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In macrophages, HIV-1 accumulates in intracellular vesicles designated virus-containing compartments (VCCs). These might
play an important role in the constitution of macrophages as viral reservoirs and allow HIV-1 to evade the immune system by
sequestration in an internal niche, which is difficult to access from the exterior. However, until now, evidence of whether inter-
nal virus accumulations are protected from the host’s humoral immune response is still lacking. In order to be able to study the
formation and antibody accessibility of VCCs, we generated HIV-1 with green fluorescent protein (GFP)-tagged Gag replicating
in primary macrophages. Live-cell observations revealed faint initial cytosolic Gag expression and subsequent large intracellular
Gag accumulations which stayed stable over days. Taking advantage of the opportunity to study the accessibility of intracellular
VCCs via the cell surface, we demonstrate that macrophage internal HIV-1-containing compartments cannot be targeted by neu-
tralizing antibodies. Furthermore, HIV-1 was efficiently transferred from antibody-treated macrophages to T cells. Three-
dimensional reconstruction of electron microscopic slices revealed that Gag accumulations correspond to viral particles within
enclosed compartments and convoluted membranes. Thus, although some VCCs were connected to the plasma membrane, the
complex membrane architecture of the HIV-1-containing compartment might shield viral particles from neutralizing antibod-
ies. In sum, our study provides evidence that HIV-1 is sequestered into a macrophage internal membranous web, posing an ob-
stacle for the elimination of this viral reservoir.

Macrophages are important HIV-1 target cells in vivo (26, 40).
They can have a lifespan of several weeks to months, patrol

mucosal surfaces, and infiltrate tissues at sites of inflammation
and are able to cross the blood-brain barrier. Macrophages are
professional antigen-presenting cells (APC) which take up and
lyse pathogens to present peptides via the major histocompatibil-
ity complex class II (MHC-II) pathway to CD4� T cells, thereby
initiating the adaptive immune response (12). Thus, HIV-1-
infected macrophages might play a pivotal role in virus transmis-
sion, the establishment of latent reservoirs, and AIDS pathogene-
sis (8, 16, 23, 26, 40).

HIV-1 productively infects macrophages (11). However, in
contrast to T cells, macrophages are infected mainly by isolates
using the chemokine receptor type 5 (CCR5) coreceptor, and it
has recently been proposed that other nonidentified cellular re-
strictions are present in macrophages (1). Thus, it is conceivable
that HIV-1 might have adapted to macrophage-specific cell bio-
logical features (3).

HIV-1 particles are present in large vacuoles of infected mac-
rophages which are referred to as virus-containing compartments
(VCCs) (3, 9, 21, 31, 33, 35). These contain typical markers of
multivesicular bodies, like MHC-II (35) and the tetraspanins
CD63 (33), CD81, CD9, and CD53 (9). From this cumulating
data, it has been postulated that in macrophages, in contrast to T
cells, HIV-1 accumulates in intracellular vesicles (3). In addition,
it has been reported that macrophages harbor infectious HIV-1
over a long period of time (39) and that the virus has evolved
strategies to inhibit the acidification of endosomal compartments,
thereby preventing viral degradation (21). However, the forma-
tion and dynamics of the VCCs are still elusive, and it has also been
proposed that these correspond to internally sequestered plasma
membrane domains, which are connected to the cell surface via
small microchannels (4, 9, 22, 45).

We aimed to reconcile these discrepancies and first studied if

VCCs can be formed intracellularly and then investigated if mac-
rophage internal HIV-1 can be targeted by antibodies. For this, we
generated R5-tropic HIV-1 with an internal green fluorescent
protein (GFP) tag in Gag (18) which is infectious for macrophages
and characterized Gag production by time-lapse microscopy. Our
results demonstrate that VCCs appear inside HIV-1-infected
macrophages and stayed stable for hours and even days. In addi-
tion, HIV-1 within VCCs was not accessible to neutralizing anti-
bodies, could be transferred to T cells, and might thus be shielded
from the humoral immune response. By correlative fluorescence
and transmission electron microscopy (TEM), we characterized
the spatial ultrastructure of Gag accumulations. Viral particles
were found within an extensive intracellular membranous net-
work which was infrequently connected to the cell surface and was
absent from uninfected cells. This membranous web might ex-
plain the poor accessibility of VCCs by antibodies and could play
a role in the long-term storage of HIV-1 in macrophages.

MATERIALS AND METHODS
Plasmids and proviral constructs. HIV-1 pUC-NL4-3 Gag internal GFP
(iGFP) (18) and the R5-tropic HIV-1 pBR-NL4-3 92th014.12 (32) have been
already described. For generation of an R5-tropic HIV-1 Gag-iGFP (GG), we
excised and ligated the Gag-iGFP cassette using the single-cutter restriction
sites BssHI and AgeI into the pBR-NL4-3 vector backbone. Subsequently, we
introduced the R5-tropic V3-loop V92th014.12 (32) with the flanking restric-
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tion enzymes NheI and StuI. The same strategy was used to construct an
R5-tropic version of pBR-NL4-3 internal ribosome entry site (IRES)-
enhanced GFP (eGFP) (36), termed pBR-NL4-3 V92th014.12-IRES-eGFP.
To generate pBR-NL4-3 Gag internal cyan fluorescent protein (iCFP), CFP
was amplified with the primers Gag-iCFP_MluI (TCGACGCGTATGGTG
AGCAAGGGCGAG) and Gag-iCFP_XbaI (ACGTCTAGACTTGTACAG
CTCGTCCAT) and ligated into pUC-NL4-3 Gag-iGFP (18). In a second
step, the Gag-iCFP fragment was ligated via BssHII and AgeI into the
pBR-NL4-3 V92th012.12 backbone. Mem-yellow fluorescent protein
(YFP) and CD4-YFP have been described before (2). Plasmids expressing
CD81 or transferrin receptor with an N-terminal YFP tag (YFP-CD81 and
YFP-transferrin receptor (TfR)) and Gag with a C-terminal CFP tag (Gag-
CFP) were constructed by PCR amplification of Gag from pBR-NL4-3 or
CD81 and TfR from a Jurkat cDNA library with the following primers:
GAG_NheI (CCGCTAGCATGGGTGCGAGAGCGTCGGTATTAAGC
GGG), GAG_AgeI (CGACCGGTGCACCTGCTCCTTGTGACGAGGG
GTCGCTGC), CD81_XhoI (ATCTCGAGCTATGGGAGTGGAGGGCT
GCAC), CD81_EcoRI (CAGAATTCTTATCAGTACACGGAGCTGTT
CC), TfR_XhoI (CGCTCGAGCTATGATGGATCAAGCTAG), and
TfR_EcoRI (CTGAATTCTTAAAACTCATTGTCAATGTCC). The cor-
responding ligation procedure has been described elsewhere (2). All PCR-
derived inserts were sequenced to confirm sequence identity.

Cell culture, transfection, and infection. 293T cells were maintained
in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10%
fetal calf serum (FCS; Invitrogen), the antibiotics penicillin and strepto-
mycin, and 1% L-glutamin (PAA). Jurkat-LTRG R5 cells (29) and CemM7
cells which express CD4, CCR5, and CXCR4 and a tat-inducible luciferase
and GFP reporter under the control of the HIV-1 long terminal repeat
(LTR) (6) were cultured in RPMI 1640 medium (Gibco) supplemented
with 10% FCS and antibiotics. For the generation of primary human
macrophages, we first isolated peripheral blood mononuclear cells
(PBMCs) from the buffy coat by Ficoll gradient centrifugation (36). Next,
15 � 106 PBMCs were seeded in 100- by 15-mm petri dishes with vents
(Greiner Bio-One). Four days later, suspension cells were discarded and
medium was changed. The adherent cell population was cultured three
additional days to differentiate into monocyte-derived macrophages
(MDMs). MDMs and PBMCs seeded for differentiation were cultured in
macrophage medium: RPMI 1640 (Gibco) supplemented with 4% human
AB serum (Sigma), the antibiotics penicillin and streptomycin (PAA), 10
mM nonessential amino acid solution (Invitrogen), sodium pyruvate
(Gibco), vitamins (Biochrom), and 1% L-glutamine (PAA). All cells were
grown at 37°C and 5% CO2. HIV-1 virus stocks were generated by stan-
dard calcium phosphate transfection of 293T cells essentially as described
previously (36). For infection of macrophages, Jurkat-LTRG R5 cells, or
CemM7 T cells, we quantified HIV-1 stocks by p24 enzyme-linked immu-
nosorbent assay (ELISA) (37) and incubated the cells for 6 h with the
indicated amounts of p24. Cells were subsequently washed and cultured
with the appropriate medium. If not indicated otherwise, macrophages
were infected with 50 ng p24 per 200,000 cells.

Viral replication, infectivity assays, and coculture experiment. Hu-
man macrophages were isolated as described in “Cell culture, transfec-
tion, and infection” and infected with 50 ng p24 from R5-tropic HIV-1
NL4-3 Gag-iGFP per 50,000 cells or the corresponding untagged HIV-1.
To assess viral spread and replication, aliquots of the infected cell culture
supernatants were taken in two-day intervals and stored at �20°C. Virus
production was analyzed by the quantification of p24 in the supernatants
(37). Infectivity assays were done by infection of Jurkat-LTRG R5 cells
with the indicated amounts of p24. Three days postinfection, cells were
harvested and the number of GFP-positive cells was determined by stan-
dard fluorescence-activated cell sorting (FACS) measurements, essen-
tially as described before (37). Macrophages were generated as described
and seeded in a 24-well plate at a density of 50,000 cells/well. Postadher-
ence macrophages were infected with 20 ng p24 from R5-tropic HIV-1
IRES-eGFP and cultured for an additional 6 days. Cells were then exten-
sively washed to remove free virus and incubated with 20 �g/ml anti-TfR

or anti-GP120 2G12 antibodies for 1 h at 37°C. After antibody removal,
macrophages were cocultured with 100,000 CemM7 cells/well for 10 h.
Subsequently, CemM7 cells were collected with cold 5 mM EDTA–
phosphate-buffered saline (PBS) and recultured in 500 �l RPMI for up to
4 days.

Immunofluorescence, antibodies, and confocal microscopy. A total
of 100,000 macrophages were seeded in a 12-well plate with added cover-
slips 24 h before infection. Six days postinfection, cells were washed with
PBS and fixed for intracellular staining with 2% paraformaldehyde (PFA)
for 30 min at 4°C. Then, cells were permeabilized with 1% Saponin-PBS
for 10 min at room temperature (RT). Cells were stained with primary
anti-HIV-Gag antibody (Beckman-Coulter; KC57-RD1, mouse derived),
broadly neutralizing anti-HIV-1 GP120 antibodies 2G12 (Polymun Sci-
entific) (42), VRC01, and VRC03 (46) or anti-human-CD81 antibody
(Ancell; clone 1.3.3.2.2, mouse derived) and anti-human-TfR antibody
(Abcam; clone MEM-75, mouse derived) for 30 min at RT and with anti-
mouse Alexa Fluor 555-conjugated secondary antibody (Invitrogen; goat
derived), anti-human Alexa Fluor 633-conjugated secondary antibody
(Invitrogen; goat derived), or anti-mouse phycoerythrin (PE)-conjugated
secondary antibody (Invitrogen; goat derived) for 20 min at RT. Between
and after staining steps, cells were washed 3 times with PBS for 5 min. For
antibody accessibility experiments, nonpermeabilized MDMs were incu-
bated at 37°C for 60 min with a final antibody concentration of 20 �g/ml.
At the end of the incubation period, cells were washed and fixed with 2%
PFA, and internalized antibody was detected as described above. For an-
tibody internalization at 4°C, macrophages were essentially treated the
same, except that all steps were done on ice. Finally, stained macrophages
grown on coverslips were mounted on microscope slides using Mowiol
mounting solution (2.4 g polyvinylalcohol, 6 g glycerin, 18 ml PBS) and
imaged with a Zeiss LSM 510 Meta confocal microscope.

Live-cell microscopy. Live-cell microscopy experiments were per-
formed with a fully motorized Nikon Ti-Eclipse inverted microscope
equipped with the hardware-based perfect focus system and the Nikon
DS-Qi1 high-speed monochrome digital camera. If not indicated other-
wise, 200,000 differentiated MDMs were seeded in a microdish (35 mm;
Ibidi) and infected with HIV-1 GG as described above. During image
acquisition, macrophages were kept in a microscope desk-mounted
TokaiHit incubation chamber at 37°C and 5% CO2. If not indicated oth-
erwise, the CFI Apochromat 60� total internal reflection fluorescence
(TIRF) objective (numerical aperture [NA] 1.49) was used for imaging.
Cells were excited with the Nikon Intensilight and the appropriate filters.

Transmission electron microscopy. For correlative TEM, 100,000
macrophages were grown on culture dishes with imprinted grids (Ibidi) in
order to relocalize target cells, preselected by fluorescence microscopy,
and infected with HIV-1 GG. Seven days postinfection, epifluorescence
and differential inference contrast (DIC) images of the infected macro-
phages were collected followed by fixation with 2.5% glutaraldehyde (GA)
in PBS for 30 min at RT. 293T cells were also fixed with GA and processed
for TEM as described below. Subsequently, cells were washed with PBS,
postfixed for 30 min with 1% OsO4 in PBS, washed with double-distilled
water (ddH2O), and stained with 1% uranyl acetate in water. The samples
were gradually dehydrated with ethanol and embedded in Epon resin for
sectioning. For pinpoint selection of relocalized samples, single cells were
stamped out and sectioned as series parallel to the plain of the culture dish.
Ultrathin sections (50 nm thick) were prepared using an Ultracut micro-
tome (Reichert Jung). All sections were counterstained with 2% uranyl
acetate and lead citrate. The electron micrographs were obtained with an
FEI Eagle 4k HS charge-coupled-device (CCD) camera attached to an FEI
Technai G2 20 Twin transmission electron microscope (FEI) at 80 kV.

FACS-FRET. Flow cyometric measurement of fluorescence resonance
energy transfer (FRET) and the according gating strategy were performed
as already described (2). Briefly, 300,000 293T cells were seeded in a 6-well
plate 12 h before transfection and transfected using the calcium phosphate
method. Cells were harvested and assayed 1 day posttransfection for
FACS-FRET analysis in a FACS CantoII flow cytometer (BD Bioscience).
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CFP and FRET were measured by exciting cells with the 405-nm laser, and
CFP emission was collected with a standard 450/40 filter, while FRET was
measured with a 529/24 filter (Semrock). YFP was excited with the
488-nm laser, and emission was collected with a 529/24 filter (Semrock).
At least 10,000 CFP/YFP-positive cells were analyzed for FRET.

Image analysis and software. Live-cell microscopical sequences were
analyzed using the Nikon Elements AR version 3.1 software. Some se-
quences or z-stacks were processed using the two-dimensional (2-D) real-
time deconvolution or three-dimenional (3-D) Huygens-based deconvo-
lution plug-ins or the AutoQuantX2 (MediaCybernetics) software.
Generally, both deconvolution softwares yielded the same results. 3-D
reconstructions and colocalization analyses were performed with Bitplane
Imaris version 6.4.2. In general, images were never modified apart from
enhancing contrast and/or brightness. Movies were generated and com-
pressed with the freely available ImageJ version 1.4.2 and VirtualDub
version 1.9.8 software packages. Statistical analyses were performed using
the GraphPad Prism version 5 software package.

RESULTS
Establishment of a macrophage-tropic HIV-1 with an internal
GFP tag in Gag. HIV-1 assembly and budding from primary T
cells and most cell lines normally occurs from the plasma mem-
brane (PM), whereas macrophages seem to accumulate viral par-
ticles intracellularly (see Fig. S1 in the supplemental material) (5,
11, 30, 31). To follow up on Gag production and trafficking in
living primary human macrophages, we generated R5-tropic
HIV-1 Gag-iGFP (GG). Since GFP expression resembles Gag lo-
calization (Fig. 1A) (18, 19), this virus allows for the discrimina-
tion of free cytosolic Gag from HIV-1 assembly sites, where GFP
and hence Gag accumulate (see Fig. S2 in the supplemental mate-
rial). Jurkat T cells expressing CCR5 could be infected in a dose-
dependent manner, although infectivity was reduced 2- to 3-fold
in comparison to the non-GFP-expressing virus (Fig. 1B). Simi-
larly, viral titers were reduced in HIV-1 GG-infected macro-
phages, but the kinetics of viral replication was comparable to that
of wild-type (WT) HIV-1, with peak p24 values at days 4 to 5
postinfection (Fig. 1C). Gag distribution in nonpermeabilized
monocyte-derived macrophages (MDMs) by confocal micros-
copy showed faint GFP expression at the plasma membrane and
the cytosol, whereas accumulating GFP and thereby Gag was ap-
parent near the nucleus inside the macrophage (Fig. 1D), con-
firming the staining pattern in HIV-1-infected MDMs by a Gag-
specific antibody (3). In sum, we demonstrate that R5-tropic
HIV-1 GG is a useful tool to study the kinetics of Gag expression
and movement in primary human macrophages in the context of
infectious and replicating HIV-1.

Gag expression and movement in living HIV-1-infected mac-
rophages. To study the formation of HIV-1 Gag, we performed
live-cell microscopy of primary macrophages infected with HIV-1
GG (see Movie S1 in the supplemental material). In order to en-
able long-term observation of macrophages and to reduce photo-
toxicity as well as bleaching, we used a temporal resolution of 15
and 30 min, respectively. Cytosolic Gag was detected about 24 to
30 h postinfection (hpi). In this early phase of Gag expression, no
viral particle accumulations could be observed, neither at the PM
nor in the perinuclear space (Fig. 2A). At 36 to 39 hpi, first Gag
accumulations were evident inside the macrophage, which then
clustered into large intracellular bodies near the nucleus (Fig. 2A).
Gag accumulations fused and divided several times within 30 h of
observation but stayed rather stable within a single half-hour ob-
servation step (Fig. 2A; see also Movie S1). Higher magnification

of regions of Gag expression near the nucleus (monitored as
shown in Fig. 2B) revealed that large accumulations consisted of
multiple smaller punctate Gag clusters. Although limited by the
resolution of fluorescence microscopy, these smaller punctate Gag
dots might represent grouped or single virions (Fig. 2B, inlay 1).
Furthermore, we observed some trafficking of punctate Gag from
the large central accumulation toward the periphery (see Movie S2
in the supplemental material) and transfer to an adjacent macro-
phage within single 15-min observation steps (Fig. 2B, inlay 2). On
the other hand, we could also observe some Gag, although less
pronounced, which seems to move from the periphery to more

FIG 1 Characterization of R5-tropic HIV-1 NL4-3 Gag-iGFP (HIV-1 GG).
(A) GFP expression resembles Gag distribution in HIV-1 GG-infected macro-
phages. Four days postinfection (dpi), MDMs were stained with mouse anti-
Gag, and subcellular localization of GFP as well as Gag expression were ana-
lyzed by confocal microscopy. The scale bar indicates 10 �m. (B) Jurkat
LTRG-R5 cells were infected with the indicated amounts (ng) of p24 from
either R5-tropic 92th014.12 HIV-1 (WT) or HIV-1 GG, and the percentage of
GFP-positive cells was determined 3 days later by flow cytometry. Means and
standard deviations (SD) are derived from results from triplicate infections
with two independent virus stocks. Similar results were obtained in two other
infection experiments. (C) Replication kinetics of HIV-1 WT and HIV-1 GG
in macrophages. MDMs were infected with 50 ng of p24, and supernatants
were taken in 2-day intervals. Virus in the supernatants was determined by p24
ELISA. The graph shows mean values and SD from one experiment with
MDMs infected in triplicates with two independent virus stocks. Similar re-
sults were obtained with MDMs from three other donors. (D) Representative
3-D reconstruction of Gag-iGFP distribution in HIV-1 GG-infected MDMs 4
dpi. Z-stacks of infected macrophages were recorded by fluorescence confocal
microscopy and reconstructed using Bitplane Imaris 6.4.2. Typically, Gag
showed a pattern of intense accumulations near the central nucleus of the
macrophage, in contrast to weak expression in the cytosol and at the plasma
membrane (PM).
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central areas in the macrophage (see Movie S2). Imaging of several
macrophages did not reveal a distinct pattern of Gag movement,
and faint Gag was detectable at the plasma membrane and in the
cytosol, whereas intense accumulations were frequently observed
in the perinuclear area (Fig. 2).

Two-dimensional live-cell imaging does not allow for the spa-
tial localization of Gag. Therefore, we expanded our analyses to
four-dimensional live-cell imaging and recorded z-stacks of
HIV-1 GG-infected macrophages over time (Fig. 2C). Some small
punctate Gag accumulations could be detected at the periphery,
but also intense GFP appeared inside the macrophage, near the
nucleus and apart from the PM. In accordance with our previous

results (Fig. 2A), assembled Gag stayed stable over several hours
and then dispersed. From these data, we conclude that HIV-1-
infected macrophages can accumulate newly formed Gag in inter-
nal VCCs.

Macrophage internal VCCs are inaccessible to antibodies.
Intracellular accumulation of HIV-1 can be considered an im-
mune evasion mechanism. However, HIV-1-containing compart-
ments might be derived from the PM or connected via small mi-
crochannels (4, 9, 44, 45). Therefore, it is still not known if
macrophage-residing HIV-1 might be protected from the im-
mune response. To test accessibility of intracellular HIV-1 via the
cell surface, we first administered an antibody which detects the

FIG 2 Kinetics of Gag expression in HIV-1 GG-infected MDMs. (A) Macrophages were infected with HIV-1 GG and observed by time-lapse fluorescence
microscopy for a period of 4 days. Images were recorded every 30 min with a 40� Plan Fluor objective (Nikon). White arrowheads indicate areas of Gag
expression and accumulation. Movie S1 in the supplemental material displays the complete series. (B) Four days postinfection, an HIV-1 GG-infected macro-
phage was imaged every 15 min for 60 h. Two areas of interest from one representative image are highlighted by a rectangle. Inlay one shows higher magnification
of a Gag accumulation near the nucleus, displaying punctate Gag expression. From this area, the smaller punctate Gag accumulations exert dynamic movement
(see Movie S2 in the supplemental material). Inset 2 displays an area of cell-to-cell transfer of smaller Gag accumulations (white arrowheads) to an adjacent
macrophage. (C) 4-D time lapse of an HIV-1 GG-infected macrophage. Four days postinfection, z-stacks of HIV-1 GG-infected MDMs were collected in 30-min
intervals over a period of 24 h. Images depict a 3-h sequence in which a Gag accumulation (squared inset) is generated intracellularly and disperses after a few
hours. Z-stacks were deconvolved with a Huygens-based deconvolution algorithm (Nikon NIS Elements AR3.1). The scale bar shows a distance of 10 �m.
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assembly compartment. It has been previously reported that the
tetraspanin CD81 colocalizes with HIV-1 Gag in macrophages (9),
and cumulating data suggest that CD81 may have a role in HIV-1
assembly in general (15, 28). Furthermore, Gag and CD81 coim-
munoprecipitated in chronically HIV-1-infected T cells (15). We
first tested the association of HIV-1 Gag with CD81 in living cells.
For this, we utilized a recently developed FACS-based FRET assay
(2). 293T cells transfected with a Gag-CFP expression plasmid or
full HIV-1 Gag-iCFP displayed a strong FRET signal with YFP-
CD81 (Fig. 3A). To exclude possible false-positive FRET signals,
we included a variety of controls. First, we coexpressed Gag-CFP
and HIV-1 Gag-iCFP not only with CD81-YFP but also with CD4-
YFP and TfR-YFP, which are unrelated membrane proteins. Sec-

ond, we measured FRET between a membrane-localized control
construct (MEM-CFP) and CD81-YFP, CD4-YFP, and TfR-YFP;
third, we cotransfected CFP with YFP or CD81-YFP (Fig. 3A).
Furthermore, we assessed expression of the Gag-CFP plasmid in
macrophages, which also resulted in formation of VCCs (see Fig.
S3 in the supplemental material). Thus, HIV-1 Gag alone as well as
in the presence of other viral proteins is binding or in close prox-
imity to CD81. This finding is in agreement with a recent study
published by the Ono lab (17).

Next, we used an antibody directed against the extracellular
region of CD81 to investigate if viral assembly sites in general are
accessible to antibodies. Staining was performed at 4°C to reduce
membrane movement and phagocytosis. As expected, CD81
strongly colocalized (R � 0.54) with Gag in HIV-1 GG-infected
macrophages when cells were fixed and permeabilized prior to
staining (Fig. 3B). In contrast to this, only a minor population of
Gag colocalized with CD81 (R � �0.12) when living macro-
phages were incubated with the CD81 antibody over a period of 60
min. Thus, the HIV-1 Gag-containing assembly compartment is
largely inaccessible to antibodies at 4°C.

In order to mimic the in vivo situation, we additionally per-
formed antibody feeding experiments at 37°C with anti-HIV-1
GP120 antibodies (Fig. 4). Living infected macrophages were
incubated with the same CD81 antibody as used previously, an
antibody binding to but not inhibiting the function of the
transferrin receptor (TfR), and additionally exposed to three
broadly neutralizing antibodies (2G12, VRC01, VRC03) di-
rected against the CD4-binding site of HIV-1 GP120 (42, 46).
When macrophages were fixed and permeabilized before stain-
ing, CD81 and GP120 showed a pronounced pattern of colo-
calization with HIV-1 Gag (Fig. 4A, top). Conversely, no colo-
calization could be observed when living macrophages were
exposed to the antibodies for 60 min at 37°C (Fig. 4A, bottom).
To control for antibody specificity of Gag and CD81, as well as
Gag and GP120 colocalization, we did the same experiment
with a monoclonal anti-TfR antibody (Fig. 4B). TfR did not
colocalize with Gag in permeabilized or living macrophages,
whereas Gag colocalized with GP120 only in the case of per-
meabilization. These results were confirmed and proven to be
statistically highly significant by quantitative assessment of the
squared Pearson’s correlation coefficient (R2 value) of the co-
localizations from 25 imaged macrophages (Fig. 4C). Thus,
macrophage internal HIV-1 is protected from recognition by
broadly neutralizing antibodies.

Efficient HIV-1 transfer from antibody-treated macro-
phages to T cells. It has been elegantly demonstrated that mac-
rophages transfer internal HIV-1 via virological synapses (VS)
to T cells (13, 16). Thus, we set up a functional experiment as
described before (16) to test whether treatment of macro-
phages with GP120 antibody inhibits the efficiency of HIV-1
transfer (Fig. 5). The addition of 20 �g/ml HIV-1 GP120 2G12
antibody (42) suppresses cell-free infection of CemM7 T cells
nearly to background levels, whereas TfR antibody had no
blocking activity (Fig. 5A). Next, macrophages were infected
for 6 days with R5-tropic HIV-1-expressing GFP via an IRES
element. Infected macrophages were then extensively washed
and incubated for 1 h at 37°C with TfR antibody or 2G12 to
potentially neutralize macrophage internal HIV-1. After anti-
body removal, macrophages were cocultured for 10 h with
CemM7 T cells to allow cell-to-cell transfer of HIV-1. CemM7

FIG 3 The Gag assembly compartment in HIV-1 GG-infected MDMs is not
accessible to antibodies at 4°C. (A) FACS-FRET of HIV-1 Gag with CD81, TfR,
and CD4 in transfected 293T cells. Primary FACS plots show the percentages of
cells scoring FRET positive. The graph displays mean values and SD from 4 to
10 independent transfections. (B) Permeabilized or untreated HIV-1 GG-
infected macrophages (6 dpi) were stained with anti-CD81 antibody at 4°C to
label the HIV-1 assembly compartment and test accessibility toward antibod-
ies. Confocal z-stacks of the macrophages were recorded to display maximum
intensity projections and colocalization plots (Imaris 6.4.2; Bitplane). Pear-
son’s correlation coefficient of Gag and CD81 antibody colocalization was also
calculated with Imaris 6.4.2. Displayed are results from one out of four inde-
pendent experiments.
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T cells were then removed and cultured for another 3 to 4 days
for productive infection and reporter gene expression. Impor-
tantly, preincubation with 2G12 did not suppress the efficiency
of macrophage internal HIV-1 transfer to T cells (Fig. 5B). This

result is in agreement with our previous observations from the
antibody feeding experiments (Fig. 3 and 4) and establishes on
a functional level that HIV-1 within macrophages is shielded
from antibody neutralization.

FIG 4 HIV-1 within VCCs is protected from neutralizing antibodies. (A and B) HIV-1 GG-infected macrophages were either fixed and permeabilized or left
untreated and incubated at 37°C with anti-CD81 (A) or anti-TfR (B) antibody and broadly neutralizing antibodies targeting GP120 (41, 46) as described in
Materials and Methods. Fluorescently labeled secondary antibodies were used to detect sites of antibody binding. (C) Confocal pictures of 25 macrophages were
taken at the same intensities in order to be able to quantify and compare fluorescence measurements. The Pearson’s correlation coefficient of CD81, TfR, or
GP120 antibody colocalizing with HIV-1 Gag was calculated with Imaris 6.4.2 (Bitplane), and the R2 values were plotted in the presented graph. A Student t test
was done to assess statistical significance (GraphPad Prism 5).

FIG 5 Antibody preincubation does not suppress HIV-1 transfer from macrophages to T cells. (A) A total of 100,000 CemM7 T cells were incubated with 20 ng
of p24 from R5-tropic HIV-1 IRES-eGFP and 20 �g/ml of the indicated antibodies for 12 h in a total volume of 200 �l. Then, 500 �l RPMI was added and cells
were cultured for two additional days. The number of GFP-positive cells was assessed by FACS measurement. Displayed are mean values and SD from results of
three independent infections. (B) A total of 50,000 macrophages were infected with R5 HIV-1 IRES-eGFP and pretreated for 1 h with 20 �g/ml of the indicated
antibodies at 37°C. Then, antibodies were removed and macrophages were cocultured for 10 h with CemM7 cells. CemM7 were subsequently collected by 5 mM
EDTA-PBS and cultured for another 3 or 4 days. The number of GFP-positive cells was assessed by FACS. The graph shows means and standard errors of the
means (SEM) from results of infections of macrophages from three different donors with two independent virus stocks. dpc, days postcoculture.
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Three-dimensional reconstruction of macrophage internal
Gag accumulations. Previous electron microscopical analyses of
VCCs indicated that these might be connected to the cell surface
via small microchannels (4, 9, 44, 45). However, the spatial expan-
sion of VCCs and their potential association with other cellular
structures or organelles are not entirely clear. Therefore, we aimed
to reconstruct larger areas of Gag accumulations by cutting serial
sections and subsequent EM analyses. Infection rates of primary
human macrophages in cell culture vary substantially, with usu-
ally 2 to 10% of cells being infected (37, 38) as judged by GFP
expression, making it difficult to detect infected cells by TEM.
Furthermore, we wanted to specifically assess the ultrastructure of
an area harboring multiple Gag accumulations and image the area
of prominent Gag expression within the macrophage. In order to
identify such a region, we utilized correlative microscopy. For this,
macrophages were seeded on culture dishes with imprinted relo-
calization grids and infected with HIV-1 GG. Seven days later, we
took fluorescence images of infected macrophages. Usage of the
grid allowed us to reidentify the corresponding region by EM, thus
assessing the ultrastructural composition of larger areas of HIV-1
Gag accumulations (Fig. 6A).

Budding and mature viral particles were present in VCCs ad-
jacent to a web of convoluted membranes (Fig. 6B). Notably, we
also detected viral particles within the membranous web (Fig. 6B).
Concordant with our previous observations, this macrophage
harbored at least two sites of GFP accumulation (marked with red
and white asterisks). We carried out closer examination of these
sites (white asterisk) by analyses of 18 out of 52 50-nm-thick ul-
trathin serial sections (see Fig. S4 in the supplemental material).
These slices were assembled to reconstruct the spatial composition
of the VCCs and the associated membranous web in 3-D (Fig. 6C;
see also Movie S3 in the supplemental material). The membrane
web was in close contact with the surrounding VCCs. Further-
more, viral particles (marked as yellow dots) were present within
the web, as well as in the VCCs (Fig. 6D; see also Movie S4 in the
supplemental material). Most VCCs were membrane enclosed,
separating them from each other. Nevertheless, we identified one
vacuole (dark blue) next to the web (light green; turquoise), that
opened out toward a microvillus-enriched region near the top of
the macrophage (Fig. 6C and D; see also Movie S3 and Fig. S4,
section 18, in the supplemental material). Importantly, compara-
ble structures were never observed in multiple sections of unin-
fected macrophages but confirmed in at least four other HIV-1-
infected macrophages of independent donors. Thus, Gag
accumulations in HIV-1-infected macrophages represent assem-
bled viral particles within VCCs and an associated complex net-
work of membranes.

The ultrastructure of the HIV-1-containing compartments.
We next wanted to have a more detailed view of the HIV-1 Gag
accumulations and carefully analyzed the TEM pictures of the
ultrathin sections (Fig. 7). In agreement with previous reports (21,
33), we identified some assembly and budding structures, as
judged by the size and morphology of viral particles, at the limit-
ing membrane of VCCs. In contrast, no such structures were ob-
served within the membranous web, which exclusively harbored
mature virions. Some mature virions present in the VCCs seemed
to be engulfed from the central membranous web (see Fig. 7, slices
4 and 5, as well as Movie S4 in the supplemental material). Al-
though it is difficult to postulate transport features by static TEM
pictures, this indicates the possibility that some of the VCC assem-

bled particles might be imported into the membranous web or
engulfed by high membrane motility. In sum, the observed com-
partmentalization of membranes might explain the low accessibil-
ity of internal virus toward antibodies, despite the connection of
some VCCs with the plasma membrane.

DISCUSSION

In this study, we investigate the formation of VCCs and their
accessibility via cell surface-administered antibodies in living
macrophages by the use of an infectious fluorescently labeled
HIV-1 genome. HIV-1 Gag-iGFP (HIV-1 GG) is attenuated but
retains replicative capacity and infectivity by the insertion of GFP
between the p17 matrix and the p24 capsid of Gag (18). In contrast
to other HIV-1 constructs, which essentially also carry GFP at the
same location (22, 27), the chromophore is flanked by two HIV-1
protease cleavage sites, thus relieving GFP during maturation
(18). While a similar virus has been elegantly used to study trans-
fer and trafficking of HIV-1 across synapses of electroporated T
cells (19), its practical use has been hampered by the fact that it
spreads poorly in most cell lines and primary cells (18). Our R5-
tropic HIV-1 GG is infectious for CCR5-expressing cells and
spreads and replicates in macrophages, although with approxi-
mately 2-fold-reduced efficiency compared to that of the corre-
sponding unlabeled HIV-1. Importantly, since replication kinet-
ics and peak viral titers were similar to those of untagged HIV-1,
we are confident that HIV-1 GG resembles the temporal and spa-
tial Gag distribution of wild-type HIV-1. This is important, since
until now, the only tagged HIV-1 genome showing replication and
spread in primary macrophages was an HIV-1 AD8 variant with a
tetracysteine (TC) tag (13). While this is a useful and elegant tool,
especially since the TC tag does have only a minor impact on virus
infectivity, the need for biarsenic labeling hampers the possibility
to image the formation of newly synthesized Gag.

We followed up on Gag synthesis from immediately after in-
fection to up to 4 days. In contrast to T cells or 293T cells (18, 19,
22), the Gag precursor was not found predominantly at the
plasma membrane but appeared in large perinuclear accumula-
tions, which stayed stable for days (Fig. 2). HIV-1-containing
compartments (VCCs) in macrophages have been described be-
fore (9, 21, 31, 33, 35). However, their origin and fate remained
elusive, because of the lack of a dynamic view on them (3). Based
on their temporal appearance in HIV-1-infected macrophages
(Fig. 2) and the presence of budding profiles within membrane-
enclosed VCCs (our study and, e.g., references 21 and 33), we
conclude that these accumulations can be formed internally. Im-
portantly, this does not exclude the possibility that viral assembly
sites are initiated at the PM and are internalized before the com-
pletion of release. In this context, it is noteworthy that we also
observed faint Gag at the PM (Fig. 1 and 2) and smaller punctate
Gag in close vicinity to the PM (Fig. 2C), which could resemble
PM assembly or assembly sites at the beginning of internalization
(22, 45).

We also do not dismiss the possibility that some of the VCCs in
macrophages might be connected to the PM, e.g., by small micro-
channels (4, 9, 44, 45). Our results are in agreement with a recent
study by Welsch and colleagues (44). Using electron tomography
and EM with stereology, they described a complex membranous
network which harbors viral particles. These VCCs, which were
designated “HIV-1 assembly and storage compartments,” were
connected to the cell surface by tubelike structures with insuffi-
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cient diameter for virion passage. Therefore, it was postulated that
the nature of the virus-holding compartment may aid in antibody
evasion of HIV-1 (44). For the first time, our study provides ex-
perimental proof that macrophage internal HIV-1 is indeed inac-
cessible to surface-administered neutralizing antibodies. These re-
sults are based on the usage of four different antibodies, either
targeted against CD81, a component frequently found in VCCs
(our study and, e.g., reference 9) or targeted against HIV-1 GP120.
Notably, all three GP120 antibodies are directed against the CD4

binding site of GP120 and were described as broadly neutralizing
with no cross-reactivity against host self or other antigens (42, 46).
Furthermore, antibody accessibility experiments were performed
at 4°C and 37°C. The 4° condition is for low membrane motility;
thus, existing openings toward the PM should stay stable. In con-
trast, at 37°C we expect to have endocytic uptake and presumably
transient openings of VCCs toward the cell surface. Collectively,
these results provide evidence that VCCs can be shielded from
antibodies via the cell surface. This is particularly important, be-

FIG 6 Three-dimensional reconstruction of macrophage internal HIV-1 accumulations. (A) Relocation of an HIV-1 GG-infected macrophage by correlative
microscopy. Fluorescence images of infected macrophages grown on a culture dish with a grid were taken to relocate the infected macrophage by TEM 7 dpi. The
scale bar shows a distance of 10 �m. (B) Magnification of the area of Gag accumulations, marked with a red square and an asterisk in panel A, and the
ultrastructure of this specific region by TEM. Some viral particles are marked with a red arrowhead. The scale bar indicates a distance of 500 nm. (C) 3-D
reconstruction of the serial sections displayed in Fig. S4 in the supplemental material. Imaris 6.4.2 (Bitplane) was used to reconstruct the colored vacuoles
surrounding the central membranous web region (see also Movie S3 in the supplemental material). Viral particles are depicted as yellow dots. One large VCC,
colored in blue, ends up toward a microvillus-enriched region. (D) The membrane web in light green and turquoise (first picture) is surrounded by VCCs. Viral
particles (yellow dots) are present inside (see Movie S4 in the supplemental material). Similar structures corresponding to Gag accumulations were observed in
two additional macrophages from this donor and in two macrophages from independent donors. We never found comparable structures in uninfected
macrophages from the same donors.
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cause macrophages are considered viral reservoirs, transmit
HIV-1 via the blood-brain barrier (14, 23, 26), and harbor infec-
tious HIV-1 over several weeks (39).

Cell-to-cell spread of HIV-1 is far more efficient than infection
by cell-free virus (7, 10, 34) and occurs via so-called virological
synapses (VS) (25). Macrophages have also been reported to
transmit HIV-1 via VS to T cells (16, 43), and Freed and col-
leagues, using a TC-tagged HIV derivative, showed rapid transfer
of internal VCC from macrophages toward VS and T cells (13).
The Sattentau lab reported that formation of the VS needs CD4
and to a smaller extent the chemokine coreceptor on the target cell
(16). In addition, transmitted virus was sensitive toward fusion
inhibitors and antibodies that bind CD4 and block interaction
with GP120 (16, 24). Interestingly, cell-free infection and cell-to-
cell transfer could be suppressed by antibodies targeting the

HIV-1 glycoprotein, but this effect was demonstrated only for
transfer between T cells (24). Our findings suggest that GP120
antibody-pretreated macrophages efficiently transfer internal
HIV-1 to T cells (Fig. 5). This is in agreement with a model in
which HIV-1 at least in part assembles into an internal niche. In
this scenario, a large proportion of GP120 is not exposed at the
plasma membrane of macrophages, a finding which is supported
by our surface GP120 staining of HIV-1-infected macrophages
(Fig. 4). In contrast, assembly in T cells precedes transport of
GP120 to the plasma membrane, which could then be accessible to
neutralizing antibodies.

It is tempting to speculate that the complex membrane archi-
tecture of VCCs observed by us and Welsch and colleagues (44)
prevents antibody recognition of macrophage internal HIV-1.
How HIV-1 induces the formation of the membranous web and

FIG 7 Ultrastructural analyses of macrophage internal HIV-1 accumulations. Serial sections 3, 4, and 5 and the slice corresponding to the other Gag accumu-
lation present in the same macrophage (compare Fig. 6 and Fig. S4 in the supplemental material) were magnified to identify ultrastructural features of the sites
of Gag accumulation. Some viral particles are marked with red arrows. CCV, clathrin-coated vesicle; L, lysosome; MT, mitochondria; rER, rough endoplasmic
reticulum; VCC, virus-containing compartment; W, membranous web. The scale bar indicates a distance of 500 nm.
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which are its major constituents remain elusive. Deneka et al. re-
ported colocalization of VCCs with the tetraspanins CD81, CD53,
and CD9 (9). We confirm the presence of CD81 in VCCs. Further-
more, the data of our FRET assay implies that HIV-1 Gag itself
binds to the cytoplasmic region of CD81 (Fig. 3A). This is a find-
ing which is corroborated by data from Gag-CD81 coimmuno-
precipitation experiments (15). Interestingly, the tetraspanins
CD9, CD63, CD81, and CD82 have been suggested as gateways for
HIV-1 in HeLa cells (28) and T cells (15, 20). Since tetraspanins
are membrane associated and build homo- as well as heteromers
(41), it is tempting to speculate that Gag itself by the interaction
with CD81 and maybe other members of the tetraspanin family
might directly be involved in the formation of the membranous
web.

In sum, this study emphasizes the potential importance of
HIV-1-infected macrophages for viral immune evasion and there-
fore AIDS pathogenesis. It is crucial to further elucidate the nature
of the membranous structures serving as HIV-1 storage compart-
ments and hideouts in order to target the macrophage-residing
HIV-1 reservoir.
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