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ABSTRACT The HIV-1 accessory protein Nef downregulates the cell surface expres-
sion of major histocompatibility complex class I (MHC-I) molecules to facilitate virus
spreading. The Nef-induced downregulation of MHC-I molecules such as HLA-A re-
quires the clathrin adaptor protein 1 (AP-1) complex. The cooperative interaction of
Nef, AP-1, and the cytosolic tail (CT) of HLA-A leads to a redirection of HLA-A target-
ing from the trans-Golgi network (TGN) to lysosomes for degradation. Although the
�-adaptin subunit of AP-1 has two distinct isoforms (�1 and �2), which may form
two AP-1 complex variants, so far, only the importance of AP-1�1 in MHC-I down-
regulation by Nef has been investigated. Here, we report that the AP-1�2 isoform
also participates in this process. We found that AP-1�2 forms a complex with Nef
and HLA-A2_CT and that this interaction depends on the Y320 residue in HLA-A2_CT
and Nef expression. Moreover, Nef targets AP-1�1 and AP-1�2 to different compart-
ments in T cells, and the depletion of either AP-1 variant impairs the Nef-mediated
reduction of total endogenous HLA-A levels and rescues HLA-A levels on the cell
surface. Finally, immunofluorescence and immunoelectron microscopy analyses
reveal that the depletion of �2 in T cells compromises both the Nef-mediated re-
tention of HLA-A molecules in the TGN and targeting to multivesicular bodies/
late endosomes. Altogether, these results show that in addition to AP-1�1, Nef
also requires the AP-1�2 variant for efficient MHC-I downregulation.

IMPORTANCE HIV-1 Nef mediates evasion of the host immune system by inhibiting
MHC-I surface presentation of viral antigens. To achieve this goal, Nef modifies the
intracellular trafficking of MHC-I molecules in several ways. Despite being the subject
of intense study, the molecular details underlying these modifications are not yet
fully understood. Adaptor protein 1 (AP-1) plays an essential role in the Nef-
mediated downregulation of MHC-I molecules such as HLA-A in different cell types.
However, AP-1 has two functionally distinct variants composed of either �1 or �2
subunit isoforms. Because previous studies on the role of AP-1 in MHC-I downregu-
lation by Nef focused on AP-1�1, an important open question is the participation of
AP-1�2 in this process. Here, we show that AP-1�2 is also essential for Nef-mediated
depletion of surface HLA-A molecules in T cells. Our results indicate that Nef hijacks
AP-1�2 to modify HLA-A intracellular transport, redirecting these proteins to lyso-
somes for degradation.
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HIV-1 promotes several changes in the physiology of the host cell in order to
promote virus survival and increased replication. The rapid progression of HIV-1

infection in humans and animal models is closely linked to the viral accessory protein
Nef (1). Nef facilitates viral particle release, prevents viral antigen presentation, and
increases the infectivity of HIV-1 progeny by altering the intracellular trafficking of host
transmembrane proteins (2). Specifically, Nef downregulates the surface expression of
major histocompatibility complex class I (MHC-I) molecules (3), the CD4 receptor (4),
and the host antiretroviral proteins serine incorporator 3 (SERINC3) and SERINC5
(SERINC3/5) (5, 6), frequently targeting these proteins for lysosomal degradation.
Nef-mediated downregulation of MHC-I prevents the recognition and lysis of HIV-
infected cells by CD8� cytotoxic T lymphocytes (CTLs) (7), thereby promoting host
immune evasion and viral spread (8). Interestingly, these effects of Nef are restricted to
MHC-I allotypes HLA-A and HLA-B, not affecting the surface levels of HLA-C and HLA-E.
Besides avoiding CTL recognition, this selectivity is thought to preclude the recognition
of infected cells by natural killer cells, which target cells expressing low levels of MHC-I
(8, 9). The differential sensitivity of HLA molecules to Nef was ascribed to a tyrosine-
based (YSQAASS) sequence present in the cytosolic tail (CT) of HLA-A and HLA-B
allotypes, which is absent in HLA-C and HLA-E (10).

After loading of a cytosolic peptide in the lumen of the endoplasmic reticulum (ER),
mature MHC-I molecules are transported through the secretory pathway and reach the
plasma membrane (PM) to present the peptide ligand (11). Adaptor protein 1 (AP-1), a
clathrin adaptor complex involved in protein transport between the trans-Golgi net-
work (TGN) and endosomes, is crucial for Nef downregulation of HLA-A (12–15). In
HIV-1-infected T cells, Nef cooperatively binds to AP-1 and to the CT of HLA-A
(HLA-A_CT) (16–19), inducing conformational changes in AP-1 that promote clathrin-
coated vesicle (CCV) biogenesis and cargo loading (20, 21). These events are thought
to redirect MHC-I molecules to endosomes and subsequently to multivesicular bodies
(MVBs) and lysosomes to be degraded (12, 15).

AP-1, a complex of four distinct subunits (�, �1, �1, and �1), is one of the most
studied Nef binding partners. Different isoforms of AP-1 subunits have been described,
including two � (�1 and �2), two �1 (�1A and �1B), and three �1 (�1A, �1B, and �1C)
isoforms (22). Several studies using RNA interference demonstrated that the expression
of both �1A and �1 subunits is required for the downregulation of MHC-I by Nef
(12–15, 23). Interestingly, there is growing evidence that some of these isoforms may
combine to form functionally distinct AP-1 complexes (24–28). Indeed, we have
previously demonstrated that a functional variant of AP-1 that contains �2 (AP-1�2),
but not the AP-1�1 complex, is required for efficient downregulation of CD4 by Nef (26).
Here, we show that �2 is present in an AP-1:Nef:HLA-A2_CT tripartite complex and
participates in cell surface downregulation and lysosomal targeting of HLA-A molecules
mediated by Nef in T cells. A nonredundant role for AP-1�1 and AP-1�2 complexes in
the cellular depletion of MHC-I molecules induced by Nef is discussed.

RESULTS
�2-Adaptin forms a tripartite complex with Nef and the HLA-A2 cytosolic tail

similarly to �1-adaptin. Downregulation of HLA-A2 by Nef requires the formation of
a Nef:HLA-A2:AP-1 tripartite complex, including the �1 subunit of AP-1 (16–19). To test
whether �2 can also participate in a similar tripartite complex, we used a glutathione
S-transferase (GST)-HLA-A2_CT-Nef chimeric fusion protein as bait to capture �2 from
the cell lysate in a GST pulldown assay. HLA-A2_CT-Nef was indeed able to capture �2
as well as another AP-1 subunit, �1A (Fig. 1). The interactions were specific because
HLA-A2_CT-Nef failed to capture the � subunit of AP-4, which was previously shown not
to interact with Nef (29). Importantly, the interaction with either �2 or �1 was abolished
when the Y320 residue within the HLA-A2_CT, essential for Nef:HLA-A2_CT:AP-1 com-
plex stabilization (16–19), was mutated (Fig. 1), indicating that Nef and HLA-A2_CT
interact with AP-1�2 through the same region used to bind to AP-1�1.
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AP-1�2 is involved in Nef-induced HLA-A downregulation and subcellular
redistribution. The fact that AP-1�2 may form a tripartite complex with Nef and
HLA-A2 prompted us to test whether this AP-1 variant is involved in the Nef-mediated
downregulation of endogenous HLA-A in T cells. To address this question, we trans-
duced A3.01 T cells, which endogenously express HLA-A1 and HLA-A31 allotypes, with
a retrovirus to express either green fluorescent protein (GFP) alone or GFP and Nef
(GFP/Nef) and selected a pool of GFP-expressing cells using a cell sorter. These results
showed a partial (�1.9-fold) but significant reduction in the surface levels of endog-
enous HLA-A molecules in cells expressing Nef (Fig. 2A) (30). To test whether the
intensity of HLA-A surface downregulation observed in our system is relevant in the
context of infection, we infected Rev-CEM GFP T cells with wild-type (WT) and Nef-
defective (ΔNef) HIV-1 NL4-3. These cells express GFP driven by the HIV-1 long terminal
repeat (LTR) and, like A3.01 cells, endogenously express HLA-A1 and HLA-A31 allotypes.
The results showed that surface levels of endogenous HLA-A in cells infected with the
WT virus were �1.5-fold lower than those in cells infected with Nef-deleted virus (Fig.
2B). This effect is comparable to that of Nef expression alone in A3.01 T cells (Fig. 2A).

FIG 1 AP-1�2 interacts with HLA-A2_CT-Nef through the noncanonical tyrosine motif of HLA-A2_CT.
Immunoblots for AP-1�2, AP-1�1, AP-1�1A, and AP-4� indicate that the AP-1 subunits �2, �1, and �1A
interact with a chimera of Nef and the cytosolic tail of HLA [GST-HLA-A2_CT(WT)-Nef] and that this
interaction is inhibited by a point mutation in the Tyr320 residue of HLA-A2 [GST-HLA-A2_CT(Y320A)-
Nef]. AP-4� was used as a negative control for the interaction. GST-HLA-A2_CT(WT)-Nef and GST-HLA-
A2_CT(Y320A)-Nef were produced in E. coli, immobilized onto glutathione beads, and incubated with
cleared HeLa cell lysates. One percent of the total protein lysate incubated with the beads was used as
the input. As a loading control, the nitrocellulose membrane was stained with Ponceau S (bottom).
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FIG 2 AP-1�2 and AP-1�1 are required for efficient Nef-mediated depletion of surface and total levels of HLA-A in T cells.
(A) A3.01 GFP T cells or A3.01 Nef/GFP T cells were surface labeled with anti-HLA-A antibody and analyzed by FACS analysis.
The bar graph represents the fold downmodulation of HLA-A levels in Nef cells, which was calculated by dividing the mean
fluorescence intensity (MFI) of HLA-A in A3.01 GFP by the MFI of HLA-A in A3.01 Nef/GFP cells. The data represent the
means � SEM (n � 3). (B) Rev-CEM GFP reporter cells were infected with HIV-1 NL4-3 WT or HIV NL4-3 ΔNef, cultured,
processed, and analyzed by FACS analysis to verify the surface expression of HLA-A in GFP-expressing cells. The bar graph
represents the fold downmodulation of HLA-A levels in cells infected with HIV-1 WT. Fold downmodulation was calculated
by dividing the MFI of HLA-A in cells infected with HIV-1 ΔNef by the MFI of HLA-A in cells infected with HIV-1 WT. The
data represent the mean � SEM (n � 3). (C) A3.01 GFP T cells or A3.01 Nef/GFP T cells were transduced with lentivirus
to express control shRNA or shRNA against AP-1�1 or AP-1�2, and after 120 h, cell surface HLA-A levels were analyzed
by FACS analysis. (D) Bar graph representing the fold downmodulation of HLA-A levels under each condition. Fold
downmodulation was calculated as described above for panel A. The data represent the means � SEM (n � 3). **, P �
0.005; ****, P � 0.0005 (two-tailed paired t test); ns, not significant. (E) Cells were treated as described above for panel
C but this time incubated for either 96 h or 120 h after shRNA transduction, as indicated. Cell lysates were subjected
to SDS-PAGE and immunoblotting against HLA-A, Nef, AP-1�1, AP-1�2, and �-actin. (F) HLA-A, Nef, AP-1�1, and
AP-1�2 signal intensities under each condition in panel E were determined using Image Lab software (Bio-Rad) and
are expressed as a percentage of each protein signal from A3.01 GFP T cells infected with the shRNA control. The data
represent the means � SEM (n � 3). *, P � 0.05; **, P � 0.005; ***, P � 0.0005; ns, not significant (one-way analysis of
variance [ANOVA] with Bonferroni corrections).
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Next, we used short hairpin RNA (shRNA) to deplete AP-1�2 or AP-1�1 levels in
either A3.01 Nef/GFP or A3.01 GFP cells. As expected, under control conditions (control
shRNA), Nef decreased the surface level of HLA-A (Fig. 2C and D), a process that requires
AP-1�1 (14, 15) (Fig. 2C and D), and similarly, AP-1�2 depletion reduced this effect (Fig.
2C and D). Although at the time of the experiment, a fraction of the cells in the pool
(�50%) lost Nef/GFP expression, a significant reduction in total levels of HLA-A was
detected in total lysates of Nef cells (Fig. 2E and F). This effect was compromised by
AP-1�2 knockdown (KD) (as well as by �1 knockdown) (Fig. 2E and F).

The depletion of the AP-1�1A subunit of AP-1, known to be present in both AP-1�1-
and AP-1�2-containing variants of AP-1 (29), led to the codepletion of AP-1�1 and
AP-1�2, as previously observed (26). This treatment resulted in the full recovery of
HLA-A surface levels in cells expressing Nef (Fig. 3A and B), similarly to the individual
depletion of AP-1�1 or AP-1�2 (Fig. 2B and C). In contrast, knockdown of AP-1�1A did
not fully revert the reduction in the total levels of HLA-A induced by Nef (Fig. 3C and
D), as observed for the isolated depletion of AP-1�1 or AP-1�2 (Fig. 2E and F). Together,
these results indicate that the effect of AP-1�1 and AP-1�2 KD is not additive in
inhibiting Nef-mediated depletion.

HLA-A downregulation from the cell surface correlates with a redistribution to
cytoplasmic vesicular structures (Fig. 4A, B, E, and F), where HLA-A partially colocalizes
with either AP-1�1 (Fig. 4B and C and Table 1) or AP-1�2 (Fig. 4F and G and Table 1).
Knockdown of AP-1�1 leads to the recovery of HLA-A labeling at the cell surface

FIG 3 AP-1�1A is required for efficient Nef-mediated depletion of surface and total levels of HLA-A. (A and B) A3.01
GFP T cells or A3.01 Nef/GFP T cells were transduced with lentivirus to express control shRNA or shRNA against
AP-1�1A, and after 120 h, cell surface HLA-A levels were analyzed by FACS analysis. (B) Bar graphs representing the
fold downmodulation of HLA-A levels under each condition. Fold downmodulation was calculated by dividing the
MFI of HLA-A in A3.01 GFP cells by the MFI of HLA-A in A3.01 Nef/GFP cells. The data represent the means � SEM
(n � 3). ***, P � 0.0005 (two-tailed paired t test). (C) Cells were treated as described above for panels A and B, and
cell lysates were subjected to SDS-PAGE and immunoblotting against HLA-A, Nef, AP-1�1, AP-1�2, AP-1�1A, and
�-actin. (D) HLA-A, Nef, AP-1�1, AP-1�2, and AP-1�1A signal intensities under each condition in panel C were
determined using Image Lab software (Bio-Rad) and are expressed as a percentage of each protein signal from
A3.01 GFP T cells infected with control shRNA. The data represent the means � SEM (n � 3). *, P � 0.05; ***,
P � 0.0005; ns, not significant (one-way ANOVA with Bonferroni corrections).
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(Fig. 4D), as does AP-1�2 knockdown (Fig. 4H). Taken together, these results suggest
that the expression of both �-adaptin isoforms is required for efficient HLA-A down-
regulation by Nef.

AP-1�2 is involved in the efficient targeting of HLA-A to MVBs in T cells by Nef.
Previous work showed that Nef requires �1 and �1A subunits to perturb the transport
of newly synthesized HLA-A molecules to the PM, leading to TGN retention and
targeting to MVBs/lysosomes for degradation (12–15). The requirement for AP-1�2 in

FIG 4 Depletion of either AP-1�1 or AP-1�2 compromises Nef-induced redistribution of HLA-A in T cells. (A and B) A3.01
GFP T cells (A) and A3.01 Nef/GFP T cells (B) were transduced with lentivirus encoding control shRNA, and after 120 h, cells
were fixed, permeabilized, and stained for HLA-A (red channel) and AP-1�1 (green channel). (C) Bar graph showing the
mean Manders’ colocalization coefficients of the HLA-A signal overlapping the AP-1�1 signal � SEM (n � 6). ***,
P � 0.0005; n.s., not significant (two-tailed paired t test). (D) A3.01 Nef/GFP T cells expressing shRNA for AP-1�1 for 120
h were subjected to immunofluorescence as described above for panels A and B. (E and F) Cells were treated as described
above for panels A and B, fixed, permeabilized, and stained with an antibody that recognizes HLA-A, -B, and -C (red
channel) and AP-1�2 (green channel). (G) Bar graph showing the mean Manders’ colocalization coefficients of the
HLA-A/B/C signal overlapping the AP-1�2 signal � SEM (n � 6). ***, P � 0.0005 (two-tailed paired t test). (H) A3.01 Nef/GFP
T cells expressing shRNA for AP-1�2 for 120 h were subjected to immunofluorescence as described above for panels E and
F. Bars, 7 �m.
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Nef-mediated cell surface depletion of HLA-A by Nef (Fig. 2) prompted us to test the
involvement of AP-1�2 in the subcellular redistribution of HLA-A by Nef. Indeed, the
reduction in cell surface staining of HLA-A in T cells induced by Nef was accompanied
by a strong accumulation of HLA-A in the juxtanuclear region. Under these conditions,
HLA-A staining overlapped that of TGN46, a widely used marker for the trans-Golgi
network (31) (Fig. 5A, B, and E and Table 1). Importantly, Nef-induced colocalization of
HLA-A with TGN46 was clearly diminished upon the depletion of either AP-1�1 or
AP-1�2 (Fig. 5C to E), indicating that the expression of both complexes is required for
efficient intracellular retention of HLA-A in the TGN. Additionally, immunoelectron
microscopy (immuno-EM) analysis of T cells expressing Nef revealed that AP-1�2
knockdown decreases HLA-A detection in MVBs/late endosomes (LE) and increases
HLA-A staining on the cell surface (Fig. 6A to C). Thus, the lack of AP-1�2 antagonized
the effect of Nef, which targeted HLA-A to MVBs and lysosomes for degradation (Fig. 6A
to C) (12, 15). This indicates that HLA-A targeting to the endolysosomal degradation
pathway by Nef requires a variant of AP-1 that contains the �2 subunit isoform.

AP-1�1 and AP-1�2 are recruited to partially distinct membrane structures
upon Nef expression in T cells. In the above-described experiments, the staining
of AP-1�1 in A3.01 T cells was mostly concentrated at the juxtanuclear region, while
AP-1�2 staining was also abundant in peripheral structures (Fig. 4). Colabeling of
AP-1�1 and AP-1�2 confirmed that these proteins display a partially distinct pattern of
distribution in A3.01 GFP and A3.01 Nef/GFP T cells (Fig. 7A to C). To gain further
insights into the partitioning of AP-1�1 and AP-1�2 within the endomembrane system
and their behavior upon Nef expression, we performed subcellular fractionation of
postnuclear supernatants of GFP and GFP/Nef A3.01 T cells by sedimentation on
glycerol gradients (Fig. 7D and E). In GFP cells, HLA-A was found at the bottom of the
gradient in fractions corresponding to the plasma membrane (fractions 11 and 12) and
also in intermediate fractions enriched with the endosomal markers early endosome
antigen 1 (EEA1) and hepatocyte-responsive serum phosphoprotein (HRS) (fractions 6
and 7). Also, in GFP cells, AP-1�2 was found at the top and middle of the gradient
(fractions 2 to 7), in fractions corresponding to the cytosol (fraction 2, GFP),
the TGN (fractions 4 to 6, TGN46), and endosomes (fractions 6 to 8, EEA1 and HRS). The
distribution of AP-1�1 was similar to that of AP-1�2, with the exception that AP-1�1
was also detected in bottom fractions enriched with the recycling endosome marker
transferrin receptor (TfR) (Fig. 7D). In Nef-expressing cells, HLA-A shifted from the

TABLE 1 Manders’ colocalization coefficients determined in this studya

Proteins

Mean Manders’ coefficient � SEM (no. of cells)

tM1 tM2

HA-HLA-A2 and TGN46 in HeLa cells (siRNA control) 0.09 � 0.009 (5) 0.21 � 0.07 (5)
HA-HLA-A2 and TGN46 in HeLa cells expressing Nef (siRNA control) 0.39 � 0.02 (8) 0.45 � 0.03 (8)
HA-HLA-A2 and TGN46 in HeLa cells expressing Nef (siRNA AP-1�1) 0.16 � 0.01 (6) 0.19 � 0.03 (6)
HA-HLA-A2 and TGN46 in HeLa cells expressing Nef (siRNA AP-1�2) 0.16 � 0.006 (8) 0.26 � 0.02 (8)
HLA-A and AP-1�1 in A3.01 GFP T cells (shRNA control) 0.17 � 0.02 (6) 0.24 � 0.01 (6)
HLA-A and AP-1�1 in A3.01 Nef/GFP T cells (shRNA control) 0.77 � 0.005 (7) 0.63 � 0.01 (7)
HLA-A/B/C and AP-1�2 in A3.01 GFP T cells (shRNA control) 0.20 � 0.02 (6) 0.20 � 0.02 (6)
HLA-A/B/C and AP-1�2 in A3.01 Nef/GFP T cells (shRNA control) 0.73 � 0.03 (7) 0.45 � 0.02 (7)
HLA-A and TGN46 in A3.01 GFP T cells (shRNA control) 0.31 � 0.02 (5) 0.44 � 0.03 (5)
HLA-A and TGN46 in A3.01 Nef/GFP T cells (shRNA control) 0.64 � 0.01 (5) 0.64 � 0.01 (5)
HLA-A and TGN46 in A3.01 Nef/GFP T cells (shRNA AP-1�1) 0.33 � 0.02 (5) 0.44 � 0.01 (5)
HLA-A and TGN46 in A3.01 Nef/GFP T cells (shRNA AP-1�2) 0.38 � 0.01 (5) 0.45 � 0.02 (5)
AP-1�2 and AP-1�1 in GFP T cells 0.57 � 0.02 (6) 0.79 � 0.01 (6)
AP-1�2 and AP-1�1 in Nef/GFP T cells 0.28 � 0.02 (6) 0.65 � 0.03 (6)
aThe colocalization threshold plug-in for ImageJ software (55) was used for the quantification of colocalization. For the determination of single-channel-specific
Manders’ overlap coefficients, tM1 is defined as the total intensity of pixels from channel 1 (green) for which the intensity in channel 2 (red) is above zero relative to
the total intensity in channel 1, and tM2 is defined as the total intensity of pixels from channel 2 for which the intensity in channel 1 is above zero relative to the
total intensity in channel 2. The coefficients were calculated using an automatically determined threshold value, for both channels, according to an algorithm
described previously (56), where a value of 1 represents total colocalization. Shown are the means � standard errors of the means (SEM) for tM1 and tM2, indicating
the extent of the overlap between the signals of the indicated proteins. Data for each pairwise comparison were obtained from a series of z-slices (with 0.3-�m
intervals) for at least five cells from three independent experiments.
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bottom to the middle fractions enriched in TGN and endosome proteins. Also, in Nef
cells, AP-1�1 and AP-1�2 were clearly displaced from lighter fractions corresponding to
the cytosol and transport intermediates and were strongly recruited to heavier mem-
brane fractions (Fig. 7E). Interestingly, under these conditions, AP-1�2 appears to
segregate from AP-1�1 and concentrates in a fraction that is enriched in EEA1 and HRS,

FIG 5 Knockdown of AP-1�2 or AP-1�1 impairs the Nef-mediated retention of HLA-A in the TGN. (A to D)
A3.01 GFP T cells (A) and A3.01 Nef/GFP T cells (B to D) were transduced with lentivirus encoding control
shRNA (A and B), shRNA against AP-1�1 (C), or shRNA against AP-1�2 (D), and after 120 h, cells were fixed,
permeabilized, and stained for HLA-A (red channel) and TGN46 (green channel). (E) Bar graph showing the
mean Manders’ colocalization coefficients of the HLA-A signal overlapping the TGN46 signal � SEM (n � 5).
***, P � 0.0005; n.s., not significant (two-tailed paired t test). Bars, 7 �m.
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which contain a low proportion of AP-1�1. Therefore, Nef stabilizes the association of
AP-1�1 and AP-1�2 with membranes of distinct compartments.

AP-1�2 is required for Nef-mediated retention of HLA-A in the trans-Golgi
network of HeLa cells. To test the requirement for AP-1�2 in MHC-I downregulation
by Nef in a different system, we generated a HeLa cell line constitutively expressing
hemagglutinin (HA)-tagged HLA-A2 (HeLa HLA-A2) and used small interfering RNA (siRNA)
to specifically deplete either AP-1�2 or AP-1�1 levels (Fig. 8). Nef expression did not change
the steady-state levels of HA-HLA-A2 in cell extracts of HeLa HLA-A2 cells (Fig. 8A),
corroborating previously reported observations that Nef-mediated degradation of MHC-I is
weak in HeLa cells (32). However, the surface levels of HA-HLA-A2 were reduced in
Nef-expressing cells (Fig. 8B), and this reduction was compromised upon the depletion of
either AP-1�1 or AP-1�2 (Fig. 8B). As observed for T cells (Fig. 5), Nef expression led to a
strong accumulation of HA-HLA-A2 at the TGN (Fig. 8C and D and Table 1), a phenotype
that was attenuated upon the depletion of either AP-1�1 or AP-1�2 (Fig. 8E and F and Table
1). These results confirm that the expression of both complexes is independently required
for the efficient intracellular retention of HLA-A2 at the TGN.

DISCUSSION

Here, we demonstrate that the �2 subunit of AP-1, which has previously been shown
to be involved in Nef-induced CD4 downregulation (26), is also required for the

FIG 6 Knockdown of AP-1�2 impairs the redistribution of HLA-A to late endosomes by Nef. (A and B) A3.01
Nef/GFP T cells were transduced with lentivirus encoding either control shRNA (A) or shRNA for AP-1�2 (B),
and after 72 h, the cells were fixed, immunogold labeled for HLA-A, and processed for immuno-EM. Bars,
0.5 �m. (C) Quantification of HLA-A staining. The bar graph indicates the percentages of the total numbers of
gold particles counted and associated with the indicated compartments. The plasma membrane (PM),
cytoplasm, MVBs/late endosomes (LE), vacuoles, and tubules are defined below the graph. Gold particles
associated with unidentifiable membranes and other cytoplasmic structures are categorized as “other.” Bars,
0.5 �m. P values were calculated using Student’s t test (*, P � 0.05; n.s., not significant).
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downregulation of MHC-I molecules by Nef. Our results revealed that AP-1�2 interacts
with Nef and HLA-A2 to form a tripartite complex involving the critical tyrosine residue
(Y320) in the cytosolic tail of HLA-A2, as previously demonstrated for AP-1�1 (16, 18–20).
This interaction is essential to remove HLA-A from the cell surface and to target it to

FIG 7 Subcellular fractionation reveals that Nef induces the accumulation of AP-1�2 in membranes positive for HLA-A and the early endosome
markers. (A and B) A3.01 GFP (A) and A3.01 Nef/GFP (B) cells were fixed, permeabilized, and costained for AP-1�1 (red channel) and AP-1�2
(green channel). Bars, 5 �m. (C) Graph representing Manders’ overlap coefficients between AP-1�1 and AP-1�2 signals in cells treated as
described above for panels A and B. P values were calculated using Student’s t test (*, P � 0.05; ***, P � 0.0005). (D and E) A3.01 GFP or A3.01
Nef/GFP cells were subjected to subcellular fractionation on 10% to 30% glycerol gradients. After ultracentrifugation, fractions were collected from the
top (lane 1) to the bottom (lane 12), and the proteins from each fraction were precipitated and subjected to SDS-PAGE and immunoblotting against
HLA-A, TGN46 AP-1�1, AP-1�2, AP-1�1A, HRS, EEA1, TfR, Nef, and GFP. Note that Nef induces the accumulation of AP-1�2 in membrane fractions
containing HLA-A, TGN46, Nef, and the early endosome markers EEA1 and HRS (a component of the ESCRT-0 machinery).
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lysosomes for degradation. Overall, the data indicate that AP-1�2 is an important nexus
in the immune evasion mechanism mediated by Nef in HIV-infected cells.

Biochemical and structural data show that Nef cooperatively binds to HLA-A2_CT
and AP-1, forming a tripartite complex (16–19) in a conformation that is compatible
with clathrin-coated vesicle (CCV) biogenesis and cargo loading (21). The �1 and �1A
subunits of AP-1 integrate this tripartite complex (16, 20, 21, 33) and are essential for

FIG 8 Knockdown of AP-1�1 or AP-1�2 compromises the Nef-induced redistribution of HLA-A2 from the cell surface to the
TGN in HeLa cells. (A) HeLa cells constitutively expressing HA-HLA-A2 were transfected twice with control siRNA, siRNA for
AP-1�1, or siRNA for AP-1�2, and after 24 h, cells were transfected with an empty vector (pCI) or pCI-Nef WT. After 24 h,
cells were incubated at 26°C for 16 h and then subjected to SDS-PAGE and immunoblotting for HA, Nef AP-1�1, AP-1�2,
and �-actin. (B) Cells were treated as described above for panel A and transfected with pNef-WT.IRES.GFP or pIRES.GFP, and
surface HA-HLA-A2 levels were analyzed by FACS analysis. (C to F) HeLa HA-HLA-A2 cells were transfected twice with
control siRNA (C and D), siRNA for AP-1�1 (E), or siRNA for AP-1�2 (F), and after 24 h cells, were transfected with an empty
vector (C) or pCI-Nef WT (D to F). After 24 h, cells were incubated at 26°C for 16 h, fixed, permeabilized, and stained for
HA-HLA-A2 (red channel) and TGN46 (green channel). Bars, 10 �m. (G) Bar graph showing the mean Manders’ colocaliza-
tion coefficients for the HA-HLA-A2 signal overlapping the TGN46 signal � SEM (n � 5). **, P � 0.005; ***, P � 0.0005; n.s.,
not significant (two-tailed paired t test).
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efficient MHC-I downregulation by Nef (12–15, 23). Whereas our GST pulldown result
confirmed this notion, it also revealed a novel Nef:AP-1:HLA-A2_CT tripartite complex,
containing �2 instead of �1 (Fig. 1). Moreover, these data suggest that the two
Nef:AP-1:HLA-A2_CT complexes, containing either �1 or �2, coexist in Nef-expressing
cells. Previous studies showed that the Y320 residue within the Y320SQA motif of
HLA-A2_CT is required for Nef:AP-1�1:HLA-A2_CT complex formation (16–19). In the
context of this complex, the Y320SQA motif functions as a tyrosine-based sorting signal,
despite the absence of an essential hydrophobic residue in position 323, making
HLA-A2_CT able to bind �1A (18). Likewise, our data show that a 320Y/A substitution
abolished �2 binding to the GST-Nef:HLA-A2_CT chimera, indicating that the Y320SQA
motif in HLA-A2_CT is also crucial for Nef:AP-1�2:HLA-A2_CT complex formation (Fig. 1).

Nef-dependent downregulation of MHC-I molecules requires the expression of both
�1A and �1 subunits of AP-1 (12–15, 23). Our data show that the depletion of either
AP-1�2 or AP-1�1 impaired the Nef-induced decrease of cell surface HLA-A in T cells
(Fig. 2). Therefore, Nef hijacks both AP-1 complex variants to disrupt HLA-A transport to
the PM. The specific requirement for AP-1�1 and AP-1�2 in the Nef-mediated cell
surface downregulation of HLA-A2 was also confirmed in HeLa cells (Fig. 8). Nef’s ability
to reduce the total levels of HLA-A in T cells was sensitive but not fully inhibited by
either the individual (Fig. 2) or simultaneous (Fig. 3) depletion of AP-1�2 and AP-1�1.
A possible interpretation is that these AP-1 variants are involved in distinct but
interdependent steps of the same pathway of Nef-mediated degradation of HLA and
that AP-1-independent pathways may also operate, as previously discussed (34).

Previous studies have shown that different subunit isoforms may combine to form
distinct AP-1 complexes, whose variants exert different functions in intracellular traf-
ficking. Specifically, �1A and �1B differentially coordinate endosomal maturation in
brain tissues (27), whereas the �1A and �1B subunit isoforms increase the repertoire of
proteins sorted by AP-1 by recognizing distinct cargoes (25). Our group reported that
the Nef-mediated downregulation of CD4 requires the function of AP-1�2 but not
AP-1�1 (26). Similarly, knockdown of either �1 or �2 leads to distinct phenotypes in
zebrafish development (28). Here, however, we describe that the specific depletion of
either �1 or �2 compromises HLA-A downregulation by Nef, via a process in which two
different AP-1 subunits interact with the same molecules but with nonredundant
functions.

The processes of CD4 and MHC-I downregulation by Nef are mechanistically distinct
(2). In HLA-A downregulation, Nef retains newly synthesized HLA-A molecules in the
TGN and endosomes, preventing their delivery to the PM and targeting them to
MVBs/lysosomes for degradation (32, 35). In contrast, the downregulation of CD4
initiates with Nef-induced endocytosis of CD4 via AP-2/clathrin pits (36–40), followed by
delivery to early endosomes and subsequently to MVBs and lysosomes (12, 41, 42).
Despite the differences in the initial steps, the downregulation of both CD4 and HLA-A
molecules culminates with their lysosomal delivery (12). Considering our previous
report describing the requirement for AP-1�2 in CD4 downregulation (26) and the data
shown here, we propose that AP-1�2 is a common host factor used by Nef to target
both CD4 and MHC-I molecules to lysosomes. Supporting this notion, our microscopy
analysis shows that AP-1�2 depletion in T cells or HeLa cells expressing Nef decreased
HLA-A retention at the TGN (Fig. 5 and 8) and its targeting to MVBs/LE (Fig. 6), while
increasing its presence at the PM, compared to control T cells expressing Nef (Fig. 2 and
5). The involvement of AP-1�2 in lysosomal protein targeting has been proposed
previously (43, 44). The depletion of AP-1�2 compromises the targeting of the epider-
mal growth factor (EGF):EGF receptor (EGFr) complex to the canonical MVB pathway
(26, 44), and AP-1�2 may interact with subunits of the endosomal sorting complexes
required for transport (ESCRTs) (44). Moreover, the depletion of AP-1�2 prevents the
lysosomal clearance of the HIV-1 Gag protein, leading to an increase of HIV-1 particle
release (44). Here, we show that Nef induces the accumulation of AP-1�2 in membrane
fractions that contain HLA-A, Nef, and endosome markers such as HRS (a subunit of
ESCRT-0, involved in MVB biogenesis) and a low proportion of AP-1�1 (Fig. 7). We
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propose that Nef predominately targets HLA-A molecules in the TGN via the �1-
containing form of AP-1 and uses the �2-containing variant of AP-1 to target HLA-A in
endosomes, thus retaining these molecules in a pathway that leads to lysosomes.

In sum, our results demonstrate that HLA-A2 downregulation by HIV-1 Nef in T cells
requires the two functional variants of the AP-1 complex. We postulate that AP-1�2
retains and/or sorts cargo in the MVB/lysosome route and that Nef interacts with
AP-1�2 to target both HLA-A and CD4 to the degradative pathway. It remains to be
determined why Nef interaction with AP-1�1 is not needed for CD4 downregulation
(14, 26), a full understanding of which may require the structural characterization of
these complexes. In fact, a recent high-resolution structural analysis of the tripartite
complex formed by Nef, AP-1, and the cytosolic tail of either HLA-A or tetherin showed
that the actual function of the Nef:AP-1 interaction is allosterically modulated by
posttranslational modifications and the type of cargo involved (21). In terms of HIV
pathogenesis, targeting AP-1�1 at the TGN and AP-1�2 in endosomes to prevent PM
delivery of newly synthesized HLA-A molecules is critical, since MHC molecules may be
charged with virus antigens in the ER after infection. On the other hand, newly
synthesized CD4 molecules are targeted for degradation directly from the ER by
another HIV-1 accessory protein, Vpu (45, 46). For the early viral protein Nef, the priority
seems to be targeting preexisting CD4 molecules at the PM for internalization via AP-2
to avoid superinfection and facilitate virus progeny release (2) and then delivering
these molecules for lysosomal degradation using molecules such as AP-1�2, �-COP, and
Alix (12, 26, 42). Therefore, AP-1�2 may serve as an “Achilles’ heel” that could be
exploited to interfere with these two important functions of Nef. Moreover, considering
the key role of AP-1�2 in Nef-mediated targeting of HLA-A and CD4 to the lysosome
pathway, it would be important to investigate whether AP-1�2 plays a role in the
downregulation of the antiviral protein SERINC3/5 and other host targets of Nef.

MATERIALS AND METHODS
Expression plasmids. The pNL4-3 Nef.IRES.GFP and pCIneoNL4-3 Nef plasmids were described

previously (47). The HIV-1 NL4-3 (pNL4-3) (catalog no. 114) and the HIV-1 NL4-3 ΔNef (catalog no. 12755)
infectious molecular clones were obtained through the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH (48, 49). To obtain a construct encoding the human HLA-A2 heavy chain with an N-terminal
HA epitope tag (pHA-HLA-A2), two cDNA fragments were amplified and inserted into pCIneo (Promega)
using the EcoRI/SalI sites. One fragment encodes the mature sequence of the HLA-A2 heavy chain
flanked by XbaI and SalI sites. The other fragment encodes the signal peptide of HLA-A2 flanked by an
EcoRI site and an HA epitope sequence followed by an XbaI site. For GST pulldown experiments, a
chimera composed of GST-HLA-A2_CT-Nef (16) was generated as follows. A sequence encoding an
HLA-A2-Nef fusion protein was obtained by PCR amplification of the full-length HIV-1 Nef sequence using
a forward primer encoding residues 314 to 341 of the mature HLA-A2 protein. This PCR fragment was
then cloned as an EcoRI/SalI insert into pGEX5.1 (GE Healthcare). GST-HLA-A2_CT(Y320A)-Nef was
generated by site-directed mutagenesis. All open reading frames were verified by nucleotide sequence
analysis.

Recombinant protein expression and GST pulldown assays. All GST recombinant proteins were
expressed in Escherichia coli BL21 Rosetta(DE3) cells from a pGEX5.1 vector (GE Healthcare) for 16 h at
22°C after induction with 0.2 mM IPTG (isopropyl-�-D-thiogalactopyranoside). After this period, cells were
centrifuged for 5 min at 4°C at 3,000 � g, and the pellet was resuspended in ice-cold lysis buffer 1 (50 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 2 mM EDTA, 10 mM dithiothreitol [DTT]), supplemented with 500 �g/ml
lysozyme, disrupted by sonication, supplemented with 1% Nonidet P-40, and centrifuged for 20 min at
4°C. The cleared cell lysate was incubated with glutathione-Sepharose 4B beads (GE Healthcare) for 2 h
at 4°C under orbital rotation. After this period, beads were washed with lysis buffer 2 (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 10% [vol/vol] glycerol, 5 mM EDTA, and 1% [vol/vol] Triton X-100 supplemented with
a cocktail of protease inhibitors [Sigma-Aldrich, St. Louis, MO, USA]) and subsequently incubated with
cleared HeLa cells lysed overnight at 4°C under orbital rotation. Following this incubation, the beads
were washed with lysis buffer 2, resuspended in sample buffer (4% SDS, 160 mM Tris-HCl [pH 6.8], 20%
glycerol, 100 mM DTT, and 0.005% bromphenol blue), and incubated for 5 min at 90°C. The samples were
then subjected to SDS-PAGE (10%) and immunoblotting.

Cell lines and cell culture. HeLa ATCC CCL2 cells (American Type Culture Collection, Manassas, VA)
and HEK 293T Peak cells (50) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 100 U/ml penicillin, 0.1 mg/ml streptomycin, 2 mM L-glutamine, and 10% fetal bovine serum
(FBS) (Life Technologies) at 37°C with 5% CO2. The human A3.01 CD4� T cell line was obtained from the
NIH AIDS Research and Reference Reagent Program (Germantown, MD), originally deposited by Thomas
Folks (51). A3.01 T cells expressing Nef and GFP (A3.01 Nef/GFP) or GFP alone (A3.01 GFP) were obtained
by transduction with a bicistronic internal ribosome entry site (IRES)-based retroviral vector as previously
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described (30). A3.01 T cells were grown in RPMI 1640 medium (Life Technologies, Carlsbad, CA) and
supplemented as described above. To obtain a HeLa cell line constitutively expressing HA-HLA-A2, cells
were transfected with the pHA-HLA_A2 plasmid, and positive clones were selected with 500 �g/ml
Geneticin (Life Technologies), followed by immunofluorescence analysis. The Rev-CEM cell line (catalog
no. 11467), which expresses GFP upon HIV-1 infection driven by the HIV-1 NL4-3 LTR, was obtained
through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH (52). These cells were grown in RPMI
1640 medium (Life Technologies, Carlsbad, CA) and supplemented as described above.

HLA typing. HLA-A typing was performed using sequence-specific oligonucleotides of a commercial
kit (Micro SSP DNA typing tray; One Lambda, Canoga Park, CA), according to the manufacturer’s
instructions.

Subcellular fractionation. Subcellular fractionation on glycerol gradients was performed as de-
scribed previously (53). Briefly, 10 million A3.01 Nef/GFP or A3.01 GFP cells were washed 2 times with
cold phosphate-buffered saline (PBS) and once with cold STE buffer (250 mM sucrose, 20 mM Tris-HCl [pH
7.4], and 1 mM EDTA with protease inhibitors) and resuspended in 800 �l of ice-cold STE buffer without
sucrose. Next, the cells were homogenized by 20 passages through a 25-gauge needle and centrifuged
at 1,000 � g for 2 min at 4°C. The supernatant (750 �l) was layered on top of a 2%-stepwise, 10 to 30%
(wt/vol) glycerol gradient (13.75 ml in 200 mM Tris-HCl [pH 7.4] and 1 mM EDTA on a 0.5-ml 80% sucrose
cushion) and centrifuged at 29,000 rpm for 2 h at 4°C in a Thermo TH660 instrument. Fractions of 1.25 ml
were collected from the top, precipitated with trichloroacetic acid (TCA), resuspended in sample buffer,
and analyzed by SDS-PAGE and Western blotting.

Plasmids and small interfering RNA transfections in HeLa cells. HeLa HA-HLA-A2 cells were
treated twice with control siRNA (Mission siRNA universal negative control, catalog no. SIC001; Sigma-
Aldrich), siRNA for AP-1�1 (5=-GGAAGAGCCUAUUCAGGUA-3=) (Sigma-Aldrich), or siRNA for AP-1�2
(5=-AAACCCUGCUUUGCUGUUAA-3=) (Sigma-Aldrich), with 48-h intervals, by using Oligofectamine re-
agent (Thermo Scientific). One day after the second round of siRNA transfection, cells were transfected
with Nef or control plasmids by using Lipofectamine 2000 (Thermo Scientific). After 24 h of incubation
at 37°C, cells were further incubated at 26°C with 5% CO2 for 16 h, before they were analyzed by
immunofluorescence, flow cytometry (fluorescence-activate cell sorter [FACS] analysis), or immunoblot-
ting.

HIV-1 production and infection. HIV-1 production was performed in HEK 293T cells, which were
transfected with pNL4-3 WT or ΔNef with 25-kDa linear polyethylenimine (PEI) transfection reagent
(Polysciences Inc., Warrington, PA). At 48 h posttransfection, the virus-containing media were collected
and used to infect CD4� T cells (Rev-CEM cell line, in which GFP expression is controlled by HIV-1
infection) by spinoculation at 1,200 � g for 2 h at 23°C. The cells were cultured for 5 days and processed
for flow cytometry analyses to assess HLA-A surface expression (see below). The infected cells were
assessed by GFP fluorescence.

Virus production and transduction of T cells. For knockdown experiments in T cells using shRNA,
Peak cells were transfected with 0.5 �g of control shRNA (Mission TRC2 pLKO.5-puro nonmammalian
shRNA control plasmid, catalog no. SHC202; Sigma-Aldrich) or shRNA against AP-1�1 (Mission TRC2
pLKO.5-puro, catalog no. TRCN0000065152; Sigma-Aldrich), AP-1�2 (Mission TRC2 pLKO.5-puro, catalog
no. TRCN0000233143), or AP-1�1A (Mission TRC2 pLKO.5-puro, catalog no. TRCN000006508) together
with 0.375 �g of psPAX2 (catalog no. 12259; Addgene) and 0.125 �g of pMD2.G (catalog no. 12259;
Addgene) by using 8 �l of 25-kDa linear PEI (1-mg/ml stock solution) for each well of a 6-well plate. After
15 h posttransfection, the culture medium was removed, and 1 ml of RPMI medium supplemented with
30% FBS (without antibiotics) was added to each well. The virus supernatants were subsequently
collected for 2 days and cleared by centrifugation for 10 min at 2,000 � g at 4°C. After centrifugation, 1 ml
of the viral supernatant was added to 1 � 106 A3.01 Nef/GFP or A3.01 GFP T cells in a 12-well plate. Cells
were incubated for 120 h under puromycin selection before the assays were performed.

Antibodies. The rabbit polyclonal antibody to human HLA-A, used in most experiments, was
purchased from Proteintech (Chicago, IL). In immunofluorescence assays, in combination with the rabbit
anti-AP-1�2 antibody, a mouse anti-HLA class I antibody that recognises HLA-A, -B, and -C loci (W6/32,
catalog no. ab23755; Abcam, Cambridge, MA) was used. Rabbit polyclonal anti-HRS (catalog no.
ab155539; Abcam, Cambridge, MA), mouse monoclonal anti-TfR (catalog no. 136800; Invitrogen), and
rabbit antiserum to GFP, a generous gift of R. Hegde (MRC, Cambridge, UK), were used in the immunoblot
analyses. Mouse monoclonal anti-EEA1 (catalog no. 610456; BD Biosciences, San Jose, CA) was used in the
immunofluorescence and Western blot assays. Mouse monoclonal anti-�-actin (C4, catalog no. sc-47778;
Santa Cruz Biotechnology) and rabbit polyclonal anti-�1A-adaptin (catalog no. AB111135; Abcam,
Cambridge, MA) antibodies were used in immunoblot assays. Mouse monoclonal anti-AP-1�1 (clone 88,
adaptin-�, catalog no. 610386; BD Biosciences, San Jose, CA) and rabbit anti-AP-1�2 (catalog no.
HPA004106; Sigma-Aldrich) antibodies were used in the immunoblot and immunofluorescence assays.
Sheep polyclonal antibody to TGN46 (AbD Serotec, Oxford, UK) and mouse monoclonal antibody to the
HA epitope (catalog no. H3663; Sigma-Aldrich) were used in the immunofluorescence and Western blot
assays. Mouse monoclonal anti-AP-4� antibody (catalog no. 612018; BD Biosciences, San Jose, CA) was
used in the immunoblot assay. Rabbit antiserum to HIV-1 Nef, used for immunoblot experiments, was
obtained from the NIH AIDS Research and Reference Reagent Program (54). Horseradish peroxidase
(HRP)-conjugated donkey anti-mouse immunoglobulin G (IgG) and donkey anti-rabbit IgG were obtained
from GE Healthcare. Secondary antibodies conjugated to Alexa fluorophores were purchased from
Thermo Scientific, and anti-rabbit nanogold-conjugated secondary antibody used for immunoelectron
microscopy experiments was purchased from Nanoprobes.
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Immunofluorescence and confocal microscopy. HeLa cells were grown on coverslips, whereas
A3.01 T cells were incubated on coverslips coated with Biobond tissue adhesive (Electron Microscopy
Sciences, Hatfield, PA) for adhesion at a concentration of 2 � 105 cells/ml in PBS. Cells were then fixed
with 4% paraformaldehyde (PFA) and permeabilized with 0.01% saponin in blocking buffer (1% pork skin
gelatin in PBS). Subsequently, the cells were incubated with specific primary antibodies diluted in
blocking solution, washed with PBS, and incubated with appropriate secondary antibodies conjugated to
Alexa fluorophores. The coverslips were then mounted on slides using Fluoromount G (Electron
Microscopy Sciences, Hatfield, PA, USA) and imaged using a Leica TCS SP8 confocal microscope (Leica
Microsystems, Wetzlar, Germany) or a Zeiss confocal laser scanning microscope (LSM780; Zeiss, Jena,
Germany). The obtained images were analyzed using Fiji/ImageJ software using z-stacks of at least five
cells under each condition from three independent experiments for Manders’ coefficient calculation.

SDS-PAGE and immunoblot analysis. The samples were equalized for total protein concentration,
and the protein extracts were submitted to SDS-PAGE and electrotransferred to nitrocellulose membrane
(Millipore, Bedford, MA, USA). The membranes were then blocked with PBS-T (PBS, 05% Tween 20) and
5% nonfat dry milk, followed by individual incubation with primary and secondary antibodies conjugated
to HRP. Proteins were detected by using an enhanced chemiluminescence (ECL) solution and visualized
with ChemiDoc imaging systems (GE Life Science, Chicago, IL, USA).

FACS analysis. To assess surface HLA-A, unfixed cells were incubated at 4°C with rabbit polyclonal
antibody to human HLA-A, followed by incubation with F(ab=)2 goat anti-rabbit IgG(H�L) cross-adsorbed
Alexa Fluor 647 secondary antibody (catalog no. A-21246; Thermo Scientific), and prepared for FACS
analysis. FACS data were acquired using the levels of Alexa Fluor 647 fluorescence in cells expressing GFP
with a FACSDiva flow cytometer (BD Biosciences). FlowJo software (TreeStar, Ashland, OR) was used for
data analyses.

Electron microscopy analysis. A3.01 T cells expressing Nef/GFP were transduced with a retrovirus
encoding either a control shRNA or AP-1�2 shRNA, as described above. Cells were fixed with 4% (wt/vol)
PFA in PBS for 15 min, rinsed with 50 mM glycine in PBS for 15 min, and blocked with 1% (wt/vol) bovine
serum albumin in PBS for 30 min. Cells were then permeabilized with 0.05% (wt/vol) saponin and 1%
(wt/vol) bovine serum albumin in PBS for 30 min, incubated with antibody to HLA-A (Proteintech,
Chicago, IL) for 1 h at room temperature, rinsed, and subsequently incubated with nanogold-conjugated
secondary antibodies (Nanoprobes, Yaphank, NY) for 1 h at room temperature. Cells were then fixed with
glutaraldehyde (2.5% [vol/vol] in 0.1 M cacodylate buffer) for 1 h, rinsed, treated with a gold enhance-
ment mixture (Nanoprobes, Yaphank, NY) for 6 min, and postfixed in reduced osmium prior to embed-
ding in Embed 812 (EM Sciences). All steps described above were done upon orbital agitation. Sections
of 70 to 100 nm were stained with lead citrate prior to imaging with a JEOL 100cx transmission electron
microscope (JEOL, Tokyo, Japan). A quantitative analysis was done with 1,093 gold particles of control
shRNA samples and 1,227 gold particles of AP-1�2 shRNA samples counted from pictures taken from two
grids under each sample condition. The cellular distribution of the HLA-A signal was determined as gold
particles associated with the plasma membrane, cytoplasm, multivesicular bodies (MVBs)/LE, vacuoles,
and tubules. The gold particles scored were expressed as a percentage of the total number of gold
particles counted for each picture.
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