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During the assembly of human immunodeficiency virus type 1 (HIV-1) particles, the tetraspanin CD63
can be incorporated into the viral membrane. Indeed, cell surface tetraspanin microdomains that include
CD63 have been proposed as sites for virus release. In addition, antibodies against CD63 can inhibit HIV
infection of macrophages. In this cell type, HIV assembles into intracellularly sequestered plasma mem-
brane domains that contain several other tetraspanins, including CD81, CD9, and CD53. CD63 is
recruited to this domain following HIV infection. Together, these observations suggest that CD63 may
have some function in the assembly of infectious virus particles and/or the infectivity of assembled virions.
Here we have used RNA interference to knock down CD63 expression in monocyte-derived primary
macrophages. We show that in the absence of CD63, HIV assembly is quantitatively comparable to that
seen in CD63-expressing macrophages and that virus assembly occurs on compartments positive for CD81,
CD9, and CD53. Moreover, the infectivity of macrophage-derived virus is unaffected by the loss of CD63.
Together, our results indicate that at least in tissue culture, CD63 expression is not required for either the

production or the infectivity of HIV-1.

During the assembly of human immunodeficiency virus type
1 (HIV-1) particles, a number of tetraspanins can be incorpo-
rated into the viral membrane (6, 23, 27). In particular, CD63,
a tetraspanin found primarily on the internal membranes of
late endosomal multivesicular bodies (MVBs), is efficiently
incorporated into viral particles (23, 27, 30, 35). Although the
cellular function of CD63 remains unclear, a number of studies
have suggested that it may have a role in virus release and/or
infectivity. Early studies showed that the density of CD63 is
increased on HIV-infected H9 and blood-derived mononu-
clear cells compared to its density on uninfected control cells
(20, 21). Subsequently, cell surface tetraspanin microdomains
that include CD63 were proposed as sites for virus release (3,
25). In addition, antibodies against CD63, or a recombinant
protein containing the large extracellular loop of CD63, can
inhibit HIV infection of monocyte-derived macrophages
(MDM) (11, 33). A particularly intriguing interaction with
CD63 has previously been observed in HIV-infected MDM
(8). In this cell type, ultrastructural analyses have shown that
HIV assembles into intracellularly sequestered plasma mem-
brane domains that contain several tetraspanins, including
CD81, CDY, CD53, and CD63 (8). These domains appear to be
associated with a complex array of membranes that, in unin-
fected cells, contain CD81, CD9, and CD53, but not CD63, i.e.,
following HIV infection and during the assembly of HIV par-
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ticles, CD63 becomes detectable in this assembly domain and
is incorporated into the membrane of budding viruses (8).

Thus, CD63 is closely associated with HIV assembly, partic-
ularly in MDM, where virus infection causes CD63 to accumu-
late in the assembly compartments and significant amounts of
CD63 are incorporated into the viral membrane. This finding
suggests that CD63 may have a role in facilitating HI'V assem-
bly and/or modulating the infectivity of virus particles. To
investigate this suggestion, we have studied MDM in which
CD63 expression was reduced by using RNA interference
(RNAi). MDM lacking CD63 could be infected by HIV-1, but
HIV production and the infectivity of this MDM-derived virus
were not affected by the loss of CD63.

MATERIALS AND METHODS

Reagents and antibodies. Tissue culture medium and supplements were ob-
tained from Invitrogen (Paisley, United Kingdom), and tissue culture plastic was
from TPP (Trasadingen, Switzerland). All chemicals were from Sigma-Aldrich
(Dorset, United Kingdom), unless stated otherwise. The mouse monoclonal
antibody (MAb) against CD63 (1B5, immunoglobulin G2b [IgG2b]) has previ-
ously been described (10). Anti-CD81 (M38, I1gG1) was provided by F. Ber-
ditchevski (University of Birmingham, United Kingdom), and anti-CD53 (MEM-
53, IgGl) and anti-CD9 (MCA469GA, IgG2b) were from Abcam Ltd.
(Cambridge, United Kingdom) and Serotec (Oxford, United Kingdom), respec-
tively. Anti-clathrin heavy chain (clone 23, IgG1), anti-LAMP-1 (H4A3, IgG1),
and anti-LAMP-2 (H4B4, IgG1) antibodies were from BD Biosciences Europe
(Erembodegem, Belgium), and anti-vesicular stomatitis virus G (VSV-G) (P5D4,
IgG1) was from T. Kreis, University of Geneva, Geneva (Switzerland). MAbs to
p24/p55 (MADs 38:96K and EF7, both mouse IgG1, ARP365 and 366, respec-
tively) and Env (MAbs b12, EVA3065 and 37.1.1, ARP372) were obtained
through the NIBSC Centralised Facility for AIDS Reagents supported by the EU
Programme EVA and the UK Medical Research Council. The rabbit antiserum
UP595 against HIV pl7 was provided by M. Malim (Guy’s, King’s, and St.
Thomas’ School of Medicine, London, United Kingdom). Alexa Fluor-labeled
fluorescent secondary antibodies were from Invitrogen. Protein A-gold (PAG)
reagents were from the EM Lab, Utrecht University, The Netherlands.

Cells and infections. Peripheral blood mononuclear cells (PBMCs) were pre-
pared from buffy coats from healthy donors (National Blood Service, Essex,
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United Kingdom), and adherent monocytes were isolated as described previously
(27). Monocytes were differentiated to MDM in complete medium (RPMI 1640,
100 U/ml penicillin, 0.1 mg/ml streptomycin, and 10% human AB serum; PAA
Laboratories GmbH, Pasching, Austria) by culturing with 10 ng/ml of macro-
phage colony-stimulating factor (R&D Systems, Oxon, United Kingdom) for 2
days after plating and then without macrophage colony-stimulating factor until
required.

HIV-1g,; was originally obtained from R. Shattock (St. George’s Hospital,
London, United Kingdom). A first virus stock was prepared by the infection of
PBMCs (grown in RPMI 1640 with penicillin, streptomycin, 10% fetal calf serum
and 20 U/ml interleukin-2 [R&D Systems] and after treatment with 0.5 mg/ml
Phaseolus vulgaris phytohemagglutinin for 3 days). PBMC-grown HIV-1g,; was
passaged once through MDM to make an MDM-derived HIV-1 stock. Titers for
virus stocks were determined on NP2-CD4-CCRS5 cells as described previously
(27). For experiments, MDM were infected with 3 focus-forming units (FFU)/
cell of HIV-1g,; in a volume of 0.6 to 1 ml. During the next day, the medium was
topped up to 3 ml and then changed 8 h later. Alternatively, at 7 days after
isolation, MDM were infected with 3 FFU/cell HIV-1g,; by spinoculation at 2.5
krpm for 2 h at room temperature (RT) and cultured for various times as
indicated. TAK-779 (50 uM; NIH Aids Research & Reference Reagents Pro-
gram) was added to MDM medium when required to prevent subsequent rein-
fection.

Infectivity assay. Single-cycle infectivities were determined by challenging
TZM-B-galactosidase (B-gal) indicator cells (obtained from J. Martin-Serrano,
Guy’s, King’s and St. Thomas’ School of Medicine, London, United Kingdom)
(34) with cell-free virus-containing supernatants, as described previously (2).
Briefly, 2 X 10* cells/well in 24-well plates were infected with virus preparations
containing 3 to 5 ng of p24 by spinoculation, as described above, and the induced
expression of B-gal activity in cell lysates was measured 24 h later by using the
Galacto-Star system from Applied Biosystems (Foster City, CA). B-gal activity
was expressed as FFU per milliliter calibrated against known infectivity values
from an infectivity assay on NP2-CD4-CCRS5, as described previously (27). The
number of infectious units per particle was calculated by assuming there are
5,000 Gag molecules per virion (4).

Knockdown of CD63 by siRNA. Small interfering RNA (siRNA) was used to
knock down the expression of CD63 in MDM. Two oligonucleotides targeting
the CD63-specific sequences, 5'-GTTCTTGCTCTACGTCCTC-3’ (7) and 5'-G
GAGAACTATTGTCTTATG-3" (16), were purchased from Ambion (Austin,
TX). A scrambled oligonucleotide with the sequence 5'-AATTCTCCGAACGT
GTCACGT-3' was purchased from Qiagen (Crawley, United Kingdom) and was
used as a negative control. MDM, differentiated for 7 or 8 days, were nucleo-
fected with 4 g of scrambled or CD63-specific siRNAs by using a macrophage
nucleofection kit (Amaxa Biosystems, KoIn, Germany) according to the manu-
facturer’s instructions. The levels of CD63 expression were subsequently ana-
lyzed by immunofluorescence and Western blotting.

Immunofluorescence. For immunofluorescence staining of whole cells, MDM
were fixed by adding an equal volume of double-strength fixative, 6% para-
formaldehyde (TAAB, Aldermaston, United Kingdom), to the culture medium,
for 30 min at RT. After being washed, free aldehyde groups were quenched with
50 mM NH,CI and the cells were permeabilized for 1 h in blocking buffer (0.1%
saponin, 0.5% bovine serum albumin [BSA] in phosphate-buffered saline [PBS]
containing 10 wg/ml purified human IgG). Cells were stained for 1 h with primary
antibodies diluted in blocking buffer, washed, and incubated for 1 h with appro-
priate combinations of fluorescent secondary antibodies. Appropriate controls to
exclude cross-reactions were included. The cell nuclei were stained with Hoechst
33258, and the coverslips were mounted in Mowiol (Merck Biosciences Ltd.,
Beeston, Nottingham, United Kingdom) and examined directly or stored at
—20°C. Staining was analyzed with a Nikon Optiphot-2 microscope equipped
with an MRC Bio-Rad 1024 confocal laser scanner and a planapochromat 60X
objective lens. Images were processed using Adobe Photoshop 8 or Imagel.

For immunofluorescence staining of cryosections, 0.5-pm sections from cell
samples prepared for cryosection electron microscopy (EM) were placed on glass
slides, quenched in 50 mM glycine-50 mM NH,C], stained with antibodies di-
luted in PBS with 1% BSA, and mounted in Mowiol. Sections were examined
with an Axioskop microscope (Carl Zeiss Ltd., Welwyn Garden City, Hertford-
shire, United Kingdom) fitted with Plan-Neofluar oil immersion objectives. Im-
ages were recorded with a Hamamatsu Orca C4742-95 charge-coupled device
camera controlled by Openlab 3.1.7 software (Improvision Ltd., Coventry,
United Kingdom), converted to TIFF files, adjusted for brightness and contrast,
and assembled into montages by using Adobe Photoshop 8.

EM. Human MDM differentiated for 7 days were nucleofected with siRNA
against CD63 or scrambled oligonucleotides. Two days later, half of the cells
were infected with HIV-1g,; and the other half were left as uninfected controls.
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At 10 days postinfection (dpi), cells were fixed in 4% paraformaldehyde in 0.1 M
sodium phosphate buffer, pH 7.4, embedded in gelatin, and frozen for cryosec-
tioning as described previously (8, 29). Ultrathin (50-nm) cryosections were
stained with mouse IgG1 MAD against LAMP-1 (H4A3) or HIV p24/p55 (38:
96K and EF7), a rabbit anti-mouse bridging antibody (DakoCytomation, Ely,
United Kingdom), and 15 nm PAG. Sections were fixed in 1% glutaraldehyde for
10 min, quenched in 50 mM glycine-50 mM NH,Cl in PBS and incubated with
the IgG1 MAb P5D4 against the VSV-G protein to block any IgG1-reactive sites
on the bridging antibody. After a further round of fixation in 1% glutaraldehyde
(which destroys protein A binding sites) and requenching as above, sections were
stained with the anti-CD63 antibody 1B5 (IgG2b) and 5 nm PAG. Sections were
embedded in uranyl acetate in methylcellulose as described previously (29) and
examined with a CM10 transmission electron microscope (FEI Company UK
Ltd., Cambridge, United Kingdom), and images were recorded onto Kodak
SO-163 electron image film. Negatives were digitized with a FlexTight Precision
II rotating drum charge-coupled device scanner (Imacon), and TIFF images
were acquired with the ColorFlex 1.9.5 FlexTight Interface software. Images
were adjusted for brightness and contrast, and figures were assembled with
Adobe Photoshop 8.

p24 assay. Supernatants from HIV-1g,; -infected cells were centrifuged for 8
min at 1,200 rpm to remove contaminating cells, and p24 levels in the superna-
tants were then assayed by enzyme-linked immunosorbent assay (AIDS Vaccine
Program, NCI-Frederick Cancer Research and Development Center, Frederick,
MD) by following the manufacturer’s instructions.

Western blotting. For Western blot analysis, 2 X 10° MDM were lysed in cell
lysis buffer (150 mM NaCl, 1.0% NP-40, 0.5% deoxycholate, 0.1% sodium do-
decyl sulfate [SDS], 50 mM Tris-Cl) with protease inhibitors (Roche Diagnostic,
Basel, Switzerland) at 4°C. The lysates were centrifuged at 8,000 rpm for 5 min,
separated on 10% SDS-polyacrylamide gel electrophoresis gels under nonreduc-
ing conditions, transferred to nitrocellulose membranes (Protran, SLS, Notting-
ham, United Kingdom) at 10 V for 30 min, quenched for 20 min at RT with
blocking buffer (PBS-0.1% Tween-milk 5%), and then immunoblotted for CD63,
Gag, Env (MADb 37.1.1), or clathrin for 1 h at RT. Subsequently, the blots were
washed three times for 5 min with PBS-0.1% Tween and the membranes were
then incubated with a goat anti-mouse horseradish peroxidase conjugate pur-
chased from Perbio (Tattenhall, Cheshire, United Kingdom) for 1 h at RT. After
three washes of 5 min with PBS-0.1% Tween, membranes were incubated for 5
min in Supersignal West Femto luminol (Perbio). Signals were detected with
Hyperfilm ECL from Amersham Biosciences (Little Chalfont, United King-
dom), and films were scanned and quantified using Quantity One software
from Bio-Rad (Hemel Hempstead, Herts, United Kingdom).

Proviral load analysis. An Alu-long terminal repeat (LTR)-based real-time
nested-PCR assay was used to quantify integrated HIV-1g,; in control and CD63
knockdown MDM as described previously (5). Genomic DNA concentrations
were normalized with real-time PCR quantification of the B-globin gene,
adapted from a previous study (1). Levels of HIV-1 DNA and the -globin gene
were determined by reference to standard curves generated by serial dilutions of
purified PCR amplification products and are expressed in arbitrary units.

Virus immunoprecipitation. For immunoprecipitation, we followed a proce-
dure described previously (27). Briefly, HIV-1g,; cell-free supernatants were
diluted to 1 X 10° FFU/ml in PBS containing 3% (wt/vol) BSA and incubated at
37°C for 1 h with antibodies against CD63, VSV-G, or Env (MAb b12; all MAbs
were at 10 wg/ml in a final volume of 100 pl). Pansorbin cells (formalin-fixed
Staphylococcus aureus; Calbiochem) were washed and blocked for 1 h at RT in
PBS containing 3% (wt/vol) BSA and then used to capture the virus antibody
mixture for 1 h at RT. Pansorbin cell-virus complexes were sedimented by
centrifugation at 4,000 rpm for 30 min at 4°C. The supernatants, containing the
unprecipitated viruses, were used to infect TZM-B-gal indicator cells as de-
scribed above. Infection levels were assessed by measuring B-gal activity in the
TZM-B-gal cell lysates after 24 h.

RESULTS

CD63 knockdown in MDM. RNAi-mediated reduction of
CD63 expression has previously been shown to modulate the
cell surface expression of H'K"-ATPase (7). We therefore
used the same target sequence to reduce CD63 expression in
MDM. Seven days after monocyte isolation, siRNA was intro-
duced into cultured MDM by nucleofection. Immunofluores-
cence staining demonstrated that within 2 days of treatment
with CD63 siRNA, CD63 had disappeared from most cells in
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FIG. 1. CD63 knockdown in MDM. Seven days after monocyte
isolation (day 0), MDM were nucleofected with scrambled or CD63-
specific siRNAs. CD63 knockdown was assessed by immunofluores-
cence and by Western blot analysis 2, 4, and 6 days after nucleofection.
(A) Permeabilized cells were stained with anti-CD63, followed by
Alexa Fluor 594 anti-mouse and Hoechst dye for immunofluorescence
analysis. Scale bars = 10 wm. (B) For Western blot analysis, 2 X 10°
MDM were solubilized in lysis buffer. Cell proteins were separated in
nonreducing buffer on 10% SDS-polyacrylamide gel electrophoresis
gels and immunoblotted for CD63 and clathrin heavy chain (CHC).
CD63 runs as a broad smear due to glycosylation (18). The blots were
quantified using Bio-Rad Quantity One software, and band intensities
were normalized against clathrin. The loss of CD63 is expressed as a
percentage of the CD63 levels in control cells (bottom right in the
blots).

the culture (Fig. 1A, top panel). This result was confirmed by
Western blotting of cell lysates, which revealed a reduction in
the cellular CD63 levels of about 90% (Fig. 1B, top panel). A
further reduction of CD63 expression was seen at 4 and 6 days
postnucleofection (97 and 98% of control cells, respectively)
(Fig. 1A and B, middle and bottom panels), and low CD63
expression levels were maintained for up to 2 weeks (see be-
low). Similar efficiencies of CD63 knockdown were seen con-
sistently with MDM obtained from different donors.

Since CDG63 is a late endosome/lysosome marker that colo-
calizes with the lysosomal membrane proteins LAMP-1 and
LAMP-2 in MDM (8), we investigated whether CD63 knock-
down would affect the distribution and/or morphology of lyso-
somes in these cells. As observed previously, CD63 is primarily
located in an extensive network of tubulovesicular organelles
in MDM that costained almost completely with LAMP-1 (Fig.
2A, top panels) (8). In cells lacking CD63, the overall LAMP-1
distribution was indistinguishable from that seen in the con-
trols (Fig. 2A, lower panels), indicating that CD63 is not re-
quired for the maintenance of the late endosomal/lysosomal
morphology. Similarly, CD63 knockdown did not affect the
distribution of LAMP-2 (data not shown). The lack of an effect
of CD63 depletion on lysosome morphology was also con-
firmed by EM immunolabeling. Ultrathin cryosections of
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MDM with or without CD63 knockdown were colabeled for
LAMP-1 and CD63. Control cells showed the tubulovesicular
late endosome/lysosome structures that have previously been
described for these cells (8) as well as larger, more electron-
dense organelles with lamellar membranes that were strongly
labeled for both LAMP-1 and CD63 (Fig. 2B, panels i and ii).
Morphologically similar structures were observed in the CD63
knockdown MDM, but these structures were labeled only for
LAMP-1 (Fig. 2B, panels iii and iv). This analysis supports the
view that CD63 is not required to maintain late endosomal/
lysosomal morphology in MDM.

HIV localizes to the tetraspanin-enriched compartment in
CD63 knockdown MDM. To determine whether MDM lacking
CD63 can be infected with HIV, MDM were nucleofected with
siRNA against CD63 and 2 days later were exposed to
HIV-1g,, . After 10 days, the cells were fixed and the presence
and distribution of HIV was assessed by immunofluorescence
with anti-pl7 (MA) antibodies. HIV staining was readily de-
tected in these cells, showing that MDM lacking CD63 can be
infected by HIV-1 (see below). Previous studies have indicated
that HIV assembly in MDM occurs in a complex, intracellu-
larly located, plasma membrane-linked compartment contain-
ing the tetraspanins CD81, CD9, and CDS53 (8). Accordingly,
double staining showed that labeling for HIV p17 (MA) was
associated with intracellular CD81- and CD9-containing struc-
tures (Fig. 3A, top row). In addition, the virus-containing com-
partment also labeled for CD63 (Fig. 3A, top row, left panel).
In the CD63 knockdown MDM, p17 labeling also colocalized
with CD81, CD9 (Fig. 3A, bottom row), or CD53 (data now
shown), even though CD63 was almost completely absent from
these cells (Fig. 3A, bottom row, left panel).

When HIV-infected MDM were examined by immunola-
beling EM, HIV particles were observed to accumulate in a
complex array of apparently intracellular structures (Fig.
3B, panel i), which have previously been described as con-
nected to the cell surface (8). The assembling virus particles
were strongly labeled with antibodies to the HIV capsid
protein p24. In addition, CD63 staining was associated with
the virus assembly compartment and CD63 could be de-
tected in the viral membranes and being incorporated into
budding virions (Fig. 3B, panel ii) (27). In CD63 siRNA-
treated cells, virus particles accumulated in similar intracel-
lular compartments and both immature and mature virus
particles of sizes and morphologies similar to those seen in
control cells were labeled with anti-p24 antibodies. How-
ever, these virus-containing compartments and viruses did
not label for CD63 (Fig. 3B, panel iv).

Together, these data indicate that CD63 knockdown MDM
can be infected with HIV and can assemble mature virus par-
ticles in compartments that are morphologically indistinguish-
able from the virus assembly compartments seen in untreated
cells. The compartments contain CD81, CD9, and CD53. Thus,
CD63 does not appear to be required for the assembly of
mature virus particles or the organization of the assembly
compartments in MDM.

CD63 is not required for the production of infectious HIV-1
from MDM. Although the morphology of uninfected and HIV-
infected MDM was not affected following CD63 knockdown,
and the cells appeared healthy and viable for periods in excess
of 12 days after CD63 knockdown, it is possible that the
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amount of virus production and the quality of the virus parti-
cles was affected by the loss of CD63. To investigate this pos-
sibility, MDM were infected with HIV-1g,, 2 days after
nucleofection with scrambled oligonucleotides or siRNA
against CD63. At this time point, a nearly complete reduction
in the level of CD63 expression was obtained (Fig. 1, top
panels). The infected MDM were cultured for several days to
allow virus to accumulate. At 5 and 9 dpi, the medium was
changed. Twenty-four hours later, supernatants were collected,
centrifuged to remove cells and debris, and analyzed for their
p24 content and infectious virus levels. In parallel, cell lysates
were analyzed by Western blotting with antibodies against
CD63, Env, and Gag (p24 and p55).

At both 6 and 10 dpi, CD63 expression in the siRNA-treated
cells was almost undetectable by Western blotting (Fig. 4A),
indicating that the siRNA-mediated knockdown of CD63 was
stable for long periods. Assays of p24 levels in the 6- and 10-dpi
supernatants showed that MDM treated with CD63 siRNA
produced similar amounts of virus to control cells, with virus
release at 10 dpi slightly higher than that at 6 dpi. (Fig. 4B and
Table 1). Levels of infectious viruses in the supernatants were
determined in single-cycle infectivity assays on TZM--gal in-
dicator cells. The infectious virus levels present in supernatants
from control or CD63 knockdown MDM were very similar,
although infectivity was reduced by about 50% at 10 dpi com-
pared to the level for the 6-dpi samples (Fig. 4C and Table 1).
Likewise, the ratios for infectious units per particle (the num-
ber of infectious FFUs divided by the number of virus parti-
cles) showed little difference between control and CD63
knockdown MDM-derived samples (Fig. 4D and Table 1).

In order to correlate the levels of virus production in control
and CD63-depleted cells with the levels of virus protein in the
MDM, cell lysates underwent Western blotting with antibodies
against the viral Gag proteins (p55 and p24) or the viral enve-
lope protein (Env). Again, similar levels of Env and Gag pro-
teins were found in lysates from the CD63 knockdown cells
compared to the levels in cells nucleofected with scrambled
siRNAs (Fig. 4E).

Previous studies have indicated that antibodies to CD63 can
inhibit HIV-1 infection at an early step of the virus life cycle,
prior to reverse transcription (33). Accordingly, it is possible
that the reduced levels of CD63 following siRNA treatment
might also influence virus entry. In order to exclude any effects
of CD63 knockdown on virus entry, MDM were infected with
HIV-14,; on day 7 of differentiation. Then, 1 day later, the
infected MDM were nucleofected with scrambled oligonucle-
otides or with siRNA against CD63. After nucleofection, the
cells were recultured in the presence of 50 puM TAK779, a
CCRS antagonist and HIV entry inhibitor used to block mul-
tiple rounds of infection. Four days later (i.e., 5 dpi) the me-
dium was replaced, and 24 h later (at 6 dpi) cell-free superna-
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tants from control and CD63-depleted MDM were harvested
and assayed for p24 and infectivity, as described above. West-
ern blot analysis of lysates from the cells confirmed a successful
CD63 knockdown (Fig. 5A). The levels of p24 released into the
supernatant were similar in control and CD63 siRNA-treated
MDM (Fig. 5B and Table 2). Likewise, infectivity assays on the
TZM-B-gal indicator cells showed no significant differences in
the number of infectious viruses released (Fig. 5C and Table
2). The number of infectious units per particle was also similar
in control and CD63 knockdown cells (Fig. 5D and Table 2). In
order to confirm similar levels of virus entry in the MDM prior
to CD63 knockdown, we measured the proviral DNA levels in
CD63-depleted and control MDM. DNA from control and
CD63 knockdown cells was extracted at 6 dpi and assayed in an
Alu-LTR-based, real-time, quantitative, nested PCR; the pro-
viral levels for each sample were normalized to the genomic
DNA content using real-time PCR quantification of the B-glo-
bin gene. We confirmed similar proviral loads in the control
and CD63-depleted MDM with this experimental protocol
(Fig. SE and Table 2).

An alternative target sequence for CD63 knockdown does
not affect the production of infectious HIV-1. To ascertain that
these results were independent of the target sequence for
CD63 knockdown, an alternative oligonucleotide was used to
downregulate CD63 levels (16). The reduction of CD63 ex-
pression with this siRNA was similar to that obtained with the
other target sequence. Again, analyses of the production of
infectious HIV-1 showed no differences between control and
CD63 knockdown cells. Quantitative PCR also revealed no
change in the proviral load in control and CD63-depleted
MDM (data not shown). Thus, two different target sequences
were both effective in reducing CD63 expression and both had
little, if any, effect on the production of infectious HIV-1 from
MDM.

Virions from knockdown MDM do not incorporate CD63.
During HIV particle assembly, CD63 is incorporated into the
viral envelope (23, 27). EM analysis demonstrated CD63 stain-
ing in virus particles in control cells, but CD63 could not be
detected in virions in CD63-depleted MDM (Fig. 3B). To
confirm the absence of CD63 in viruses derived from cells
treated with CD63 siRNA, virus-containing cell-free superna-
tants were isolated from control and CD63 knockdown MDM
and analyzed using a previously characterized immunoprecipi-
tation/immunodepletion assay (27) that detects proteins incor-
porated into infectious virus particles. The virus-containing
supernatants were incubated with antibodies against CD63, or
with antibodies against VSV-G (as a negative control) or the
viral Env glycoprotein (positive control), and the virus-anti-
body mixtures were then treated with Pansorbin cells to im-
munoprecipitate viruses. The infectivity remaining in the su-
pernatant was assessed in TZM-B-gal indicator cells and

FIG. 2. Distribution of lysosomal markers in CD63 knockdown MDM. MDM were nucleofected with scrambled or CD63-specific siRNAs
and returned to culture for 2 to 12 days. (A) Cells were fixed 6 days after nucleofection, permeabilized, and stained with MAbs against CD63, followed
by anti-mouse IgG2b Alexa Fluor 488, and against LAMP-1, followed by anti-mouse IgG1 Alexa Fluor 594. Images show projections of 22 and
23 confocal sections (0.5 wm thick) for the control and CD63 RNAi samples, respectively. Scale bars = 10 pm. Observations similar to those above
were made 2 and 4 days after nucleofection. (B) EM immunolabeling of control (panels i and ii) or CD63 knockdown MDM (panels iii and iv)
12 days after nucleofection. Ultrathin cryosections were double labeled with MAbs against LAMP-1/PAG (15 nm) and CD63/PAG (5 nm). Arrows

indicate CD63 staining. Scale bars = 200 nm.
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FIG. 4. Production of infectious HIV-1 is not affected by CD63 knockdown. MDM were nucleofected with scrambled or CD63-specific siRNA
and infected with HIV-1,, as described in the text. (A) CD63 expression levels were assessed by Western blot analysis at 6 and 10 dpi. The clathrin
heavy chain (CHC) was analyzed as a loading control. The percentage of knockdown is shown in the relevant lanes. (B to D) Cell-free supernatants
from control and CD63 knockdown (KD) HIV-1y,, -infected MDM were assayed for p24 levels (B) or infectivity (C), and the number of infectious
units per particle were calculated (D). Data from experiments with five different donors were averaged and are represented as relative units after
normalizing with respect to control values of p24, infectivity, and infectious units per particle at 6 dpi. For panels B through D, bars represent the
average relative units, and error bars represent standard errors of the means. (E) Env and Gag (p24 and pr55) expression levels in control and
CD63 knockdown HIV-infected MDM at 6 and 10 dpi were assessed by Western blotting.

expressed as B-gal activity (Fig. 6). Almost no infectivity was samples treated with the anti-VSV-G antibody. High infectivity
found in the virus supernatants treated with anti-Env antibody. levels were found in the untreated sample. However, infectivity
Virus samples from control cells showed an 82% reduction of levels were similar in the supernatants from CD63 knockdown
infectivity when treated with anti-CD63 antibody compared to cells treated with anti-CD63 or anti-VSV-G antibodies (Fig. 6).

FIG. 3. CD63 is not required for HIV-1 targeting to the assembly compartment. MDM were nucleofected with scrambled or CD63-specific
siRNA as described in the text. Two days later, the cells were infected with HIV-1,;. At 10 dpi the cells were analyzed by immunofluorescence
or by EM. (A) For immunofluorescence analysis, cells were fixed, permeabilized, and stained with mouse MAbs against the tetraspanin CD63,
CD81, or CDY, followed by Alexa Fluor 594 anti-mouse (red), and costained with rabbit anti-HIV-1 p17 (MA) followed by Alexa Fluor 488
anti-rabbit (green). Single confocal sections are shown. Areas where the markers colocalize appear yellow. Scale bars = 10 pm. (B) For EM
analysis, ultrathin cryosections of control (panels i and ii) and CD63 knockdown MDM (panels iii and iv) were double labeled with MAbs against
the HIV capsid protein p24 and PAG (15 nm) and with CD63/PAG (5 nm). Black arrows in panels i and iii indicate a virus-filled vacuole. The
higher-magnification views in panels ii and iv show mature virus particles as well as immature virions or buds (white arrows). CD63 is incorporated
into the HIV particles (arrowheads in panel ii). Scale bars, 1 wm (panels i and iii) and 200 nm (panels ii and iv).
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TABLE 1. Analysis of infectious virus production from control and
CD63 knockdown MDM at 6 and 10 dpi
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TABLE 2. Analysis of infectious virus production from control and
CD63 knockdown MDM at 6 dpi

Infectivity level

p24 level ; Infectious unit

dpi EXP‘;“(iTent (ng/ml) for: a0 I;;I:J/ml) per particle? for:
Control  KD“  Control KD  Control KD

6 1 6.21 7.31 519 554 0.0167 0.0152

2 3.06 3.67 332 3.03 0.0217 0.0165

3 4.94 2.73 4.66 3.89 0.0189 0.0284

4 13.17 7.62 1740 835 0.0264 0.0219

5 11.59 9.60 7.62 496 0.0132 0.0103

10 1 10.20  13.40 317 485 0.0062 0.0072

2 5.77 4.50 1.86 1.88 0.0064 0.0083

3 391 2.81 156  1.16 0.0080 0.0083

4 10.50 6.78 446 3.88 0.0085 0.0114

5 13.09 8.03 4.02 4.03 0.0061 0.0100

¢ KD, CD63 knockdown MDM.
> The number of infectious units per particle was calculated from the infec-
tivity in FFU/ml and the p24 levels, assuming 5,000 Gag molecules per virion (4).

These data confirm that viruses derived from CD63-depleted
MDM do not incorporate CD63 into their envelopes.
Failure to recruit CD63 by an HIV-1y,, stock passaged
through MDM. We and others have previously shown that in
MDM, HIV-1 accumulates in intracellular structures that label

Infectivity Infectious
p24 level level unit(s) per  Proviral DNA®
Experiment  (ng/ml) for: ~ (10° FFU/ml) particle? (au) for:
no. for: (1073)
Control KD Control KD Control KD Control KD

874 813 0.07 0.07 015 017 503 41.0
758 7.65 022 022 058 056 559 459
1055 924 197 192 374 415 840 83.1
8.08 597 195 204 484 682 665 693

“ KD, CD63 knockdown MDM.

> The number of infectious units per particle was calculated from the infec-
tivity in FFU/ml and the p24 levels, assuming 5,000 Gag molecules per virion (4).

¢ Proviral DNA is expressed as arbitrary units (au) based on the ratio of the
integrated HIV-1 DNA level to the B-globin gene level.

NeleIEN No)

when HIV-infected MDM preparations from a number of dif-
ferent donors were compared by immunofluorescence staining
of semithin cryosections with a rabbit antiserum to HIV-1 MA
and a mouse monoclonal antibody against CD63. Sections pre-
pared from various frozen specimens of MDM infected with
HIV-1,, for various times (7 to 20 days) all showed a strong
association of CD63 with the virus-containing intracellular
compartments (Fig. 7A to C); indeed, the virus-containing

strongly for CD63 (8, 27, 30) and that the virus particles in-
corporate CD63 into their membranes (8, 27). Interestingly, we
observed one stock of HIV-1g,, that lost the ability to recruit
CD63 to the virus assembly compartment after it was passaged
repeatedly through MDM. This was particularly apparent

areas could be identified in the CD63-stained images as
strongly stained structures of irregular shape, often larger than
the fine tubulovesicular late endosome/lysosome structures
(Fig. 7, middle column). By contrast, even though MDM sam-
ples prepared from the serially passaged HIV-1g,, stock
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FIG. 5. Production of infectious HIV-1 is not affected in CD63 knockdown MDM with the same levels of infection. MDM were infected with
HIV-1g,, 7 days after monocyte isolation (day 0) and nucleofected with scrambled or CD63-specific sSiRNAs 1 day after infection. Cells were
returned to culture in medium containing the entry inhibitor TAK779 to avoid multiple rounds of infection. After 5 days, the medium was changed
and virus-containing supernatants were collected 24 h later (i.e., at 6 dpi). (A) CD63 expression levels were assessed by Western blot analysis at
6 dpi. CHC was analyzed as a loading control. KD, CD63 knockdown MDM. (B to D) Cell-free supernatants from CD63 knockdown and control
MDM were assayed for p24 levels (B) and infectivity (C), and the number of infectious units per particle were calculated (D). (E) In addition, an
Alu-LTR-based real-time nested-PCR assay was used to quantify the integrated HIV DNA levels in control and CD63 knockdown MDM. Data
corresponding to four experiments with three different donors were averaged and are represented as relative units after normalization with respect
to control values at 6 dpi of p24, infectivity, infectious units per particle, or proviral DNA. For panels B through E, bars represent the average
relative units, and error bars represent standard errors of the means.
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FIG. 6. Immunoprecipitation of virus particles from control and
CD63 knockdown MDM. Cell-free supernatants from control and CD63
knockdown MDM-derived viruses were incubated at 37°C for 1 h with
antibodies against CD63, VSV-G (negative control), and Env (positive
control). The virus-antibody mixture was incubated with Pansorbin cells,
and viruses were precipitated by centrifugation. The supernatants, con-
taining the unprecipitated viruses, were used to infect TZM-3-gal indica-
tor cells. B-Gal activity was measured 24 h after infection and was ex-
pressed as arbitrary units (au). Bars represent averages of values from six
different dilutions per sample from a representative experiment. Error
bars represent the standard errors of the means. noAb, untreated sample.
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showed high levels of infection, there was no accumulation of
CD63 in the virus-containing compartments (Fig. 7D and E).
Single-color images of the CD63 staining tended to show a void
in the area where the virus-containing compartment was lo-
cated. Nonetheless, the passaged HIV-1g,, still assembled in
the tetraspanin-containing, surface-connected intracellular
compartment, where it colocalized with CD81 or CD9 (Fig. 8)
(8). Despite the lack of recruitment of CD63, viruses from
these cells could infect fresh MDM cultures. These results
again demonstrate that CD63 is not required for the produc-
tion of infectious HIV-1 in MDM.

DISCUSSION

The tetraspanin CD63 (LAMP-3) has previously been de-
scribed as a late endosome or lysosome marker that colocalizes
with the lysosomal glycoproteins LAMP-1 and -2 (22). CD63 is
expressed at high levels in late endosomes with the appearance
of MVBs, where it is enriched in the intralumenal vesicles, and
has previously been found in exosomes, small (50 to 100 nm
diameter) vesicles secreted from cells as a result of the fusion
of MVBs with the plasma membrane (9). Low levels of CD63
are also found at the plasma membrane. As a tetraspanin,
CD63 contains four transmembrane domains and two extra-
cellular loops, of which the second larger loop contains three
putative N-glycosylation sites. Short N- and C-terminal do-
mains are located in the cytoplasm, and the C-terminal domain
contains sorting information, in particular a GYEVM motif
that controls CD63 sorting to late endosomes and lysosomes
through interaction with AP-2 and AP-3 adaptor complexes
(12, 13, 31). Other adaptors, such as syntenin-1, have also been
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FIG. 7. Colocalization of the HIV matrix protein with CD63 on
HIV-infected MDM. Semithin cryosections from human MDM sam-
ples infected with HIVg,, for 7 days (A), 14 days (B), or 20 days
(C) were stained with a rabbit antiserum against HIV p17 and a mouse
MADb to CD63, followed by anti-rabbit Alexa Fluor 594 and anti-mouse
Alexa Fluor 488. Sections were examined with an Axioskop fluores-
cence microscope. The HIV-containing structures (red, left column)
costained strongly with CD63 (green, center column), giving a yellow
color in the merged images (right column). This distribution was seen
for MDM cultures infected for various lengths of time, in single in-
fected cells or syncytia, and for virus-containing compartments of var-
ious sizes and morphologies. By contrast, MDM samples infected with
a passaged stock of HIV-1g,, for 8 days (D) or 13 days (E) did not
accumulate CDG63 in the virus-containing compartment, which appears
red even in the merged images (right column). Scale bars = 10 pm.

implicated in CD63 trafficking (17). The functions of CD63 are
poorly understood. CD63 has previously been proposed to be
a component of tetraspanin-enriched microdomains (TEMs).
Together with other tetraspanins (e.g., CD9, CDS8I1, and
CD82), CD63 has previously been shown to modulate the
migration of dendritic cells, where it may participate actively in
the processing of complex antigens through its association with
major histocompatibility complex class II molecules (19).
There have also been suggestions that CD63 may be involved
in T-cell activation concomitant with T-cell receptor triggering
(28).

CD63 has also been implicated in HIV infection. CD63 is
incorporated into virus particles (6, 23, 27) and, in model tissue
culture cells or in T-cell lines, is present at sites where particles
assemble (3, 23, 24, 27). Indeed, it has previously been sug-
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FIG. 8. Serially passaged HIV-1g,, assembles in a CD81- and
CD9-containing compartment. Semithin cryosections from MDM in-
fected with the passaged stock of HIV-1g,, for 13 days were stained
with a rabbit antiserum against HIV p17 and mouse MAbs to CD81
(A) or CD9 (B), followed by anti-rabbit Alexa Fluor 594 and anti-
mouse Alexa Fluor 488. The HIV-containing structures (red, left
column) costained strongly with CD81 and CD9 (green, center
column), giving a yellow color in the merged images (right column).
Scale bars = 10 pm.

gested that HIV buds from TEMs at the surface of these cells
(3, 25). In MDM, HIV particles have been shown to accumu-
late at intracellular sites. Recent studies have shown that none-
theless, these structures are connected to the cell surface (8,
15, 35) and thus represent unusual plasma membrane domains.
This intracellular plasma membrane compartment is enriched
in the tetraspanins CD81, CD9, and CD53 (8), but CD63 also
accumulates in the compartment after HIV infection (8). Fur-
thermore, antibodies against CD63 have been shown to inhibit
the infection of MDM by RS or dual-tropic HIV-1 strains (33)
and the recombinant large extracellular domain 2 of CD63 has
previously been reported to inhibit HIV infection of MDM
(11). Together, these observations suggested that CD63 may
have important functions in HIV infection.

To investigate the role of CD63 in HIV assembly and infec-
tivity directly, we set up conditions to efficiently knock down
CD63 expression in primary human MDM. CD63 levels were
dramatically reduced within 2 days of nucleofection with
CD63-specific siRNAs, and the reduced expression was main-
tained over more than 12 days. Despite this long-term suppres-
sion of CD63 expression, the MDM looked normal and there
was no obvious effect on cell viability. Immunolabeling studies
showed that neither the expression nor the distribution of the
lysosomal markers LAMP-1 and -2 was affected by the CD63
knockdown. EM immunolabeling showed that LAMP-1-con-
taining lysosomes, including tubulovesicular structures and
larger, more electron-dense multilaminar lysosomes, appeared
similar to those seen in CD63-expressing control cells. Thus,
CD63 is not required for the maintenance of lysosome struc-
ture. Similarly, the distribution of other tetraspanins, including
CD81, CD9, and CD53, was not altered in the absence of
CD63.

Despite the profound depletion of CD63, we found that
HIV could infect MDM lacking CD63 and, moreover, that
virus was also produced from these cells. Immunofluorescence
and EM studies showed that HIV still assembled in the CD81-
and CD9-containing compartment as in wild-type MDM, and
the ultrastructure of the compartment and of the budding
virions appeared unchanged, although they lacked CD63.
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Therefore, the CD81/CD9/CD53-containing compartment ap-
pears to be stable in the absence of CD63 and HIV assembles
normally in cells lacking CD63. Furthermore, quantitative
analysis indicated that the depletion of CD63 had no effect on
virus production or infectivity. This was surprising, given that
anti-CD63 antibodies or soluble CD63 extracellular domain 2
can block HIV infection (11, 33). These reagents mainly affect
virus entry, while our study has focused on the role of CD63 in
virus assembly. To eliminate possible effects of CD63 knock-
down on virus entry, we also infected MDM with HIV-15,;
before treatment of the cells with CD63 siRNA and blocked
multiple rounds of infection by including the entry inhibitor
TAK779. With this protocol, we also saw no differences in the
production of infectious viruses between CD63 knockdown
MDM and controls. The same result was obtained when a
second siRNA targeting a different region of CD63 was used.
Thus, CD63 does not appear to be required for HIV infection
of MDM or for the production of infectious HIV-1 in these
model tissue culture scenarios.

Further evidence for the dispensability of CD63 for the
production of infectious HIV-1 in MDM came from the ob-
servation that an HIV-1g,, stock that had been passaged re-
peatedly through MDM failed to recruit CD63 to the virus
assembly compartment. Although these viruses still assembled
in the CD81- and CD9-containing tetraspanin compartment,
we did not see any colocalization with CD63, regardless of the
time in culture or the level of infection. Again, this result
suggests that CD63 is not essential for the production of in-
fectious HIV-1. Rather the selection of this virus suggests that
in the culture system, there may be a competitive advantage for
virions that do not recruit CD63. How CD63 is targeted to the
virus assembly compartment and incorporated into budding
HIV particles is still unclear, as no specific interaction between
CD63 and viral components has been demonstrated to date.

Although CD63-containing, tetraspanin-enriched domains
appear to be essential sites for HIV assembly, both at the cell
surface in T cells and tissue culture cell lines (25) and in the
intracellular plasma membrane-connected domains in MDM
(8), CD63 appears not to be essential for HIV infection, for the
structure of the HIV assembly platforms or the targeting of
viral components to these sites, or for the production of infec-
tious viruses. Hence, other tetraspanins and/or other molecules
present in the TEMs, such as the lipid phosphatidylinositol
4,5-bis-phosphate (26, 32), may play a more important role in
HIV assembly in MDM. Since there is significant functional
overlap and redundancy among the various tetraspanins, fur-
ther studies will be needed to assess the importance of CDS81
and other tetraspanins or their role in HIV infection of other
cell types (such as T cells, dendritic cells, or monocytes) and in
HIV infection in vivo. Preliminary experiments suggest that
MDM treated with siRNA for CD81, which is associated more
closely with the HIV assembly compartment (8), also has no
significant effect on the assembly of infectious HIV particles
(E. Ruiz-Mateos, A. Pelchen-Matthews, and M. Marsh, un-
published data). Better knowledge of how tetraspanins are
involved in cell-cell interactions and virus transmission, e.g., via
the formation of virological synapses (14), should improve our
understanding of HIV transmission and pathogenesis and may
shed light on the physiological functions of CD63 as well as
other tetraspanins.
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