalized into
endosomes or multivesicular bodies, protected from degradation and subsequently transferred to the
infectious synapse formed by DC and T cells during HIV transmission1,31,35,40. Moreover, transmission
from multivesicular bodies might occur through exosomes44 HIV-1 particles, internalized into the
tetraspanin-positive compartments, were secreted by DCs associated with exosomes. These exosomeassociated virus particles were more infectious than free virus particles, suggesting that this mechanism
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also contributes to increased transmission observed in DC-T cell cocultures. By targeting moDCs, HIV-1
has found an efficient way to reach and infect T cells. Furthermore, internalized virus might also be
protected from extracellular anti-viral factors, while migrating towards the lymphoid tissues. Recently, it
was suggested that primarily cell-surface-bound HIV-1 is transferred from moDCs to CD4+ T cells and
not internalized virus 8. However, whether cell-surface bound virus is protected from innate immune
defenses is unknown.

Figure 2.3: Different pathways of HIV-1 in DC-SIGN+ DCs.
(a) 1) HIV-1 is targeted to the lysosomes, resulting in viral degradation and MHC-II presentation. 2) LSP-1 targets HIV-1 from
the endosome into the proteasome, resulting in MHC-I presentation. 3) HIV-1 is targeted to the multivesicular bodies, resulting
in HIV-1 transmission to T cells, referred to as trans-infection 4) DC-SIGN enhances DC infection in cis, which may result in de
novo HIV-1 transmission. (b) Molecules involved in the immunological synapse (*) and infectious synapse (**).

De novo-transmission. Notably, DC infection by HIV-1 might also provide long-term survival to HIV-1
within DCs15,25, and as such contribute to viral transmission. This mechanism is referred to as second
phase transmission or de novo-transmission, because of its importance in transmission several days
after HIV-1 capture43. MoDCs express the HIV-1 (co-) receptors (CD4, CCR5 and CXCR4), allowing
infection of the cells by both X4- and R5-using viruses. Moreover, infection is facilitated by DC-SIGN in
cis; DC-SIGN efficiently captures HIV-1 and facilitates the interaction with the HIV-1 receptors on the
same cell, resulting in infection5,27. The reported low levels of CD4, CXCR4, and CCR5 on moDCs might
be responsible for their weaker susceptibility to HIV-1 infection in vitro compared to that of CD4+ T
cells36. Although cellular restriction factors such as APOBEC3G and HIV-1 degradation in moDCs might
also restrict infection of DCs9,32,37.
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DC-SIGN is involved in routing of HIV-1 in immature DCs
Within minutes after DCs contact a T cell, HIV-1 is redistributed and concentrated at the T cell-DC
interface, termed the infectious synapse2,31,34. This synapse resembles the close contact between DC
and T cells in an immunological response, which involves a tight specialized junction between the two
types of cells referred to as the immunological synapse (Figure 2.2.3b), where molecules involved in
adhesion, antigen recognition, signaling and co-stimulation are clustered11,34. In DC-T cell conjugates,
HIV-1 concentrates on the DC side of the infectious synapse, while on the T cell side the HIV receptors
CD4, CCR5, and CXCR4 are enriched. Disruption of DC-SIGN expression in immature DCs through
lentiviral-mediated RNA interference impaired the formation of the infectious synapse between DC and
CD4+ T cells2, suggesting that DC-SIGN is involved in routing of HIV-1 to the infectious synapse1.
Moreover, a recent study demonstrated that DC-SIGN triggering by HIV-1 leads to increased rhoGTPase activity, which is required for the formation of virus-T cell synapses22. The intracellular
tetraspanins CD81 and CD9 are also redistributed to the infectious synapse13, which might be involved
in transmission of HIV-1 through exosomes44.
Thus, HIV-1 is targeted to the infectious synapse and DC-SIGN is involved in this process. However,
the specific routing of HIV-1 towards this infectious synapse is not fully elucidated. In mature moDCs,
HIV-1 is internalized via clathrin coated pits, and further internalized into a non-conventional, nonlysosomal endocytic specialized compartment that resembles multi vesicular bodies13,31. We analyzed
the intracellular trafficking of HIV-1 in immature moDCs using electron-microscopy. Below the cell
membrane, HIV-1 was observed in small vesicles. Some of the vesicles were coated (two upper right
panels), suggesting that these are clathrin-coated pits (Figure 2.2.4). This indicates that HIV-1 is
internalized into small vesicles via receptor-mediated endocytosis, similar as was shown for mature
DCs13. More frequently, HIV-1 was observed in clear vesicles with the appearance of early endosomes
and in filled vesicles, similar to late-endosomes or lysosomes (Figure 2.2.5). HIV-1 was also observed
in multi-vesicular body (MVB)-like compartments; however, these structures were smaller than those
observed in mature moDCs13 (Figure 2.2.5). Interestingly, HIV-1- and DC-SIGN staining co-localized in
all these compartments, suggesting that DC-SIGN is involved in the trafficking of the virus all the way
through the endosomal/lysosomal pathway and into the multi-vesicular bodies. Analyses of colocalization using specific markers will further identify the specific compartments where HIV-1 is hiding
in.

Monocyte-derived DCs mediate antigen presentation of HIV-1
Adaptive immune responses to HIV-1 can subdue HIV-1 infection but are not sufficient to clear infection.
The presence of HIV-1-specific CD4+- and CD8+ T cells in vivo together with the knowledge that DCs
are the professional APCs, suggests that antigen presentation by DCs induces viral specific immune
responses during HIV-1 infection3. Indeed, vaccination with autologous moDC pulsed with inactivated
HIV-1 improved virological control in chronically infected HIV-1 patients28.
Interestingly, mechanisms governing antigen presentation by moDCs appear to be closely related or
even part of the viral transmission process. HIV-1 capture by moDCs is essential to both transmission
and antigen presentation. Although a fraction of the virus escapes degradation and is transmitted to T
cells, most of the internalized virions are degraded32,43, leading to presentation in the context of MHC
class-II molecules16,24 (Figure 2.2.3). So far, little is known about the molecules involved in the
differential routing of HIV-1. A recent study demonstrated that the intracellular leukocyte specific protein
1 (LSP-1) binds to the intracellular domain of DC-SIGN and mediates targeting of the virus to the
proteasome for degradation and probably MHC class-I presentation39. Indeed, after exposure to HIV-1
moDCs can rapidly present HIV-1 in the context of MHC class-I6,32 (Figure 2.2.4).
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Figure 2.2.4. HIV-1 and DC-SIGN colocalize in vesicles below the cell membrane.
A description of the experimental method is provided in the legend of Figure 2.2.2

Besides antigen presentation, DC maturation is essential to initiate an efficient immune response.
Mature moDCs are highly efficient in not only activating but also inducing differentiation of T cells into
specific effector T cells. High concentrations of HIV-1 initiate DC maturation, including up-regulation of
co-stimulatory molecules21, which will not only enhance antigen presentation, but also viral
transmission. However, HIV-1 might modulate DC function, presumably to suppress adaptive immune
responses. HIV-1 modulates Toll-like receptor signaling through interaction with DC-SIGN resulting in
increased production of the anti-inflammatory cytokine IL-1019, whereas HIV-1 also suppresses the T
cell stimulatory function of moDCs17.
Thus, moDCs mediate viral transmission and antigen presentation. However the ‘signals’ that direct
these DC-SIGN+ DCs down the lane towards transmission or antigen presentation need to be further
elucidated.
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Figure 2.2.5. HIV-1 and DC-SIGN colocalize in large vesicles in dendritic cells.
A description of the experimental method is provided in the legend of Figure 2.2.2

Conclusions
DC-SIGN+ DCs efficiently mediate HIV-1 transmission by trans-infection as well as transmission of de
novo viruses. Different reports have argued the role of DC-SIGN in the interaction of HIV-1 with DCSIGN+ DCs. Using electron-microscopy we have demonstrated that DC-SIGN colocalizes with HIV-1
throughout the internalisation route. These data further support a role for DC-SIGN in HIV-1 capture,
infection of DCs in cis, HIV-1 internalization and trans-infection.
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