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ABSTRACT Lymphocyte antigen 6E (LY6E) is a GPI-anchored, interferon-inducible
protein that has been shown to modulate viral infection in a cell type-dependent
manner. Our recent work showed that LY6E promotes HIV-1 infection in some high-
CD4-expressing cells, including human peripheral blood mononuclear cells (PBMCs)
and the SupT1 cell line. In this work, we provide evidence that LY6E inhibits HIV-1
entry and spread in low-CD4-expressing Jurkat cells and human monocyte-derived
macrophages (MDMs) through downregulation of the viral receptor CD4. We found
that knockdown of LY6E in Jurkat cells and MDMs increases HIV-1 infection, yet
overexpression of LY6E in Jurkat cells inhibits HIV-1 entry and replication. LY6E was
found to be colocalized with CD4 on the plasma membrane of Jurkat cells and
MDMs and enhances CD4 internalization. We artificially manipulated the CD4 level in
Jurkat and SupT1 cells and found that overexpression of CD4 in Jurkat cells over-
comes the inhibitory effect of LY6E; conversely, blocking the function of CD4 in
SupT1 with a neutralizing antibody eliminates the enhancement of LY6E on HIV-1
entry. The CD4-dependent inhibitory phenotype of LY6E in low-CD4-expressing hu-
man MDMs can be recapitulated for a panel of transmitted founder viruses and
laboratory-adapted HIV-1 strains. Given that HIV-1 can target low-CD4-expressing
cells during acute infection yet replicates efficiently in high-CD4-expressing T cells at
the late stage of disease, our observation that LY6E differentially modulates HIV-1
replication in a CD4-dependent manner has implications for understanding the com-
plex roles of interferon (IFN)-induced proteins in AIDS pathogenesis.

IMPORTANCE The role of IFN-induced genes (ISGs) in viral infection remains incom-
pletely understood. While most ISGs are antiviral, some ISGs have been shown to
promote viral infection, including HIV-1 infection. We previously showed that IFN-
inducible LY6E protein promotes HIV-1 infection in human PMBCs and high-CD4-
expressing SupT1 cells. Here we found that LY6E inhibits HIV-1 entry and replication
in low-CD4-expressing MDMs and Jurkat cells. Mechanistically, we demonstrated that
LY6E downregulates the cell surface receptor CD4, thus impairing the virus binding
to target cells. This is in contrast to the situation of high-CD4-expressing cells, where
LY6E predominantly promotes viral membrane fusion. The opposing role of IFN-
inducible LY6E in modulating HIV-1 infection highlights the complex roles of ISGs in
viral infection and viral pathogenesis.
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Despite the success of current antiretroviral therapy, HIV/AIDS still remains one of
the greatest threats to human public health, particularly in developing countries

(1). The efficiency of HIV entry critically determines the capacity of the virus to spread
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and cause pathogenesis in patients (2). HIV entry into target cells proceeds with
engagement of the viral envelope glycoprotein (Env) gp120 with the primary cellular
receptor CD4, leading to Env conformational changes that further facilitate the inter-
action between the gp120 V3 loop and coreceptor CCR5 or CXCR4 (2). Coreceptor
binding triggers the fusion machinery and subsequent formation of the six-helix bundle
of Env that drives fusion between the viral and host cell membranes (2, 3). A functional
block of receptor, coreceptors, or HIV Env can effectively impair HIV entry and spread.

As a typical type I transmembrane glycoprotein, CD4 and its expression patterns are
pivotal in governing the HIV-1 permissiveness into target cells and AIDS pathogenesis
(4). CD4 is primarily expressed in T lymphocytes, monocytes, macrophages, dendritic
cells, and brain microglia, etc., which are the main targets of HIV infection (5). However,
despite the essential role of CD4 during HIV entry, a fine regulation of the cell surface
CD4 level is critical for viral replication and pathogenesis (6). Indeed, HIV actively
modulates CD4 trafficking and expression by encoding some proteins, such as Nef, Vpu,
and Env. In the early stage of infection, HIV-1 Nef accelerates the cell surface CD4
endocytosis and subsequent lysosomal degradation (7), whereas in the late stage, the
translated Env precursor gp160 binds to newly synthesized CD4 and retains the latter
in the endoplasmic reticulum (ER) (8). Vpu is involved in the degradation of newly
synthesized CD4, thus releasing gp160 from the gp160-CD4 complex, leading to
enhanced viral infectivity (9, 10). Interestingly, modulation of CD4 expression by cellular
factors, especially those of so-called restriction and dependency factors, has been rarely
reported. In contrast, several host proteins have recently been shown to block HIV entry
and/or to impair HIV-1 infectivity through modulation of the viral Env function; these
include IFITMs (11–13), SERINCs (14, 15), MARCH8 (16), and 90K (17). The currently
proposed mechanisms include direct interactions between Env and host factors (11), an
alteration of Env conformation (18), the inhibition of Env processing (11, 17), and
negative imprinting of host factors (14, 15, 19, 20).

The lymphocyte antigen 6 complex, locus E gene (LY6E) is an interferon (IFN)-
inducible glycosylphosphatidylinositol (GPI)-anchored protein that has been associated
with some normal physiological functions of the cells, including T lymphocyte differ-
entiation and development (21), T-cell receptor (TCR)-mediated cell signaling and T cell
activation (22–24), cellular adhesion (25), and oncogenesis and cancer progression
(26–28). As with many other IFN-induced genes (ISGs), the role of LY6E in modulating
viral infections has been investigated but with mixed results. For instance, LY6E has
been reported to inhibit replication of vesicular stomatitis virus (VSV) (29). However, for
several other viruses, including Marek’s disease virus (MDV) (30), mouse adenovirus
type 1 (MAV-1) (31), yellow fever virus (YFV), and West Nile virus (WNV) (32), LY6E
appears to promote viral replication. Interestingly, overexpression of LY6E in STAT�/�

fibroblasts and in Huh-7 hepatocytes has produced different outcomes upon YFV
infection: in STAT�/� fibroblasts, LY6E significantly enhances YFV infection, while in
contrast, in Huh-7 cells, LY6E has no apparent effect on YFV (32), revealing a cell
type-dependent function of LY6E for YFV. One recent study reported that LY6E en-
hances the internalization of multiple flaviviruses, including WNV, dengue virus (DENV),
and Zika virus (ZIKV), through a specific tubularization process (33). Another recent
study showed a conserved enhancement of LY6E family proteins on viral infection by
acting on the late step of viral entry (34). However, exactly how LY6E modulates viral
infection in different cell types remains unknown.

For retroviruses, we have recently shown that LY6E promotes HIV-1 infection in
high-CD4-expressing cell types, including primary peripheral blood mononuclear cells
(PBMCs), SupT1 cells, and THP-1 cells (35), which is in accordance with earlier reports
(36, 37). Our mechanistic studies revealed that LY6E promotes HIV-1 entry and gene
expression, although detailed mechanisms still await to be elucidated (35). Another
important question is whether or not the effect of LY6E in high-CD4-expressing PBMCs
and SupT1 cells can also be demonstrated in low-CD4-expressing cells and, if not, what
the possible underlying mechanisms are. In this study, we investigated the features of
LY6E in modulating HIV-1 infection in low-CD4-expressing human monocyte-derived
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macrophages (MDMs) and Jurkat T cells, and we found that in contrast to its enhancing
effect on HIV-1 infection in high-CD4-expressing cells, LY6E restricts HIV-1 in low-CD4-
expressing MDMs and Jurkat cells, in part by downregulating the cell surface CD4, thus
impairing the virus binding and uptake into target cells.

RESULTS
LY6E inhibits HIV-1 replication in Jurkat T cells. Jurkat is one of the commonly

used cell lines for HIV study, yet compared to many other T cell lines such as SupT1
cells, Jurkat expresses a very low level of CD4 (38). To determine if the phenotype of
LY6E we observed for HIV-1 infection in SupT1 cells (35) can be observed in Jurkat cells,
we generated a stable Jurkat cell line that overexpresses an N-terminally FLAG-tagged
LY6E, the same construct as used in SupT1 cells (35). The N-terminal FLAG tag was
preceded by a pre-protrypsin signal sequence so that the protein can be targeted to
and traffic through the cellular secretory pathway. We confirmed the expression of the
FLAG-tagged LY6E protein by Western blotting (Fig. 1A) and determined its effect on
multiround HIV-1 replication. To our surprise, we found that ectopic expression of LY6E
attenuated the replication of HIV-1 NL4.3, as evidenced by reduced reverse transcrip-
tase (RT) activities over a period of 24 days (Fig. 1B); the peak of HIV-1 infection was also
delayed, i.e., from day 12 in mock-infected control cells to day 15 in LY6E-expressing
cells (Fig. 1B). To rule out a possible artificial effect of FLAG tag on LY6E suppression of
HIV-1 replication, we generated another stable Jurkat cell line expressing the wild-type
(WT) LY6E. The expression levels of WT and FLAG-tagged LY6E were comparable, with
that of WT LY6E slightly higher than the FLAG-tagged version based on the flow
cytometric determination (Fig. 1C). We then performed a short-term HIV-1 replication
assay (for 48 h) and observed that both WT and FLAG-tagged LY6E proteins inhibited
HIV-1 infection, as measured by RT activity (Fig. 1D) and viral titer (Fig. 1E). It was of
note that the WT LY6E protein exhibited a relatively stronger inhibitory effect (Fig. 1D
and E), consistent with its slightly higher level of expression (Fig. 1C).

We next utilized short hairpin RNA (shRNA) that targets the endogenous LY6E in
Jurkat cells and determined its effect on HIV-1 replication. While the level of endoge-
nous LY6E in Jurkat cells was not high, shRNA treatment led to its reduction to a level
close to the background shown by flow cytometry (Fig. 1F). In accordance, we observed
increased HIV-1 RT activity and viral titers in shRNA-treated cells compared to those of
the shRNA control (Fig. 1G and H). A long-term replication assay revealed increased
HIV-1 RT activity on day 10 in Jurkat cells expressing shRNA LY6E compared to that in
shRNA control cells (Fig. 1I) All together, these results suggested that endogenous LY6E
in Jurkat cells intrinsically inhibits HIV-1 replication.

Knockdown of endogenous LY6E in human MDMs increases replication of
CCR5-tropic primary HIV-1 isolates, including TF viruses. We next evaluated the
effect of endogenous LY6E on HIV-1 replication in human primary MDMs, which are
known to express low levels of CD4 (38). We pretransfected MDMs of three healthy
donors with small interfering RNA (siRNA) targeting LY6E, infected these cells with a
panel of CCR5-tropic HIV-1 isolates, i.e., AD8, YU2, or transmitted/founder (TF) viruses
WITO, RHPA, and THRO, for 48 h, and measured their short-term replications. The siRNA
knockdown efficiency of LY6E in these PBMCs was determined by reverse transcription-
quantitative PCR (qRT-PCR) (�50% to 60%), as shown in Fig. 2A, C, and E. In all cases,
we observed increased viral replication in LY6E knockdown cells compared to that of
the siRNA control, despite some donor-to-donor variations (Fig. 2B, D, and F). Overall,
these results revealed that endogenous LY6E protein restricts HIV-1 infection in low-
CD4-expressing human MDMs.

LY6E impedes HIV-1 entry in low-CD4-expressing Jurkat cells and MDMs. We
evaluated how LY6E might modulate HIV-1 infection in Jurkat cells. Given that LY6E
has a GPI anchor, which normally targets the protein of interest to the lipid raft
microdomain on the plasma membrane (39), we tested whether LY6E affected the
early step of HIV-1 infection, i.e., at the viral entry level. We first carried out a
BlaM-Vpr assay and examined entry of NL4.3 Env-mediated HIV-1 in Jurkat cells
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either overexpressing LY6E, expressing LY6E shRNA, or expressing shRNA control;
VSV-G-mediated entry served as a control. As shown in Fig. 3A, NL4.3-mediated
entry was reduced by �50% when LY6E was overexpressed but was enhanced by
40% when LY6E was knocked down. As was expected, VSV-G-mediated entry was

FIG 1 LY6E inhibits HIV-1 replication in low-CD4-expressing Jurkat T cells. (A) Expression of FLAG-tagged LY6E in Jurkat cells (FLAG-LY6E or
F-LY6E here) as examined by Western blotting using an anti-FLAG antibody. (B) Replication of infectious NL4.3 in Jurkat and Jurkat-F-LY6E cells. Replication was
monitored by measuring the RT activity of the supernatants containing the newly released virions every 2 days. (C) Expression of FLAG-tagged or WT LY6E
proteins on the surface of Jurkat T cells as determined by flow cytometry using an anti-LY6E antibody. The mean fluorescence intensities (MFIs) of LY6E are
as follows: unstained, 425; mock, 440; FLAG-LY6E, 6,015; LY6E, 6,277. (D and E) RT activity and viral titer (infectivity) of HIV-1 NL4.3 virions produced from vector
control Jurkat cells, Jurkat-LY6E cells, and Jurkat-FLAG-LY6E cells. The viral infectivity or titer was determined by infecting HeLa-TZM indicator cells, followed
by measuring the firefly luciferase activity of infected cells. (F) Expression of endogenous LY6E in Jurkat cells and shRNA knockdown efficiency. LY6E was
knocked down by lentiviral shRNA transduction, and the knockdown efficiency was determined by flow cytometry by using an anti-LY6E antibody. The second
antibody alone indicates cells being incubated with FITC-conjugated secondary antibody only, which serves as a negative control. The MFIs of LY6E are as
follows: unstained, 1,077; second antibody alone, 1,110; shRNA LY6E, 1,279; shRNA control, 2,099. (G and H) Effect of LY6E knockdown on RT activity and viral
titer in Jurkat cells in short-term replication assay. Experiments were performed the same as described for panels D and E, except that LY6E knockdown Jurkat
cells were used for infection for 48 h. (I) Effect of LY6E knockdown on HIV-1 long-term replication. Approximately 2.5 ng p24 equivalent HIV-1NL4.3 was applied
to 1 � 105 Jurkat shRNA control or shRNA LY6E cells for infection, and media were replaced with fresh RPMI 1640 12 h postinfection. Virus-containing
supernatants were collected every 2 days, and cells were split every 4 days. Released HIV-1 virions in the supernatants were quantified by an RT assay. In all
cases, data are means � SD (standard deviation) of the results of at least 3 independent experiments. *, P � 0.05; **, P � 0.01. Unless otherwise specified, all
data shown were from Jurkat cells expressing FLAG-LY6E (see details below).
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insensitive to LY6E, regardless of LY6E overexpression or knockdown, which was
consistent with our previous results (35).

To confirm these results, we established a Jurkat/CCR5 cell line and expanded our
analysis to some other CCR5- and CXCR4-tropic viruses using an HIV-intron Gaussia
luciferase (HIV-inGLuc) system; this assay allowed us to measure a single-round HIV-1
infection, with higher sensitivity than that of the BlaM-Vpr assay (11). With this assay,
we observed that LY6E inhibited infection of three X4-tropic viruses, i.e., NL4.3, HXB2,
and BH10, two R5-tropic viruses, i.e., AD8 and JRFL, and three TF viruses, i.e.,
pBJOX2000, pX1632, and pCH119 (Fig. 3B).

We also knocked down the endogenous LY6E expression in human MDMs of two
healthy donors by siRNA and examined its effect on HIV-1 infection using this sensitive
HIV-inGLuc-based assay. Real-time PCR assays confirmed that LY6E mRNA was effec-
tively depleted by siRNA in MDMs (up to 60%) (Fig. 3C). Subsequent infection of these
MDMs by AD8 Env-bearing HIV-inGLuc showed that knockdown of LY6E enhanced,
albeit modestly, the AD8 Env-mediated infection but had no significant effect on that
of VSV-G (actually slightly decreased) (Fig. 3D). These results, along with the results of
Jurkat/CCR5 cells overexpressing LY6E, collectively indicated a conserved inhibitory
effect of LY6E on HIV-1 infection in low-CD4-expressing cells.

LY6E downregulates CD4 at the plasma membrane. For T lymphocytes, HIV-1
entry requires an engagement of the viral Env glycoprotein with the cell surface
receptor CD4 and coreceptor CXCR4 (2). We thus explored whether these two key
molecules in target cells would be affected by LY6E. We found that despite a high-level

FIG 2 Knockdown of LY6E in human MDMs increases HIV-1 infection. (A, C, and E) siRNA control or siRNAs targeting LY6E were transfected
into primary human MDMs derived from three healthy donors prior to infection by different HIV-1 isolates. Knockdown efficiency was
quantified by qRT-PCR. (B, D, and F) Infectious HIV-1 isolates AD8, YU2, and three transmitted/founder viruses were used to infect MDMs
for �48 h. The viral infectivity was measured by infecting indicator HeLa-TZM cells and plotted as relative light units (RLU). Data for
infectivity are means � SD (standard deviation) of the results of triplicate experiments; no statistical analysis can be performed in this case.
For siRNA knockdown efficiency, the values were obtained by averaging numbers from all siRNA-treated and infected cells in the same
donor. *, P � 0.05, **, P � 0.01.
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FIG 3 LY6E impairs HIV-1 entry in Jurkat cells and downregulates the cell surface CD4. (A) Entry mediated by NL4.3 Env or VSV-G was
determined by infecting individual cell lines with an HIV-1 vector expressing BlaM-Vpr. Fusion efficiency was determined by measuring
cleaved CCF2 (blue) from uncleaved CCF2 (green). Relative entry efficiency was calculated by setting the fusion of empty vector to 1.0 and
plotted. (B) Single-round infection of HIV-1 inGLuc bearing Env of NL4.3, BH10, HXB2, JRFL, or three transmitted/founder viruses was

(Continued on next page)
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expression of the FLAG-tagged LY6E in Jurkat cells, the CXCR4 level at the cell surface
remained unaltered (Fig. 3E). In contrast, the CD4 level on the cell surface was
downregulated in Jurkat cells overexpressing LY6E cells but was upregulated in Jurkat
cells expressing shRNA targeting LY6E cells (Fig. 3F); these were based on the histogram
plots of the flow cytometric analyses as well as the calculated mean fluorescence
intensities (MFIs) measured by using a CD4-specific monoclonal antibody known as
SIM.4 (Fig. 3F, see legend). Similar results were also obtained by using another anti-CD4
antibody known as SIM.2 (data not shown) that targeted a different epitope on the CD4
molecule (40), implying that the reduced signal revealed by SIM.4 was unlikely to be
due to an epitope masking. Further experiments showed that only the cell surface
expression level (nonpermeabilized) of CD4, but not the total level (permeabilized) of
CD4, was reduced by LY6E (Fig. 3G).

We then examined whether HIV-1 binding to Jurkat-LY6E cells (Jurkat cells express-
ing LY6E) was altered by using purified HIV-Gag-internal GFP (iGFP) virions; the fluo-
rescent HIV-1 particles allowed us to directly visualize and measure the HIV-1 binding
to target cells by flow cytometry (59). In one representative experiment, shown in Fig.
3F, we observed an �9.6% HIV-Gag-iGFP-positive population in empty-vector-
transduced Jurkat cells compared to an �5.5% population in Jurkat cells expressing
LY6E (Fig. 3H). In another separate experiment, we observed 14.3% of iGFP binding to
Jurkat control cells compared to 6.0% to the LY6E-expressing Jurkat cells (data not
shown). Overall, these results demonstrated that LY6E in Jurkat cells inhibits HIV-1 entry
and downregulates the cell surface CD4.

Manipulating the cell surface CD4 level in T cells can change the pattern of
LY6E restriction or enhancement of HIV-1 infection. We then directly compared the
effects of LY6E on HIV-1 single-round infection in low-CD4-expressing Jurkat and
high-CD4-expressing SupT1 cells using the HIV-inGluc assay. Consistent with the result
of the BlaM-Vpr assay shown in Fig. 3A, LY6E overexpression decreased the HIV-inGLuc
infection in Jurkat cells by �80% relative to the mock control (Fig. 4A). In contrast, HIV-1
infection in SupT1 cells overexpressing LY6E was increased by �30% (Fig. 4A), a modest
but consistent result that was similar to what we had previously reported (35). The
overexpression levels of LY6E in Jurkat and SupT1 cells were comparable, as examined
by flow cytometry (Fig. 4B; see MFI values in the legend). Consistent with an earlier
report (38), we found that the endogenous CD4 level on the surface of SupT1 cells was
much higher than that in Jurkat cells (Fig. 4C). We therefore asked if an overexpression
of CD4 in Jurkat cells would overcome the inhibitory effect of LY6E on HIV-1 entry and,
vice versa, whether or not a neutralization of the functional CD4 molecule on the
surface of SupT1 cells would reverse the enhancing effect of LY6E on HIV-1. To facilitate
these comparisons, we first overexpressed CD4 molecules in both parental Jurkat cells

FIG 3 Legend (Continued)
determined by infecting Jurkat-CCR5 or Jurkat-CCR5-LY6E cells. Entry efficiency was determined by measuring the Gaussia luciferase
activity of harvested supernatants. Relative entry was calculated and plotted by setting the entry of NL4.3 into Jurkat empty vector cell
to 1.0. (C and D) MDMs derived from two healthy donors (donor 1 and donor 2) were transfected with siRNA targeting either LY6E or
scramble control. Cells were then infected with HIV-1-inGLuc bearing the Env of CCR5-tropic NL(AD8). The LY6E knockdown efficiency was
examined by qPCR (C). The single-round infection rate was determined by measuring the Gaussia luciferase activities at 48 h postinfection
(D). VSV-G-mediated single-round infection served as a negative control. (E) Effect of LY6E on CXCR4 expression in Jurkat and Jurkat-LY6E
cells. Jurkat cells transduced with empty pQCXIP vector control or pQCXIP encoding LY6E were stained with a primary anti-CXCR4
monoclonal antibody, followed by incubation with a secondary FITC-conjugated anti-mouse antibody; cells were fixed and analyzed by
flow cytometry. The MFIs of CXCR4 are as follows: second antibody alone, 785; LY6E, 20,381; pQCXIP, 21,011. Ab, antibody. (F) Detection
of LY6E and CD4 expression on the surface of Jurkat, Jurkat-LY6E, and Jurkat-shRNA LY6E cells. The MFIs of LY6E are as follows: second
antibody alone, 910; shRNA LY6E, 1,111; mock, 2,214; LY6E, 9,913. The MFIs of CD4 are as follows: second antibody alone, 910; shRNA LY6E,
777; mock, 445; LY6E, 287. (G) Examination of the total and surface levels of CD4 in Jurkat cells. Cells were nonpermeabilized or
permeabilized to determine the surface or total level of CD4. The MFIs of CD4 in nonpermeabilized Jurkat cells are as follow: second
antibody alone, 401; mock, 1,777; LY6E, 1,287. The MFIs of CD4 in permeabilized Jurkat cells are as follows: second antibody alone, 2,101;
mock, 12,098; LY6E, 10,117. The “2nd antibody alone” indicates cells being incubated with FITC-conjugated secondary antibody only,
which served as a negative control. “Unstained” indicates cells stained with neither first nor second antibody. (H) Binding of infectious
HIV-Gag-iGFP particles to Jurkat or Jurkat-LY6E cells. Cells were incubated with purified HIV-1 virions for 2 h on ice. Unbound virus was
removed by an extensive wash with cold PBS. Binding was measured by detection of GFP-positive cells by flow cytometry. Results shown
are representatives of a typical experiment. The experiment was repeated once with similar results. Unless otherwise specified, all data
shown are means � SD of the results of at least 3 independent experiments. *, P � 0.05; ***, P � 0.001.

Differential Effect of LY6E on HIV Entry Journal of Virology

April 2019 Volume 93 Issue 7 e01866-18 jvi.asm.org 7

https://jvi.asm.org


FIG 4 Overexpression of CD4 in Jurkat cells overcomes the inhibitory effect of LY6E on HIV-1; conversely, neutralization of CD4 on the surface
of SupT1 cells eliminates the enhancement of LY6E infection. (A) Comparison of HIV-1 single-round infection in Jurkat and SupT1 cells
overexpressing LY6E. Cells were infected with HIV-1-NL4.3-inGLuc viral stocks; 24 h after infection, supernatants were collected for measurement
of the Gaussia luciferase activity. (B and C) The expression levels of LY6E (B) and CD4 (C) on Jurkat and SupT1 cell surfaces were examined by
flow cytometry. The “2nd antibody alone” indicates cells being incubated with FITC-conjugated secondary antibody only, which serves as a
negative control. The MFIs of LY6E in Jurkat cells are as follows: second antibody alone, 355; LY6E, 9,981; mock, 1,011. The MFIs of LY6E in SupT1
cells are as follows: second antibody alone, 1,255; LY6E, 8,210; mock, 991. The MFI of CD4 in Jurkat cells is 3,033, and the MFI of CD4 in SupT1
cells is 42,131. (D) Examination of LY6E and CD4 expression levels in individual Jurkat cell lines by flow cytometry. The MFIs of CD4 are as follows:
Jurkat-Mock, 598; Jurkat-CD4, 5,985; Jurkat-LY6E, 402; Jurkat-CD4-LY6E, 6,100. The MFIs of LY6E are as follows: Jurkat-Mock, 383; Jurkat-CD4, 385;
Jurkat-LY6E, 1,402; Jurkat-CD4-LY6E, 1,300. (E) Single-round HIV-inGLuc infection in Jurkat, Jurkat-LY6E, Jurkat-CD4, or Jurkat-CD4-LY6E cells.

(Continued on next page)
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and Jurkat-LY6E cells using retroviral transduction. As shown in Fig. 4D, the levels of
overexpressed CD4 in parental Jurkat and Jurkat-LY6E cells were comparable. We found
that in contrast to the marked suppression of HIV-1 infection by LY6E in parental Jurkat
cells (Fig. 4E, compare column 2 with column 1), overexpression of CD4 in parental
Jurkat cells and Jurkat cells overexpressing LY6E resulted in comparable levesl of HIV-1
infection (Fig. 4E, compare column 3 and column 4).

We then neutralized the CD4 molecules on the surface of parental SupT1 and
SupT1-LY6E cells by using a monoclonal antibody against human CD4 (clone SK3,
catalog number 344602; BioLegend). We observed that this treatment gradually abol-
ished the LY6E-mediated enhancement of HIV-1 infection in SupT1-LY6E cells in an
anti-CD4 antibody dose-dependent manner (Fig. 4F) yet had no apparent effect on the
entry mediated by VSV-G (Fig. 4G). We attempted to knock down the total CD4 level in
SupT1 cells by using shRNA lentiviral transduction; however, the knockdown efficiency
was poor, and the results were not informative (data not shown). Nevertheless, the data
shown here support the notion that the cell surface CD4 level is a critical determinant
of the differential effects of LY6E on HIV-1 entry in Jurkat and SupT1 cells.

LY6E is associated with CD4 on the plasma membrane and promotes its
internalization. To investigate how the cell surface CD4 is downregulated by LY6E, we
performed an internalization assay to determine the rate of CD4 endocytosis from the
plasma membrane in Jurkat cells expressing or not expressing LY6E; this was achieved
by using a phycoerythrin (PE)-Texas Red-conjugated anti-CD4 antibody, with the
rationale that antibody binding would trigger endocytosis of CD4 coupled with the
fluorophores. Using this assay, we observed that the half-life of CD4 on the plasma
membrane of the parental Jurkat cells was approximately 30 min; in comparison, the
half-life of CD4 in Jurkat-LY6E cells was shortened to less than 5 min (Fig. 5A), indicating
that expression of LY6E greatly accelerated the CD4 internalization in Jurkat cells. We
further examined the possible routes of CD4 internalization by using some pharmaco-
logical inhibitors: Dynasore blocks dynamin-2-mediated endocytic processes (41),
whereas chlorpromazine (CPZ) and methyl-�-cyclodextrin (MBCD) block clathrin- and
caveolin-dependent endocytosis pathways (42), respectively. We found that LY6E re-
duced the cell surface CD4 level up to 40% in dimethyl sulfoxide (DMSO)-treated cells,
yet treatment of cells with Dynasore and MBCD, but not CPZ, virtually rescued the CD4
downregulation by LY6E (Fig. 5B), suggesting that LY6E enhances CD4 endocytosis
likely through a cholesterol-related, lipid raft-dependent pathway.

To further explore how LY6E modulates CD4 from the cell surface, we examined a
possible interaction between LY6E and CD4 by performing a coimmunoprecipitation
(co-IP) assay. However, despite much effort, we observed only a weak CD4 signal in a
co-IP complex immunoprecipitated by an anti-FLAG (LY6E) antibody in Triton X-100
(1%, vol/vol) lysis buffer, but not in radioimmunoprecipitation (RIPA) buffer (data not
shown). This raised the possibility that the possible interaction between LY6E and CD4
was weak or that LY6E might have depleted CD4 from the lipid raft microdomain.
Previously, CD4 has been shown to be present in lipid rafts and that CD4 in this
microdomain is associated with the functional entry of HIV-1 (43–45). Our raft flotation
assay revealed that, indeed, a portion of CD4 was present in the lipid raft microdomain
of parental Jurkat cells (Fig. 5C, fractions 3, 4, and 5); however, overexpression of LY6E,
which was predominantly present in the lipid rafts, led to the disappearance of CD4
from the lipid raft to some of the soluble fractions (Fig. 5C).

We next analyzed the possible subcellular colocalizations of LY6E and CD4 in Jurkat
cells by immunostaining and microscopic imaging. We found that despite the signifi-

FIG 4 Legend (Continued)
Infectivity was determined by measuring the Gaussia luciferase activity of virions harvested at 24 h postinfection. Relative infection was plotted
by setting the values of parental cells (column 1) to 1.0. (F and G) Single-round infection of HIV-inGLuc virions bearing HIV-1 NL4.3 Env (F) or VSV-G
(G) into SupT1 or SupT1-LY6E cells was determined by pretreating cells with 0, 5, or 50 ng/ml anti-CD4 neutralizing antibodies for 1 h, followed
by infection of cells for 36 h. Supernatants were harvested at 48 h postinfection and measured for Gaussia luciferase activity. Relative infection
was shown by setting the values of luciferase activity of supernatants harvested from parental SupT1 cells without anti-CD4 treatment to 1.0. Data
are means � SD of the results of at least 3 independent experiments. NS, not significant; *, P � 0.05; **, P � 0.01.
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FIG 5 LY6E is associated with CD4 on the plasma membrane and promotes its internalization. (A) Kinetics of CD4 internalization in the presence or absence
of LY6E. CD4 internalization was measured by incubating Jurkat or Jurkat-LY6E cells with a PE-Texas Red-conjugated anti-CD4 antibody (clone S3.5; Invitrogen)
on ice for 2 h, followed by switching the temperature to 37°C at different periods of time. At each time point, one half of the harvested cells was treated with

(Continued on next page)
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cant downregulation of CD4 by LY6E, CD4 and LY6E were still partly colocalized, with
a Pearson’s correlation coefficient of �0.6 (Fig. 5D and E). As would be expected, LY6E
was strongly colocalized with a GPI-anchored green fluorescent protein (GFP) known to
be in lipid rafts (46, 47), with a Pearson’s correlation coefficient of �0.7 (Fig. 5D and E).
As a control, LY6E did not significantly colocalize with TIM-1, a cell surface molecule
that is not present in lipid rafts (unpublished data), as reflected by a Pearson’s
correlation coefficient of 0.3 (Fig. 5D and E). We also performed immunostaining of
LY6E and CD4 in MDMs, and we observed that LY6E and CD4 colocalized in these cells
(Fig. 5F). Collectively, these data showed that LY6E is associated with CD4, likely in the
lipid raft microdomain of the plasma membrane; this would accelerate the internaliza-
tion of CD4 via lipid raft-dependent pathways, resulting in impaired virus binding and
infection.

DISCUSSION

LY6E has been well characterized in mediating the development and maturation of
thymocytes (21). However, its exact role in viral infection remains debatable (30, 48). We
recently reported that LY6E promotes HIV-1 entry in PBMCs and SupT1 cells, which
express a high level of CD4, likely by enhancing viral membrane hemifusion and entry
(35). Interestingly, in this work, we found that LY6E inhibits HIV-1 entry in Jurkat cells
and MDMs, which express a low level of CD4. So, what are the factors that determine
the differential effect of LY6E on HIV-1 infection in these two T cell lines? Among the
multiple variables, we have focused on the possible influence of LY6E on the HIV-1
primary receptor CD4 and coreceptor CXCR4, primarily because of the predominant
localization of these molecules on the plasma membrane. We demonstrated that LY6E
does not affect CXCR4 yet specifically downregulates CD4 on the plasma membrane of
Jurkat cells. We also showed that the downregulation of CD4 correlates with impaired
binding and entry of HIV-1 into target cells, likely accounting for the diminished viral
replication in this cell type. Interestingly, we found that only the cell surface, and not
the total, level of CD4 in Jurkat cells was affected by LY6E and that this downregulation
was likely due to an accelerated rate of CD4 internalization from the plasma membrane.
By using a panel of chemical inhibitors, we observed that a dynamin-dependent, lipid
raft-associated endocytic pathway is likely involved in the downregulation of CD4 by
LY6E, which was in line with the colocalization of CD4 and LY6E in lipid rafts of the
plasma membrane. These findings are interesting, considering that HIV-1 accessory
protein Nef can downregulate CD4 from the cell surface yet mainly through clathrin-
mediated endocytic pathways (35). At this time, we cannot rule out the possibility that
CD4 and LY6E may also be associated with nonraft microdomains, thus contributing to
the differential effect of LY6E on HIV-1. In addition, other unknown cellular proteins
may function together with LY6E to modulate the cell surface CD4 molecule, therefore
impairing HIV entry and replication.

FIG 5 Legend (Continued)
pH 3.0 in order to remove the surface CD4, the signals thus reflecting the internalized fraction of CD4. The other half was treated with pH 7.0 to measure the
total CD4 level. The CD4 internalized rate was calculated as the ratio of pH 3.0-resistant PE-Texas Red fluorescence intensity versus the total cell-associated
fluorescence intensity (pH 7.0). Relative rates of internalization were shown by setting the values of parental Jurkat cells at 60 min without acid wash to 1.0.
(B) Effect of different chemical inhibitors on the steady-state level of cell surface CD4 expression. DMSO, 80 �M Dynasore, 10 �M CPZ, or 10 mM MBCD was
applied to Jurkat or Jurkat-LY6E cells; 8 h after treatment, cells were collected to determine the cell surface expression of CD4 by flow cytometry. The MFI
(geometric mean) of each sample was obtained and compared to the value of DMSO-treated parental cells, which was set to 1.0. (C) Lipid raft flotation assay.
Jurkat or Jurkat-LY6E cells were lysed and homogenized in 1% Triton X-100 lysis buffer at 4°C, and harvested lysates were subjected to sucrose cushion
ultracentrifugation to determine the water-soluble and detergent-resistant membrane fractions. Samples were collected from the top fraction to the bottom
fraction upon completion of ultracentrifugation and subjected to SDS-PAGE; CD4/LY6E expression and distribution was determined by immunoblotting using
specific antibodies. (D) Analysis of colocalization between LY6E and CD4. Jurkat-TAg cells (Jurkat cells expressing simian virus 40 [SV40] T antigen but with high
transfection efficiency) were cotransfected with plasmids encoding CD4, GFP-GPI, or TIM-1. Thirty-six hours after transfection, cells were fixed and costained
with specific antibodies. White arrows indicate colocalized areas of the plasma membrane that were positive for both LY6E and CD4. (E) Randomly selected
cells (5 fields) were used for colocalization analysis using NIH ImageJ software, and the Pearson’s correlation coefficients were determined and plotted. (F)
Analysis of colocalization between LY6E and CD4 in MDMs. MDMs were permeabilized with a permeabilization buffer (Fermentas) and intracellularly stained
with Texas Red-conjugated anti-CD4 and anti-LY6E antibodies, followed by incubating cells with a FITC-conjugated anti-rabbit antibody. The nucleus was
stained with DAPI. White arrows indicate colocalized LY6E and CD4. Images were collected under 100� magnification and processed through deconvolution
software. *, P � 0.05; ***, P � 0.001.
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How can we explain the distinct phenotypes of LY6E in two different T lymphocyte
cell lines, Jurkat and SupT1? Jurkat cells were originally derived from a male acute
leukemia patient and express a low level of CD4, whereas SupT1 cells were derived
from a human T cell lymphoblastic lymphoma patient and express a high level of CD4
(38, 49, 50). Here we hypothesize that LY6E modulates HIV-1 entry and replication
through two different mechanisms in these cells (Fig. 6). In the first mechanism, where
the cellular CD4 level is high, LY6E intrinsically promotes HIV-1 entry postbinding,
especially at the step of HIV-1 fusion with cell membrane, as we have reported in SupT1
cells (35). In this case, even though LY6E can still downregulate CD4 (data not shown
for SupT1 cells), there are sufficient amounts of CD4 to allow the efficient binding and
infection of the virus. In the second mechanism, where the endogenous CD4 level is
low in target cells, the downregulation of CD4 by LY6E becomes prominent, thus
significantly affecting the virus binding and infection. Because Jurkat cells express
much less CD4 on the plasma membrane (38), they are therefore more sensitive to
changes in the cell surface level of CD4. In contrast, SupT1 cells express a high level of
CD4, which makes them less sensitive to change in the cellular CD4 level, unless a
minimal level of CD4 required for HIV-1 infection is not met. In addition to direct
comparisons of LY6E phenotypes between Jurkat and SupT1 cells, we have also
artificially manipulated the CD4 level in these two cell lines; we found that, indeed,
overexpression of CD4 in Jurkat cells overcame the inhibitory effect of LY6E on HIV-1

FIG 6 A working model for the differential roles of LY6E in HIV-1 infection, a CD4-dependent effect. (A)
In low-CD4-expressing cells (such as Jurkat T cells, macrophages, and others), LY6E is associated with CD4
within the lipid raft microdomain, thus promoting its internalization from the plasma membrane; this
would result in a decreased CD4 level on the cell surface and therefore impairs virus binding and entry.
In this case, the effect of CD4 downregulation by LY6E is predominant relative to its effect on fusion
enhancement; therefore, LY6E acts as a negative factor for HIV infection. (B) In high-CD4-expressing cells
(PBMCs, SupT1 cells, and others), the effect of LY6E on the downregulating CD4 is minor compared to
the LY6E-mediated enhancement of viral fusion. In this case, LY6E functions as a positive factor for HIV-1
infection.
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entry and, conversely, that a functional block of CD4 by a neutralizing CD4 antibody in
SupT1 cells alleviated the enhancement of LY6E on HIV-1 entry. These results collec-
tively strengthen the notion that CD4 is a critical factor that determines the differential
effect of LY6E on HIV-1 infection in different cell types.

One noticeable observation in this study is that CD4 overexpression in Jurkat cells
did not fully convert the LY6E phenotype to that of SupT1 cells nor did a functional
block of CD4 in SupT1 cells completely rescue the inhibitory effect of LY6E on HIV-1
entry, suggesting that additional factors in Jurkat and SupT1 cells are likely to be
involved. Jurkat cells have been shown to express a greater amount of T cell receptor
CD3 but fewer interleukin-7 receptor alpha (IL-7R�) molecules on the surface than
SupT1 cells (51). Since the � chain of CD3 is known to interact with LY6E, thus
modulating CD3-mediated signaling (22, 23), it is possible that LY6E can differentially
modulate HIV-1 infection through a mechanism involving LY6E-CD3 signaling cascades.
Our observation that LY6E can relocate CD4 from the lipid raft microdomain, which is
known to offer an effective platform for cell signaling (52), to nonraft fractions of the
plasma membrane in Jurkat cells seems to support this possibility. In this respect, an
RNA deep-sequencing analysis, together with functional proteomics characterization,
of Jurkat and SupT1 cells should help further define the molecular pathways underlying
the LY6E-medidated differential modulation of HIV-1 infection.

Low-CD4-expressing cells, such as dendritic cells and macrophages, are important
initial targets of HIV infection and play essential roles in mediating host innate
immunity in vivo (53, 54). As disease progresses, HIV-1 evolves and switches coreceptor
usage for entry and more efficiently replicates in high-CD4-expressing T cells (55).
Therefore, at the early stage of HIV-1 infection, the effect of LY6E on CD4 downregu-
lation may be predominant, due to the intrinsic low level of CD4 in target cells; in this
case, LY6E would function as an inhibitor of viral infection and transmission. However,
at the advanced stage of infection, HIV-1 replicates in high-CD4 T cells, where the effect
of LY6E on CD4 downregulation would become less effective, resulting in generally
enhanced viral fusion and infection. While this model (Fig. 6) is supported by our
previous data showing that LY6E enhances HIV-1 infection in high-CD4-expressing
PBMCs, as well as by this current study showing that LY6E restricts HIV-1 entry in
low-CD4-expressing MDMs, the specific and biological significance of LY6E in HIV-1
infection and AIDS progression in vivo requires further investigation. Because LY6E is an
IFN-inducible protein, our work highlights a more complex role of IFN and its induced
ISGs in virus-host interactions and possibly viral pathogenesis.

MATERIALS AND METHODS
Plasmids and cells. The LY6E coding sequence was either FLAG tagged at the N terminus or

untagged and then subsequently cloned into a pQCXIP (with puromycin selection marker) or PQCXIN
(with neomycin selection marker) retroviral vector as reported previously (35). Short hairpin RNAs
targeting LY6E were purchased from Sigma (TRCN0000155033). siRNA against LY6E was purchased from
Dharmacon (SMARTpool: siGENOME LY6E siRNA). HIV-1 molecular clone pNL(AD8) and pAD8-Env were
kindly provided by Eric Freed (NCI, MD). HIV-1 molecular clone pNL4.3 WT (catalog no. 114), transmitted/
founder proviral constructs, WITO (catalog no. 11739), RHPA (catalog no. 11744), and THRO (catalog no.
11745), and Env plasmids pBJOX2000 Env (catalog no. 12655), pX1632 Env (catalog no. 12655), and
pCH119 Env (catalog no. 12659) were obtained from NIH AIDS Reagent Program. HIV-inGLuc vector was
kindly provided by the David Derse laboratory (56). HIV-Gag-iGFP was provided by Benjamin Chen (Icahn
School of Medicine at Mount Sinai, NY). The pMX-CCR5 construct was provided by Li Wu’s laboratory (The
Ohio State University, OH). The pCI-Neo-FLAG-TIM-1 encoding TIM-1 was described previously (57).

Jurkat E6.1 (ATCC) and SupT1 (NIH AIDS Research and Reagent Program; catalog no. 100) cell lines
were maintained in RPMI 1640 (Gibco), supplemented with 100 U/ml penicillin/streptomycin (Gibco) and
10% fetal bovine serum (FBS) (Gibco). HEK293T cells and HeLa-TZM indicator cells were maintained in
Dulbecco modified Eagle medium (DMEM), supplemented with 100 U/ml penicillin/streptomycin (Corn-
ing) and 10% FBS (Sigma). Jurkat-TAg cells were a kind gift of Heinrich Gottlinger (University of
Massachusetts Medical School, MA). Anti-CD4 neutralizing antibody (clone SK3; catalog no. 344602) was
purchased from Biolegend, CA. Anti-CD4 (clone 34915) antibody for immunoblotting was ordered from
R&D, MN. Anti-CD4 (SIM.4) and anti-CD4 (SIM.2) antibodies for flow cytometry were produced from
hybridoma (SIM.4 [catalog no. 512] and SIM.2 [catalog no. 511], respectively), which were ordered
from AIDS Reagent Program, NIH. Anti-CXCR4 monoclonal antibody (catalog no. 4083) was obtained
from the NIH AIDS Reagent Program. The anti-CD4 PE-Texas Red-S3.5 (Invitrogen; catalog no. MHCD0417)
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for the internalization assay was purchased from Invitrogen. Anti-LY6E (LS-C155101) antibody used for
flow cytometry was purchased from LifeSpan BioSciences, WA.

MDM isolation and culture. PBMCs from HIV-negative healthy donors were used to isolate MDMs.
Briefly, PBMCs were plated in Teflon wells for 5 days to allow differentiation into MDMs. On day 5, cells
were removed from the Teflon wells, washed, and counted. The cells were then plated in plastic tissue
culture plates (24 wells) at 180,000 MDMs/well in 10% FBS–RPMI 1640 and used for viral infection.

Virus production. Retroviral pseudotypes or infectious HIV-1 stocks were generated in HEK293T
cells. Briefly, LY6E-expressing retroviral vectors, MLV Gag-pol and pMDG (encoding VSV-G), were cotrans-
fected into HEK293T cells at ratio of 2:2:1. Similarly, shRNA LY6E-encoding lentiviral vectors, HIV-1
Gag-pol and pMDG, were cotransfected into HEK293T cells at ratio of 2:2:1. Virions released into
supernatants were collected 24 and 36 h after transfection. For infectious HIV-1 production, proviral
constructs were directly transfected into HEK293T cells by the calcium phosphate method. In some cases,
pMDG was cotransfected to generate VSV-G-bearing infectious viral stocks. Cell debris was removed by
centrifugation at 3,000 � g for 10 min, and supernatants were filtered through a 0.22-�m filter and
stored at �80°C until use.

Generation of stable cell lines. The collected virions were used to transduce Jurkat or SupT1 cells.
Approximately 400 �l of viral stocks, supplemented with 5 �g/ml Polybrene, was mixed with 1 � 106 T cells,
followed by spinoculation at 1,680 � g at 4°C for 1 h. Twenty-four hours after transduction, the cells were
replenished with fresh RPMI 1640 containing 1 �g/ml puromycin or 800 �g/ml G418 sulfate for selection.

HIV-1 infection and replication. For short-term replication in Jurkat cells, about 50 �l infectious
HIV-1 virions (equivalent to about 25 ng p24) was spinoculated with 5 � 105 cells for 1 h at 1,680 � g at
4°C. For MDM infection, cells were transfected with 20 nM siRNA control or siRNA-LY6E by Lipofectamine
2000 (Invitrogen), followed by infection in a 24-well plate. In all cases, at 6 h postinfection, the cells were
pelleted and resuspended in fresh RPMI 1640. Forty-eight hours after infection, the cells were collected
for flow cytometric analyses. Virus-containing supernatants were harvested and used to infect HeLa-TZM
cells for measuring viral infectivity.

For long-term replication, about 5 �l infectious HIV-1 (equivalent to 2.5 ng p24) was spinoculated
with 1 � 105 Jurkat T cells for 1 h at 1,680 � g at 4°C. Six hours postinfection, the cells were pelleted and
refed in fresh RPMI 1640 every 2 days. The cells were split once every 4 days, and virus-containing
supernatants were harvested for reverse transcriptase (RT) assay and/or for determining viral infectivity.

RT assay. HIV-1 production was determined by measuring the viral RT activity. Briefly, 10 �l of cell
supernatants was mixed with 40-�l reaction cocktails {50 mM Tris-HCl (pH 7.9), 5 mM MgCl2, 0.5 mM
EGTA, 0.05% Triton X-100, 2% (vol/vol) ethylene glycol, 150 mM KCl, 5 mM dithiothreitol (DTT), 0.3 mM
GSH (reduced glutathione), 0.5 U/ml poly(rA) oligo(dT), and 0.1 �Ci/�l [3H]dTTP (Perkin-Elmer)} and
incubated at 37°C for 3 h. Samples were then placed on ice for 30 min with 150 �l prechilled 10%
(mass/vol) trichloroacetic acid (TCA) and filtered onto an ELISA plate (Merck Millipore, Ireland). RT activity
was measured in a Microbeta counter (Beckman Coulter).

Infectivity assay. HIV-1 infectivity was determined by infecting indicator HeLa-TZM cells as previ-
ously described (11). Briefly, 36 to 48 h after infection, cells were washed once with phosphate-buffered
saline (PBS) and lysed with lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton X-100). Approximately 40 �l of cell lysates was incubated with 40 �l firefly luciferase substrates to
determine HIV-1 infectivity in a microplate reader (FilterMax F5; Molecular Devices).

Virus binding and virion-cell fusion assay. For the virion binding assay, Jurkat cells were incubated
with HIV-iGFP particles at 4°C for 2 h. After three washes with PBS to remove unbound virus, cells were
fixed with 3.7% formaldehyde for 10 min and subjected to flow cytometric analysis. A BlaM-Vpr-based
HIV-1 entry assay was performed as previously described (35). Briefly, Jurkat cells were spinoculated with
HIV-1 at 1,680 � g at 4°C. The CCF2 substrate was loaded into cells 1 h after infection, and then cells were
washed three times with PBS. The cells were maintained in CO2-independent medium (plus 0.5 mM
probenecid) overnight before being fixed with 3.7% formaldehyde and analyzed by flow cytometry.

Coimmunoprecipitation and Western blotting. Cells were lysed in prechilled RIPA buffer (1%
NP-40, 50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, and protease inhibitor mixture) or 1% Triton X-100 buffer
(1% Triton X-100 in 1� PBS) for 20 min. Coimmunoprecipitation was performed by using anti-FLAG M2
affinity gel/beads (Sigma) to pull down FLAG-tagged LY6E in Jurkat or Jurkat-LY6E cell lysates (either in
1% Triton X-100 or RIPA buffer) overnight at 4°C. Unbound proteins were washed off three times with
cold PBS or RIPA buffer. Samples were boiled with 5� SDS-PAGE sample buffer before being subjected
to 10% SDS-PAGE. The coimmunoprecipitated CD4 was detected by using CD4 antibody (catalog no.
MAB3791; R&D, MN). After the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane,
primary antibodies of interest were applied, and protein signals were detected using an Amersham
Imager 600 (GE Healthcare), as previously described (11).

Lipid raft flotation assay. Jurkat or Jurkat-LY6E cells (3 � 107 to 5 � 107) were washed 3 times with
ice-cold PBS and lysed on ice for 20 min in 2 ml of 1% Triton X-100 lysis buffer supplemented with
protease inhibitor cocktails (Sigma). Cell lysates were homogenized with 15 strokes of a Dounce
homogenizer and further passed 5 times through 22G1 needles. Cells were then centrifuged for 5 min at
1,000 � g at 4°C to remove insoluble materials and nuclei. The supernatant was mixed with 2 ml of 80%
sucrose in lysis buffer, placed at the bottom of ultracentrifuge tubes, and overlaid with 4 ml of 30% and
3.5 ml of 5% sucrose in Triton X-100 lysis buffer. Lysates were subjected to ultracentrifugation at 4°C in
an SW41 rotor (Beckman) for 19 h at 39,000 rpm. Fractions of 1-ml volume were collected from top to the
bottom and analyzed by Western blotting.

Detection of cell surface or intracellular protein expression by flow cytometry. Cells were
nonpermeabilized or permeabilized with permeabilization IC buffer (ThermoFisher Scientific). Cells were
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washed twice with cold PBS plus 2% FBS, detached with 1� PBS containing 5 mM EDTA, and incubated
on ice with the appropriate primary antibodies for 1 h. After three washes with PBS plus 2% FBS, cells
were further incubated with FITC (fluorescein isothiocyanate)- or TRITC tetramethyl rhodamine
isothiocyanate)-conjugated secondary antibodies for 45 min. After two washes, the cells were fixed with
3.7% formaldehyde for 10 min and analyzed by flow cytometry (AttuneNxT flow cytometer; Invitrogen).

CD4 internalization assay. CD4 internalization assays were adapted from the method of Aiken et al.
(58). Briefly, Jurkat or Jurkat-LY6E cells were incubated with anti-CD4 PE-Texas Red-S3.5 (Invitrogen;
catalog no. MHCD0417) in PBS plus 2% FBS on ice for 2 h, washed twice, and suspended in PBS–2% FBS
buffer. The cells were then placed in a 37°C water bath for 0, 5, 15, 30, and 60 min, before being placed
on ice for 5 min to stop the internalization process. Cells collected at different time points were aliquoted
into 2 portions: one portion was incubated with cold low-pH PBS buffer (pH 3.0), while the other portion
was incubated with cold normal PBS (pH 7.5) for 5 min. After removal of the supernatants, the PE-Texas
Red signal in each sample was determined by flow cytometry. The CD4 internalized fraction was
calculated as the ratio of pH 3.0-resistant PE-Texas Red signal to the total cell-associated signal.

Immunostaining and imaging. For CD4� T cells, 5 � 105 Jurkat-TAg cells were transfected with
500 ng pQCXIP-FLAG-LY6E together with 500 ng of either pQCXIP-CD4 (Gregory Melikian, Emory Uni-
versity), pGFP-GPI (Harvey MaMahon, MRC Laboratory of Molecular Biology, United Kingdom), or
pCIneo-TIM-1 (57) by Lipofectamine 2000 (Thermo Fisher Scientific) in combination with spinoculation at
1,640 � g for 1 h. Thirty-six hours after transfection, the cells were collected and washed once with
1� PBS. Cells were stained with anti-LY6E primary antibody together with another primary antibody:
anti-CD4 (SIM.4), anti-GFP, or anti-TIM1 on ice for 1 h. Cells were washed with wash buffer (2% FBS in
1� PBS buffer) 3 times and stained with either FITC- or TRITC-conjugated anti-rabbit (for LY6E), anti-
mouse (for GFP and CD4), or anti-goat (for TIM-1) secondary antibodies. After two additional washes, the
cells were fixed with 4% paraformaldehyde for 10 min at room temperature and mounted. For MDMs,
cells were seeded on a coverslip; 24 h after seeding, the cells were fixed with 4% paraformaldehyde at
room temperature for 10 min and then permeabilized with 1� permeabilization buffer (1� IC buffer;
Thermo Fisher Scientific) for 10 min. Cells were then blocked with 5% bovine serum albumin (BSA) and
stained with anti-CD4 and anti-LY6E antibodies overnight at 4°C. After three washes with PBS, cells were
incubated with anti-mouse–TRITC and anti-rabbit–FITC for 1 h, followed by DAPI (4=,6-diamidino-2-
phenylindole) staining.

For fluorescence microscope, Z-stack images were collected using a Leica DMi8 inverted deconvo-
lution microscope with a 100� oil immersion lens. Five fields that had been randomly selected were
chosen, and individual cells were cropped for colocalization analyses using ImageJ software (NIH).

Statistical analyses. All statistical analyses were carried out in GraphPad Prism6, with Student’s t
tests or one-way analysis of variance (ANOVA) unless otherwise noted. Typically, data from at least 3 to
5 independent experiments were used for the analysis.
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