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Human immunodeficiency virus type 1 (HIV-1) assembly, budding, and release occur mostly at the plasma
membrane in T lymphocytes as well as in established nonlymphoid cell lines, while in macrophages these
processes occur primarily in intracellular compartments that harbor late endosomal/multivesicular body
(LE/MVB) markers, including human leukocyte antigen DR (HLA-DR). Major histocompatibility complex
class II molecules (MHC-II), which are expressed in macrophages and activated T cells, have been previously
reported to induce the formation of multilaminar and multivesicular endocytic MHC-II-like structures anal-
ogous to MVB upon their expression in HEK 293 cells. Here, we have examined the role of MHC-II in HIV-1
Gag targeting as well as in virus assembly and release. Expression of HLA-DR in nonlymphoid cell lines
induced a relocation of Gag to intracellular compartments that harbored LE/MVB markers and increased the
accumulation of viral particles assembling intracellularly. Consequently, viral production and release from the
cell surface was found to be substantially decreased in HLA-DR-expressing cells. This process was specific,
since it was not observed with HLA-DR molecules lacking their cytoplasmic tails, nor with structurally related
but functionally distinct MHC-II molecules such as HLA-DM or HLA-DO. Importantly, virus released intra-
cellularly in HLA-DR-expressing cells retained infectivity. Overall, these results suggest a role of MHC-II
molecules in promoting HIV-1 assembly and budding to LE/MVB and raise the possibility that this activity
might be part of a normal pathway of virus production in cell types physiologically expressing MHC-II
molecules, such as macrophages.

Production of retrovirus particles is a multistep process that
requires the coordinated assembly of viral structural compo-
nents at a membrane budding site. The human immunodefi-
ciency virus type 1 (HIV-1) Gag polyprotein, Pr55gag, plays a
central role in viral assembly and release, since Gag expression
alone is sufficient for the production of noninfectious virus-like
particles (16). Pr55gag is composed of four domains that are
cleaved by the viral protease (PR) during the budding process
to generate matrix (MA or p17), capsid (CA or p24), nucleo-
capsid (NC or p7), and p6, as well as two spacer peptides, SP1
and SP2 (12, 16). Functional domains that promote Gag bind-
ing to membrane and multimerization have been mapped in
Pr55gag to the myristoylated N-terminal portion of MA and the
region spanning from the C terminus of CA to the N terminus
of NC, respectively (12, 16). p6, through its tetrapeptide
(PTAP) late motif, plays a central role in the release of viral
particles by recruiting Tsg101 and other components of the
endosomal sorting complex required for transport involved in
the biogenesis of multivesicular bodies (MVB) (14, 30, 49, 51).

HIV-1 has been recently reported to assemble and bud ei-
ther at the plasma membrane or in late endosomes (LE)/MVB.
In cells such as T lymphocytes and transformed human cell

lines such as HeLa and HEK 293T, the majority of virus as-
sembly takes place at the plasma membrane (12, 34, 36, 46). In
contrast, in primary macrophages, assembly occurs primarily in
intracellular compartments that express late endosomal or
MVB markers, including major histocompatibility complex
class II molecules (MHC-II), such as human leukocyte antigen
DR (HLA-DR), CD63, and Lamp1 (33, 38, 40, 42). However,
the mechanism governing whether virus release occurs via in-
ternal or plasma membranes remains poorly understood. In-
terestingly, several reports have established that in addition to
directing Gag membrane binding, the HIV MA domain regu-
lates the targeting of Gag to the site of virus assembly (7, 9, 13,
18, 37). On the other hand, the cell-type-dependent nature of
HIV-1 assembly subcellular location strongly suggests that in
addition to viral determinants, host cell factors must also play
an active role in determining whether HIV-1 particle assembly
and release occurs at the plasma membrane or in LE/MVB.
However, the identity of cellular factors promoting HIV-1 tar-
geting to LE/MVB remains to be defined.

Interestingly, MHC-II molecules, which are expressed in
macrophages and activated T cells, have been previously re-
ported to induce the formation of CD63/Lamp1-positive mul-
tilaminar and multivesicular endocytic structures, reminiscent
of MHC-II-enriched compartments (MIIC), upon their ectopic
expression in HEK 293 cells (4). Interestingly, the transmem-
brane and cytoplasmic tails of the class II � and � chains were
found necessary for the induction of these prototypical
MHC-II endocytic compartments in HEK 293 cells, indicating
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that MHC-II molecules contain information critical for the
formation or maturation of MHC-II-like compartments. Since
HIV-1 particles preferentially assemble at the plasma mem-
brane in HEK 293T cells (18, 46), we investigated the impact
of MHC-II expression on Gag localization as well as on assem-
bly and release of HIV-1 particles. Our results suggest that
expression of classical MHC-II molecules promotes assembly
and budding of infectious HIV-1 to LE/MVB in a process that
implicates the cytoplasmic domain of the � and � chains of
MHC-II. These findings shed light on host cell factors govern-
ing the cell-type-dependent subcellular location of HIV-1 as-
sembly and budding and reveal a novel effect of MHC-II mol-
ecules on HIV-1 replication and persistence.

MATERIALS AND METHODS

Cells and plasmids. HEK 293T, HeLa-CD4-LTR-�-Gal (25), HeLa DR1
(DR� � DR�0101) (43), and HeLa DR�TM/DR�TM (19) cells were main-
tained as described elsewhere (25). The HIV-1 molecular clone HxBc2 (24) and
the MHC-II expression plasmids, including pBud-DO, pBud-DM (10), and
pLNCX-DQ (19), were previously described. For the bicistronic pBud-DR con-
struct, cDNAs encoding the DR� and DR� chains were cloned into the
pBudCE4-amp vector. A BamHI DR� fragment originating from pBSDR� was
cloned into pBudCE4 (pBudCE4-amp DR�), and a BamHI fragment encoding
the DR� chain was cloned into the Bgl II site of pBudCE4-amp DR�. For
experiments where the TM/TM mutant was included, the following plasmids
were used: RSV.5 DR�, RSV.3 DR�, RSV.5 DR�TM, and RSV.3 DR�TM
(19).

Transfections, immunoprecipitation, and viral release. Transfections were
performed as described previously (52). Immunoprecipitations were done using
a mix of human anti-HIV serum together with a monoclonal anti-p24 antibody
(Ab), as described elsewhere (52). For pulse-labeling experiments, transfectants
were metabolically labeled with 1 mCi/ml [35S]methionine-cysteine ([35S] protein
labeling mix; Perkin-Elmer) in Dulbecco’s modified Eagle’s medium lacking
methionine and cysteine and supplemented with 5% dialyzed fetal bovine serum
for 2 h. Viral release was calculated as described elsewhere (35). For pulse-chase
experiments, cells were metabolically labeled for 30 min as described above and
chased for different time intervals in Dulbecco’s modified Eagle’s medium con-
taining an excess of unlabeled methionine and cysteine. Viral release was calcu-
lated as the amount of virion-associated Gag as a fraction of total (cell plus
virion) Gag synthesized during 30 min of the metabolic labeling period (0-h
chase).

Antibodies and immunostaining. The following antibodies were used: L243
(immunoglobulin G2a [IgG2a]), a murine monoclonal antibody that binds a
specific HLA-DR� conformational determinant dependent on the correct con-
formation of the �/� heterodimer (39); mouse monoclonal antibody (IgG1),
which recognizes p17 but not p55gag (catalog no. HB-8975) and mouse mono-
clonal anti-p24 (catalog no. HB-9725), isolated from supernatants of cultured
hybridoma cells obtained from the American Type Culture Collection (Manas-
sas, VA); rabbit anti-p24 polyclonal antibody (catalog no. 4250; NIH AIDS
Research and Reference Reagent Program); the anti-HIV-1 serum (no. 162),
obtained from an HIV-1-infected individual whose serum tested positive for the
presence of HIV-1 antibodies by enzyme-linked immunosorbent assay (25);
mouse anti-Lamp-1 (H5G11; IgG1; Santa Cruz Biotechnology, Santa Cruz, CA);
anti-CD63 (H5C6; IgG1; Hybridoma Bank, NICHD, University of Iowa); mouse
anti-lysobisphosphatidic acid (LBPA) monoclonal antibody (22), a kind gift from
J. Gruenberg (University of Geneva, Geneva, Switzerland); and rabbit polyclonal
anti-human class II alpha chain serum (31), a kind gift from J. Neefjes (Neth-
erlands Cancer Institute). Alexa 488-conjugated anti-rabbit IgG, Alexa 594-
conjugated anti-mouse IgG, Alexa 488-conjugated anti-mouse IgG1, and Alexa
594-conjugated anti-mouse IgG2 were obtained from Molecular Probes (Burl-
ington, ON, Canada). Immunostaining was performed on 5 � 104 HEK 293T or
3 � 104 HeLa cells as follows: transfected cells were rinsed once with phosphate-
buffered saline (PBS), cytospun for 4 min at 1,100 rpm in a Cytospin 2 (Shan-
don), and fixed with 4% paraformaldehyde for 30 min. HeLa cells were directly
fixed in chambered coverglasses, where they were plated 24 h before. All pro-
cedures were carried out at room temperature unless otherwise indicated. Fol-
lowing a wash with PBS, fixed cells were permeabilized with PBS containing 0.2%
Triton X-100 for 10 min, followed by an additional washing with PBS. Subse-
quently, cells were incubated in PBS containing 50 mM ammonium chloride for

10 min and exposed to primary antibodies diluted appropriately in 2% bovine
serum albumin in PBS for 2 h at 37°C. Following three washes with PBS, cells
were next incubated for 40 min with an appropriate secondary antibody diluted
in PBS. Nuclei were then stained with 4�,6�-diamidino-2-phenylindole for 5 min.
After extensive washing, cells were mounted with Permount (Fisher Scientific,
Ottawa, ON, Canada) and examined by conventional epifluorescence micro-
graphs on a Zeiss Cell Observer system (Zeiss, Toronto, ON, Canada) equipped
with an Axiovert 200 M microscope using the 100� oil lens. Images were digitally
deconvoluted with the AxioVision 3.1 software using the nearest-neighbor de-
convolution method. Flow cytometry analysis was performed as described pre-
viously (3).

Cell-associated infectivity and Pr55gag processing. HEK 293T cells (3 � 105)
were cotransfected with 1.6 �g of HxBc2 provirus together with 0.8 �g of empty
or HLA-DR vectors and washed 16 h later. Twenty-four hours posttransfection,
indinavir sulfate (IVS; 10 �M; catalog no. 8145; NIH AIDS Research and
Reference Reagent Program) was added to the culture medium to inhibit infec-
tivity of newly produced virus. Forty-eight hours posttransfection, cells were
extensively washed in PBS and either lysed in RIPA buffer (5% of cells) or
homogenized (95% of cells) in homogenization buffer (0.25 M sucrose, 78 mM
KCl, 4 mM MgCl2, 8.4 mM CaCl2, 10 mM EGTA, 50 mM HEPES-NaOH pH
7.0) during 60 s using a pellet pestle with a cordless motor (Kontes, Vineland,
NJ). Homogenates were centrifuged at 1,000 � g for 5 min to pellet nuclei and
any cell debris. Evaluation of cell lysis efficiency was accomplished by measuring
�-hexosaminidase activity in pellets and supernatants using 4-methyl-umbel-
liferyl-N-acetyl-�-D-glucosamine (Sigma-Aldrich, Oakville, ON, Canada) as de-
scribed elsewhere (50). Infectivity of virus present in postnuclear supernatants
(PNS) was assessed by MAGI assay (20). Each sample was analyzed in duplicate.
Of note, IVS treatment involved not only a 24-h exposure of transfected cells to
the drug but also maintenance of IVS during PBS washes, the homogenization
step, and infection of MAGI (HeLa-CD4-LTR-�-Gal) cells. Lysed cells were
analyzed for Gag polyprotein precursor processing by Western blotting using the
mouse monoclonal anti-p24 antibody as described previously (25).

Electron microscopy. Cell pellets were fixed in 2.5% glutaraldehyde in 0.1 M
cacodylate buffer. Postfixation of cell pellets was performed using 2% OsO4 in
s-collidine buffer for 2 h at 21°C. Pellets were dehydrated in an acetone series
before embedding and polymerization in SPURR resin. Thin sectioning was
done with an ultramicrotome system (Ultrotome 2128, LKB, Sweden), and the
sections were placed on copper-Formvar-carbon-coated grids. Cells were stained
with 5% uranyl acetate in 50% ethanol and lead citrate (pH 12.0). For immu-
nogold staining, cell pellets were fixed in 0.1% glutaraldehyde–4% paraformal-
dehyde in 0.1 M cacodylate buffer. Pellet dehydration, polymerization, and thin
sectioning were performed as described above, and the sections were placed on
nickel-Formvar-carbon-coated grids. Cells were labeled with a rabbit polyclonal
anti-human class II serum (31) followed by incubation with a goat anti-rabbit
antibody coupled to 12-nm gold beads before staining using 5% uranyl acetate in
50% ethanol and lead citrate (pH 12.0). The grids were examined on a trans-
mission electron microscope (Hitachi 7100; Japan).

RESULTS

HLA-DR expression induces a relocation of HIV-1 Gag to
LE/MVB. Expression of the � and � chains of MHC-II mole-
cules in HEK 293 cells was found to be sufficient to induce the
formation of multilamellar and multivesicular MIIC (4). To
examine whether MHC-II molecules could affect Gag localiza-
tion, HEK 293T cells were cotransfected with the HIV-1 mo-
lecular clone HxBc2 together with expression plasmids encod-
ing the � and � chains of HLA-DR or an empty vector. In the
absence of HLA-DR, the majority of Gag, as visualized with an
anti-p24 antibody, was detected as diffuse cytoplasmic and cell
membrane staining (Fig. 1A). In contrast, Gag-positive cells
expressing HLA-DR often displayed a marked modification of
Gag localization, with Gag staining accumulating in large in-
tracellular vesicles (Fig. 1B). Interestingly, these intracellular
Gag-containing vesicles were also HLA-DR positive (Fig. 1B,
merge).

Since we were able to differentiate between diffuse and large
punctuate Gag staining (Fig. 1A and B, respectively), we quan-
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tified the extent of Gag relocalization induced by HLA-DR in
cell transfectants (Fig. 1C). In the absence of HLA-DR, 80 to
90% of cells showed a diffuse Gag staining, while less than 20%
displayed a punctuate Gag staining. Conversely, upon
HLA-DR expression, a punctuate Gag staining was detected in
approximately 50% of the cells, most probably those express-
ing higher levels of HLA-DR. Indeed, the effect of HLA-DR
expression on Gag localization in intracellular vesicles was
dose dependent (Fig. 1D). Importantly, however, levels of
HLA-DR expression required to induce Gag relocalization to
intracellular vesicles (Fig. 1) were comparable to those de-
tected in activated primary monocyte-derived macrophages
(data not shown). Finally, to examine whether the effect of
HLA-DR on HIV-1 Gag localization was restricted to the
classical MHC-II molecules, such as HLA-DR and -DQ, or
was also shared with other structurally related MHC-II pro-
teins, such as HLA-DM and -DO (nonclassical MHC-II mol-
ecules), we tested the impact of their expression on Gag local-
ization. HLA-DM is expressed in late endosomal/lysosomal
compartments, including MVB and multilamellar compart-
ments (28, 44), while HLA-DO resides in the endoplasmic
reticulum when expressed by itself in transfected cells (26);
neither HLA-DM nor -DO displayed any effect on Gag local-
ization, while HLA-DQ partially recapitulated the effect of
HLA-DR (Fig. 2).

To further characterize the nature of the intracellular com-
partments where Gag accumulates in the presence of HLA-
DR, we performed costaining experiments with antibodies di-

rected against late endocytic markers. These experiments
revealed that Gag-containing intracellular vesicles were posi-
tive for LE or MVB markers HLA-DR, Lamp1, CD63, and
LBPA, a lipid found in the internal membranes of MVB (22)
(Fig. 1B and 3A to C, respectively). Because results so far were

FIG. 1. HLA-DR induces Gag accumulation in intracellular compartments in HEK 293T cells. HEK 293T cells were cotransfected with the
HxBc2 provirus together with empty or HLA-DR vectors and analyzed 48 h later by immunofluorescence microscopy using a polyclonal anti-p24
and the monoclonal L243 HLA-DR Abs. (A) In the absence of HLA-DR, Gag displays a diffuse staining. (B) HLA-DR redirects Gag to large
intracytoplasmic vesicles (punctuate staining), where it colocalizes with HLA-DR. (C) Quantification of Gag-associated staining. The number of
cells displaying a diffuse versus punctuate Gag staining was evaluated in 200 cells per sample. Data shown represent the average of at least 25
independent experiments � the standard deviation. (D) HLA-DR redirects Gag from a diffuse to a punctuate staining in a dose-dependent fashion.
Data are representative of four independent experiments.

FIG. 2. Classical MHC-II molecules redirect Gag to intracellular
compartments. HEK 293T cells were transfected with the proviral
construct HxBc2 and plasmids encoding MHC-II-related molecules,
including HLA-DR, -DQ, -DM, or -DO, and analyzed for Gag local-
ization by immunostaining and fluorescence microscopy using a rabbit
polyclonal anti-p24 antibody. Diffuse or punctuate Gag-associated
staining patterns were quantified in 200 cells per sample. Data shown
are means � standard deviations of two independent experiments.
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obtained in a transient expression system where proteins are
overexpressed, we also examined the effect of HLA-DR ex-
pression on Gag relocalization in HeLa cells stably expressing
HLA-DR (Fig. 4A). Given that previous evidence suggested

that the cytosolic domain of MHC-II molecules might be im-
plicated in the induction of MHC-II-like compartments (4), we
also analyzed Gag localization in HeLa cells stably expressing
a truncated form of HLA-DR that lacks the cytoplasmic tails of

FIG. 3. HLA-DR redirects Gag to LE/MVB in HEK 293T cells. HEK 293T cells were transfected with the proviral construct HxBc2, together
with HLA-DR or empty vector. Gag and MVB markers were detected by immunofluorescence microscopy 48 h later using a rabbit polyclonal
anti-p24 antibody together with monoclonal antibodies against MVB markers. In the absence of HLA-DR, Gag shows primarily a diffuse staining
(left panels of A, B, and C). Upon HLA-DR expression, Gag accumulates into Lamp1-positive (A), CD63-positive (B), and LBPA-positive
(C) compartments (right panels).

FIG. 4. Stable HLA-DR expression in HeLa cells induces Gag accumulation into HLA-DR-positive intracellular vesicles. Parental, HLA-DR-,
or TM/TM-expressing HeLa cells were transfected with the infectious molecular clone HxBc2. Gag and HLA-DR were detected by immuno-
staining and fluorescence microscopy using mouse monoclonal anti-p17 (MA) and anti-HLA-DR (L243) Abs. (A) In parental HeLa cells, Gag is
localized at the plasma membrane, whereas in HLA-DR-expressing cells, Gag is predominantly detected in vesicles at the perinuclear region.
Importantly, stable TM/TM expression did not modify Gag localization. (B) Flow cytometry analysis of total HLA-DR expression in cells depicted
in panel A using the L243 anti-HLA-DR monoclonal Ab. Black line, HeLa cells; red line, HeLa-DR cells; blue line, HeLa-TM/TM cells.
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the � and � chains (TM/TM). HLA-DR-expressing cell lines
were transfected with the HxBc2 provirus and analyzed 48 h
later by immunofluorescence microscopy, using an antibody
that recognizes mature p17 (but not the MA domain in the
context of Pr55gag) and an anti-HLA-DR antibody. Given that
most processed MA is found associated with mature viral par-
ticles (16), the MA signal obtained with the anti-p17 antibody,
in all likelihood, represents sites at which viral assembly occurs.
In parental HeLa cells as well as in TM/TM cells, the majority
of the MA signal was observed at the cell periphery on the
plasma membrane (Fig. 4A), even though TM/TM molecules
have been detected in intracellular vesicles that stained posi-
tive for MVB markers (A. Finzi and E. A. Cohen, unpublished
data). In contrast, in HLA-DR-expressing cells, we observed a
clear redistribution of MA staining to intracellular vesicles,
where it colocalized with HLA-DR (Fig. 4A). Importantly,
both HeLa-DR and HeLa-TM/TM expressed similar amounts
of class II molecules as measured by flow cytometry (Fig. 4B).

Together, these results suggest that ectopic MHC-II expres-
sion in human nonlymphoid cell lines induces a redirection of
HIV-1 Gag localization and assembly from the plasma mem-
brane to MHC-II-containing LE/MVB. This effect is restricted
to classical MHC-II molecules, such as HLA-DR and -DQ
and, importantly, appears to involve the cytoplasmic domains
of the � and � chains.

HIV-1 particles accumulate into intracellular compart-
ments in MHC-II-expressing HEK 293T cells. To obtain ad-
ditional evidence that HLA-DR expression promotes HIV-1
particle assembly and budding in intracellular compartments,
we performed electron microscopy analysis on HEK 293T cells
transfected with HxBc2 alone or cotransfected with vectors
encoding HLA-DR or the TM/TM mutant (Fig. 5). In HEK
293T cells transfected with HxBc2 alone or cotransfected with
TM/TM, viral particle budding was observed predominantly at
the plasma membrane (Fig. 5A and D and 5C and F, respec-
tively). In HLA-DR-expressing cells, mature virions with typ-
ical condensed cores were observed in the lumen of large
intracellular vesicles (Fig. 5B and E and 5G and H). Viral
particles in the process of budding were also seen on the
limiting membrane of these enlarged intracellular vesicles (Fig.
5G and H). Furthermore, immunogold staining experiments
using an anti-HLA-DR antibody clearly revealed that the in-
ternal vesicles containing mature virions and budding viral
particles stained positive for HLA-DR (Fig. 5H).

Effect of HLA-DR expression on HIV-1 production. Having
obtained evidence suggesting that HLA-DR expression pro-
motes assembly and budding of HIV-1 particles to LE/MVB in
HEK 293T cells, we next examined the impact of this reloca-
tion on HIV-1 particle production. HEK 293T cells were singly
transfected with HxBc2 or cotransfected with expression vec-
tors encoding HLA-DR or related molecules. Cells were pulse-
labeled for 2 h, 48 h posttransfection, and cell and virus Gag-
associated proteins were analyzed by immunoprecipitation
(Fig. 6A). In transfected cell cultures expressing HLA-DR,
virus release was reduced by two- to threefold compared to the
mock-transfected control (Fig. 6A and B). In contrast, in TM/
TM-, HLA-DM-, or HLA-DO-expressing cells, viral release
efficiency was unaffected (Fig. 6A and B) (Finzi and Cohen,
unpublished). Importantly, the observed impact of HLA-DR
on HIV-1 release was not due to any marked defect at the level

of Gag precursor processing, since measurements of Gag pre-
cursor cleavage in pulse-chase labeling/immunoprecipitation
experiments revealed that the Pr55gag processing kinetics was
identical in cells expressing HLA-DR and in the negative con-
trol (Fig. 6C and D). These results suggest that expression of
MHC-II molecules, such as HLA-DR, can modulate viral re-
lease efficiency.

Interestingly, when we analyzed both quantitatively and
qualitatively cell- and virus-associated Gag-related products by
pulse-chase labeling and immunoprecipitation experiments, we
started detecting a reduction of viral release in HLA-DR-
expressing cells as early as 1 h postchase. This reduction in viral
release efficiency was observed throughout the 24-h chase pe-
riod, with a peak between 5 and 12 h; during that time interval,
HLA-DR-expressing cells were found to release approximately
twofold less virus than control cells (Fig. 6C and E). Interest-
ingly, this reduction in viral release efficiency was accompanied
by a change in the p24/p25 ratio accumulating in HLA-DR-

FIG. 5. Mature and budding HIV-1 particles accumulate in intra-
cellular compartments upon HLA-DR expression. HEK 293T cells
were cotransfected with HxBc2 and empty, HLA-DR, or TM/TM
vectors and observed by transmission electron microscopy (A to G) or
processed for immunogold staining with a rabbit polyclonal anti-HLA-
DR� Ab (H). In mock- or TM/TM-transfected cells, HIV-1 assembles
at the plasma membrane (A and C, respectively). (B) HLA-DR ex-
pression induces accumulation of mature and budding HIV-1 particles
into large intracellular compartments. (D to F) Magnified views from
regions indicated in panels A to C, respectively. (G) Magnified view of
intracellular HIV-1-containing compartments in HLA-DR-expressing
cells. (H) HIV-1 particles accumulate into HLA-DR-positive compart-
ments. Empty arrows indicate budding virus, whereas solid arrows
indicate mature virus. Bar, 300 nm (A), 500 nm (B), 400 nm (C), or 100
nm (D to H).
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expressing cells; quantitative analysis over several experiments
revealed that there was 1.5 to 2.0 times more p24 relative to
p25 in HLA-DR-expressing cells than control cells (Fig. 6C;
compare p24 and p25 levels between HLA-DR� and -DR�

cells). These results indicate that even though CA is accumu-
lating intracellularly in HLA-DR-expressing cells, it is being
processed in a mature form usually found associated with ma-
ture viral particles. Overall, these results are consistent with
our findings suggesting that expression of MHC-II molecules
in HIV-producing cells leads to increased assembly and bud-
ding of mature viral particles in LE/MVB.

Infectivity of viral particles assembling intracellularly in the
presence of HLA-DR. We next evaluated whether virions as-
sembling intracellularly upon HLA-DR expression retained
their infectivity. This is particularly important given that spe-
cific endosomal compartments are known to undergo acidifi-
cation, a process that inactivates HIV infectivity (11), and
participate in the degradation pathway that leads to lysosomes
(17). To address this question, we adapted a recently described
strategy that was used to evaluate the infectious stability of
virions that assemble intracellularly in primary macrophages
(45). This approach utilizes suprainhibitory concentrations (10

FIG. 6. HLA-DR expression decreases HIV-1 release. (A) HEK 293T cells were mock transfected (M) or cotransfected with plasmids encoding
HLA-DR (DR�), TM/TM (TM), or empty vector (DR-) together with the HxBc2 provirus. Two days after transfection, cells were metabolically
labeled with [35S]Met-Cys for 2 h, and Gag-associated products in cell and virion lysates were immunoprecipitated using a mix of human anti-HIV
serum together with a monoclonal anti-p24 Ab. (B) Quantitation of virus release efficiency. Data shown represent the average of at least four
independent experiments � the standard deviation. (C) Analysis of viral release kinetics by pulse-chase labeling analysis. Cell and virion lysates
from HLA-DR� and HLA-DR� cells were immunoprecipitated as for panel A after a 30-min metabolic labeling with [35S]Met-Cys or at different
chase time intervals. (D) Gag precursor processing is represented as the percentage of p55gag-associated signal recovered from cell lysates after
pulse-chase analysis as described for panel C. p55gag-associated signal after 30 min of labeling (0-h chase) was arbitrarily set to 100%. Data shown
represent the average of five independent experiments � the standard deviation. (E) Quantitation of viral release kinetics. Data from two
independent experiments were quantified using a PhosphorImager equipped with ImageQuant software 5.0 and are shown as means � standard
deviations. Viral release efficiency was calculated as described in Materials and Methods. Gray lines, HLA-DR-expressing cells; black lines,
HLA-DR-negative cells.
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�M) of the protease inhibitor IVS to block de novo production
of infectious particles. In the presence of 10 �M IVS, process-
ing of Pr55gag is completely inhibited and virus particles that
are produced are immature and hence noninfectious (45; Finzi
and Cohen, unpublished). Consequently, infectious virus re-
covered from HIV-1-producing cells following IVS treatment
should be formed prior to addition of the inhibitor. HEK 293T
cells cotransfected with HxBc2 provirus and HLA-DR or
empty vectors were allowed to produce infectious virus for 24 h
prior to addition of IVS. Cells were homogenized and frac-
tionated 24 h later to analyze cell-associated infectivity as de-

scribed in Materials and Methods. Since cell disruption could
affect recovery of the intracellular pool of virus, PNS and pellet
fractions were analyzed for �-hexosaminidase activity as a
marker for cell lysis and endocytic organelle disruption (23)
(Fig. 7A). Consistent with the accumulation of intracellular
viral particles (Fig. 5 and 6), untreated HLA-DR-expressing
cells displayed more infectious activity (1.6-fold increase) in
their PNS compared to control cells (Fig. 7B). IVS treatment
drastically reduced intracellular infectious activity in control
cells, thus suggesting that the bulk of cell-associated infectious
activity produced during the first 24 h posttransfection (before
adding IVS) was efficiently released in the extracellular me-
dium in absence of HLA-DR. Nevertheless, some infectious
activity (14%) was still detectable in PNS and most probably
represents the background HIV-1 intracellular assembly de-
tected in HEK 293T cells (Fig. 1 and 7C). Remarkably, IVS-
treated HLA-DR-expressing cells retained four times more
infectious activity in their PNS than control cells (57% versus
14%) (Fig. 7B). Interestingly, analysis of �-hexosaminidase
activity released in PNS was found to be comparable between
HLA-DR transfectants and control cells (Fig. 7A), thus indi-
cating that differences observed in intracellular infectious ac-
tivity cannot be attributed to variations in cell disruption effi-
ciency. Furthermore, analysis of Gag processing in untreated
or IVS-treated cells supported our observation that MHC-II
molecules enhanced accumulation of mature virus particles
into intracellular compartments (Fig. 7C). In the presence of
IVS, as expected, there was a clear inhibition of Gag process-
ing, as visualized by the decreased levels of p25/24 cleavage
products and increased accumulation of p55gag (Fig. 7C; com-
pare lanes 1 and 2 and lanes 3 and 4). Strikingly, the inhibitory
effect of IVS on Gag processing was less efficient in HLA-DR
transfectants than in control cells, as evidenced by the marked
accumulation of p25/p24 (two- to threefold increase) in HLA-
DR� cells relative to the control (Fig. 7C, compare lanes 4 and
2). These completely processed intracellular Gag products, by
definition, had to be produced during the 24-h time interval
before addition of the drug.

Altogether, these results provide additional evidence indi-
cating that mature virus particles accumulate more efficiently
into intracellular compartments in the presence of HLA-DR
and demonstrate that virions released intracellularly within
HLA-DR-expressing cells retain their infectivity potential.

DISCUSSION

In this study, we examined the role of MHC-II molecules in
HIV-1 Gag targeting as well as in virus assembly and release.
Ectopic expression of classical MHC-II molecules, such as
HLA-DR and -DQ, in nonlymphoid cell lines was found to
promote Gag relocation to intracellular compartments that
contained late endosomal and MVB markers (Fig. 1 to 3), in a
process that strictly relied on the presence of the cytoplasmic
tails of the � and � chains of MHC-II molecules (Fig. 4 and 5).
This MHC-II-mediated relocalization of Gag correlated with
an increased accumulation of mature viral particles in intra-
cellular compartments (Fig. 5) and, as a consequence, resulted
in decreased virus production and release from the cell surface
(Fig. 6). Importantly, viral particles assembling intracellularly
in HLA-DR-expressing cells retained their infectivity (Fig. 7).

FIG. 7. Virions assembling intracellularly in the presence of
HLA-DR remain infectious. HEK 293T cells were cotransfected with
HxBc2 provirus and empty or HLA-DR vectors. IVS (10 �M) was
added to the culture medium 24 h posttransfection to block production
of new infectious virus. Cells were homogenized 24 h later, and cell
disruption efficiency was determined by measuring �-hexosaminidase
activity in pellets (filled bars) and PNS (empty bars) as described in
Materials and Methods (A). Infectious activity was assessed in the PNS
by MAGI assay (B). Data shown represent the average of two inde-
pendent experiments � the standard deviation. In parallel, Gag pro-
cessing in each transfectant was analyzed by Western blotting using a
monoclonal anti-p24 Ab (C). Data shown are representative of six
independent experiments.
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Together, these results provide evidence suggesting that
MHC-II molecules promote assembly and budding of infec-
tious HIV-1 virions to LE/MVB and raise the possibility that
this process might be part of a normal pathway of virus pro-
duction in cell types physiologically expressing MHC-II mole-
cules, such as macrophages.

HIV-1 Gag contains motifs that are critical for its transport
to the plasma membrane (36) and for interaction with LE/
MVB (7, 27). Furthermore, recent evidence indicates that the
cell-type-dependent targeting of HIV-1 assembly to the plasma
membrane or LE/MVB can also be regulated by host cell
factors. For instance, the human ubiquitin ligase POSH, a
trans-Golgi network-associated protein (1), and more recently
phosphatidylinositol (4,5)biphosphate [PI(4,5)P2], a member
of the phosphoinositide family of lipids concentrated primarily
on the cytoplasmic leaflet of the plasma membrane (35, 48),
were found to regulate HIV-1 Gag targeting to the plasma
membrane, such that depleting hPOSH or cellular PI(4,5)P2

redirected virus assembly from the plasma membrane to LE
and inhibited virus release. Interestingly, in the case of
MHC-II molecules, it is the expression of a host cell factor
physiologically expressed in macrophages that relocalizes Gag
and viral assembly to LE/MVB in HeLa or HEK 293T cells.
Nevertheless, MHC-II-mediated relocation of viral assembly
to LE/MVB in HEK 293T cells resulted in a reduction of virus
release, as has been reported for hPOSH or cellular
([PI(4,5)P2] depletion.

How does expression of class II molecules result in a marked
accumulation of HIV-1 into LE/MVB? One possibility is that
MHC-II molecules interact with a structural component of
HIV and retarget a fraction of viral assembly to intracellular
compartments following their transit into the endocytic path-
way. MHC-II molecules, such as HLA-DR, have been reported
to be present at the surface of the HIV-1 virion (5, 6) and,
based on a previous study, Env gp41 appears to be required for
efficient insertion of HLA-DR molecules within HIV-1 (41).
The mechanism underlying MHC-II-mediated relocalization
of HIV-1 assembly and budding does not appear to involve an
interaction between the viral envelope and HLA-DR, since the
effect of HLA-DR on Gag relocalization and viral particle
production was observed with proviral constructs lacking Env
(Finzi and Cohen, unpublished). Although this redirection
could also result from an interaction of Gag with HLA-DR, we
were unable to detect any specific interaction between these
molecules in coimmunoprecipitation experiments (Finzi and
Cohen, unpublished). However, the lack of physical interaction
between HLA-DR and Gag does not preclude the possibility
that the two molecules can interact functionally. In fact, it was
reported that Gag can affect HLA-DR trafficking (15). In this
study, Gag expression was shown to be sufficient to specifically
restore defective transport of HLA-DR from intracellular
compartments to the cell surface in a subclone of the HUT78
human T-cell line, suggesting that at some point Gag and
HLA-DR share the same trafficking pathway. Interestingly, it
was reported that a significant pool of MHC-II molecules traf-
fic to endosomal-lysosomal compartments by means of the cell
surface (8, 29). Consequently, it is therefore possible that
MHC-II-induced relocalization of Gag into LE/MVB and sub-
sequent accumulation of mature viral particles in these intra-
cellular compartments could result from an increased internal-

ization of virions from the plasma membrane mediated by
HLA-DR rather than an enhanced targeting of Gag to LE/
MVB. Interestingly, a recent report indicates that expression
of a dominant negative form of dynamin (K44A), known to
inhibit clathrin-mediated endocytosis (47), prevented the ac-
cumulation of Gag at intracellular sites in the absence of Vpu
in HeLa cells (32). Although our preliminary data indicate that
the effect of HLA-DR on viral release was not affected by
K44A expression, we did observe a partial reduction of Gag
relocalization to intracellular compartments under these con-
ditions (Finzi and Cohen, unpublished), thus suggesting that a
pool of Gag retargeted by HLA-DR could be plasma mem-
brane associated. Importantly, however, since Gag relocation
to intracellular compartments could not be completely abol-
ished upon K44A expression, this suggests that HLA-DR may
also affect the cellular localization of Gag by enhancing its
direct targeting to MVB.

Indeed, an alternative but not exclusive model to explain the
effect of MHC-II molecules on HIV-1 assembly and budding to
intracellular compartments postulates that expression of
MHC-II may contribute to the formation or maturation of
compartments to which Gag molecules would be targeted.
Importantly, expression of MHC-II molecules, such as HLA-
DR, in HEK 293 cells was found to be sufficient to induce a
MIIC-like structure having a multilamellar and multivesicular
morphology and expressing CD63 and Lamp1 (4). Both types
of structures were proposed to reflect different maturation
states of MIIC (21). One might envision that formation and/or
maturation of MIIC-like compartments by MHC-II in HEK
293T cells may provide additional internal membrane plat-
forms toward which Gag can be targeted for assembly and
budding. Interestingly, treatment of U1 promonocytic cells
with gamma interferon, a strong upregulator of MHC-II ex-
pression, was found to significantly increase the redirection of
virus assembly from the plasma membrane to intracytoplasmic
vesicles (2). More studies are required to fully understand the
precise mechanism underlying the effect of MHC-II molecules
on HIV-1 assembly and release. Furthermore, experiments
aimed at depleting MHC-II molecules are currently in progress
to elucidate whether MHC-II influences Gag targeting and
assembly to MVB in primary macrophages and as such consti-
tutes a cellular determinant governing HIV-1 production and
egress in this cell type.
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