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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.



38
page

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).
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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.



48
page

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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