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The Journal of Immunology

Reactivation of Neutralized HIV-1 by Dendritic Cells Is
Dependent on the Epitope Bound by the Antibody

Thijs van Montfort,* Adri A. M. Thomas,† Przemek M. Krawczyk,‡ Ben Berkhout,*

Rogier W. Sanders,*,x and William A. Paxton*,{

Ab-neutralized HIV-1 can be captured by dendritic cells (DCs), which subsequently transfer infectious HIV-1 to susceptible CD4+

T cells. In this study, we examined the capacity of early Abs, as well as recently identified broadly neutralizing Abs (bNAbs)

targeting different envelope glycoprotein (Env) epitopes, to block HIV-1 transmission by immature and mature DCs to HIV-1–

sensitive cells. Three bNAbs directed against the gp41 membrane proximal region of Env (2F5, 4E10, and 10E8) and three gp120

bNAbs targeting the CD4 binding site (b12, VRC01, and NIH45-46) were examined. In addition, eight glycan-dependent bNAbs

targeting the V1V2 apex (PG9, PG16, and PGT145), the V3 loop (2G12, PGT121, and PGT128), and the gp120–gp41 interface of

Env (PGT151 and 35O22) were tested. bNAbs that bound specific glycans showed, depending on the immature or mature state of

the DC, diverse efficiencies in HIV-1 trans-infection. All bNAbs that bound the CD4 binding site blocked trans-infection, whereas

all bNAbs directed against the membrane proximal region lost neutralizing activity after DC-mediated HIV-1 transmission. To

understand how preneutralized HIV-1 can be transferred as infectious virus by DCs, we followed the processing of 2F5-treated

HIV-1 by DCs with confocal microscopy. Inhibition of DC-internalization pathways could not reverse the dissociation of 2F5 from

HIV-1, suggesting that Ab dissociation occurs directly at the plasma membrane. Collectively, these findings imply that the location

of the epitope and the neutralization capacity of these Abs determine the efficiency of DC-mediated HIV-1 transfer. The Journal

of Immunology, 2015, 195: 3759–3768.

D
endritic cells (DCs) reside within the skin and mucosal
epithelia in an immature state (1, 2). Nonself-antigens
are captured with an array of specific surface molecules

designated as pattern recognition receptors (3–5). DC-entrapped
Ags are processed into small peptides to enhance innate and
adaptive immune responses (6, 7).
DCs were shown to transfer HIV-1 toward susceptible target

CD4+ T lymphocytes in cis and in trans (8). HIV-1 transmission
in cis is characterized by direct infection of the DC, which takes
a few days, resulting in transfer of de novo–produced virions (9,
10). DC-mediated HIV-1 transmission in trans relies on the
capture of HIV-1 particles, followed by transfer to HIV-1–sus-
ceptible CD4 cells. Typically, trans-infection starts within a few

hours following capture and can continue for a few days (9, 11).
Transmission of HIV-1 from DCs to CD4+ T lymphocytes occurs

via formation of a virological synapse upon cell–cell contact (12–

15). Cavrois et al. (9) showed that membrane-bound HIV-1 was

transmitted to susceptible cells, whereas internalized HIV-1 was

degraded. Other studies reported that LPS-matured DCs recruited

captured HIV-1 into deep, invaginated membrane pockets, where

the virus is redirected to the virological synapse to be transmitted

to HIV-1 susceptible cells (11, 16–19).
Capture of HIV-1 by immature DCs (iDCs) relies on high-affinity

oligo-mannose glycans on the HIV-1 envelope glycoprotein (Env)

that interact with C-type lectins, like DC-SIGN, and proteoglycans

(20), such as syndecan 1-4 (21, 22). In contrast, LPS-matured DCs

(mDCs) capture HIV-1 predominantly with Siglec-1/CD169, which

interacts with sialyllactose-containing gangliosides embedded in

the membrane of the virion (23–25). iDCs can also capture HIV-1

via Siglec-1; however, because of the lower expression of this re-

ceptor and the higher expression of C-type lectin receptors, such as

DC-SIGN, virus capture is primarily Env dependent.
We demonstrated previously that neutralized HIV-1 captured

by DCs could regain infectivity upon viral transmission in trans

to CD4+ T lymphocytes (26, 27). Most Abs, such as 2F5, 4E10,

or V3, could not prevent this DC-mediated viral transmission; in

contrast, the b12 Ab efficiently blocked viral transfer. The rea-

son why b12 behaved differently is unknown and is part of this

study. Recently, some new extremely potent broadly neutralizing

Abs (bNAbs) were described. In this study, we determined the

DC-mediated transfer of HIV-1, neutralized with each of these

bNAbs, and compared the effect of these Abs with some well-

described bNAbs. Three membrane proximal region (MPER)-

directed bNAbs (2F5, 4E10 and 10E8), three CD4 binding site

bNAbs (b12, VRC01 and NIH45-46), and eight glycan-dependent

bNAbs targeting V1V2-glycans (PG9, PG16, and PGT145),

outer domain glycans (2G12, PGT121, PGT128), and gp120–gp41
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interface glycans (PGT151 and 35O22) were tested. All MPER
bNAbs could not neutralize HIV-1 after DC-mediated transmission
in trans, whereas all CD4bs bNAbs efficiently blocked HIV-1
transfer from DCs. To characterize the observed difference be-
tween CD4bs and MPER bNAbs, we followed the processing of
2F5- and b12-neutralized HIV-1 in iDCs and mDCs. During in-
ternalization, the 2F5 bNAb readily dissociated from HIV-1,
whereas the b12 bNAb remained firmly bound. No specific inter-
nal compartment of the endocytic pathway could be identified as
being responsible for the dissociation of 2F5 from the virus.
Rather, Ab dissociation occurred on the plasma membrane directly
after capture of the HIV-1–Ab complex.

Materials and Methods
Abs and reagents

All bNAbs were used at 20 mg/ml, or as indicated in the figure legends, and
were obtained as gifts or purchased from the following sources: John
Mascola and Peter Kwong (VRC01); Dennis Burton and P. Parren (b12,
PG9, PG16, PGT121, PGT128, and PGT145); Polymun Scientific (2F5,
4E10, and 2G12); Michel Nussenzweig (NIH45-46); and National Insti-
tutes of Health (NIH) AIDS reagent program (10E8 H and L chain). IgG1
obtained from a patient with a B cell lymphoma was used as a nonspecific
control Ab; the sera contained IgG1-l M protein (83 mg/ml) and no de-
tectable IgA or IgM (,0.06 mg/ml). mAbs to stain DC compartments,
CD81, DC-SIGN, EEA1, HLA-DR, CD63, HLA-DM, and LAMP-1, were
obtained from BD Pharmingen. Secondary Abs, AffiniPure donkey anti-
human–Cy3 and donkey anti-mouse–Cy5, were acquired from Jackson
ImmunoResearch Laboratories and used at a 50-fold and 200-fold dilution,
respectively. Nuclear DNA was stained with Hoechst 33258.

Cells

The HIV-1–permissive CD4, CCR5, and CXCR4–expressing TZM-bl re-
porter cell line (NIH AIDS reagent program), containing luciferase and
b-galactosidase genes under the control of the HIV-1 long terminal repeat
promoter, was cultured and maintained in DMEM (Invitrogen, Breda,
the Netherlands) containing 10% FCS (HyClone, Perbio, Etten-Leur, the
Netherlands), MEM nonessential amino acids (0.1 mM; Invitrogen), and
penicillin/streptomycin (both at 100 U/ml). HEK 293T cells were cultured
and maintained in DMEM containing 10% FCS. Immature monocyte-
derived DCs (iMDDCs) were prepared as previously described (26). In
short, human blood monocytes were isolated from buffy coats using a Ficoll
gradient and a subsequent CD14 selection step using a magnetic bead cell
sorting system (Miltenyi Biotec, Bergisch Gladbach, Germany). Purified
monocytes were differentiated into iMDDCs by treatment with 45 ng/ml
IL-4 (BioSource) and 500 U/ml GM-CSF (Schering-Plough, Brussels, Bel-
gium) on days 0 and 3. Cells were used on day 6. Mature monocyte-derived
DCs (mMDDCs) were obtained on day 6 after stimulating iMDDCs on day 5
with 20 mg polyinosinic-polycytidylic acid/ml (Sigma-Aldrich, St. Louis, MO).
The phenotypes of both types of DCs were confirmed by flow cytometry (27).

Virus production

Molecular cloned R5X4 GFP-fluorescent HIV-1 (26, 27) was generated by
cotransfecting HEK 293T cells with GFP-VPR and full-length proviral
299.10DgV3 HIV-1 vector (28) in a 1:1 ratio. The supernatant, containing
HIV-1GFP, was collected 3 d after transfection and concentrated using
Amicon Ultra filters (100,000 m.w. cut-off). The concentration of viral
capsid (CA-p24) was determined by ELISA. GFP-fluorescent HIV-1 (HIV-
1GFP) was frozen in small aliquots. The BG505 HIV-1 strain was con-
structed by cotransfecting HEK 293T cells in a 1.5:1 ratio with Env
encoding BG505.T332N plasmid and the HIV-1 proviral backbone
pSG3DEnv (from Drs. John C. Kappes and Xiaoyun Wu, AIDS Research
and Reference Reagent Program, Division of AIDS, National Institute of
Allergy and Infectious Diseases, NIH).

DC-mediated virus transmission to TZM-bl cells

HIV-1 (30 ng/ml CA-p24) was treated with various concentrations of
control IgG1 or bNAbs for 1 h. Subsequently, Ab-treated HIV-1 was added
to iMDDCs or mMDDCs for 2 h. Unbound virus and bNAb was removed by
washing the cells three times with RPMI 1640 medium supplemented with
10% FCS. DCs were cocultured with TZM-bl reporter cells for 48 h in the
presence of 400 nM saquinavir (Roche, Basel, Switzerland) to prevent virus
maturation. HIV-1 infection of the reporter cells was quantified by mea-
suring luciferase activity.

Virus infectivity

TZM-bl cells were cultured to 70–80% confluence in 96-well plates. Cells
were washed once with PBS before adding free virus supernatant (5 ng/ml
CA-p24) or 1.0 3 105 DCs loaded with virus, in the presence of 400 nM
saquinavir, a protease that prevents synthesis of new infectious virions
(Roche), and 40 mg/ml DEAE-dextran (Sigma-Aldrich) in a total volume
of 200 ml. Medium was removed 2 d postinfection, and the cells were
washed once with PBS before lysis with Reporter Lysis Buffer (Promega,
Madison, WI). Luciferase activity was measured using a Luciferase Assay
kit (Promega) and a GloMax luminometer, according to the manufacturer’s
instructions (Turner BioSystems, Sunnyvale, CA). All infections were
performed in triplicate. Background luciferase activity, as determined us-
ing uninfected cells, was subtracted from experimental values.

Virus capture and localization

HIV-1GFP was incubated with 20 mg/ml control human IgG1 or 2F5 or b12
Ab for 45 min. To follow the localization of the Ab, secondary anti-human
Cy3 Ab was added for 15 min. iMDDCs or mMDDCs were inoculated for
2 h with the HIV-1–Ab mixture at 37˚C. Unbound virus and Ab were
removed by washing three times with PBS, and cells were seeded on
pretreated poly-L-lysine–coated coverslips (1 mg/ml). Within 5 min, cells
were fixed in 3.7% paraformaldehyde for 20 min. Paraformaldehyde was
quenched with 50 mM NH4Cl, and cells were permeabilized with 0.1%
saponin (Sigma-Aldrich), 10 mM NH4Cl, and 1% BSA in PBS for 30 min.
Subsequently, cells were stained with primary mouse Ab CD81, DC-SIGN,
EEA1, HLA-DR, CD63, HLA-DM, or LAMP-1 and Cy5-coupled donkey
anti-mouse secondary Ab; nuclear DNA was stained with Hoechst 33258.
Excess Ab was removed by washing twice with permeabilization buffer,
once with PBS, and twice with water. Cells were embedded in VECTA-
SHIELD, and fluorescence was analyzed by confocal microscopy. HEK
293T cells were transiently transfected with plasmid DNA encoding hu-
man FcgRI, and expression was observed 24 h later (data not shown). Cells
were incubated for 2 h with HIV-1 pretreated with 20 mg/ml control human
IgG1 or 2F5 or b12 Ab at 37˚C. Cells were collected, and unbound virus
was removed by washing three times with PBS. Cells were lysed with 1%
EMPIGEN, and CA-p24 was determined using standard ELISA.

Virus degradation

iMDDCs or mMDDCs (5.0 3 104 cells/well in 100 ml) were seeded in
a flat-bottom 96-well plate and mixed with HIV-1 (5 ng CA-p24/well in
100 ml) that was preincubated or not with 20 mg/ml 2F5 or b12 Ab for 1 h.
HIV-1 was incubated with the cells for the time indicated at 37˚C before
cells were lysed with 50 ml 1% EMPIGEN. Degradation of virus was
determined by measuring the remaining CA-p24 using standard ELISA.

Confocal analyses

Fluorescent images were taken using a Leica DM SP2 AOBS confocal
microscope with a363 HCX PL APO 1.32 oil-immersion objective. A cell
was scanned in 20 images (512 3 512), with a pixel size of 232 nm and
a step size of 340 nm, and analyzed with the Leica confocal imaging
processing software with a line average of two scans/image. The number of
HIV-1GFP spots was counted for each cell. Colocalization was analyzed
using a semiautomatic program based on DIPimage (TU Delft, the
Netherlands), custom-written in Matlab. Briefly, the threshold for the
different image channels was determined using the Isodata algorithm, and
colocalization was determined on overlapping pixels from images taken
per frame (z-stack)/cell.

Statistical analysis

Significance was determined with the unpaired t test (two tailed).

Results
The efficiency of HIV-1 neutralization by bNAbs upon DC
transmission depends on the Env epitope bound by the Ab

We previously determined that neutralizing Abs could not prevent
trans-infection when iMDDCs, inoculated with neutralized HIV-1,
were incubated with CD4+ T cells. Of a panel of different bNAbs,
only the CD4bs Ab b12 was able to prevent DC-mediated trans-
infection, whereas two Abs directed to MPER of gp41, 2F5 and
4E10, could not (26). To determine whether the efficiency of Ab
neutralization following trans-infection by DCs is dependent on
Ab potency or specificity for Env epitope binding sites, we tested
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newly identified MPER bNAb 10E8, as well as two highly neu-
tralizing CD4bs Abs, NIH45-46 and VRC01 (Fig. 1). All three

MPER-directed bNAbs blocked infection of free virus, but mar-

ginally blocked HIV-1 transmission by iMDDCs or mMDDCs. In

contrast, all CD4bs bNAbs tested efficiently blocked HIV-1 in-

fection, as well as DC-mediated HIV-1 transmission. Neutraliza-

tion of DC-transmitted virus by CD4bs Abs was ∼2.5–3.5-fold less
efficient than was neutralization in the absence of DCs (Table I).

These results indicate that neutralization after transmission is re-

lated to specificity of the Abs and not on their neutralization titer.

Glycan-dependent bNAbs have diverse effects on DC-mediated
HIV-1 transmission

To investigate whether the different bNAbs have a specific profile
in DC-mediated HIV-1 transmission, we tested a panel of newly
identified glycan-dependent bNAbs. Potential N-linked glycan

sites (PNGS) that are required for these bNAbs were present in the
R5X4 virus (156, 160, 230, 241, 295, 301, 332, 339, 386, 392,
611, 625, 637, according to LAI numbering) (Table I). The PG9,
PG16, and PGT145 bNAbs that bind the N156 and N160 glycan
on the apex of the Env trimer neutralized free HIV-1 only weakly
at the highest concentration (Fig. 2A). PG9 was able to block
iMDDC-mediated HIV-1 trans-infection by 60% at 1 mg/ml; no
inhibition was observed with mMDDCs. PG16 and PGT145 did
not block trans-infection mediated by iMDDCs, but a remarkable
2–4-fold enhanced transmission was observed with mMDDCs.
The glycan-dependent bNAbs 2G12, PGT121, and PGT128,
which all require the N332 glycan that is the center of the outer
domain oligomannose patch (29), in addition to diverse neigh-
boring glycans, neutralized free virus moderately. However, these
bNAbs blocked HIV-1 trans-infection more efficiently when trans-
ferred by iMDDCs compared with neutralization of free virus, but

Table I. Neutralization of bNAbs of R5X4 HIV-1 with and without DCs

bNAbs Binding Env from Top to Bottom
Glycans Present on the R5X4 Virus

That Can Mediate Binding 50% Neutralization (IC50; mg/ml)

bNAb Epitope Glycan Position Refs. Free HIV-1 iMDDC mMDDC

PG9 V1V2 N156/N160 (30, 31, 46) 10 0.2 NN
PG16 V1V2 N156/N160 (31, 46, 47) .20 NN NN↑
PGT145 V1V2, quaternary N160 .20 NN NN↑
2G12 Outer domain N295/N332/N339/N386/N392 (48, 49) 0.15 3.3 .40
PGT121 V3 N301/N332 (50–52) 1.1 0.12 0.32
PGT128 V3 N295/N301/N332 (51, 53, 54) NN 1 NN↑
PGT151 gp41–gp120 interface, quaternary N611/N637 (55, 56) 0.02 0.08 0.02
35022 gp41–gp120 interface, quaternary N88/N230/N241/N625 (57, 58) .20 NN NN
b12 CD4bs NA 0.3 0.7 0.8
NIH45-46 CD4bs NA 0.02 0.03 0.04
VRCO1 CD4bs NA 0.05 0.1 0.1
2F5 MPER NA 4.5 .40 .40
4E10 MPER NA 4.8 NN .40
10E8 MPER NA 9.0 .40 .40

Infectivity of R5X4 HIV-1 was determined with different bNAbs, with or without iMDDCs and mMDDCs. The 50% neutralization titer is given (IC50). Partial neutralization
that did not reach 50% neutralization is indicated by . with the highest used Ab concentration.

The position, according to HXB2 amino acid numbering, is given. The N332 PNGS is in bold type.
NA, not applicable; NN, no neutralization; NN↑, enhanced infectivity

FIGURE 1. Trans-infection efficiency of HIV-1 neutralized by MPER or CD4bs bNAbs. HIV-1 was neutralized with different concentrations of various

bNAbs, and infection efficiency of cell-free virus or viral transfer by iMDDCs and mMDDCs was measured. Three MPER-binding bNAbs (2F5, 4E10, and

10E8) and three CD4bs Abs (b12, 45-46, and VRC01) were tested in quadruplicate.

The Journal of Immunology 3761

 at U
niversiteitsbibliotheek U

trecht on D
ecem

ber 23, 2015
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


they were less or not effective in blocking HIV-1 trans-infection by
mMDDCs, and PGT128-treated HIV-1 enhanced trans-infection at
high concentrations. The glycan-dependent gp120–gp41 interface

bNAb PGT151 neutralized free HIV-1 efficiently, and transmission
via DCs was similarly hampered. In contrast, 35O22, which binds
to a different glycan-dependent epitope at the gp120–gp41 inter-

FIGURE 2. Trans-infection efficiency of HIV-1 neutralized by glycan-dependent bNAbs. (A) HIV-1 was neutralized with different concentrations of

various bNAbs, and infection efficiency of cell-free virus or viral transfer by iMDDCs and mMDDCs was measured. Six glycan-dependent bNAbs (2G12,

PG9, PG16, PGT121, PGT128, and PGT145) were tested in quadruplicate. (B) Env pseudotyped BG505 HIV-1 was neutralized with different concen-

trations of PG16, and infection efficiency of cell-free virus or viral transfer by iMDDCs and mMDDCs was measured in quadruplicate. (C) Capture of mock

or bNAb-treated HIV-1 by iMDDCs or mMDDCs. *p # 0.05.
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face, did not block free virus or affect the trans-infection efficiency
mediated by DCs, despite the presence of all required glycans in
the R5X4 virus used for this study.
Because PG16 clearly enhanced transfer of the R5X4 strain

and, thus, bound this virus, we repeated the trans-infection ex-
periment with HIV-1 BG505, a strain with an identical PNGS
pattern, but with a lysine at position 169 in b-strand C in the
V1V2 instead of glycine. This lysine is essential for neutraliza-
tion by this bNAb (30, 31). Free BG505 virus, as well as DC-
transmitted BG505, was neutralized efficiently at a very low PG16
concentration (IC50 ∼ 0.03–0.04 mg/ml) (Fig. 2B). The results for
PG16 obtained with the R5X4 strain (Fig. 2A) and BG505
(Fig. 2B) suggest that, for this bNAb, a single amino acid change
within the epitope can decrease neutralization and even favor viral
dissemination by mMDDCs.
Next, we assessed the effect of the different glycan-dependent

bNAbs on HIV-1 capture by iMDDCs and mMDDCs. The three
bNAbs that target the N332 glycan in the outer domain oligo-
mannose patch, 2G12, PGT121, and PGT128, diminished HIV-1
capture by iMDDCs, whereas the other glycan-dependent bNAbs

showed no effect (Fig. 2C). For, mMDDCs, PGT121 reduced
virus capture marginally. In summary, glycan-dependent bNAbs
can either decrease or increase the DC-mediated HIV-1 trans-
infection efficiency, which is dependent on the neutralizing ca-
pacity of the Abs and processing of the Ab–HIV-1 complex
by DCs.

Processing of neutralized HIV-1–Ab complexes by DCs is Ab
dependent

It appears that all MPER-directed bNAbs could not neutralize
HIV-1 transferred by DCs, whereas all CD4bs could. To investigate
how preneutralized HIV-1 can be transferred as infectious virus, we
followed the HIV-1–Ab complexes by confocal microscopy. HIV-
1GFP was mixed with a high concentration of fluorescently labeled
2F5, b12, or control IgG1, and processing of HIV-1 and Abs in
immune complexes (ICs) by iMDDCs and mMDDCs was vi-
sualized (Fig. 3). Little colocalization between 2F5 or control
IgG1 and HIV-1GFP was observed for iMDDCs (Fig. 3A) and
mMDDCs (Fig. 3B). In contrast, the b12 bNAb colocalized
strongly with HIV-1GFP for both DC types. These results show that

FIGURE 3. HIV-1–Ab complexes captured by DCs. HIV-1GFP particles were treated with 2F5, b12, or control IgG1-labeled Ab and captured by iMDDCs

(A) or mMDDCs (B) for 2 h. Small or big HIV-1 clusters colocalized with bNab are pointed out by white arrowheads. HIV-1 virions (green; left panels),

Abs (middle panels), and nuclear DNA (blue) were detected by confocal microscopy. HIV-1–Ab complexes were visualized by colocalization of HIV-1 and

Ab signal and plotted as overlay in yellow (right panels). (C) The– number of HIV-1 colocalized with bNAb was determined as the number of overlapping

green and red pixels as the percentage of green pixels/single cell. Data are mean6 SEM from.50 cells. (D) Colocalization of HIV-1 (green) and indicated

bNAb (red) captured by mMDDCs. Nuclear DNA is shown in blue. Cells in (A), (B), and (D) were magnified with a 364 objective and scanned with a 23
zoom. *p # 0.05, ***p # 0.0005.
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2F5 easily dissociates from HIV-1 and explain why 2F5-treated
HIV-1 is transmitted as an infectious virus by iMDDCs or
mMDDCs (Fig. 2A), whereas b12-treated HIV-1 remains neu-
tralized when transmitted and is unable to infect HIV-1–suscep-
tible cells. Remarkably, not all b12-treated HIV-1GFP captured by
iMDDCs or mMDDCs colocalized with the bNAb. This may ex-
plain, in part, why the neutralization titer of CD4bs bNAbs after
transmission by DCs is slightly higher than for free HIV-1 (Fig. 1).
The percentage of intact HIV-1–bNAbs ICs captured by DCs

was determined by measuring the number of overlapping Ab and
GFP pixels as the percentage of total GFP pixels. For 2F5, the
percentage was 11.9% for iMDDCs and 14.4% for mMDDCs
(Fig. 3C). In contrast, the percentage of intact HIV-1–b12 Abs ICs
for iMDDCs and mMDDCs was 42.3 and 42.6%, respectively.
Control IgG1-treated HIV-1GFP gave background binding of 5.2%
for iMDDCs and 2.6% for mMDDCs. These data illustrate that
HIV-1– b12 Ab ICs are more resistant to DC-mediated Ab dis-
sociation than are HIV-1 ICs formed with 2F5.
To determine whether glycan-dependent bNAbs, which weakly

neutralized the R5X4 strain (Fig. 2A), could bind the virus used,
we visualized colocalization of captured HIV-1GFP by mMDDCs
with PG9 and PG16 (Fig. 3D). As control, colocalization of HIV-
1GFP with 2F5, b12, and irrelevant IgG1 was examined. Like b12,
both PG9 and PG16 colocalized with HIV-1GFP, whereas 2F5
and control IgG1 did not. Thus, although bNAbs can bind HIV-1
(Fig. 3D), they do not necessarily neutralize (Fig. 2A).

HIV-1 complexed with 2F5 is degraded as efficiently as
untreated virus

Captured Ab ICs can be retained for prolonged periods in DCs,
allowing longer presentation of peptides (32). To measure the
stability of the HIV-1–Ab IC, viral degradation was determined in
iMDDCs and mMDDCs by measuring CA-p24. Decay of HIV-1
in the presence of either control IgG1 or 2F5 after capture by
iMDDCs was similar, with a 50% degradation time (DT50) ∼ 90
min (Fig. 4). HIV-1 preneutralized with b12 was slightly more
stable in iMDDCs, with a DT50 of 200 min. HIV-1 was consid-
erably more stable in polyinosinic-polycytidylic acid–matured
DCs, with a DT50 ∼ 1000 min for Ab-treated and untreated HIV-1.
Even after 72 h, 30% of input CA-p24 could still be measured,
suggesting that HIV-1 was still intact and could be transferred to
susceptible cells. Collectively, these results show that HIV-1–b12
ICs are ∼2-fold more stable than HIV-1–2F5 ICs in iMDDCs and
that iMDDCs and mMDDCs process HIV-1 at a different rate.

Dissociation of 2F5 from HIV-1 does not occur in
a compartment of the endocytic pathway

Given that 2F5 binding to virus particles is lost during DC pro-
cessing, we examined in which cellular compartment this might
occur. Plasma membrane (CD81, DC-SIGN, MHC class II [in
mDCs]), early endosomes (EEA1), multivesicular bodies (CD63,
HLA-DM, MHC class II [in iDCs]), and lysosomes (LAMP-1)
were stained to visualize in which of these compartments 2F5–
HIV-1 ICs dissociated. Representative photomicrographs of fluo-
rescent 2F5–HIV-1 ICs processed by iMDDCs and mMDDCs are
shown in Fig. 5A and 5B. Localization of HIV-1 and 2F5 was
analyzed in the different compartments in both DC types (Fig. 5C,
5D). We did not observe differences in the distribution of HIV-1
particles clustering with 2F5 Ab (Fig. 5C, 5D, left panels) or not
clustering with 2F5 Ab (Fig. 5C, 5D, right panels). HIV-1 cap-
tured by iMDDCs clustered most strongly with the plasma
membrane marker CD81 (∼28–33%) and DC-SIGN (∼35–45%)
(Fig. 5C). These results suggest that the remaining 60% of HIV-1
particles should be localized with intracellular markers. However,

only 35% of HIV-1 particles colocalized with endosomal pathway
markers (EEA1 ∼8%, MHC class II ∼9%, CD63 ∼8%, HLA-DM
∼6%, and LAMP-1 ∼4%). The low level of intact HIV-1 virions in
LAMP-1+ lysosomes is likely due to protein degradation and loss
of the GFP signal in this compartment. Colocalization in
mMDDCs of 2F5–HIV-1 ICs or uncomplexed HIV-1 showed
a higher percentage of virus at the plasma membrane (CD81
∼63%, DC-SIGN ∼52%, and MHC class II ∼34%) (Fig. 5D). The
increase in HIV-1 colocalization with MHC class II on mMDDCs
probably resulted from recruitment of MHC class II to the plasma
membrane upon DC maturation (27). Coinciding with a high level
of HIV-1 at the plasma membrane of mMDDCs, we observed
a reduction in virus colocalized with a number of intracellular
markers (EEA1 ∼3%, CD63 ∼5%, and HLA-DM ∼4%). The
results indicate that the majority of reactivation of HIV-1 likely
occurs at the plasma membrane and not in intracellular vesicles.

HIV-1–2F5 Ab dissociation occurs at the plasma membrane

To further assess the location where HIV-1 dissociates from 2F5,
we blocked internalization at various stages. Macropinocytosis
and phagocytosis was blocked with cytochalasin D, latrunculin,
or wortmannin. Lipid raft and caveolae-mediated endocytosis
was blocked with filipin, and clathrin-mediated endocytosis was
blocked with monodansylcadaverine (33). Pinching of endocytic
vesicles from the plasma membrane was blocked with dynasore.
Nocodazole was used to inhibit intracellular microtubule-de-
pendent transport activity. Drug concentrations were used that
are effective at blocking a particular internalization pathway, as
described in the literature. None of the tested drugs inhibited
dissociation of 2F5 from HIV-1; treatment with cytochalasin D
and latrunculin even increased dissociation of HIV-1 from 2F5
(Fig. 6A, 6B). Treatment of mMDDCs with a combination of
cytochalasin D, filipin, and monodansylcadaverine or a change in

FIGURE 4. Virus degradation by DCs. Degradation of HIV-1 pretreated

with bNAb 2F5 or b12 by iMDDCs or mMDDCs was determined by

measuring detectable viral CA-p24 as the percentage of input CA-p24.
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temperature to 4˚ or 16˚C did not alter dissociation of 2F5 from
HIV-1 (data not shown).
To examine whether binding of HIV-1–bNAb ICs to FcgR

causes the dissociation of Ab from HIV-1, we transiently trans-
fected HEK 293T cells with FcgRI and assessed capture of HIV-1
treated with 2F5 or b12. There was no discrepancy in the capture
of HIV-1 treated with 2F5 or b12, and HIV-1 treated with irrele-
vant IgG1 gave background capture levels (Fig. 6C). This indi-

cates that both 2F5 and b12 HIV-1–bNAb ICs are intact when
captured by FcgRI and do not dissociate after binding, suggesting
that another mechanism is used specifically by DCs to cause
dissociation of Ab from HIV-1 after capture.

Discussion
Previously, we investigated the neutralization properties of a few
earlier-described bNAbs during transfer of HIV-1–Ab complexes

FIGURE 5. Localization of 2F5-neu-

tralized HIV-1 particles in compartments

of the endocytic pathway. iMDDCs (A)

and mMDDCs (B) were loaded with

2F5-neutralized HIV-1 particles (HIV-1

in green, Ab in red, nucleus in blue) and

stained for the indicated marker pro-

teins: CD81, DC-SIGN, EEA1, MHC

class II, CD63, HLA-DM, and LAMP-1

(pink). Cells in (A) and (B) were mag-

nified with a 364 objective and scanned

with a 23 zoom. A zoomed overlay of

CD81 or DC-SIGN with HIV-1 and 2F5

bNAb is highlighted in the white boxes

and shown underneath (B). (C and D)

Colocalization of intact 2F5–HIV-1 vi-

rions (left panels) or Ab-free particles

(right panels) with the indicated com-

partment marker proteins was calculated

as the percentage of total captured viri-

ons for iMDDCs and mMDDCs. Data

are mean 6 SEM from .50 cells.
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by iMDDCs (26). In this study, we examined how newly identified
potent bNAbs (VRC01, NIH45-46, 10E8, PG9, PG16, PGT121,
PGT128, PGT145, PGT151, and 35O22) behaved when Ab-treated
HIV-1 was transferred by iDCs or mDCs to HIV-1–susceptible
cells. CD4bs bNAbs efficiently blocked HIV-1 transfer by DCs,
whereas MPER-directed bNAbs could not. To identify why MPER-
directed bNAbs could not block DC-mediated HIV-1 transfer, we
studied the processing of HIV-1 complexed with the MPER bNAb
2F5 or CD4bs b12 by iMDDCs and mMDDCs. bNAb 2F5 clustered
weakly with HIV-1 in both types of DCs, whereas strong colocal-
ization was observed with b12, reflecting the ability of b12 to in-
hibit trans-infection. No specific compartment of the endocytic
pathway was identified as being linked with 2F5 dissociation from
virus, leading to the conclusion that dissociation of 2F5 occurred
directly at the DC–plasma membrane after HIV-1 capture.
Through the monitoring of multiple MPER-directed and CD4bs

bNAbs in the DC-mediated HIV-1 trans-infection assay, we dem-
onstrated that the epitope of Env bound by the Ab determined
the transfer efficiency. All CD4bs bNAbs efficiently blocked DC-
mediated virus transmission, whereas all MPER-directed bNAbs
lost their ability to neutralize HIV-1 after capture by DCs and
subsequent transmission to HIV-1–susceptible cells. A possible
explanation for why MPER bNAbs cannot control HIV-1 neu-
tralization after DC-mediated transfer is their complex binding to
their target epitope. In the Env CD4-unliganded prefusion state,
both 2F5 and 4E10 first anchor the viral membrane, leading to
binding to the MPER, with stronger affinity for the epitope in the
CD4-postfusion conformational stage (34, 35). However, the ex-
tremely potent 10E8 MPER bNAb is less dependent on binding

the viral membrane prior to targeting its epitope (36), but like the
other MPER bNAbs, affinity for Env in its prefusion state is weak
(37). Thus, it is possible that Ab binding to the MPER in the
prefusion state is too weak to withstand HIV-1 processing by DCs.
The mechanism for why an MPER bNAb like 2F5 cannot resist
DC-mediated HIV-1 transmission was shown for a single R5X4
virus. However, we showed previously that the 2F5 bNAb could
not block DC-mediated HIV-1 transmission of viruses using
CCR5, CXCR4, or both coreceptors (27). Combined, these results
suggest that the MPER Ab-dissociation mechanism is independent
of coreceptor usage. Based on the results of this study, it will be
interesting to identify whether the other bNAbs behave similarly
or differently with viruses representing variant coreceptor phe-
notypes and how this might correlate with different stages of
disease, as well as whether induced Abs can drive virus selection
and evolution in infected individuals.
Glycan-dependent bNAbs showed diverse reactions during DC-

mediated HIV-1 transfer. PGT121 was the only glycan-dependent
bNAb that effectively neutralized HIV-1 when the virus was
transferred by iMDDCs or mMDDCs. Shielding of PNGS on Env
by bNAbs may well block binding of HIV-1 to C-type lectin
receptors on iMDDCs, such as the oligomannose binding receptor
DC-SIGN, and thereby reduce trans-infection efficiency. The three
bNAbs that target the N332 glycan in the outer domain oligo-
mannose patch, 2G12, PGT121, and PGT128 (29), reduced HIV-1
capture by iMDDCs (Fig. 2C), whereas glycan-dependent bNAbs
targeting other oligomannose-rich glycans (N160, N230, and
N241) did not. Therefore, we speculate that the reduction in HIV-1
capture upon neutralization with 2G12, PGT121, and PGT128 is

FIGURE 6. Capture of intact HIV-1–

Ab ICs by DCs. (A) mMDDCs were

treated with various compounds that

specifically inhibit different internaliza-

tion pathways and loaded with 2F5-

neutralized HIV-1GFP particles (HIV-1 in

green, Ab in red, nucleus in blue), and

colocalization of 2F5 and HIV-1 was

visualized. Cells were magnified with

a 364 objective and scanned with a 23
zoom. (B) Colocalization of intact 2F5–

HIV-1 particles as the percentage of to-

tal captured virions was determined for

the different drugs. Data are mean 6
SEM from .50 cells. (C) Capture of

control and 2F5- or b12-neutralized

HIV-1 particles by HEK 293T cells

expressing FcgRI.

3766 HIV-1–Ab IMMUNE COMPLEX PROCESSING BY DCs

 at U
niversiteitsbibliotheek U

trecht on D
ecem

ber 23, 2015
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


dependent on C-type lectin receptors, such as DC-SIGN. Because
mMDDCs predominantly capture HIV-1 by an Env-independent
mechanism involving Siglec-1 (i.e., not via C-type lectin recep-
tors), bNAbs that bind Env and inhibit trans-infection by iMDDCs
have no effect on trans-infection by mMDDCs. Interestingly, we
could not block the enhanced HIV-1 trans-infection observed for
PG16 and PGT145 when FcRs were blocked on mMDDCs (data
not shown), suggesting that another mechanism or receptor en-
abled transfer of infectious HIV-1.
Not all glycan-dependent bNAbs were able to neutralize

HIV-1 efficiently, although all required the presence of glycans on
the R5X4 strain used. Visualization of HIV-1GFP neutralized
with the glycan-dependent bNAbs PG9 and PG16 confirmed that
bNAb binding indeed occurred (Fig. 3D) without efficiently
neutralizing HIV-1. The enhanced transmission of PG16-treated
HIV-1 by mMDDCs (Fig. 2A) was not observed with BG505
pseudotyped HIV-1 (Fig. 2B). Instead, PG16 efficiently neu-
tralized BG505, as shown in other reports (38), and neutralized
the virus after transfer by iMDDCs or mMDDCs. The difference
between Env of the R5X4 strain and BG505 is the sequence of
b-strand C in V1V2. BG505 has the amino acid sequence
KKQK (LAI numbering 168–171), whereas the R5X4 strain has
KGQK. We speculate that the glycans at position N156 and
N160 facilitated binding of PG16, whereas virus neutralization
also requires efficient Ab binding to b-strand C, as shown by
other investigators (30, 31).
The majority of HIV-1 particles was internalized in iMDDCs

close to the cell surface. Collecting virus in such loci likely re-
sulted from the formation of invaginations of the plasma mem-
brane, making it unclear whether HIV-1 is inside the cell or
remains at the cell surface. mMDDCs sometimes contained large
HIV-1 clusters that colocalized with DC-SIGN, CD81, or both, but
the majority of HIV-1 was found in small clusters. Uptake of
HIV-1 in larger clusters likely occurred via macropinocytosis, a
process of nonspecific constitutive engulfment of large volumes of
fluid by DCs (39–41). mDCs were shown to collect HIV-1 in
a few large clusters containing the tetraspanin CD81 molecule but
not in small clusters (16). This result suggests that capture and
processing of HIV-1 by mDCs are dependent on the stimulation
that is required to trigger DC maturation.
The majority of captured HIV-1 by LPS-matured DCs is Env

independent, and binding of HIV-1 occurs via a viral membrane–
incorporated ganglioside interaction with the cellular Siglec-1
receptor (23–25). HIV-1 captured by these mDCs end up in
a CD81-containing compartment where the virus is protected
from degradation. It could be that HIV-1 binding to Siglec-1 is
an evolved mechanism that avoids viral degradation (23).
Based on all of our data, we hypothesize three scenarios for 2F5

Ab dissociation fromHIV-1. HIV-1 binding to a DC receptor, but not
FcgRI (Fig. 6C), induces a conformational change in Env or in the
Ab that causes Ab dissociation. Or HIV-1–2F5 ICs are captured Env
independently via the membrane binding receptor Siglec-1. Binding
of the Siglec-1 receptor or the trans-lateral recruitment of the virus
to invaginated pockets could mediate Ab dissociation from the vi-
rus. Alternatively, the HIV-1–2F5 IC is internalized and enters early
transport vesicles of the endosomal pathway, where IgG1-specific
FcRn is located (42–44). However, FcRn-blocking experiments did
not cause changes in 2F5 dissociation from HIV-1 (data not shown),
suggesting that Ab dissociation occurs directly at the plasma
membrane.
Our data demonstrate that bNAbs are not always efficient in

blocking HIV-1 transmission, but they can show adverse effects in
neutralization when transferred by iMDDCs or mMDDCs. It was
reported that Abs that bind CD4bs, such as b12, had potent broadly

neutralizing activity (45). Combined with the results described in
this article, that all CD4bs Abs blocked DC-mediated transmission
of HIV-1 to CD4 T cells, the data indicate that future HIV-1 vaccine
strategies should aim at inducing such Abs.
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17. Izquierdo-Useros, N., M. Naranjo-Gómez, J. Archer, S. C. Hatch, I. Erkizia,
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