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ABSTRACT Human T-cell leukemia virus type 1 (HTLV-1) causes multiple pathological
effects, ranging from a form of leukemia to a spectrum of inflammation-mediated dis-
eases. These diseases arise from one or several infected CD4� T cells among thousands
acquiring proliferation and survival advantages and ultimately becoming pathogenic.
Given the low incidence of HTLV-1-associated diseases among carriers, such cellular evo-
lutionary processes appear to occur rarely. Therefore, infectious spread of HTLV-1 within
the T-cell population may be one underlying factor influencing disease development.
Free HTLV-1 virions are poorly infectious, so infection of T cells relies on direct contact
between infected and target cells. Following contact, virions pass to target cells through
a virological synapse or cellular conduits or are transferred to target cells within an ex-
tracellular matrix. Lymphocyte functioning antigen 1 (LFA-1) on the surface of the target
cell engaging with its ligand, ICAM-1, on the surface of the infected cell (effector cell)
initiates and stabilizes cell-cell contact for infection. We found that stable expression of
an HTLV-1 accessory protein, HTLV-1 bZIP factor (HBZ), in Jurkat T cells increases homo-
typic aggregation. This phenotype was attributed to elevated ICAM-1 expression in the
presence of HBZ. Using a single-cycle replication-dependent luciferase assay, we found
that HBZ expression in Jurkat cells (used as effector cells) increases HTLV-1 infection. De-
spite this effect, HBZ could not replace the critical infection-related functions of the
HTLV-1 regulatory protein Tax. However, in HTLV-1-infected T cells, knockdown of HBZ
expression did lead to a decrease in infection efficiency. These overall results suggest
that HBZ contributes to HTLV-1 infectivity.

IMPORTANCE Human T-cell leukemia virus type 1 (HTLV-1) causes a variety of diseases,
ranging from a fatal form of leukemia to immune-mediated inflammatory diseases.
These diseases occur rarely, arising from one or a small subset of virally infected cells
infrequently evolving into a pathogenic state. Thus, the process of HTLV-1 cell-to-cell
transmission within the host helps influence the probability of disease development.
HTLV-1 primarily infects T cells and initially spreads within this cell population when vi-
rally infected T cells dock to uninfected target T cells and then transfer HTLV-1 virus par-
ticles to the target cells. Here we found that the viral protein HTLV-1 bZIP factor (HBZ)
promotes infectivity. HBZ accomplishes this task by increasing the surface abundance of
a cellular adhesion protein known as intercellular adhesion molecule 1 (ICAM-1), which
helps initiate and stabilize contact (docking) between infected and target T cells. These
results define a novel and unexpected function of HBZ, diverging from its defined func-
tions in cellular survival and proliferation.
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Globally, approximately 10 million people are estimated to be infected with a
complex retrovirus known as human T-cell leukemia virus type 1 (HTLV-1) (1). De

novo viral transmission occurs through contact with body fluids containing infected
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cells, such as blood, semen, and breast milk. Following transmission, the virus can infect
a variety of cell types; however, in vivo, the vast majority of infected cells are CD4� T
cells (2, 3). In line with this pattern, pathological effects associated with HTLV-1 are
often linked to the expansion of specific infected CD4� T-cell clones (defined by the
chromosomal integration site of the provirus). Such expansions are associated mainly
with two distinct diseases caused by HTLV-1: a fatal malignancy known as adult T-cell
leukemia (ATL; monoclonal expansion) and a progressive neurodegenerative disorder
known as HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP; oligo-
clonal expansion) (4, 5). In addition, HTLV-1 infection is associated with a variety of
other immune-inflammatory disorders. Interestingly, these diseases develop in only a
small portion (�5%) of the HTLV-1-infected population (6), suggesting that the chance
of a newly infected T cell acquiring the survivability, proliferative, and pathogenic
properties to ultimately elicit disease is extremely low. This premise is supported by
estimates that healthy HTLV-1 carriers harbor tens of thousands of infected T-cell clones
(7). One factor that is believed to contribute to the potential for an infected T cell to
ultimately cause disease (especially HAM/TSP) is the chromosomal integration site of
the provirus affecting levels of viral gene transcription (7, 8). Considering that HTLV-1
integration is a near-random event (9), infectious spread of HTLV-1 in the T-cell population
appears to be an important determinant of disease development.

As infection of T cells by free HTLV-1 virions is extremely inefficient (10–12), T-cell
infection occurs through mechanisms involving contact between an effector cell
(infected with HTLV-1) and a target cell. In the context of T-cell-to-T-cell infection,
initiation and stabilization of effector cell-target cell contact is mediated by intercellular
adhesion molecule 1 (ICAM-1) on the surface of the effector T cell engaging with lympho-
cyte functioning antigen 1 (LFA-1) on the target cell (13, 14). Once these contacts are
established, viral particles can be transferred to the target cell by one of three known
mechanisms that potentially serve to circumvent immune surveillance (15). One mech-
anism involves polarization of the effector cell and transfer of viral particles through a
specialized microenvironment known as a viral synapse that forms at the cell-cell
interphase (16). Another mechanism involves transfer of viral particles to the target cell
as part of an extracellular matrix known as a viral biofilm (17). A third mechanism
involves the transfer of viral particles through cellular conduits extending from the
effector to the target cell (18).

Among the nonstructural HTLV-1 proteins, Tax and p8 have been shown to regulate
events involved in cell-to-cell infection. While p8 functions in conduit formation (18),
Tax appears to have a more central and multifaceted role in viral infection. It increases
the expression of ICAM-1, which is important for effector cell-target cell interactions
(19). It also assists in polarizing the microtubule-organizing center (MTOC) in the
infected cell toward the contacted target cell (14), which appears to be essential to
achieving a functional virological synapse (13, 16). In addition, it may activate expres-
sion of certain cellular genes involved in forming the viral biofilm (17). Finally, it
activates expression of Fascin and Gem, both of which regulate actin dynamics to
promote HTLV-1 infection (20, 21).

In this study, we provide evidence that in addition to Tax and p8, HTLV-1 basic
leucine zipper protein (HBZ) participates in HTLV-1 infection. HBZ is known to localize
to the nucleus, where it affects gene expression through interactions with a variety of
transcriptional regulators (22). Using Jurkat T cells, we have established clonal cell lines that
express HBZ or carry the empty expression vector. Interestingly, the HBZ-expressing cells
display increased homotypic aggregation compared to the empty-vector cells. We
attributed this phenotype to an increase in ICAM-1 expression and found that ICAM-1
expression is also elevated by HBZ expression in SupT1 and HeLa cells. As effector cells
in single-cycle replication-dependent luciferase assays, the HBZ-expressing Jurkat
clones exhibited a higher proficiency for infecting target cells than the empty-vector
clones. Consistent with this observation, knocking down HBZ expression in HTLV-1-
infected SLB-1 cells reduced the infection efficiency of these cells. Finally, while HBZ
increased the efficiency of infection, it was incapable of replacing the essential func-
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tions of Tax in this process. These overall results support a novel role for HBZ in the
infectious spread of HTLV-1.

RESULTS
HBZ promotes homotypic aggregation through a mechanism involving LFA-1.

To better understand the molecular function of HBZ in T cells, we established clonal cell
lines from Jurkat T cells that constitutively express HBZ and control clonal cell lines
containing the empty pcDNA3.1 expression vector. To compare quantities of the HBZ
protein in these cell lines to those in HTLV-1-infected cell lines, we performed a Western
blot analysis of HBZ that was precipitated from cell lysates through its high-affinity
interaction with the KIX domain of the cellular coactivator CBP (23). Overall, the
abundance of HBZ in the clones was higher than in the infected cells (Fig. 1A). In
culture, the HBZ clones displayed marked homotypic aggregation, which was not
apparent with the empty-vector clones but is a typical phenotype of HTLV-1-infected
T-cell lines (Fig. 1B and C).

Given that integrins are major effectors of T-cell adhesion (24), we tested whether
they played a role in the aggregation of the HBZ clones. Integrins contain a variety of
divalent metal ion-binding sites that can affect their ligand interactions (25). We found
that chelation of divalent metal ions in the culture medium with EDTA, but not EGTA

FIG 1 HBZ expression in Jurkat cells stimulates homotypic aggregation. (A) Western blot (WB) detection of HBZ
expression in Jurkat clonal cell lines and HTLV-1-infected T-cell lines. HBZ was affinity purified from whole-cell
extracts using the CH1-KIX domain of CBP fused to GST. The upper panel shows the membrane probed with an HBZ
antibody. The lanes shown are from the same membrane/same scanned image. The lower panel shows the same
membrane stained with Ponceau S. An asterisk denotes a nonspecific band. (B) Homotypic aggregation of the
indicated T-cell lines. The cells indicated were plated at 5 � 105 cells/ml, at which time cellular aggregates were
completely disrupted. Cells were cultured for 2 h to allow aggregates to reform and then were photographed. (C)
Homotypic aggregation of the indicated empty-vector and HBZ-expressing Jurkat clones. The cells indicated were
plated at 1 � 106 cells/ml, at which time cellular aggregates were completely disrupted. Cells were cultured for 3 h
to allow aggregates to reform and then were photographed.
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(which favors Ca2�), blocked aggregation of both the HBZ clones and the HTLV-1-
infected T-cell lines (Fig. 2A). In complementary experiments, the HBZ clones and
HTLV-1-infected cells failed to form clusters in medium lacking divalent metal ions but
underwent aggregation following the addition of Mg2� but not Ca2� (Fig. 2B). To-
gether, these observations implied that an integrin was involved in the homotypic
aggregation displayed by the HBZ clones. More specifically, they indicate the involve-
ment of LFA-1, which is a heterodimer composed of the �2 (CD18) and �L (CD11a)
integrins. Indeed, while Ca2� increases the affinity of some integrin complexes for their
ligands, it inhibits adhesion by LFA-1 (25).

To identify the specific integrin modulating the phenotype, we used a series of
antibodies that block integrin interactions. Among those that we tested, only antibod-
ies against �2 (CD18) and �L (CD11a) integrins were found to inhibit aggregation of the
HBZ clones (Fig. 3A). Indeed, as shown in Fig. 3A, antibodies against �M and LFA-3,
which were among several of the known blocking antibodies we tested, did not affect
aggregation of the HBZ clones. In HTLV-1-infected T cells (SLB-1 cells), the antibody
against �L also inhibited cell aggregation (Fig. 3B, left panels). Similarly, the antibody
against �2 reduced aggregation of another HTLV-1-infected T-cell line (ATL-2s) (Fig. 3B,

FIG 2 Mg2� induces homotypic aggregation of HBZ-expressing Jurkat clones. (A) Effects of divalent
metal ion chelators on homotypic aggregation. The cells indicated were plated at 5 � 105 cells/ml in the
absence or present of the indicated chelators, at which time cellular aggregates were completely
disrupted. Cells were cultured for 6 h to allow to aggregates to reform and were then photographed. (B)
Effects of Mg2� and Ca2� on homotypic aggregation. The cells indicated were plated at 5 � 105 cells/ml
in HEPES-buffered Tyrode’s solution without Mg2� or Ca2� (unsupplemented) or containing 1 mM Mg2�

or Ca2� as indicated. Cells were cultured for 6 h and then photographed.
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right panels). In parallel with the divalent metal ion analysis, these results suggested
that cell adhesion through LFA-1 controlled the homotypic aggregation of the HBZ
clones.

HBZ upregulates the LFA-1 ligand ICAM-1 to promote homotypic aggregation.
Given the observed effect of the LFA-1-blocking antibodies, we were interested in
testing whether HBZ increases expression of the ITGB2 and/or ITGAL genes that encode
�2 and �L, respectively. Such a mechanism would coincide with the general role of HBZ
in regulating gene expression through its interactions with cellular transcriptional
regulators in the nucleus (22). Unexpectedly, we did not observe a significant difference
in ITGB2 or ITGAL mRNA levels between the Jurkat HBZ and empty-vector clones (Fig.
4A). Furthermore, there was no difference in the cell surface abundance of these LFA-1
subunits (Fig. 4B). We also analyzed the cell surface abundance of LFA-1 in its open,
high-affinity conformation, which is known to augment cell adhesion, using an anti-
body that specifically binds the open conformation of the �2 subunit (26). Despite two
of three empty-vector clones displaying higher levels of the activated form of LFA-1
(Fig. 4C), the average geometric mean intensity of the three empty-vector clones was
not significantly greater than that of the HBZ clones in this and replicate experiments
(data not shown). These results show that HBZ does not affect expression of LFA-1 or
inside-out signaling that modulates transition to the high-affinity conformation of
LFA-1.

These results led us to examine whether HBZ influenced expression of an LFA-1
ligand, ICAM-1. In first comparing gene expression between the sets of Jurkat clones,
we found that the ICAM1 mRNA levels were higher in the HBZ clones than in the
empty-vector clones (Fig. 5A). Moreover, ICAM-1 cell surface abundance was higher for
the HBZ clones (Fig. 5B). We additionally examined ICAM-1 expression in other cell lines
that had been modified to stably express HBZ. Using another T-cell line, SupT1, we

FIG 3 Antibodies against LFA-1 block homotypic aggregation of HBZ-expressing Jurkat clones. Effects of integrin-
blocking antibodies on homotypic aggregation are shown. Empty-vector and HBZ-expressing Jurkat clones
(1 � 106 cells/ml) (A) or HTLV-1-infected SLB-1 and ATL-2s cells (2.5 � 105 cells/ml and 4.5 � 105 cells/ml, respec-
tively) (B) were plated in the presence of the indicated antibodies, at which time cellular aggregates were
completely disrupted. The Jurkat clones were cultured for 4 h, and the SLB-1 and ATL-2s cells were cultured for 6 h
and 2 h, respectively, to allow aggregates to reform prior to being photographed.
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established cells that stably express HBZ or carry the empty expression vector (Fig. 5C).
As with the Jurkat clones, we observed higher ICAM-1 expression in the SupT1 cells
expressing HBZ (Fig. 5D). This trend extended to HeLa cells (Fig. 6A).

We also analyzed ICAM1 mRNA levels in HeLa clonal cell lines expressing each of the
following HBZ mutants: HBZ mutAD contains LL¡AA substitutions in the two LXXLL
motifs in the N-terminal activation domain (AD), which disables binding to the cellular
coactivator CBP/p300 (27); HBZ mutZIP contains L¡C substitutions in the second and
fourth heptad repeat of the leucine zipper, which disables binding to cellular bZIP
factors (28); and HBZ mutATG contains an A¡T substitution in the start codon that
prevents translation of the transcript. We found that cells expressing HBZ mutAD
contained levels of ICAM1 mRNA comparable to those of cells expressing wild-type
HBZ, while cells expressing HBZ mutZIP or HBZ mutATG contained significantly lower
levels of the transcript (Fig. 6A). These results imply that HBZ regulates ICAM-1
expression through an interaction with a cellular bZIP factor.

Among the cellular bZIP factors bound by HBZ, JunD stood out as possibly being
involved in HBZ-mediated activation of ICAM-1 expression. JunD is a component of the
transcription factor AP-1, which has been shown to directly regulate ICAM1 transcrip-
tion (29), and importantly, heterodimers composed of HBZ and JunD have been shown
to activate transcription from AP-1 sites and through DNA-bound Sp1 (30–33). Indeed,
in addition to harboring AP-1-binding sites, the ICAM-1 promoter contains an Sp1
binding site (29). To test whether JunD played a role in the activation of ICAM1
transcription, we transfected the HBZ-expressing HeLa cells with small interfering RNA
(siRNA) targeting JunD or, separately, with control siRNA. An analysis of mRNA from the
transfected cells indicated the efficient knockdown of JunD; however, this effect was
not accompanied by a significant reduction in ICAM1 mRNA (Fig. 6B). This pattern

FIG 4 HBZ does not affect LFA-1 expression or activation. (A) LFA-1 mRNA levels in empty-vector and HBZ-
expressing Jurkat clones. The graph on the left shows qRT-PCR results for the ITGAL gene, which expresses the �L
subunit of LFA-1. The graph on the right shows qRT-PCR results for the ITGB2 gene, which expresses the �2 subunit
of LFA-1. Data are the average of results of three independent experiments and were normalized to values for the
empty-vector clone C4 (set to 1). Error bars show standard deviations. (B) Flow cytometry analysis of LFA-1 on
empty-vector and HBZ-expressing Jurkat clones. Histograms in the left panel show relative cell surface levels of �L,
and histograms in the right panel show relative cell surface levels of �2 (empty-vector cells, yellow; HBZ-expressing
cells, blue; secondary antibody probing clone G8, gray). (C) Flow cytometry analysis of activated LFA-1 on
empty-vector and HBZ-expressing Jurkat clones. The histograms show the relative cell surface levels of the
activated conformation of the �2 subunit of LFA-1 (empty-vector cells, yellow; HBZ-expressing cells, blue;
secondary antibody probing clone G8, gray).
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suggests that JunD is not involved in the activation of ICAM-1 expression by HBZ.
Finally, it is important to note that HBZ did not affect mRNA levels of the other ICAM
family members (Fig. 6C). Overall, these results indicated that the enhanced homotypic
aggregation caused by HBZ involves increased expression of the LFA-1 ligand ICAM-1.

As previously reported (34), ICAM1 mRNA levels were found to be elevated in
HTLV-1-infected T cells, which we confirmed (Fig. 7A). This effect was reported to
involve activation of ICAM1 transcription by Tax (19, 35). Given our findings, we
compared levels of ICAM-1 activation elicited by Tax versus HBZ. For this analysis, we
used the clonal empty-vector and HBZ-expressing HeLa cell lines and HeLa cells
transiently transfected with a Tax expression vector (pSG-Tax) or the corresponding
empty vector (pSG5). An analysis of both ICAM1 mRNA levels and the cell surface
abundance of ICAM-1 showed that each viral protein produced a similar increase in
ICAM-1 expression, with Tax causing a slightly greater increase in activation (Fig. 7B
and C).

To test whether ICAM-1 contributed to homotypic aggregation of the HBZ clones,
we first tested whether an ICAM-1-blocking antibody disrupted cell-cell interactions in
the culture. Like the LFA-1 antibodies, the ICAM-1-blocking antibody inhibited forma-
tion of aggregates by the HBZ clones, although not to the same extent as the LFA-1
antibodies (Fig. 8A, upper panels). This difference may reflect a variation in the blocking
capabilities between the LFA-1 and ICAM-1 antibodies. Indeed, despite the known

FIG 5 HBZ upregulates ICAM-1 expression. (A) ICAM1 mRNA levels in empty-vector and HBZ-expressing Jurkat
clones. The graph shows qRT-PCR data averaged from seven independent experiments, with data normalized to
values for empty-vector clone C4 (set to 1). Error bars show standard deviations. Significance was determined by
a one-way ANOVA comparing the clones (P � 0.001), followed by a Tukey honestly significant difference (HSD) test;
double asterisks denote a P value of �0.01 as the highest P value among pairwise comparisons between
empty-vector and HBZ clones. (B) Flow cytometry analysis of ICAM-1 on empty-vector and HBZ-expressing Jurkat
clonal cells. Histograms on the left show relative cell surface levels of ICAM-1 (empty-vector clones, yellow;
HBZ-expressing clones, blue; secondary antibody probing clone F10, gray). The bar graph on the right shows the
geometric mean fluorescence intensities (Geo-MFI) averaged for the three empty-vector clones versus the three
HBZ-expressing clones. Data represent one of three independent experiments. Error bars show standard deviations.
Significance was determined by a two-tailed Student’s t test (**, P � 0.01). (C) Western blot analysis of whole-cell
extracts prepared from SupT1 cells stably transduced with an HBZ expression vector or the empty vector and, for
comparison, selected Jurkat clones. Membranes were probed with an antibody against Myc to detect the
C-terminal epitope tag on HBZ and then stripped and probed for actin. (D) Flow cytometry analysis of ICAM-1 on
empty-vector and HBZ-expressing SupT1 cells. Histograms show the relative cell surface levels of ICAM-1 (empty-
vector cells, yellow; HBZ-expressing cells, blue; secondary antibody probing empty-vector cells, gray).
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function of ICAM-1 in modulating adhesion of HTLV-1-infected T cells (34), the ICAM-1
antibody we used also appeared to be less effective than the LFA-1 antibodies in
disrupting SLB-1 cell aggregates (Fig. 8A, lower panels). To further analyze ICAM-1-
mediated aggregation, we tested whether an LFA-1 peptide also inhibited homotypic
aggregation of the HBZ clones. The blocking peptide used consisted of amino acids 466
to 491 of the �L subunit (GenBank accession no. AAC31672), which was previously
reported to block ICAM-1, thereby disrupting T-cell aggregation (36). Like the LFA-1-
and ICAM-1-blocking antibodies, the �L peptide disrupted homotypic aggregation of
the HBZ clones and the HTLV-1-infected cells (Fig. 8B).

HBZ enhances the efficiency of HTLV-1 infection. These findings led to the
hypothesis that HBZ participates in the HTLV-1 infection process, as infection between
T cells occurs through direct cell-cell contact that involves ICAM-1 on the surface of the
infected cell engaging with LFA-1 on the target cell (13). This hypothesis was supported
by findings that the HBZ-expressing Jurkat clones were able to incorporate normal
Jurkat cells (defined as not having been transfected/transduced) into the cellular

FIG 6 Among the ICAM family members, HBZ-mediated activation is restricted to ICAM-1 and does not
depend on JunD. (A) ICAM1 mRNA levels in empty-vector and HBZ-expressing HeLa clones. The graph
shows qRT-PCR data averaged from three independent experiments, with data normalized to values for
the empty-vector clone (set to 1). Mutations in the activation domain, leucine zipper domain, and the
start codon of HBZ are indicated as mutAD, mutZIP, and mutATG, respectively; wt, wild type. Error bars
show standard deviations. Significance was determined by a two-tailed Student’s t test (***, P � 0.001).
Western blot analysis was performed using whole-cell extracts prepared from HeLa clones. Membranes
were probed with an antibody against Myc to detect the C-terminal epitope tag on HBZ and actin. (B)
JUND and ICAM1 mRNA levels in an HBZ wild-type-expressing HeLa clone following siRNA-mediated
knockdown of JUND. The graph shows qRT-PCR data averaged from three independent experiments for
ICAM1 and two experiments for JUND, with data normalized to values for the control siRNA (set to 1). (C)
ICAM2, ICAM3, ICAM4, and ICAM5 mRNA levels in empty-vector and HBZ-expressing Jurkat clones. The
graph shows qRT-PCR data averaged from three independent experiments, with data normalized to
values for empty-vector clone C2 (set to 1). Error bars show standard deviations.
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aggregates (Fig. 9A), showing that HBZ-expressing cells efficiently adhere to cells
lacking the viral protein. To compare the infection efficiencies of the HBZ-expressing
and empty-vector clones, we used the single-cycle replication-dependent luciferase
assay developed by Mazurov et al. (37). In these assays, we cotransfected the Jurkat
clones with the pCMV-HT1Δenv packaging vector that is defective for Env expression,
the pCRU5H-inLuc reporter plasmid, and either the CMV-ENV expression vector or a
negative-control CMV-ENVΔPvuII in which the env gene contains an early nonsense
mutation (38). Mazurov et al. provided a detailed illustration of this system in the
original study in which this system was developed and used (37). Based on this system,
the transfected Jurkat clones produce HTLV-1 virus-like particles containing a luciferase
trans-gene, defining these cells in the assay as effector cells. Infection of target cells
with virus-like particles leads to luciferase expression in the target cells. In initial
experiments, using normal Jurkat cells as the target cells, we observed significantly
higher luciferase activity produced from cocultures with effector cells that were the
HBZ-expressing clones than from those with effector cells that were the empty-vector

FIG 7 Levels of ICAM1 activation by HBZ and Tax are similar. (A) ICAM1 mRNA levels in the indicated T-cell lines.
The graph shows qRT-PCR results averaged from two independent experiments in which values were normalized
to those for the resting CD4 T cells (set to 1). Numbers above the bars indicate fold differences relative to the
resting CD4 T cells. TL-Om1 cells (dark gray bar) express only HBZ, as the proviral sense strand-encoding genes are
turned off. (B) ICAM1 mRNA levels from the empty-vector cells, HBZ-expressing HeLa clone, and Tax-transfected
HeLa cells. The graph shows qRT-PCR data averaged from three independent experiments, with data normalized
to values from cells carrying the empty vector (pcDNA or pSG5; set to 1). Error bars show standard deviations.
Western blot analysis was performed using whole-cell extracts prepared from the empty-vector cells, HBZ-
expressing HeLa clone, and Tax-transfected HeLa cells. Membranes were probed with an antibody against His to
detect the C-terminal epitope tag on HBZ and Tax and then stripped and probed for actin. (C) Flow cytometry
analysis of ICAM-1 on the empty-vector cells, HBZ-expressing HeLa clone, and Tax-transfected HeLa cells. Histo-
grams on the left show relative cell surface levels of ICAM-1 on the HBZ-expressing clone, and histograms in the
middle show relative cell surface levels of ICAM-1 on Tax-transfected cells (empty-vector cells, yellow; HBZ- and
Tax-expressing cells, blue; isotype control antibody probing the HBZ- and Tax-expressing cells, gray). The bar graph
on the right shows the fold change in the geometric mean fluorescence intensities (Geo-MFI) between empty-
vector and HBZ- or Tax-expressing cells.
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clones (Fig. 9B). These results indicated that HBZ increases the efficiency of HTLV-1
infection.

While we showed that the HBZ clones formed clusters with parental Jurkat cells, it
was possible that the efficient infection in cocultures containing the HBZ clones was
due to preferential infection of other HBZ clones rather than the intended normal
Jurkat cells. Therefore, assays were performed using adherent CHO cells stably express-
ing LFA-1 as the target cells (Fig. 9C, right panel). In these assays, the transfected Jurkat
clones were washed out of the wells following coculture, leaving only the adherent
CHO-LFA-1 cells. Therefore, luciferase activity corresponded specifically to infection
of the CHO-LFA-1 cells. Results from these assays showed that the CHO-LFA-1 cells
exhibited significantly higher luciferase activity when cocultured with effector HBZ
clones than when cocultured with the effector empty-vector clones (Fig. 9C). These
observations verify that the HBZ clones exhibit an increased infection efficiency toward
the intended target cells.

We were also interested in confirming the positive role of ICAM-1 in HTLV-1 infection.
For this purpose, we used the single-cycle replication-dependent luciferase assay to
examine the effect of an ICAM-1-blocking antibody on infection. In these experiments,
HBZ-expressing Jurkat cells were used as effector cells and normal Jurkat cells were
used as target cells. We found that the addition of the blocking antibody to cocultures
caused a significant reduction in luciferase activity (Fig. 9D). This observation provides
evidence that ICAM-1 expression contributes to the efficiency of HTLV-1 infection.

HBZ does not functionally replace Tax in modulating HTLV-1 infection. T-cell-
to-T-cell infection of HTLV-1 was previously shown to be modulated by the viral protein
Tax (14, 20, 37). Given the substantial increase in infection efficiency in Jurkat cells

FIG 8 Blocking adhesion through ICAM-1 disrupts homotypic aggregation of HBZ-expressing Jurkat clones. (A)
Effects of an ICAM-1-blocking antibody on homotypic aggregation. Upper panels, HBZ-expressing Jurkat clonal
cells were plated at 5 � 105 cells/ml and cultured for 6 h prior to being photographed. Lower panels, HTLV-1-
infected SLB-1 cells were plated at 1 � 106 cells/ml and cultured for 8.5 h prior to being photographed. At time
zero, cellular aggregates were completely disrupted, and the antibodies indicated were added. The graph shows
relative areas of aggregates averaged from three independent experiments, with the average aggregate area from
the antibody-treated cells normalized to the average aggregate area from untreated cells (set to 100). The asterisk
denotes a P value of �0.05 for a two-tailed Student’s t test. Aggregate areas were determined using ImageJ. (B)
Effects of an �L peptide on homotypic aggregation. HBZ-expressing Jurkat cells (upper panels) or HTLV-1-infected
SLB-1 cells (lower panels) were plated at 5 � 105 cells/ml in the presence of the �L peptide or the DMSO vehicle,
at which time cellular aggregates were completely disrupted. Cells were cultured for 6 h to allow aggregates to
reform and were then photographed.
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expressing HBZ, we tested whether HBZ could replace Tax specifically with respect
to its infection-related functions. To test this hypothesis, we used the single-cycle
replication-dependent luciferase assay, in which pCMV-HT1Δenv was replaced with the
pCMVHT1M-Tax9Q packaging vector that expresses Env but not Tax (37). To compare
infection efficiencies in the absence and presence of Tax, cells were also cotransfected
with pSG5 or pSG-Tax, respectively. We found that independent of the presence of HBZ,
luciferase activity did not exceed the background signal in the absence of Tax (Fig. 10),
suggesting that HBZ is unable to replace essential functions of Tax in mediating
infection.

Low expression of HBZ is sufficient to enhance the efficiency of infection. The
Jurkat clones used in initial single-cycle replication-dependent luciferase assays ex-

FIG 9 HBZ increases the infection efficiency of Jurkat cells when used as effector cells in infection assays. (A) Jurkat
cells expressing HBZ form aggregates with HBZ-negative Jurkat cells. Jurkat cells stably expressing HBZ (6.7 � 105

cells/ml) were stained with Hoechst 33342 and combined with an equal quantity of unstained normal Jurkat cells.
Cellular aggregates were then completely disrupted, and cells were cocultured for 2 h and then photographed. (B)
As effector cells, the HBZ-expressing Jurkat clones produce higher levels of infection than the empty-vector clones.
Empty-vector and HBZ-expressing clones were cotransfected with pCMV-HT1Δenv, pCRU5H-inLuc, and either
CMV-ENV (light bars) or CMV-ENVΔPvuII (dark bars) and cocultured with normal Jurkat cells. Luciferase assays were
performed 48 h later. The graph shows infection as a measure of relative luminescence units (RLUs) normalized to
the highest value in each experiment (set to 100). The effector cells used are indicated. Data were averaged from
five independent experiments. Error bars show standard deviations. Significance was determined by a one-way
ANOVA comparing the clones (P � 0.001), followed by a Tukey’s HSD test; an asterisk denotes a P value of �0.05
as the highest P value among pairwise comparisons between empty-vector and HBZ clones. The Western blot
shows Tax expression in the indicated Jurkat clones cotransfected with pCMV-HT1Δenv, pCRU5H-inLuc, and
CMV-ENV. The membrane was stripped and reprobed with an antibody against actin. (C) As effector cells, the Jurkat
clones infect the intended target cells. HBZ-expressing cells (light bars; Jurkat clone F10) and empty-vector cells
(dark bars; Jurkat clone C4) were transfected with pCMV-HT1Δenv, pCRU5H-inLuc, and either CMV-ENV or
CMV-ENVΔPvuII and cocultured with normal CHO or CHO-LFA-1 cells for 1.5 to 2 h. Effector cells were then
removed, and luciferase assays were performed on the CHO-LFA-1 cells 48 h later. The graph shows infection as a
measure of relative luminescence units (RLUs) produced by the indicated effector cells with data averaged from five
replicates per treatment from a single experiment. The graph is representative of three independent experiments.
The horizontal dashed line shows the averaged background values (effector cells cotransfected with CMV-
ENVΔPvuII). Error bars show standard deviations. Significance was determined by a two-tailed Student’s t test (*,
P � 0.05). The Western blot shows �L and �2 expression in CHO-LFA-1 cells. The membrane was probed for each
LFA-1 subunit and actin. (D) Blocking ICAM-1 reduces the level of infection. HBZ-expressing Jurkat cells were
cotransfected with pCMV-HT1Δenv, pCRU5H-inLuc, and CMV-ENV and cocultured with normal Jurkat cells in the
absence or presence of an ICAM-1-blocking antibody. Luciferase assays were performed 48 h later. The graph
shows data from five independent experiments, with infection shown as a measure of relative luminescence units
(RLUs): luminescence from the antibody-treated coculture was normalized to luminescence from the untreated
cocultures (set to 100) in each experiment. ***, P � 0.001 (for a two-tailed Student’s t test).
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pressed higher levels of HBZ than chronically infected HTLV-1-infected T-cell lines (see
Fig. 1A), raising the possibility that the increased infection efficiency of the Jurkat clones
requires abnormally high expression of HBZ. Therefore, we tested a Jurkat clone that
expresses a low level of HBZ (Fig. 11A). This clone was established by electroporation,
while the clones with high HBZ expression were established using a cationic lipid
transfection reagent. Like the other HBZ-expressing clones, this clone displayed the
aggregation phenotype (Fig. 11B). Interestingly, the cell surface abundance of ICAM-1
on the clone with low HBZ expression was elevated to a level similar to that on clones
with high HBZ expression (Fig. 11C). Furthermore, in single-cycle replication-dependent
luciferase assays, the clone with low HBZ expression exhibited an infection efficiency
similar to that of the clones with high HBZ expression (Fig. 11D). These observations
suggest that lower and potentially more physiologically relevant levels of HBZ are
sufficient to enhance infection.

HTLV-1-infected T cells with reduced HBZ expression display decreased infec-
tion efficiency. Finally, we were interested in testing whether HBZ contributes to
infection in the context of naturally infected T cells, as the single-cycle replication-
dependent luciferase assay might not fully recapitulate the precise infection functions
modulated through the HTLV-1 provirus. We established a clonal cell line expressing a
short hairpin RNA (shRNA) vector targeting the dominant splice 1 isoform of HBZ and
a clonal line containing the empty expression vector (39). These cells were produced
from the HTLV-1-infected T-cell line SLB-1, which exhibits relatively higher expression of
HBZ than most of the other HTLV-1-infected T-cell lines that we have tested (23). Cells
expressing the shRNA targeting HBZ were confirmed to have lower quantities of HBZ
mRNA and protein than cells with the empty vector (Fig. 12A and C). In contrast, in both

FIG 10 HBZ does not replace Tax during the infection process. The HBZ-expressing clone F10 and the
empty-vector clone C4 were transfected with pCMVHT1M-Tax9Q, pCRU5H-inLuc, and either pSG-Tax
(light bars) or pSG5 (dark bars) and cocultured with CHO-LFA-1 cells for 1.5 to 2 h. Effector cells were then
removed, and luciferase assays were performed on the CHO-LFA-1 cells 48 h later. The graph shows
infection as a measure of relative luminescence units (RLUs) produced by the indicated effector cells, with
data averaged from three replicates per treatment from a single experiment. The graph is representative
of three independent experiments. Error bars show standard deviations. Significance was determined by
a two-tailed Student’s t test (***, P � 0.001). The Western blot shows Tax expression in the F10 Jurkat
clone cotransfected with pCMVHT1M-Tax9Q, pCRU5H-inLuc, and pSG5 (lane pSG5) or pSG-Tax (lane
pSG-Tax). (-), untransfected Jurkat cells.
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SLB-1 cell lines, HTLV-1 Env and Tax expression levels were relatively similar (Fig. 12B).
To verify that these cells were deficient for HBZ-mediated functions, we examined BDNF
mRNA levels; BDNF transcription is upregulated by HBZ (23). In the three separate RNA
specimen sets prepared from the clones, BDNF mRNA levels were lower in the HBZ
knockdown clones than in the empty-vector clones (Fig. 12C, lower panels), which is
indicative of effects caused by knockdown of HBZ. In examining ICAM-1 expression, we
observed lower levels of the transcript and the cell surface protein with the HBZ
knockdown cells (Fig. 12C and D). To test the infection efficiency of these lines, we
established Jurkat cells stably transfected with pminLUC-viral cyclic AMP response
element (CRE) (40), which contains the luciferase reporter gene regulated by three
tandem copies of the viral CRE found proximal to the transcription start site in the
HTLV-1 promoter. Therefore, following infection with HTLV-1, these cells will express
the viral trans-activator protein Tax, which will then activate transcription of the
luciferase gene from the viral CREs (17). In infection assays using the SLB-1 clones as

FIG 11 Jurkat cells with low HBZ expression maintain the ability to increase infection efficiency. (A) HBZ expression
in Jurkat clone G6 is lower than in the other clones. Whole-cell extracts from the indicated Jurkat clonal cell lines
were analyzed by Western blotting using an antibody against the C-terminal 6�His epitope tag (His) on HBZ. The
membrane was stripped and reprobed with an antibody against actin. (B) Homotypic aggregation of the G6 clone.
Cells were plated at 1 � 106 cells/ml, at which time cellular aggregates were completely disrupted. Cells were
cultured for 3 h to allow aggregates to reform and then were photographed. (C) Cell surface abundance of ICAM-1
is elevated in Jurkat cells with low HBZ expression. Histograms show the relative cell surface abundance of ICAM-1
on the Jurkat empty-vector clones (yellow; C2, C4, and C5) and HBZ-expressing clones (blue; F10 and G6).
Histograms for clones F10 and G6 are indicated by arrows. The gray histogram represents clone C2 cells probed
with secondary antibody. (D) As effector cells, Jurkat cells with low HBZ expression produce higher levels of
infection than the empty-vector clones. The indicated HBZ-expressing (light bars) and empty-vector (dark bars)
Jurkat clones were transfected with pCMVHT1M-Tax9Q, pCRU5H-inLuc, and pSG-Tax. Clone F10 was separately
cotransfected with pSG5 in place of pSG-Tax [F10 (-)]. Effector cells were cocultured with CHO-LFA-1 cells for 1.5
to 2 h and removed, and luciferase assays were performed on the CHO-LFA-1 cells 48 h later. The graph shows
infection as a measure of relative luminescence units (RLUs) produced by the indicated effector cells, with data
averaged from at least three replicates per treatment from a single experiment. The graph is representative of the
results of two independent experiments. Error bars show standard deviations. Significance was determined by a
two-tailed Student’s t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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effector cells and the Jurkat pminLUC-viral CRE cells as target cells, significantly lower
luciferase activity was obtained from cocultures containing the HBZ knockdown cells
than from the empty-vector cells (Fig. 12E). This observation supports a legitimate role
for HBZ in facilitating HTLV-1 infection.

DISCUSSION

In this study, we provide evidence that the HTLV-1 accessory protein HBZ contrib-
utes to viral infection. For an HTLV-1-infected T cell to effectively transfer viral particles
to a target T cell, it must first establish stable contact with target cells. This cell-cell
interaction is initiated and stabilized primarily by ICAM-1 on the surface of the infected
cell engaging with its ligand, LFA-1, on the surface of the target cell (13, 16). Our
compiled results show that HBZ upregulates ICAM-1 expression, thereby enhancing
cell-to-cell adhesion and, in turn, HTLV-1 infection. This function of HBZ is surprising,
considering that the viral protein Tax serves as a key modulator of infection and the
functions of HBZ often oppose those of Tax (41). While HBZ mirrors Tax in promoting
infection, in single-cycle replication-dependent luciferase assays, it cannot replace Tax
during the infection process. Indeed, Tax has multiple, diverse functions associated with

FIG 12 Knockdown of HBZ in HTLV-1-infected T cells reduces infection efficiency. (A) An shRNA targeting the HBZ
S1 transcript reduces HBZ expression in SLB-1 cells (HTLV-1 positive). Clonal cell lines were established from SLB-1
cells stably transfected with a vector expressing an shRNA targeting HBZ S1 (shHBZ) or with the empty vector.
Chromatin fractions from the indicated cell lines were analyzed by Western blotting using an antibody against the
bZIP domain of HBZ (upper panel). The membrane was stained with Ponceau S prior to being blocked and probed
(lower panel). (B) Env expression is unaffected by the shRNA targeting the HBZ. Whole-cell extracts from the
indicated cell lines were analyzed by Western blotting using an antibody against Env. The membrane was stripped
and reprobed with an antibody against actin. (C) Knockdown of HBZ leads to a reduction in the level of ICAM1 and
BDNF mRNA. ICAM1, HBZ S1, and BDNF transcript levels were compared between SLB-1 shHBZ and empty-vector
cell lines. The graph shows qRT-PCR data averaged from three independent experiments, with data normalized to
values for the empty-vector clone (set to 100). Error bars show standard deviations. Significance was determined
by a two-tailed Student’s t test (**, P � 0.01). The gel shows RT-PCR analysis of BDNF-IV mRNA levels from the three
experimental sample sets. (D) Knockdown of HBZ leads to a reduction in cell surface abundance of ICAM-1. Cell
surface abundance of ICAM-1 was analyzed by flow cytometry on empty-vector (yellow histogram) and shHBZ (blue
histogram) SLB-1 cells. The gray histogram represents shHBZ cells probed with secondary antibody. (E) Knockdown
of HBZ leads to a reduction in infection efficiency. The graph shows infection as a measure of relative luminescence
units (RLUs) produced by the indicated effector cells cocultured with Jurkat pminLUC-viral CRE cells. Data are
averaged from six replicates per treatment from a single experiment. The graph is representative of three
independent experiments. Error bars show standard deviations. Significance was determined by a two-tailed
Student’s t test (***, P � 0.001).
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HTLV-1 infection, including augmenting infected cell-target cell interactions (19, 42),
modulating formation of the virological synapse and cytoskeletal remodeling (14, 20,
21), and potentially activating the expression of components of HTLV-1 biofilm-like
structures (17). In contrast, our current data indicate that the role of HBZ in HTLV-1
infection is centered on its ability to augment effector cell-target cell interactions. While
we show that this role involves upregulation of ICAM-1 expression, we cannot rule out
the possibility that other cellular proteins regulated by HBZ contribute to the increased
infection efficiency.

Our observations suggest that activation of ICAM-1 expression by HBZ occurs
through an indirect mechanism. We found that HBZ upregulates ICAM1 expression in
cells established to stably express HBZ, suggesting that long-term expression of the
viral protein is required for this phenomenon. This observation is consistent with
knockdown of JunD failing to affect ICAM1 mRNA levels in HBZ-expressing cells. Therefore,
HBZ/JunD heterodimers, which have been shown to function as transcriptional activa-
tors (30–33), do not appear to regulate transcription from AP-1 sites or the Sp1 site in
the ICAM1 promoter. Further supporting this premise, an in silico analysis of HBZ-
binding sites from published chromatin immunoprecipitation sequencing (ChIP-seq)
data (43) did not reveal any peaks of HBZ enrichment within the ICAM1 promoter or in
proximity to the gene in ATL cells (data not shown). However, an in silico analysis of
other ChIP-seq data from the same study showed overlapping peaks of BATF3 and IRF4
enrichment within the ICAM1 promoter (data not shown). Interestingly, in this previous
study, HBZ was shown to associate with a superenhancer to drive BATF3 expression.
Therefore, the requirement for long-term expression of HBZ to upregulate ICAM1 may
relate to HBZ first activating the expression of BATF3, which then forms a complex with
IRF4 to regulate ICAM1 transcription. Further work is needed to test this hypothesis.

In contrast to our results, a previous in vitro analysis did not reveal a role for HBZ in
infection (44). The discrepancy between studies may be due to different approaches
taken in each analysis. In the previous study, irradiated 729 B cells stably transfected
with a wild-type HTLV-1 molecular clone or an HBZ-defective molecular clone were
used as effector cells, and infection was measured by immortalization of cocultured
peripheral blood mononuclear cells (PBMCs). While differences in the effector cells used
in each study may have influenced the results, we believe the main distinction lies in
the methods used to measure infection. Compared to the single-cycle replication-
dependent luciferase assay and use of the Jurkat pminLUC-viral CRE reporter target
cells, immortalization of PBMCs may be a less-specific measure of infectivity, as it
involves long-term coculture and is affected by other factors, such as cell proliferation
and survival. Interestingly, in this previous report, the same effector cells were also
used to examine infection with a rabbit model, and rabbits inoculated with 729 cells
containing an HBZ-defective molecular clone produced lower proviral loads than
rabbits inoculated with cells carrying the wild-type HTLV-1 molecular clone. Interest-
ingly, infection through a molecular clone expressing HBZ deleted of the leucine zipper
also resulted in a lower proviral load. This observation is consistent with our findings
that HBZ mutZIP fails to augment ICAM-1 expression (Fig. 4E) and consistent with the
seminal role of ICAM-1 in cell-cell-mediated infection of HTLV-1. Therefore, while the
results from the rabbit infection were speculated to involve an HBZ-mediated survival
effect, they may have alternatively, or in part, arisen from the contribution of HBZ to
HTLV-1 infectivity. This possibility coincides with results from a separate animal study
in which macaques were inoculated with 729 B cells containing the same HBZ-defective
molecular clone used in the rabbit studies (45). This HTLV-1 molecular clone contains
an early nonsense mutation in the hbz gene that prevents HBZ translation. Strikingly,
during the course of the infection in the macaques, the hbz mutation reverted to the
wild-type sequence, which would reestablish expression of HBZ. As with results from
the rabbit infection, data from the macaque infection are consistent with a function of
HBZ related to HTLV-1 infectivity.

While our analysis showed that HBZ does not replace Tax during the infection
process, it does effect a dramatic increase in the efficiency of infection, suggesting that
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HBZ contributes to the infectious spread of HTLV-1 within the T-cell population in
HTLV-1 carriers. Current data suggest that a high frequency of infectious spread of
HTLV-1 occurs immediately following the initial transmission of the virus (the acute
stage of infection) and then declines significantly, but is not eliminated, once the
adaptive immune response is mounted against the virus (the persistent stage of
infection) (46–48). Given our results, we expect that HBZ participates in the initial, rapid
infectious spread of the virus.

In addition, HBZ might play an especially important role in the ongoing low-level
infection occurring during the persistent stage of infection. At this point, HTLV-1-
infected T cells expressing Tax are undergoing elimination by the cytotoxic T-cell
response due to the high immunogenicity of Tax (49, 50). However, in some infected T
cells, expression of Tax becomes repressed due to actions of a variety of trans-acting
factors that target the 5= long terminal repeat (LTR) promoter and through epigenetic
modifications within this region of the provirus (51). Even though these cells typically
maintain expression of HBZ from the 3= LTR promoter (52, 53), they are likely to avoid
immune-mediated elimination, as the immunogenic response to HBZ is poor (54, 55).
Interestingly, Tax repression has been found to be reversible, and consequently, Tax has
been found to be transiently present in infected cells (56, 57). This phenomenon is
currently implicated in promoting the survival and proliferation of infected cells, while
limiting their exposure to immune surveillance. Given that Tax activates the transcrip-
tion of the provirus and cellular genes, its transient expression might also lead to the
accumulation of viral particles and some host factors that contribute to infection, such
as components involved in formation of the viral biofilm. It is therefore possible that
once Tax repression is reestablished, these cells will remain poised to infect, and HBZ
serves to complete the infection process by promoting interactions with target T cells.

The scenario described above does not account for Tax-dependent formation of the
virological synapse that is established upon contact of an infected T cell with a target
cell. However, it is possible that this structure is dispensable during certain infection
events, as transfer of the viral biofilm appears capable of occurring outside the region
of contact between the effector and target cell (17). Alternatively, overexpression of
ICAM-1 by HBZ may in itself be sufficient to trigger formation of the virological synapse.
Indeed, polarization of the MTOC in the infected cell toward the target cell is a key
process that marks formation of the virological synapse (16). This event has been found
to be controlled by Tax and cell surface engagement of ICAM-1 (13, 14). Considering
that Tax activates expression of ICAM-1, it is possible that the role of Tax in MTOC
polarization is exclusively to increase the cell surface abundance of ICAM-1, and a
subsequent signal through engagement of ICAM-1 modulates MTOC polarization. In
support of this premise, Tax mutants that are defective for activation of the CREB and
NF-�B pathways are unable to assist in MTOC polarization (58), which coincides with
the involvement of potentially both pathways in activating ICAM1 transcription (29).
Furthermore, signaling through RhoA and ERK have been reported to be required for
MTOC polarization in response to ICAM-1 engagement in HTLV-1-infected cells (29);
these are both pathways that, in various cell lines, are activated by ICAM-1 engagement
(59). Considering these observations in conjunction with data from our current study
and previous results showing that ICAM-1 is upregulated in HTLV-1-infected T cells (34),
it would be interesting to analyze signaling through ICAM-1 in HTLV-1-infected T cells
and how it relates to the mechanism of viral infection.

MATERIALS AND METHODS
Cell culture and generation of cell lines. CD4� lymphocytes, Jurkat, CEM, and HUT-78 cells, and

HTLV-1-infected cells (MT-2, C10/MJ, SLB-1, C8166/45, and ATL-2s) were cultured in Iscove’s modified
Dulbecco medium (IMDM) supplemented with 10% fetal bovine serum (FBS) or 12.5% FetalPlex serum
(Gemini Bio-Products) and 2 mM L-glutamine, 100 U/ml penicillin, and 50 �g/ml streptomycin. To obtain
CD4� lymphocytes, human buffy coat (purchased from ZenBio) was centrifuged over Ficoll-Paque Plus
medium (GE Healthcare) according to the manufacturer’s instructions. The PBMC fraction was then
processed using the CD4� T-cell isolation kit (Miltenyi Biotec) according to the manufacturer’s instruc-
tions. A fraction of the isolated CD4� lymphocytes was activated in culture wells coated with anti-CD3
and anti-CD28 antibodies. Jurkat pminLUC-viral CRE cells and Jurkat clonal cell lines were supplemented
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with 1.5 mg/ml G418. SLB-1 clonal cell lines were supplemented with 1 mg/ml G418. HTLV-1 infected
cells (1185, TL-Om1, and SP), SupT1-HBZ, and SupT1– empty-vector cells were cultured in RPMI medium
supplemented with 10% FBS or 12.5% FetalPlex serum and 2 mM L-glutamine, 100 U/ml penicillin,
50 �g/ml streptomycin, and 0.5 �g/ml puromycin. 1185 and SP cells were cultured in the presence of
interleukin 2 (IL-2). HeLa clonal cell lines (28), HEK293T cells, HeLa cells, CHO cells, and CHO-LFA-1 clones
were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS or 10% FetalPlex
serum, 2 mM L-glutamine, 100 U/ml penicillin, and 50 �g/ml streptomycin. HeLa and CHO clones were
supplemented with 0.5 mg/ml G418. The Jurkat clone with low HBZ expression has been described
previously (60). Clones with high HBZ expression were established by transfecting Jurkat cells with
pcDNA-HBZ-SP1-Myc (61) using Lipofectamine LTX with Plus reagent (Thermo Fisher Scientific) according
to the manufacturer’s instructions. SLB-1 clones were established by electroporating SLB-1 cells with
pRNAT/U6.2 or pRNAT/U6.2shHBZ-V4 (39). Cells (3 � 106) were exposed to a single exponential decay
pulse of 250 V/950 �F in 0.4-cm cuvettes containing 10 �g plasmid DNA in 300 �l RPMI–10 mM
dextrose– 0.1 mM dithiothreitol. Jurkat pminLuc-viral CRE cells were established by using the same
procedure, but with the pminLUC-viral CRE plasmid (40). Jurkat and SLB-1 clones were established from
single cells as described previously (60). CHO-LFA-1 clones were established by electroporating CHO cells
with pAPRM8.LFA-1alpha and pcDNA3.1-CD18 (Addgene plasmids 8630 and 8640, respectively; gifts
from T. Springer) (62, 63), as described previously (64), and isolating/expanding cell colonies that
survived 0.5 mg/ml G418 selection. SupT1-HBZ and SupT1– empty-vector cells were established by
lentivirus transduction as follows. HEK293T cells (5 � 106) were plated on 10-cm dishes, cultured
overnight, and then transfected with 39 �g pUMVC, 9.1 �g pHCMV-G, and 49 �g pQCXIP (ClonTech;
empty vector) or pQC-HBZ-IP using CaCl2 (pQC-HBZ-IP was established by PCR amplifying the HBZ
sequence from pcDNA-HBZ-SP1-Myc and inserting it into the EcoRI site in pQCXIP). The culture medium
was replaced 24 h posttransfection with 6 ml supplemented RPMI medium, and the cells were cultured
for another 24 h. The culture medium (viral supernatant) was then passed through a 0.4-�m polyether-
sulfone filter; the transfected HEK293T cells were maintained in culture by adding back 6 ml fresh
supplemented RPMI medium. Pelleted SupT1 cells (3 � 106) were resuspended in the filtered viral
supernatant with 12 �g/ml Polybrene and cultured overnight. The transduction process was repeated on
the same SupT1 cells using the second batch of viral supernatant from the transfected HEK293T cells.
Transduced cells were selected with 0.5 �g/ml of puromycin.

Protein fractionation and purification and Western blotting. Whole-cell extracts were prepared
as described previously (65). HBZ was purified from whole-cell extracts through its high-affinity interac-
tion with the KIX domain of CBP as described before (23). However, glutathione S-transferase (GST)-
CH1-KIX was used in place of GST-KIX, as the smaller GST-KIX fusion polypeptide obscured detection of
HBZ-Myc-6�His expressed by the Jurkat clones. Chromatin fractions (HBZ is enriched in this fraction)
were prepared as described previously (66). Western blotting was performed as described previously (65).
The antibodies used were as follows: anti-HBZ serum provided by J. M. Mesnard (67); anti-actin clone C4
and anti-Myc clone 4A6 purchased from Millipore-Sigma; anti-6�His (Abcam; ab9108); anti-�L clone
MHM24 and anti-B2 clone purchased from the University of Iowa Developmental Studies Hybridoma
Bank; and anti-HTLV-1 Env (NIH AIDS Reagent Program; no. 1578).

Cell aggregation assays. Cells were normalized to 5 � 105 cells/ml and cultured overnight in
unsupplemented IMDM. Cells were then collected by centrifugation, suspended in unsupplemented
IMDM to 2.5 � 105 to 1 � 106 cells/ml, and transferred to a 96-well plate (200 �l/well). Cells were pipetted
up and down to fully dissociate aggregates; elimination of cellular aggregates was verified by light
microscopy. Plates were incubated at 37°C for 2 to 8.5 h before photographing the cells with a
T-mounted camera on an Olympus CK2 inverted microscope. For some experiments, 5 mM EDTA or
EGTA, 5 �g/well of a specific blocking antibody, or 0.25 mM an LFA-1 peptide was added at time zero.
Blocking antibodies used in the experiments shown were as follows: anti-�M (M1/70; EMD Millipore),
anti-�L (TS1/22; University of Iowa Developmental Studies Hybridoma Bank), anti-�2 (TS1/18; Thermo
Fisher Scientific), anti-LFA-3 (TS2/9; Thermo Fisher Scientific), and anti-ICAM-1 (P2A4; EMD Millipore).
Antibody stocks did not contain sodium azide. The blocking peptide, GVDVDQDGETELLLIGAPLFYGEQRG
(amino acids 466 to 491 of the sequence deposited under GenBank accession no. AAC31672), was
reported to disrupt ICAM-1-dependent cell aggregation (36). It was synthesized and purified by GenWay
Biotech, reconstituted in dimethyl sulfoxide (DMSO), and supplemented with ammonium hydroxide to
adjust the pH to approximately 7. In coculture assays, Jurkat clones (2 � 106 cells) were stained with
0.25 �g/ml Hoechst 33342 (Thermo Fisher Scientific) in 3 ml of unsupplemented IMDM for 20 min,
washed three times in unsupplemented IMDM, and then suspended in 3 ml of unsupplemented IMDM.
Stained cells were combined with an equal volume/concentration of unstained normal Jurkat cells and
cocultured for 2 h. The cells were then photographed with a Nikon DS-Fi3 camera mounted on a Nikon
Eclipse E600 fluorescence microscope.

siRNA-mediated knockdown of JunD. The siGENOME human Jun D (3727) SMART pool M-003900-
05-0005 was used to knock down JunD, while the siGENOME nontargeting siRNA pool 1 D-001206-13-05
was used as a control (Dharmacon). Cells were seeded to reach �50% confluence on the day of
transfection. Cells were transfected with 50 nM siRNA using DharmaFECT 1 siRNA transfection reagent
(Dharmacon) according to the manufacturer’s instructions. RNA was extracted 48 h after transfection.

RNA extraction, cDNA synthesis, and quantitative reverse transcriptase PCR (qRT-PCR). RNA
was extracted from cells using TRIzol reagent (Thermo Fisher Scientific), and cDNA was synthesized using
a RevertAid kit (Thermo Fisher Scientific) as described by the manufacturer. Random hexamer primers
were used for all reactions except those analyzing hbz mRNA. Oligo(dT) primers were used for hbz cDNA
synthesis. The HBZ-S1 and UBE2D2 PCR primers have been described previously (28). The other PCR
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primers used in the data presented were as follows: ICAM1-F, 5=-GCTATTCAAACTGCCCTGATG; ICAM1-R,
5=-AGCGTAGGGTAAGGTTCTTG; ITGAL-F, 5=-CACAGGAAGCCTCTATCAGT; ITGAL-R, 5=-GTCTGTTGCCAAGG
TCATTC; ITGB2-F, 5=-CATTCTCCTGCTGGTCAT; ITGB2-R, 5=-CTTCACCAAGTGCTCCTAAC. Other primers used
in the study are available upon request. Real-time PCR was performed, and relative mRNA levels were
determined as described previously (28). Serial dilutions of an appropriate experimental sample were
used to generate standard curves for all primer sets included on a PCR plate. From the compilation of
all the standard curves for all primers and all PCR plates (analyses), the amplification efficiencies ranged
from 80 to 120%, with correlation coefficients ranging from 0.98 to 1.0.

Transfection and infection assays. Single-cycle replication-dependent luciferase assays were used
to quantify cell contact-dependent infection (37). Electroporation was done as described above. Cells
were electroporated with 7.1 �g of pCMVHT1M-ΔEnv or pCMVHT1M-Tax9Q (37), 13.2 �g of pCRU5HT1-
inLuc (37) and 1.8 �g of CMV-ENV or CMV-ENVΔPvuII (38) (used with pCMVHT1M-ΔEnv) or pSG5 or
pSG-Tax (68) (used with pCMVHT1M-Tax9Q) per electroporation cuvette. At 48 h postelectroporation,
cells were washed in supplemented IMDM and cocultured with target cells. In experiments using Jurkat
cells as target cells, 1 � 106 of both effector and target cells were combined in 5 ml of supplemented
IMDM and cocultured for 48 h. For ICAM-1 antibody blocking tests, cells were cocultured in 24-well plates
(1 ml/well), and cocultures were supplemented with 20 �g of anti-ICAM-1 antibody (RR1/1; Thermo
Fisher Scientific). In experiments using CHO-LFA-1 cells as target cells, 8 � 104 CHO-LFA-1 cells were
plated per well in 24-well plates, cultured for 24 h, and then exposed to 5 � 105 effector cells/well for 1.5
to 2 h. The wells were then washed four times with phosphate-buffered saline (PBS) to remove effector
cells, and the remaining CHO-LFA-1 cells were cultured in supplemented DMEM for an additional 48 h.
In experiments using the SLB-1 clones to infect Jurkat pminLUC-viral CRE cells, 2.5 � 105 effector and
target cells were cocultured in 1 ml/well in a 24-well plate for 48 h. Cells were lysed with 100 �l of cell
culture lysis reagent or passive lysis buffer (Promega), samples were normalized according to total
protein, and luciferase activity was measured using the luciferase assay system (Promega) and a GloMax
20/20 luminometer (Promega). HeLa cells (4 � 105) were transfected with 10 �g of plasmid (10 �g of
pSG5 or 5 �g of pSG-Tax-His [69] and 5 �g of pSG5) using calcium phosphate. Cells were collected 24 h
after transfection for RNA analysis and whole-cell extract preparation and at 48 h for flow cytometry
analysis.

Flow cytometry. Cells were normalized to 5 � 105 cells/ml and cultured for 24 h prior to analysis. A
total of 5 � 105 cells/labeling reaction were collected by centrifugation at 800 � g for 3 min at 4°C,
washed once in 2 ml of cold PBS– 0.2% bovine serum albumin (BSA) (fluorescence activated cell sorting
[FACS] buffer), and recentrifuged, and cell pellets were then suspended in 50 �l of cold FACS buffer to
which 2 �g of primary antibody was added. Antibodies used were as follows: anti-�L (TS1/22; University
of Iowa Developmental Studies Hybridoma Bank), anti-�2 (TS1/18; Thermo Fisher Scientific), anti-
activated �2 (MEM-148; Thermo Fisher Scientific), and anti-ICAM-1 (P2A4; Millipore Corporation). Cells
were labeled on ice for 1 h and then washed with 2 ml of FACS buffer. Following centrifugation, cell
pellets were suspended in 50 �l of FACS buffer to which 0.25 �g of fluorescein isothiocyanate (FITC) goat
anti-mouse Ig (Southern Biotech) was added. Cells were labeled on ice for 30 m, washed with 2 ml of
FACS buffer, suspended in 500 �l FACS buffer, and analyzed using a BD LSR II flow cytometer (BD
Biosciences). The resulting data were analyzed using Flowing Software 2.5.1 (developed by P. Terho,
University of Turku; http://flowingsoftware.btk.fi/index.php?page�1).

Statistical analysis. Two-tailed Student’s t tests were used for two-group comparisons. A one-way
analysis of variance (ANOVA) was used to compare the repeated measures for experiments examining
the six Jurkat clones. When statistical significance (P � 0.05) was identified, means were compared using
a Tukey post hoc test using JMP Pro 14 (SAS Institute, Inc.).
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