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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.
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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.



93
page

4
D

C
 S

U
B

S
E

TS
 P

R
E

FE
R

E
N

TIA
LLY TR

A
N

S
M

IT X
4 H

IV-1 IN
 TR

A
N

S

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 

Figure 2
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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-



102
page

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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