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ABSTRACT

HIV-1 Vpu decreases the exposure of epitopes within the viral envelope glycoprotein (Env) on the surface of infected cells by
downregulating both BST2 and CD4. To test the hypothesis that inhibiting Vpu activity would increase the exposure of these
epitopes and sensitize infected cells to antibody-dependent cellular cytotoxicity (ADCC), we treated cells with the Nedd8 activa-
tion enzyme (NAE) inhibitor MLN4924, which inhibits the cullin1-based ubiquitin ligase complex coopted by Vpu to degrade
cellular targets. Treatment of HeLa cells with MLN4924 or expression of a dominant negative mutant of cullin1 inhibited the
Vpu-mediated downregulation of CD4 but not the downregulation of BST2. NAE inhibition also increased the surface exposure
of CD4-induced epitopes within Env on HEK293 cells containing an inducible HIV genome, on infected CEM T cells, and on in-
fected primary T cells. In contrast, the Vpu-mediated downregulation of BST2 was substantially inhibited by MLN4924 only
when T cells were treated with alpha interferon (IFN-�) to induce high levels of BST2 expression. As reported previously, the
absence of vpu or nef and even more so the combined absence of these two genes sensitized infected cells to ADCC. However,
NAE inhibition affected ADCC minimally. Paradoxically, even in infected, IFN-treated cells in which NAE inhibition substan-
tially rescued the surface level of BST2, the surface level of Env detected with an antibody recognizing a CD4-independent
epitope (2G12) was minimally increased. Mutation of the C-terminal Vpu residue W76, which supports the ability of Vpu to
stimulate virion release by displacing BST2 from assembly sites on the plasma membrane by a cullin1-independent mechanism,
increased the exposure of Env detected by 2G12 on infected T cells. Thus, inhibiting the displacement function of Vpu together
with its ability to degrade CD4 and BST2 may be required to sensitize infected cells to ADCC.

IMPORTANCE

Pathogenic viruses encode gene products that enable evasion of host immune surveillance mechanisms. One such mechanism is
antibody-dependent cellular cytotoxicity (ADCC), whereby host antibodies bind envelope glycoproteins of the virus that are
inserted into the cellular membrane and direct the destruction of infected cells. Targeting pharmacologically the activity of
HIV-1 Vpu, which contributes to evasion of ADCC, could potentially sensitize infected cells to this immune surveillance mecha-
nism, an outcome that would have therapeutic implications with respect to the goal of curing HIV-1 infection. The Nedd8 activa-
tion enzyme inhibitor MLN4924 blocks the activity of the host ubiquitin ligase that Vpu coopts to direct the degradation of CD4
and BST2. We observed that while MLN4924 partially reverses the activity of Vpu and could become part of a therapeutic ap-
proach by virtue of CD4-induced epitope exposure, sufficient Vpu activity as an antagonist of BST2 persists despite this drug to
allow escape from ADCC.

The accessory proteins of HIV-1 remain undeveloped drug tar-
gets whose inhibition could sensitize infected cells to immu-

nological clearance. The accessory proteins Nef and Vpu indepen-
dently downregulate the host cofactor CD4 (1, 2), whereas the
Vpu protein of group M strains downregulates the host antiviral
factor BST2 (CD317; tetherin) (3, 4). Recent observations indicate
that the absence of CD4� and BST2 downregulation increases the
exposure of HIV-1 envelope glycoprotein (Env) molecules on the
surface of the infected cell (5–9). The increase in cell surface Env is
presumably due to the retention of virions on the cell surface by
BST2 (3, 10), although CD4 can also contribute to virion retention
(11). In addition, when in complex with CD4, the conformation
of Env is changed and CD4-induced (CD4i) epitopes are exposed
(12). These effects yield an increase in the sensitivity of infected
cells to antibody-dependent cellular cytotoxicity (ADCC) (5–9).
Thus, inhibiting Vpu and/or Nef should increase the sensitivity of
infected cells to ADCC and could facilitate immunologic clear-
ance of the infection.

While Nef-mediated counteraction of CD4 relies primarily on

the interaction with the clathrin adaptor complex AP-2 (13), Vpu-
mediated counteraction of CD4 and BST2 relies partly on the
interaction with �-TrCP, a subunit of a cullin1-based ubiquitin
ligase complex (14–16). This E3 ubiquitin ligase is part of the host
protein degradation machinery. Its role in the ability of Vpu to
direct the degradation of CD4 via a mechanism similar to the
endoplasmic reticulum-associated degradation (ERAD) pathway
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is well established (14, 17). In contrast, the role of the �-TrCP/
cullin1 complex in the downregulation and degradation of BST2
by Vpu is more subtle. The Vpu-stimulated degradation of BST2
occurs primarily within the endolysosomal system and is medi-
ated by the �-TrCP/cullin1 complex as well as by components of
the ESCRT (endosomal sorting complexes required for transport)
pathway, but the degradation process and �-TrCP itself are dis-
pensable for the virologic counteraction of BST2 by Vpu under
certain conditions (15, 16, 18–20).

The activity of cullin-based E3 ligase complexes, and specifi-
cally the �-TrCP/cullin1 complex, requires posttranslational
modification by the ubiquitin-like molecule Nedd8 (21). Before
covalent attachment to the cullins, Nedd8 must be preactivated by
Nedd8 activation enzyme (NAE) (22). NAE can be potently and
selectively inhibited by the small-molecule drug MLN4924, a
structural relative of adenosine 5=-monophosphate (23). This
drug is being tested in clinical trials targeting various cancers due
to its ability to deregulate S-phase DNA synthesis and trigger
apoptosis, as well as its ability to inhibit the activation of NF-�B,
which occurs in part via the degradation of I�B by the �-TrCP/
cullin1 complex (24–26). MLN4924 has recently been reported to
inhibit HIV accessory proteins that rely on cullin-mediated deg-
radation of their targets, namely, the degradation of apolipopro-
tein B mRNA editing enzyme, catalytic polypeptide-like 3B
(APOBEC3) proteins by Vif, the degradation of UNG2 by Vpr,
and the degradation of SAM domain and HD domain-containing
protein 1 (SAMHD1) by Vpx (27–29).

We hypothesized that the NAE inhibitor MLN4924 would in-
hibit the Vpu-mediated counteraction of CD4 and possibly BST2
and as a consequence sensitize infected cells to ADCC. We evalu-
ated MLN4924 as an inhibitor of the Vpu-mediated downregula-
tion of CD4 and BST2 from the cell surface. We also examined
whether MLN4924 could increase the exposure of Env epitopes at
the surface of infected cells. Finally, we tested MLN4924 for the
ability to increase the susceptibility of infected cells to killing by
ADCC. The results indicate that MLN4924 inhibits the downregu-
lation of CD4 by Vpu and triggers exposure of CD4i epitopes in
Env at the cell surface. In contrast, MLN4924 increases cell surface
BST2 in cells expressing Vpu only when the cells are also treated
with alpha interferon (IFN-�) to maximize BST2 expression.
MLN4924 did not substantially sensitize infected cells to the
ADCC activity of natural killer (NK) cells under the conditions
tested. Moreover, MLN4924 did not increase cell surface Env
measured with an antibody that recognizes a CD4-independent
epitope even in IFN-treated cells in which it upregulated BST2.
We conclude that inhibiting this single Vpu cofactor, the �-TrCP/
cullin1 E3 ubiquitin ligase complex, is insufficient to sensitize in-
fected cells to ADCC, probably because the exposure of CD4i
epitopes is insufficient and because total surface Env is not effec-
tively increased.

MATERIALS AND METHODS
Cells, antibodies, plasmids, and reagents. HeLa P4.R5 cells were ob-
tained from Ned Landau and maintained in Dulbecco’s modified Eagle
medium (DMEM) plus 10% fetal bovine serum (FBS) and puromycin.
The 293-CD4-tetHIV-WT and -�Nef cells are HEK293 cell lines (origi-
nating from ATCC 1573) engineered to constitutively express CD4 as well
as the reverse tetracycline-responsive transactivator protein by stable
transfection. They also contain an HIV-1 genome inserted by stable trans-
fection in which the 5= long terminal repeat (LTR) upstream of the TATA
box has been replaced with the Clontech tet-responsive sequence, render-

ing viral expression inducible by doxycycline. The �Nef version contains
a deletion and frameshift in the 5= region of the nef gene, as previously
described (30). These cells were maintained in DMEM supplemented
with 10% FBS, G418, puromycin, and zeocin. CEM.NKR.luc and NK-
CD16 cells were obtained from David Evans (31) and maintained in RPMI
medium supplemented with 10% FBS, 2 mM L-glutamine, and 1 �g/ml
cyclosporine (only for NK cells). Peripheral blood mononuclear cells
(PBMCs) were purified from deidentified uninfected donors by using
density gradient centrifugation in Lymphoprep (Stemcell Technologies).
CD4-positive cells were isolated from PBMCs using the EasySep CD4�

T-cell enrichment kit and RoboSep (Stemcell Technologies). The anti-
bodies A32, G12, b12, 17b, HIV-1 IgG, and human recombinant interleu-
kin-2 (rIL-2) were obtained from the NIH AIDS Reagent Repository.
Human rIL-2 was deposited by Maurice Gately, Hoffman La Roche Inc.
(32). IL-15 was from R&D Systems. Secondary anti-human-Alexa Fluor
647 was from Jackson ImmunoResearch. Anti-BST2-Alexa Fluor 647 and
anti-CD4-APC (OKT4) were from Biolegend. Anti-CD3 and anti-CD28
were from BD Biosciences. IFN-� was from Cell Signaling (catalog num-
ber 8927LC). MLN4924 was from Active Biochem. pVphu (encoding
codon-optimized Vpu), pCINL (expressing Nef), pCG-GFP (expressing
green fluorescent protein [GFP]), pNL4-3, and related plasmids lacking
intact vpu, nef, or vpu and nef genes or encoding vpu mutants have been
described previously (33–40). The plasmid expressing dominant negative
(DN) cullin1 (pcDNA3-DN-hCUL1-FLAG; Addgene plasmid 15818) was
deposited by Wade Harper (41).

Transfection and infection. HeLaP4.R5 and 293-CD4-tetHIV cells
were transfected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol and incubated overnight. Viral stocks were made
from 293T cells transfected with proviral plasmid DNA, wild type or lack-
ing one or more genes encoding accessory proteins, using BioT transfec-
tion reagent (Bioland Scientific). CEM.NKR.luc and primary CD4-posi-
tive T cells were infected using 200 ng of p24 antigen, as determined by
p24 antigen capture enzyme-linked immunosorbent assay (ELISA; Ad-
vanced Bioscience Laboratories), per 500,000 cells by spinoculation in
5-ml polystyrene tubes for 2 h at 2,000 	 g for the CEM.NKR.luc cells or
1,000 	 g for the primary cells. Infected cells were incubated for 4 days
before staining for flow cytometry (CEM.NKR.luc or primary T cells) or
use in the ADCC assay (CEM.NKR.luc). Primary cells were also activated
immediately after spinoculation by incubating in anti-CD3/28-coated
plates for 3 days and additionally incubated in IL-2 and/or IL-15 without
CD3/28 overnight.

Flow cytometry. Cells were incubated with 2 �g/ml of each of primary
antibodies for A32, 2G12, b12, or 17b, with 10 �g/ml for HIV IgG, with 1
�g/ml for CD4, or with 4 �g/ml for BST2, followed by incubation with 6
�g/ml Alexa Fluor 647-conjugated donkey anti-human IgG as appropri-
ate. The cells were fixed, permeabilized (BD Biosciences fixation/permea-
bilization kit), and stained where indicated for intracellular p24 capsid
using anti-p24(KC-57)-fluorescein isothiocyanate (FITC) (Beckman
Coulter). The cells were refixed with 1% paraformaldehyde in phosphate-
buffered saline (PBS) and analyzed by flow cytometry using an Accuri C6
flow cytometer (BD Biosciences). The cells were first gated using forward-
and side-scatter characteristics, before gating for GFP or p24 positivity as
indicated.

Antibody-dependent cellular cytotoxicity. The assay was performed
largely as described previously (31). Briefly, 4 days after infection with
HIV-1 clone NL4-3 or related isogenic mutants, CEM.NKR.luc cells were
preincubated with 200 nM MLN4924 in dimethyl sulfoxide (DMSO) or
with DMSO alone for 4 h and then mixed with NK-CD16 effector cells at
a 10:1 effector-to-target (E/T) ratio, in the presence or absence of anti-
bodies as indicated in figure legends. Cells were incubated for an addi-
tional 8 h, again in the presence of 200 nM MLN4924 in DMSO or DMSO
alone in wells of a round-bottom 96-well plate. The cell suspensions were
then transferred to white-walled, clear-bottom 96-well plates (Corning)
and mixed with BriteLite luciferase substrate/buffer (PerkinElmer). Lu-
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minescence was determined using a SpectraMax plate reader (Molecular
Devices).

Ethics statement. Blood was obtained from human volunteers using a
protocol approved by the UCSD Human Subjects Committee; all subjects
provided written informed consent.

RESULTS
MLN4924 and a cullin1 dominant negative mutant inhibit Vpu-
mediated downregulation of CD4 but not BST2 in HeLa cells. To
test the effects of MLN4924 on the Vpu-mediated downregulation
of CD4 and BST2, HeLa P4.R5 cells, which express CD4 and BST2
constitutively, were transfected to express Vpu using a plasmid
encoding a human codon-optimized Vpu or to express Nef, along
with a plasmid expressing GFP as a transfection marker. The next
day, the cells were incubated with 500 nM MLN4924 in DMSO or
with DMSO alone for 4 h. As expected, Nef downregulated CD4,
and this was unaffected by MLN4924 (Fig. 1). In the absence of
MLN4924, Vpu downregulated both CD4 and BST2 from the cell
surface. MLN4924 inhibited Vpu-mediated CD4 downregulation
substantially but not completely. MLN4924 had no effect on Vpu-
mediated downregulation of BST2, even though replacement of
Vpu serines 52 and 56 (Vpu-52/56N), which are required for the
interaction of Vpu with the �-TrCP containing cullin1-based
ubiquitin ligase complex, caused a partial loss of this activity. Vpu-
52/56N was, as expected, devoid of CD4 downregulation activity.
MLN4924 did not affect the surface levels of CD4 or BST2 in the
absence of expression of the viral accessory proteins, suggesting
that these cellular proteins are not regulated by cullin complexes
under basal conditions and that the effect of MLN4924 is Vpu
specific. To validate the results obtained using MLN4924, we co-
expressed Vpu with a dominant negative version of cullin1 (41).
DN-cullin1 substantially inhibited the Vpu-mediated downregu-
lation of CD4 from the cell surface, but it had no effect on the
downregulation of BST2, again even though the replacement of
Vpu serines 52 and 56 caused a partial loss of this activity (Fig. 2).
Expression of DN-cullin1 did not affect the surface levels of CD4

or BST2 in the absence of Vpu, nor did it affect the activity of Nef.
Thus, Vpu-mediated downregulation of CD4 relies on cullin1
neddylation and is inhibited by the neddylation inhibitor
MLN4924, whereas the Vpu-mediated downregulation of BST2,
at least in HeLa cells under conditions of basal expression, is not.
This conclusion is consistent with a recent study of Vpu targets: of
CD4, BST2, NTB-A, and CCR7, only the downregulation of CD4
was cullin1 dependent (42). The observation that the Vpu-S52/
56N mutant is nonetheless partially impaired with respect to BST2
downregulation supports the notion that these Vpu residues sup-
port an interaction in addition to the recruitment of the cullin1
complex that contributes to the modulation of BST2 (18, 43, 44).
With respect to the modulation of CD4 by Vpu, we note that
although the inhibitory activity of MLN4924 appears to be less
than that of DN-cullin1, this is likely due to the relatively short
(4-hour) exposure of the cells to the drug prior to analysis by flow
cytometry; DN-cullin1, in contrast, was expressed by transfection
concomitantly with Vpu.

Inhibition of Vpu-mediated downmodulation of CD4 by
MLN4924 is associated with increased expression of CD4-in-
duced epitopes in Env at the cell surface. The formation of CD4-
Env complexes causes the exposure of CD4i epitopes in Env and
reactivity with specific monoclonal antibodies such as A32 and
17b (5–7). Therefore, we investigated whether the inhibition of
Vpu-mediated downregulation of CD4 by MLN4924 increased
the exposure of CD4i epitopes of Env. To avoid any potential
confounding effects from virion retention by BST2 and for exper-
imental convenience, we used cells of the HEK293 derivative line
293-CD4-tetHIV or 293-CD4-tetHIV�Nef, both of which stably
express CD4 and express HIV under the control of a doxycycline-
inducible promoter. Cells of these lines express very little BST2
(data not shown). They are independent clones, however, and
express different levels of CD4 in the uninduced state (Fig. 3A;
blue curves). The cells were treated with doxycycline for 16 h to
induce HIV gene expression and then incubated with 500 nM

FIG 1 The NAE inhibitor MLN4924 inhibits Vpu-mediated downmodulation of CD4, but not Nef-mediated downmodulation of CD4 or Vpu-mediated
downmodulation of BST2 in HeLa cells. HeLa cells were transfected to express Vpu or Nef, along with GFP as a transfection marker. The next day, cells were
incubated with either DMSO alone or 500 nM MLN4924 in DMSO for 4 h, stained for surface CD4 or BST2, and analyzed by flow cytometry, gating on the
GFP-positive populations. The results shown are representative of three experiments.
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MLN4924 in DMSO or with DMSO alone for 4 h. MLN4924 sub-
stantially inhibited the downregulation of CD4, both in the case of
the wild-type HIV genome encoding both vpu and nef and in the
case of the HIV genome lacking nef (Fig. 3A). In the latter cells, the

surface levels of CD4i epitopes in Env as measured by staining
with A32 and b17 antibodies were also increased by MLN4924,
while the exposure of the CD4 binding site epitope measured by
the b12 antibody was decreased and the exposure of the CD4-

FIG 2 A dominant negative mutant of cullin1 inhibits Vpu-mediated downmodulation of CD4 but not Vpu-mediated downmodulation of BST2 in HeLa cells.
HeLa cells were transfected to express Vpu or Nef, either with or without a dominant negative version of cullin1, along with GFP as a transfection marker. The
next day, cells were analyzed for surface CD4 or BST2 by flow cytometry, gating on the GFP-positive populations. The results shown are representative of three
experiments.

FIG 3 MLN4924 inhibits Vpu-mediated downmodulation of CD4 and increases the surface expression of CD4-induced epitopes in Env. (A) 293-CD4-
tetHIV-WT and -�nef cells were treated with doxycycline to induce the expression of HIV-1 and incubated with either DMSO alone or 500 nM MLN4924 in
DMSO for 4 h. The surface CD4 and internal HIV-1 p24 levels were determined by flow cytometry. Histograms represent “live” populations based on forward-
and side-scatter; over 90% of live cells expressed p24 (not shown). (B) 293-CD4-tetHIV-�nef cells were treated with doxycycline to induce the expression of
HIV-1, and surface CD4 and specific Env epitopes were analyzed by flow cytometry, gating on the “live” populations. The color code applies to both panels A and
B. The results shown are representative of two experiments.
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independent epitope measured by the 2G12 antibody remained
unchanged (Fig. 3B). All of these results are consistent with the
hypothesis that the upregulation of CD4 by MLN4924 directly
affects CD4-related epitopes in Env, masking the CD4 binding site
and revealing the CD4i sites while having no effect on the surface
levels and exposure of Env epitopes unrelated to CD4. How these
different effects are summarized in patient-derived IgG, which
presumably contains a mixture of antibodies potentially recogniz-
ing all of these sites, was also tested; MLN4924 modestly increased
the surface staining of these cells using a preparation of pooled
HIV-1 IgG from infected individuals (Fig. 3B). Thus, MLN4924
specifically increases the exposure of CD4i epitopes in Env on cells
expressing the HIV-1 genome; moreover, it causes a net increase
in the exposure of HIV-1 Env as recognized by patient-derived
HIV-1 IgG.

MLN4924 inhibits Vpu-mediated downmodulation of CD4
and increases the expression of Env epitopes on the surface of
primary CD4-positive T cells. To extend our findings to a more
physiologically relevant system, we evaluated the effects of
MLN4924 using primary cultures of CD4-positive T cells infected
with either wild-type virus or accessory gene mutants (Fig. 4 and
Table 1, which shows a statistical analysis of the data). CD4-posi-
tive T cells were purified from HIV-negative donors, infected with
the various viruses, and treated or not with MLN4924, and the
surface levels of CD4, BST2, CD4i, and CD4-independent Env
epitopes were measured (Fig. 4). The concentration of MLN4924
was decreased from the previously used 500 nM to 200 nM to
avoid toxicity; 200 nM was well tolerated by the primary cells
during the longer, 12-hour incubation (compared to the 4 h used
in the experiments described above using HeLa and HEK293
cells), with no apparent excess toxicity compared to the DMSO
control as observed by forward- and side-scatter characteristics
during flow cytometry (data not shown).

As seen in the case of HeLa cells, MLN4924 did not affect the
expression of either CD4 or BST2 on the surface of uninfected
primary T cells (Fig. 4A). As expected, the effects of Nef and Vpu
on the surface expression of CD4 were additive, and cells infected
with the mutant unable to express both Nef and Vpu expressed
near-normal levels of CD4 (Fig. 4B to E). These data are consistent
with previous studies, with the exception that the role of Vpu
relative to that of Nef shown here appears somewhat greater than
expected (45, 46). In contrast to CD4, BST2 downregulation was
solely due to the expression of Vpu, with no contribution from
Nef (Fig. 4B, C, and E).

The expression of cell surface Env as detected by either A32
(CD4 induced) or 2G12 (CD4 independent) was increased in the
absence of Vpu (Fig. 4B to E). These results are consistent with the
downregulation of both CD4 and BST2 by Vpu; lack of CD4
downregulation presumably triggers the exposure of CD4i
epitopes, whereas the lack of BST2 downregulation presumably
increases the levels of all Env epitopes, including those indepen-
dent of CD4, due to the retention of Env-containing virions on the
cell surface. Although donor variation is evident (Fig. 4B to D), on
average (Fig. 4E), the lack of Nef contributed relatively little to
the exposure of the CD4i epitope recognized by A32, although
the surface levels of CD4 were increased. The lack of Nef also
contributed relatively little to the exposure of the CD4-inde-
pendent epitope recognized by 2G12, (Fig. 4B to E).

MLN4924 inhibited the Vpu-mediated downregulation of
CD4 but affected minimally if at all the downregulation of BST2 in

primary CD4 T cells, both in the background of wild-type virus
and in the background of virus lacking nef (Fig. 4C and E). In cells
from one of three donors infected with nef-negative virus, the
effect of MLN4924 on CD4 was complete; the Vpu-mediated
downregulation of CD4 was inhibited to the same or nearly the
same extent as when the virus lacked both vpu and nef (Fig. 4C, top
right panel). In the other two donors, the effect of MLN4924 on
the Vpu-mediated downregulation of CD4 was incomplete but
substantial. MLN4924 did not affect the levels of CD4 in the ab-
sence of Vpu expression, as seen in the case of infection with virus
lacking vpu or both vpu and nef (Fig. 4C to E); this confirms that
the effect of MLN4924 on CD4 is Vpu specific.

MLN4924 increased the exposure of the CD4i epitope recog-
nized by A32 in a manner that paralleled its effects on the surface
expression of CD4, and this effect was seen both in the presence
and in the absence of nef (Fig. 4C to E). Interestingly, the cell
surface exposure of the epitope recognized by 2G12 was also in-
creased slightly by MLN4924, and this was also vpu dependent
(Fig. 4C to E). This result could be due to the virion retention
activity of CD4 (11), which, like the virion retention activity of
BST2, would presumably increase the amount of Env on the cell
surface. Notably, the lack of an effect of MLN4924 on the expres-
sion of the 2G12 epitope on the surfaces of the 293-CD4-
tetHIV�Nef cell line when induced to express virus (Fig. 3B) is
inconsistent with CD4-mediated virion retention. One potential
explanation for this inconsistency is the relatively low median
CD4 levels on cells of the 293-CD4 line relative to the primary T
lymphocytes, which might not support virion retention (data not
shown).

In summary, these data indicate that MLN4924 increases the
exposure of both CD4i and CD4-independent Env epitopes on the
surface of infected primary T lymphocytes, but these effects are
relatively modest compared to those of the genetic absence of vpu
and nef (Fig. 4B and D). When the data shown in Fig. 4E were
analyzed statistically (Table 1), MLN4924 significantly upregu-
lated CD4 and the Env epitope recognized by A32 in the case of
cells infected with wild-type or nef-negative viruses (i.e., in cells
expressing Vpu), but it had no effect on BST2; statistically signif-
icant upregulation of the Env epitope recognized by 2G12 was
detected only in the case of cells infected with virus lacking nef (see
shaded panels of Table 1, in which P is 
0.05).

MLN4924 does not sensitize cells to ADCC-mediated killing
in a Vpu-specific manner. The increased exposure of Env mole-
cules and Env epitopes on the surface of infected cells in the ab-
sence of Vpu and/or Nef renders such cells more susceptible to
killing by ADCC (5, 7–9). Having shown that MLN4924 inhibits
Vpu activity with respect to CD4 and consequently increases the
display of Env epitopes, we tested the hypothesis that it also in-
creases the susceptibility of infected cells to ADCC-mediated
clearance. For this, we used a previously reported system in which
infected CEM.NKR.luc cells are the targets for ADCC mediated by
an NK cell line (31). CEM.NKR.luc cells are a derivative of the
CD4-positive T cell leukemia line CEM, in which the cells were
selected for resistance to NK-mediated killing in the absence of
antibody and then engineered to express luciferase under the con-
trol of a Tat-inducible promoter. These cells express a quantifiable
amount of luciferase at baseline, but luciferase expression is mark-
edly increased with infection and Tat-mediated trans-activation
(31; data not shown). The cells were infected with either wild-type
HIV-1 or virus lacking vpu, or nef, or both vpu and nef.
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Before measuring ADCC, we determined whether the effects of
Vpu, Nef, and MLN4924 were similar in the CEM.NKR.luc cells
and in primary T lymphocytes. In the absence of MLN4924, the
four viruses displayed a hierarchy similar to that observed in pri-
mary T cells (Fig. 5A to C). Cells infected with virus lacking both
nef and vpu displayed the highest levels of surface CD4, BST2, and
Env as recognized by either A32 or HIV IgG. The lack of vpu
contributed to each of these increases, whereas the lack of nef
contributed primarily to increases in the levels of CD4 and the
CD4i epitope recognized by A32, with a relatively minor effect on
staining with HIV1-IgG (Fig. 5A to C). Notably, the lack of vpu
increased the cell surface expression of the Env epitope recognized
by A32 to an extent out of proportion to the increase in surface
CD4, a result consistent with a combined effect of virion retention
by BST2 together with triggering of epitope exposure by CD4.

MLN4924 increased the surface levels of CD4 in the context of
both wild-type virus and virus lacking nef, while the surface levels
of CD4 in the cells infected with virus lacking vpu or both vpu and
nef remained relatively unchanged (Fig. 5A and C). The surface
levels of BST2 were unaffected by MLN4924 (Fig. 5A and C).
These effects resemble the results obtained using primary T lym-
phocytes, and they confirm that the effects of MLN4924 are Vpu
specific and relatively CD4 specific.

MLN4924 increased the exposure of the CD4i Env epitope rec-
ognized by A32 in a manner that paralleled its ability to increase
the surface expression of CD4, although the effect of the drug was
not equivalent to the genetic absence of vpu (Fig. 5A and C). In
contrast, MLN4924 had little or no effect on the staining of cells
with HIV-1 IgG (Fig. 5A and C); these results are consistent with
the inability of MLN4924 to inhibit the downregulation of BST2.

When the data shown in Fig. 5C were analyzed statistically
(Table 2), MLN4924 significantly upregulated the Env epitope
recognized by A32 in the case of cells infected with wild-type or
nef-negative viruses (i.e., in cells expressing Vpu), but it had no
effect on BST2 or the recognition of the cells by HIV-1 IgG; sta-
tistically significant upregulation of CD4 was detected only in the
case of cells infected with virus lacking nef, although the results
from cells infected with the wild-type virus just missed formal
significance (P � 0.0554).

To measure ADCC, the killing of the infected CEM.NKR.luc
cells by cells of a CD16-positive NK line was determined by
measuring the luminescence generated after the cells in the
coculture were lysed and incubated with luciferase substrate;
this value decreases when the CEM.NKR.luc cells die. This
ADCC assay has been used previously to show the effect of Vpu
on ADCC using HIV-1 IgG as the antibody (8). First, we ex-
tended those results by analyzing our panel of four viruses and
testing A32 as well as HIV-1 IgG (Fig. 6). Preliminary experi-
ments confirmed that killing measured as a decrease in the
luciferase activity of these cocultures is dependent on the pres-
ence of HIV-specific antibody and the presence of NK cells
(data not shown). The dose-dependent killing of infected cells
by HIV IgG in the presence of NK cells is shown in Fig. 6A and
B. The fractional survival (luciferase signal) of uninfected cells
in the presence of NK cells was unaffected by increasing con-
centrations of HIV IgG, whereas infected cells were killed in a
manner directly related to the concentration of antibody (Fig.
5A). These results weigh against a substantial contribution of
killing due to nonspecific effects of either the antibody mixture
or the NK cells. Cells infected with virus lacking vpu and nef

FIG 4 MLN4924 inhibits Vpu-mediated downmodulation of CD4 and increases the surface expression of CD4-induced Env epitopes in primary CD4� T cells.
(A) Uninfected primary CD4� T cells were treated with either DMSO alone or 200 nM MLN4924 in DMSO for 12 h and then stained for surface CD4 or BST2
and analyzed by flow cytometry. (B and C) Primary CD4� T cells were infected with either wild-type HIV-1 or the indicated mutants. Four days later, the cells
were incubated with either DMSO alone or 200 nM MLN4924 in DMSO for 12 h and then stained for surface CD4, BST2, and Env with the indicated antibodies
and analyzed by flow cytometry, gating on the p24-positive cells. Black lines in the panels for A32 and 2G12 staining are the results for uninfected cells. Panel B
shows a subset of the data displayed in panel C selected to show the effects of Nef and Vpu in the absence of MLN4924. (D) Independent data from two additional
donors for CD4 and Env (detected by A32 and 2G12); the cells were infected either with wild-type HIV-1 or with the indicated mutants and treated or not with
MLN4924 as indicated. (E) For the three preceding independent donors, the mean fluorescence intensities for CD4, BST2, A32, and 2G12 were averaged and
normalized to �vpu in the absence of MLN4924, which was set to 100%. �, open bars indicate the absence of MLN4924; �, filled bars indicate treatment with
MLN4924. Error bars indicate �standard deviations.

TABLE 1 Statistical analysis of the effects of MLN4924 on the expression of cellular proteins and HIV-1 Env epitopes on the surface of primary
CD4-positive lymphocytes shown in Fig. 4a

Relevant HIV-1
genotype

Vehicle or
drug

CD4 BST2 A32 2G12

Mean
MFIb SD

P value
(paired t test)

Mean
MFI SD

P value
(paired t test)

Mean
MFI SD

P value
(paired t test)

Mean
MFI SD

P value
(paired t test)

WT DMSO 11,923 2,984 0.0192 23,042 9,309 0.5217 39,488 6,930 0.0006 51,206 10,434 0.1113
MLN4924 15,651 3,497 23,278 9,599 57,089 6,398 62,188 4,638

�vpu DMSO 26,416 6,373 0.1877 46,708 15,363 0.8772 92,843 19,919 0.0809 108,174 24,503 0.4601
MLN4924 28,848 7,056 46,334 15,745 100,332 16,186 110,983 23,294

�nef DMSO 21,335 7,144 0.0317 16,731 8,452 0.3856 44,254 10,217 0.0208 45,124 10,662 0.0045
MLN4924 30,927 4,169 18,887 5,176 70,000 4,684 63,773 10,035

�vpu �nef DMSO 43,679 4,884 0.3588 43,681 7,331 0.9999 121,922 15,981 0.8199 112,060 14,292 0.5004
MLN4924 47,057 5,361 43,681 4,525 120,099 15,125 116,627 4,888

a Shading indicates statistically significant upregulation by MLN4924 (P 
 0.05).
b MFI, mean fluorescence intensity.
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were killed most efficiently, whereas cells infected with wild-
type virus were killed least efficiently, and cells infected with
virus lacking either vpu or nef were killed with an intermediate
efficiency (Fig. 5A). This hierarchy of killing corresponded im-
perfectly with the hierarchy of staining with HIV-1 IgG (com-

pare Fig. 5A and C); the increased sensitivity to ADCC caused
by the lack of nef was similar to that caused by the lack of vpu,
whereas the cell surface staining with HIV IgG was much more
dramatically increased by the lack of vpu. Nonetheless, these
data confirmed that vpu and nef each contribute to the evasion

FIG 5 MLN4924 inhibits Vpu-mediated downmodulation of CD4 and increases the surface expression of a CD4-induced Env epitope in CEM.NKR.luc cells. (A)
CEM.NKR.luc cells were infected with wild-type or mutant HIV-1 as indicated. Four days later, the cells were incubated with either DMSO alone or 200 nM
MLN4924 for 12 h, and surface CD4, BST2, and Env expression was determined by flow cytometry, gating on p24-positive cells. (B) Subset of histograms from
panel A regrouped to show the effects of Nef and Vpu in the absence of MLN4924. (C) For two independent experiments, the results for one of which are shown
in panels A and B, the mean fluorescence intensities for CD4, BST2, A32, and HIV-IgG were averaged and normalized to �vpu�nef in the absence of MLN4924,
which was set to 100%. �, open bars indicate the absence of MLN4924; �, filled bars indicate treatment with MLN4924. Error bars indicate �average deviations.

TABLE 2 Statistical analysis of the effects of MLN4924 on the expression of cellular proteins and HIV-1 Env epitopes on the surface of CEM.NKR
lymphoid cells shown in Fig. 5a

Relevant HIV-1
genotype

Vehicle or
drug

CD4 BST2 A32 HIV1-IgG

Mean
MFIb SD

P value
(unpaired t test)

Mean
MFI SD

P value
(unpaired t test)

Mean
MFI SD

P value
(unpaired t test)

Mean
MFI SD

P value
(unpaired t
test)

WT DMSO 2,802 53.74 0.0554 3,692 813.9 0.9502 12,725 2,016 0.0216 39,208 10,969 0.8556
MLN4924 3,579 264.5 3,803 2,074 22,339 234.8 43,019 23,695

�vpu DMSO 4,885 322.4 0.8157 16,172 1,921 0.5925 56,572 6,706 0.4471 171,395 59,643 0.8214
MLN4924 5,090 1,042 14,364 3,569 66,812 13,897 150,231 100,162

�nef DMSO 4,150 415.1 0.0483 4,659 43.13 0.631 23,684 1,450 0.0069 60,375 17,814 0.8723
MLN4924 7,170 881.8 5,363 1,773 39,539 1,188 56,377 25,433

�vpu �nef DMSO 9,323 4,224 0.968 17,919 719.8 0.704 97,578 17,862 0.8424 251,589 95,845 0.381
MLN4924 9,489 3,017 18,969 3,311 100,5114,324 156,315 73,686

a Shading indicates statistical significance (P 
 0.05).
b MFI, mean fluorescence intensity.
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of ADCC mediated by a mixture of antibodies to HIV-1. The
data also confirmed that virus lacking both of these accessory
genes is rendered maximally sensitive to ADCC.

To test the effect of MLN4924 on ADCC, the infected
CEM.NKR.luc cells were incubated either with 200 nM
MLN4924 in DMSO or with DMSO alone for a total of 12 h, 4
h before and 8 h after the addition of antibodies and the NK
cells (Fig. 6B and C). Figure 6B shows results of a dose-response
experiment using HIV-1 Ig that is similar to that in Fig. 6A, but
in which the effect of MLN4924 is evaluated on the killing of
cells infected with either wild-type virus or, as a maximally
sensitive control, virus lacking both vpu and nef. MLN4924
modestly sensitized cells infected with the wild-type virus to
ADCC-mediated killing, but surprisingly it similarly sensitized
to killing cells infected with virus lacking vpu and nef (Fig. 6B).
This effect was not likely due to toxicity of the drug, since
MLN4924 did not cause a decrease in the survival of uninfected
cells (Fig. 6B and C). Since MLN4924 increased the surface
staining of infected cells by A32 much more than it did the
staining by HIV IgG (Fig. 5A and C), we tested this antibody at

a single concentration in comparison to HIV-1 IgG (Fig. 6C).
Again, MLN4924 had no adverse effect on the signal from un-
infected cells, which indicated a lack of toxicity of the drug as
used. At the single concentrations of antibodies tested and in
the absence of MLN4924, the killing of the infected cells again
correlated imperfectly with the surface exposure of epitopes
recognized by either A32 or HIV IgG. Specifically, cells infected
with virus lacking nef were more sensitized to ADCC using HIV
IgG than might have been expected based on the barely detect-
able increase in surface staining with this antibody mixture,
whereas they were less sensitized to ADCC using A32 than
might have been expected based on the relatively greater in-
crease in surface staining detected with this antibody. In con-
trast, the lack of vpu sensitized cells to ADCC mediated by
either A32 or HIV IgG, and these effects correlated directly
with the increased cell surface staining obtained using these
antibodies. Again, MLN4924 modestly enhanced the apparent
killing of all infected cells, regardless of whether the virus was
wild type, lacked vpu or nef, or lacked both vpu and nef (Fig.
6C). When the data shown in Fig. 6C were analyzed statistically

FIG 6 The absence of nef and/or vpu, or treatment with MLN4924, sensitizes infected cells to ADCC, but the effect of MLN is not specific to cells expressing Vpu.
(A and B) CEM.NKR.luc cells, which contain a luciferase indicator gene under the control of an HIV LTR, were either uninfected or infected for 4 days with the
indicated viruses and then mixed with cells of an NK line at a 10:1 effector/target (E/T) ratio in the presence of increasing concentrations of HIV IgG and
incubated for 8 h. The amount of viable cells was determined by luminescence and normalized to the signal of a no-IgG sample for each indicated condition,
which was set to 1. Fractional cell survival (y axis) is graphed versus the concentration of HIV-IgG (x axis) on a log-log plot. Trend lines were determined using
Excel. (A) Sensitivities of the various viruses; (B) effects of 200 nM MLN4924 (used as described below) on the sensitivity of uninfected cells and cells infected with
either wild-type virus or virus lacking vpu and nef. (C) CEM.NKR.luc cells, either uninfected or infected for 4 days with the indicated viruses, were preincubated
with 200 nM MLN4924 in DMSO or with DMSO alone for 4 h and then mixed with cells of an NK line at a 10:1 E/T ratio in the presence of 0.75 �g/ml HIV IgG
or 2.5 �g/ml A32 and incubated for 8 h either with 200 nM MLN in DMSO or with DMSO alone, in triplicate. The amount of viable cells was determined by
luminescence and normalized to the signal of a no-IgG sample for each indicated condition, which was set to 1 as described for panels A and B. Error bars
indicate �standard deviations of triplicates.
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(Table 3), MLN4924 significantly sensitized infected cells to
killing regardless of the genotype of the virus, whereas it had no
significant effect on uninfected cells. These results suggested
that despite its ability to specifically inhibit the Vpu-mediated
downregulation of CD4 and expose CD4i epitopes, MLN4924
appeared to enhance ADCC by a mechanism that was not spe-
cific to Vpu.

MLN4924 inhibits Vpu-mediated downmodulation of BST2
in interferon-treated cells. We considered that the minimal ef-
fects of NAE inhibition on the Vpu-mediated downregulation of
BST2 and consequently on the cell surface levels of Env and on
ADCC might be due to relatively low levels of basal BST2 expres-
sion. Under such conditions, ubiquitin-mediated degradation of
BST2 is potentially dispensable for Vpu’s activity; Vpu can medi-
ate surface downregulation of BST2 via endosomal trafficking (19,
47), and mutational analyses suggest that Vpu can displace BST2
from sites of virion assembly to stimulate virion release without
substantial BST2 downregulation (40, 48). To test the hypothesis
that NAE inhibition can upregulate BST2 and Env in cells infected
with the wild-type virus when BST2 expression is relatively high,
we treated CEM.NKR.luc cells with alpha interferon (here IFN),
infected the cells with wild-type or vpu-negative virus, and mea-
sured the surface levels of BST2 and Env as detected by the 2G12
antibody (Fig. 7 and Table 4). IFN upregulated BST2 on unin-
fected cells, and MLN4924 upregulated BST2 slightly further. In
IFN-treated and infected cells, BST2 was downregulated in a vpu-
dependent manner, but this downregulation was substantially and
significantly reversed by MLN4924 (Fig. 7B and Table 4). The
surface levels of BST2 on cells infected with wild-type virus and
treated with IFN and MLN4924 in most experiments were similar

to those of cells infected with vpu-negative virus in the absence of
IFN (Fig. 7A, dashed black line; Fig. 7B, averages). These data
support the hypothesis that ubiquitin- and Vpu-mediated cell
surface downregulation of BST2 is revealed by IFN treatment,
presumably due to the induction of high levels of BST2 expres-
sion. Surprisingly, MLN4924 increased surface BST2 substantially
and significantly in interferon-treated cells infected with vpu-neg-
ative virus (Fig. 7 and Table 4); these data, together with the data
from uninfected cells, suggest that in interferon-treated cells a
cullin-dependent mechanism might be involved in the turnover of
BST2. The MLN4924-induced increase in BST2 on the surface of
cells infected with wild-type virus was associated with only a mod-
est increase in cell surface Env detected by 2G12, and this did not
achieve statistical significance (Table 4). In contrast, in the ab-
sence of vpu, staining by 2G12 was markedly increased. Thus,
although published data indicate a strong positive correlation be-
tween ADCC, the levels of cell surface Env, and the levels of BST-2
based on the examination of cells infected with a subset of vpu
mutants (8), the data here suggest that cell surface Env is not
necessarily a direct correlate of BST2 levels.

Vpu W76 modulates the display of Env on infected cells. We
suspected that even when NAE inhibition together with IFN
treatment increases BST2 on the surface of infected cells, Vpu
can stimulate virion release via the displacement activity noted
above such that cell surface Env remains relatively low (40, 48).
The ability of Vpu to displace BST2 from sites of virion assem-
bly is independent of serines 52 and 56 and thus the �-TrCP
containing cullin1-based ubiquitin ligase complex, but it de-
pends on a C-terminal tryptophan (W76) in clade B virus (40).
We tested whether this residue was important for the display of

TABLE 3 Statistical analysis of the effect of MLN4924 on ADCC using either pooled HIV-1 IgG or the monoclonal antibody A32 on either
uninfected cells or cells infected with wild-type HIV-1 (clone NL4-3) or isogenic mutants containing deletions in vpu, nef, or vpu and nef a

Relevant HIV-1 genotype Antibody Vehicle or drug
Mean fractional
survival valueb 95% CIc SDc

P value
(unpaired t test)

None (uninfected) HIV IgG DMSO 0.756 0.4379, 1.074 0.128 0.1856
MLN4924 0.9095 0.6450, 1.174 0.1065

A32 DMSO 0.7757 0.5440, 1.007 0.09324 0.137
MLN4924 0.8841 0.7863, 0.9819 0.03938

WT HIV IgG DMSO 0.6339 0.5125, 0.7553 0.04888 0.0104
MLN4924 0.4409 0.3049, 0.5768 0.05472

A32 DMSO 0.8446 0.7377, 0.9516 0.04305 0.0227
MLN4924 0.753 0.7297, 0.7763 0.009379

�vpu HIV IgG DMSO 0.3287 0.3058, 0.3517 0.009248 0.0004
MLN4924 0.2239 0.1885, 0.2593 0.01426

A32 DMSO 0.5997 0.5609, 0.6386 0.01562 0.0022
MLN4924 0.5334 0.5200, 0.5468 0.005382

�nef HIV IgG DMSO 0.4635 0.3915, 0.5355 0.02899 0.0009
MLN4924 0.2757 0.2179, 0.3335 0.02327

A32 DMSO 0.8942 0.7783, 1.010 0.04666 0.0261
MLN4924 0.7383 0.5819, 0.8947 0.06295

�vpu �nef HIV IgG DMSO 0.2251 0.1705, 0.2796 0.02195 0.0057
MLN4924 0.1476 0.1188, 0.1763 0.01158

A32 DMSO 0.5942 0.5764, 0.6120 0.007178 0.0063
MLN4924 0.4884 0.4035, 0.5732 0.03415

a Shading indicates statistical significance (P 
 0.05).
b Mean fractional survival values are the same as those graphed in Fig. 6C.
c CI, confidence interval.
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Env in infected CEM.NKR cells (Fig. 8 and Table 5). Whether
the cells were treated or not with IFN and relative to cells ex-
pressing the wild-type protein, the W76G substitution in Vpu
increased the levels of surface Env detected by 2G12 at least as
much if not more than the S52/56N substitution, although not
all of these comparisons reached statistical significance (Table
5). These data are consistent with the previously described role
of Vpu W76 in virion release (40, 49). The data thus provide a
second reason, in addition to the inability of NAE inhibition to
mimic the phenotype of the Vpu 52/56N substitution as shown
in Fig. 1, why MLN4924 does not effectively increase surface
Env in the presence of Vpu.

DISCUSSION

Recent reports have revealed that the HIV-1 accessory proteins
Vpu and Nef provide evasion of ADCC by at least two mecha-
nisms, one related to the downregulation of CD4 and the other
related to the downregulation of BST2 (5, 7–9). The downregu-
lation of CD4 prevents the surface exposure of CD4i epitopes
in Env that are particularly good targets for ADCC (5–7). The
downregulation of BST2 prevents the entrapment of Env-con-
taining virions on the cell surface, which also increases the
available targets for ADCC (5, 8, 9). These findings invigorated
us to consider approaches to the pharmacologic inhibition of
these accessory proteins, toward the goal of rendering infected
cells more effectively killed by ADCC. Such pharmacologically
enhanced immune surveillance could become a key adjunct in
HIV eradication strategies. Many of these strategies are vari-
ants of the “shock and kill” model, in which latent infection is
reversed in cells harboring transcriptionally inactive provirus,
and these cells, once producing viral proteins, are recognized
and killed by host immune surveillance mechanisms (50, 51).
ADCC is an immune surveillance mechanism that could be
enhanced by inhibiting Vpu and/or Nef. Currently, no small-
molecule drugs are available to directly inhibit these accessory

proteins, but we hypothesized that a key cellular cofactor of
Vpu, the �-TrCP/cullin1 E3 ubiquitin ligase complex, would
be inhibited by the NAE inhibitor MLN4924. This small mol-
ecule, which blocks the neddylation of cullin1 required for E3
ubiquitin ligase activity, has advanced to clinical trials for var-
ious cancers (24). Here we show that NAE inhibition inhibits
Vpu’s ability to modulate CD4 and BST2. The inhibition of
CD4 downregulation occurs under basal conditions, whereas
the inhibition of BST2 downregulation is apparent in IFN-
treated cells, in which the expression of BST2 is induced above
basal levels. Although NAE inhibition substantially reverses the
downregulation of CD4 in infected cells and triggers increased
exposure of CD4i epitopes in Env on the cell surface, this was
insufficient to yield increased susceptibility to ADCC under the
conditions tested. Moreover, even in IFN-treated cells, in
which NAE inhibition partially reverses the downregulation of
BST2 by Vpu, the levels of cell surface Env were not increased
substantially. Thus, the data suggest that inhibiting only Vpu’s
ability to stimulate ubiquitin-mediated degradation of its tar-
gets is insufficient to sensitize infected cells to ADCC.

We used HeLa, HEK293, and a CD4-positive T cell line as well
as primary cultures of CD4-positive T lymphocytes in an attempt
to dissect the multifaceted mechanism by which Vpu contributes
to the evasion of ADCC. The observation that pharmacologic
NAE inhibition impaired only the downregulation of CD4 by Vpu
in HeLa cells was supported by experiments in which a dominant
negative mutant of cullin1 was expressed; the downregulation of
CD4 was again substantially inhibited, whereas the downregula-
tion of BST2 was unaffected. How can these results be reconciled
with the putative role of the Vpu-�-TrCP interaction in the down-
regulation of BST2 reported by us and others (15, 16, 52)? This
role was supported primarily by two lines of evidence: (i) the mu-
tation of serines in Vpu that when phosphorylated mediate bind-
ing to �-TrCP impairs the downregulation of surface BST2 as well

FIG 7 MLN4924 upregulates BST2 in interferon-treated cells expressing wild-type virus but minimally upregulates surface Env as measured by 2G12. (A)
CEM.NKR.luc cells were infected with wild-type or vpu-negative (�Vpu) HIV-1 as indicated. Three days later, the cells were treated or not with 30 ng/ml IFN-�,
MLN4924, or both and then stained and analyzed the next day for surface BST2 and Env (using antibody 2G12), gating on p24-positive cells. The black dashed
lines in the “wild-type” panels are the curves for �Vpu in the absence of both interferon and MLN4924 for comparison. (B) For three independent experiments,
the results for one of which are shown in panel A, the mean fluorescence intensities for BST2 and 2G12 were averaged and normalized to �vpu in the absence of
interferon or MLN4924, which was set to 100%. �, open bars indicate the absence of MLN4924; �, filled bars indicate treatment with MLN4924. Error bars
indicate �standard deviations.

TABLE 4 Statistical analysis of the effects of MLN4924 on cell surface BST2 and Env recognized by 2G12 in interferon-treated or -untreated
CEM.NKR cells shown in Fig. 7a

Relevant HIV-1
genotype IFN treated? Vehicle or drug

BST2 2G12

Mean MFIb SD
P value
(paired t test) Mean MFI SD

P value
(paired t test)

WT No DMSO 1,850 434.3 0.0414 22,318 4,950 0.1194
MLN4924 2,774 660.3 34,276 11,934

Yes DMSO 3,815 541.4 0.0061 31,196 5,637 0.0997
MLN4924 7,737 893.8 51,870 17,376

�vpu No DMSO 7,878 1,269 0.8055 144,173 35,805 0.3368
MLN4924 7,815 1,165 156,457 52,423

Yes DMSO 17,806 1,592 0.0003 165,668 48,344 0.0336
MLN4924 24,117 1,491 201,050 56,309

a Shading indicates statistical significance (P 
 0.05).
b MFI, mean fluorescence intensity.
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as the degradation of total cellular BST2; and (ii) expression of a
dominant negative mutant of �-TrCP that can bind Vpu but can-
not participate in the cullin1 complex also impairs the downregu-
lation of BST2. In contrast, suppression of the expression of
�-TrCP (specifically, isoform 2) by RNA interference did not
block Vpu-mediated downregulation of BST2 from the cell sur-
face, although it did inhibit the degradation of total cellular BST2
(18). These and other lines of evidence (43), including the exper-
iments here in which NAE inhibition had little or no effect on
BST2 downregulation, lead to the hypothesis that Vpu can influ-
ence the trafficking of BST2 within the endosomal system in a
manner independent of the �-TrCP/cullin1 E3 ubiquitin ligase
complex. Since the key phosphoserines noted above are in close
proximity to a recently well-characterized clathrin adaptor pro-
tein (AP) binding motif in Vpu (19, 53), one possibility is that, at
least under conditions of relatively low BST2 expression, AP-me-
diated protein sorting within the endosomal system is sufficient

for the downregulation of BST2, while the interaction with the
�-TrCP/cullin1 E3 ubiquitin ligase complex is dispensable. This
possibility has been further supported by the recent finding that
the phosphoserines have a dual role in binding to clathrin adap-
tors in addition to the �-TrCP/cullin1 E3 ubiquitin ligase complex
(44). Nonetheless, BST2 is an interferon-inducible protein, and
the data here indicate that treatment of cells of a CD4-positive T
lymphocyte line with IFN yields a condition in which the down-
regulation of surface BST2 by Vpu is indeed sensitive to NAE
inhibition. This sensitivity is presumably due to the induction
of BST2 expression to levels that require �-TrCP/cullin1-me-
diated degradation for fully effective surface downregulation.
Notably, a recent study describing the cullin1 independence of
Vpu-mediated downregulation of BST2 in primary cultures of
T cells did not evaluate IFN-mediated induction of expression,
as done here (42).

Remarkably, even in IFN-treated cells in which NAE inhibition

FIG 8 W76 in Vpu contributes to the modulation Env in infected T cells. CEM.NKR.luc cells were infected with wild-type, vpu-negative, or the indicated vpu
mutant viruses as indicated. Three days later, the cells were treated or not with 30 ng/ml IFN-�, MLN4924, or both and then stained and analyzed the next day
for surface Env (using antibody 2G12), gating on p24-positive cells. (B) For two independent experiments, the results for one of which are shown in panel A, the
mean fluorescence intensities for 2G12 were averaged and normalized to �vpu in the absence of interferon or MLN4924, which was set to 100%. �, open bars
indicate the absence of MLN4924; �, filled bars indicate treatment with MLN4924. Error bars indicate �standard deviations.
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partly reversed the downregulation of BST2 by Vpu, the surface
levels of Env as measured by the antibody 2G12, which detects a
CD4-independent glycan epitope on gp120 (54), were increased
only slightly and remained much lower than the levels of Env
associated with the genetic absence of vpu. The reason for this is
not fully clear, but we suspect that it relates to the ability of Vpu to
stimulate virion release by displacing BST2 from sites of virion
assembly within the plane of the plasma membrane (40, 48). This
activity is seemingly independent of BST2 downregulation, and it
depends on C-terminal sequences in Vpu that are distinct from
those required for the interaction of Vpu with the �-TrCP/cullin1
E3 ubiquitin ligase complex, in particular W76 in clade B Vpu
(40). Indeed, we show here that W76 contributes substantially to
the ability of Vpu to decrease the surface levels of Env. Thus, even
when BST2 levels are partially restored by NAE inhibition, this
cullin1-independent activity of Vpu presumably stimulates re-
lease such that virions are not effectively entrapped by BST2 and
cell surface Env is minimally increased. In other words, while cell
surface Env may yet be a direct correlate of the degree of restricted
virion release, it is not a simple and direct correlate of BST2 sur-
face levels.

Although several seminal studies have made a strong case for
Vpu in the evasion of ADCC (5, 7–9), the data regarding Nef are
somewhat less clear. Two studies support a role of Nef via CD4
downregulation (5, 7), which as noted above prevents the expo-
sure of CD4i epitopes in Env. For reasons yet unclear, such CD4i
epitopes appear to be especially good targets for ADCC (6). How-
ever, another study that focused on Vpu showed no effect of sup-
pressing the expression of CD4 by RNA interference on the sus-
ceptibility of cells to ADCC (8). The data here confirm a complex
interplay between the downregulation of CD4 by Vpu and Nef
together with the downregulation of BST2 by Vpu. This interplay
appears to allow both accessory proteins to influence the exposure
of multiple distinct epitopes in Env on the cell surface. The con-
tribution of Nef and Vpu to the exposure of CD4i epitopes shown
here is consistent with previously reported data and the ability of
these proteins to independently downregulate CD4 (5, 7). Also

consistent with previously reported data is the contribution of
Vpu to the exposure of CD4-independent epitopes (5, 8, 9), which
as discussed above is likely a consequence of Vpu’s ability to stim-
ulate virion release, preventing virion entrapment by BST2 on the
cell surface. The data here further confirm that the high levels of
the CD4i epitope recognized by A32 on the surface of cells infected
with vpu-negative virus is due to the combined effect of virion
retention by BST2 together with triggering of epitope exposure by
CD4.

The net effect of these various influences on the display of Env
epitopes at the cell surface to the efficiency of ADCC is probably
best assessed here by considering the experiments using patient-
derived HIV-1 IgG, which presumably contains a mixture of an-
tibodies recognizing multiple epitopes. In the experiments using
the CEM.NKR.luc cells, the lack of nef caused a very minor in-
crease in surface staining with HIV-1 IgG, whereas the lack of vpu
caused a striking increase. Nonetheless, nef and vpu each contrib-
uted to the evasion of ADCC mediated by HIV-1 IgG, suggesting
that the modulation of both CD4 and BST2 are components of the
approach evolved by the virus to evade this host defense.

The lack of a Vpu-specific effect of NAE inhibition on ADCC
was, as discussed above, potentially due to the dispensability of the
�-TrCP/cullin 1 E3 ubiquitin ligase complex for Vpu-mediated
stimulation of virion release. Nonetheless, NAE inhibition mod-
estly upregulated the expression of the Env epitope recognized by
A32 on the surface of the CEM.NKR.luc cells used as targets in the
ADCC assay in a Vpu-dependent manner, and this was detectable
in cells infected with either wild-type or nef-negative virus. Why
this did not translate into enhancement of ADCC mediated by
A32 is not clear, but the degree of upregulation of the epitope
might simply have been insufficient to yield an effect in the ADCC
assay. Increased sensitivity to ADCC might be manifest only with
the much higher levels of epitope exposure that are associated with
the genetic absence of vpu and the consequent virion retention by
BST2. On the other hand, whether higher concentrations of A32,
the use of other antibodies with better ADCC activity, or the use of
more potent NAE inhibitors could yield sensitization to ADCC

TABLE 5 Statistical analysis of the effect of Vpu amino acid substitutions W76G and S52/56N on cell surface Env recognized by 2G12 in CEM.NKR
cells as shown in Fig. 8a

Vpu amino acid
substitution IFN treated? Vehicle or drug

2G12 P value (unpaired t test)

% surface level compared
to vpu-negative mutant
� DMSO, non-IFN
treated SD Versus W76G Versus S52/56N

None (WT) No DMSO 17.04 1.71 0.0798 0.0848
MLN4924 23.7 3.513 0.0843 0.0412

Yes DMSO 22.97 2.629 0.0064 0.0156
MLN4924 34.71 4.844 0.0362 0.1035

W76G No DMSO 43.2 10.99 0.2735
MLN4924 54.82 13.2 0.2344

Yes DMSO 66.39 4.192 0.0336
MLN4924 82.61 12.34 0.1373

S52/56N No DMSO 30.19 5.528
MLN4924 38.77 2.754

Yes DMSO 46.42 3.257
MLN4924 56.13 9.412

a Shading indicates statistical significance (P 
 0.05).
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mediated by antibodies recognizing CD4i epitopes remains an
open question. The potential for this strategy to work as envi-
sioned is supported by the ability of CD4 mimetics to effectively
sensitize infected cells to ADCC (55).

Finally, the small but consistent sensitization to ADCC in-
duced by MLN4924 that occurred in the case of all viral genotypes
tested remains unexplained. We note that Vpr is another viral
accessory protein that acts by coopting a cullin-based E3 ligase
complex and presumably would be inhibited by MLN4924 (28).
Moreover, Vpr has been associated with evasion of NK-mediated
killing, although not specifically with evasion of ADCC (56). The
possibility that the apparently nonspecific effects of NAE inhibi-
tion in the ADCC assay are due to inhibition of Vpr remains to be
tested. Alternatively, the broad activity of MLN4924 as an inhibi-
tor of all cullin-based ubiquitin ligases could enhance a cryptic
cellular process required for ADCC.

In summary, we evaluated the ability of the NAE inhibitor
MLN4924 to inhibit Vpu activity and sensitize infected cells to
ADCC. This drug inhibited the downregulation of CD4 by Vpu,
but it substantially inhibited the downregulation of BST2 by Vpu
only in IFN-treated cells. Although the inhibition of Vpu-medi-
ated downregulation of CD4 by MLN4924 was sufficient to in-
crease the exposure of CD4i epitopes in Env at the cell surface, this
alone was insufficient to sensitize infected cells to ADCC under
the conditions tested. We suspect that more-potent inhibitors of
Vpu-mediated counteraction of BST2-mediated restriction will
be necessary to enhance the killing of infected cells by this immune
surveillance mechanism.
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