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Fig 6. CXCR4 is required for stable CCR7 expression, CCR7 ligand binding, and CCR7 homo-
oligomer formation. (A) The cell surface expression levels of CXCR4 and CCR1 were evaluated by flow
cytometry using anti-CXCR4 (left) or anti-CCR1 (right) antibodies in control or CXCR4 siRNA-treated H9
cells. Mean fluorescence intensity is indicated on the histograms. (B) The cell surface CCR7 expression was
evaluated by flow cytometry using anti-CCR7 antibody. H9 cells treated with control, CXCR4, or CCR7
siRNAs were analyzed (left). The total cellular CCR7 and CCR1 expression levels in control, CXCR4, or
CCRY siRNA-treated H9 cells were analyzed by Western blotting. Anti-g actin mAb was used to confirm
equal loading (right). (C) The CCR7 mRNA expression levels were analyzed in control, CXCR4, or CCR7
siRNA-treated H9 cells by quantitative RT-PCR. (D) The cell surface CCR7 expression levels were analyzed
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in gp120-treated human CD4 T cells (upper panel), and CXCL12-treated H9 cells (lower panel) by flow
cytometry. (E) The CCR7 ligand-binding abilities in H9 cells pretreated with a native (N) or control, heat-
denatured gp120 (D), or with (+) or without () 100 ng/ml CXCL12 were examined by CCL19-Ig binding. A
minimum of three images per section was observed by confocal microscopy, and the relative fluorescence
signal or the percentage of CCL19-Ig bound cells was quantified using Duolink Image Tool software. The
images of CCL19-bound cells with or without CXCL12 pretreatment are shown in the right panel (indicated by
white triangles). *, p < 0.05, Student’s t-test.

doi:10.1371/journal.pone.0117454.g006

CXCR4/CCR?7 hetero-oligomerization in CD4 T cells.

Discussion

CXCR4 binding molecules stimulate CCR7-dependent CD4 T cell
responses

In this study, we demonstrated that the recombinant X4-HIV-1y7 4 3-derived gp120 enabled
human CD4 T cells to respond to minimum concentrations of CCL21 or CCL19, suggesting
that HIV-1 gp120 cooperated with CCR7 ligands to enhance CD4 T cell migration. Our results
1ip-derived gp120 promoted CCL21-dependent CD4 T cell migration. However, whereas
they found that gp120 cooperates with CCL21 but not with another CCR?7 ligand, CCL19, we
observed effective cooperation for both CCR?7 ligands. This discrepancy may be due to the dif-
ferent sources of gp120 preparation between studies, which may influence the affinity of gp120
for CXCR4.

Requirement of CXCR4 and CD4 for the enhancing effect of gp120

the effects of CXCL12 in cellular responses via CXCR4 [3], [4], [29], we speculated that gp120
directly exerts its enhancing effects via CXCR4. Accordingly, we found that gp120’s promoting
effect was inhibited almost to the basal level in the presence of a neutralizing anti-CXCR4 anti-
body in vitro (Fig. 2B), whereas the effect of HIV-1 gp120 was inhibited by sCD4 to a lesser ex-
tent. This result supports the idea that X4 gp120 acts primarily through CXCR4 to promote
CCR?7-dependent cell migration and that the interaction between gp120 and CD4 may be less
important in this process. However, considering that HIV-1 gp120 activates multiple CD4-me-
diated intracellular signaling pathways, such as T cell apoptosis [30], mitogen-activated protein
kinase pathways [2], and chemokine receptor down-regulation [31], [32], gp120 binding to

CD4 may also play a role in enhancement of CCR7-dependent T cell trafficking in vivo.

A possible mechanism of CXCR4-mediated CCR7 sensitization

increased cell surface CCR7 expression, suggesting that CXCR4 signaling increases CCR7 li-
gand binding through a mechanism other than the quantitative change in CCR7 receptor ex-
pression on the T cell surface. Recently, several reports have shown that oligomerization of
chemokine receptors is involved in their functional activation, ligand binding, and induction of
basal levels in the absence of CCR7 or CXCR4 ligands, and that this homo-oligomerization was
significantly enhanced after CXCR4 signaling. We also found that CCR7 constitutively forms
heterodimers with CXCR4, which was promoted subsequent to CXCR4 ligand stimulation.
The observed formation of homo- and hetero-oligomers raises questions as to whether these
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Fig 7. CXCR4 ligand binding facilitates CXCR4/CCR?7 hetero-oligomer formation. (A) CCR7 homo-oligomer formation in H9 cells after treatment with or
without 1 pg/ml recombinant gp120 was examined by in situ PLA. The number of in situ PLA signals per cell was counted by using the Duolink Image Tool
software. The result shown is a representative result from three independent experiments showing the mean number of the signals plotted on the vertical axis.
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gp120 in a native form (N) or control heat-denatured form (D) was examined by the PLA using the indicated combinations of antibodies. (F) CXCR4/CCR7
hetero-oligomer formation was examined with 100 ng/ml CXCL12 as described in (E).

doi:10.1371/journal.pone.0117454.g007

complexes play a functional role in the up-regulation of CCR7-dependent signaling by CXCR4
ligands. We speculate that induction of CCR7 homo-oligomerization is coupled to direct recep-
tor activation, as some chemokine receptors are activated through receptor dimerization upon
ligand binding; for example, CXCL12-induced CXCR4 dimerization activates CXCR4’s down-
stream signaling pathway [33]. In addition, ligand-dependent CCR2 dimerization was ob-
served with the monocyte chemoattractant protein-1 receptor, CCR2, and this dimerization
was shown to be functionally relevant in the ligand-induced signal transduction pathway [34].
It is also likely that CXCR4/CCR?7 hetero-oligomerization may directly and/or indirectly mod-
ulate CCR7 responses; that is, ligand binding to CXCR4 may influence the conformational
state, ligand binding affinity, and assembly of signaling complexes to CCR7. Indeed, there are
several reports demonstrating the importance of chemokine receptor cross-communication for
signal amplification and diversification; CCR2/CCRS5 hetero-oligomerization increases the re-
CXCR4 heterodimerization has been shown to alter CXCR4-mediated G-protein-coupled sig-
naling [36] and preferentially activates the alternative B-arrestin-linked signaling pathway [37].
In addition, we speculate that ligand-independent CXCR4/CCR?7 oligomerization may contrib-
ute to maintaining the functional CCRY7 level, which is supported by the results of our siRNA
knockdown experiments showing that CXCR4 contributes to stable CCR7 expression on the
plasma membrane. To verify the involvement of these receptor oligomerizations in regulating
CCR?7-ligand responsiveness, we are currently adopting an experimental approach previously

stabilize chemokine receptor oligomerization.

Possible contribution of gp120 to CD4 T cell trafficking in vivo

‘Whereas Green et al. [19] also demonstrated that gp120-sensitized lymphocytes migrated to
LNs in a CCR7-dependent manner, this result was observed following intravenous injection of
lymphocytes in immunocompromised NOD-SCID mice. In contrast, we demonstrated the
gp120-induced promotion of CD4 T cell migration upon injection of lymphocytes into the
footpads of normal mice, because the lymphatics are considered to be an important route for
tributes to both the hematogenous and lymphatic spread of CD4 T cells. These data indicate
that inhibition of gp120 activity may help to normalize T cell trafficking, which may in turn
help to restore immunocompetence in HIV-infected patients.

It has been reported previously that CD4 T cells are sequestered in lymphoid tissues and
plying that the CD4 T cell distribution can be regulated by certain signals from the virus itself.
Although the mechanistic basis for this phenomenon remains unclear, our findings that gp120
promotes CCR7-dependent T cell migration in a CXCR4-dependent manner shed some light
in this regard.

In our previous study using mouse T cells, CXCL12 concentrations of 250 nM or higher
whereas in this study, HIV gp120 concentrations of only 170 nM or greater were required to
observe the enhancing effect on primary human CD4 T cells. From these results, we speculate
that nanomolar concentrations of CXCR4-binding molecules would be required for generating
a synergistic effect on CCR7-dependent cell migration. Although there is currently no accurate
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information related to the CXCL12 and gp120 concentrations in local tissues, the reported
plasma level of CXCL12 is ~200 pM [43] and the concentrations of gp120 in HIV-infected pa-
tients” sera vary from 2 to 800 pM depending on sample preparation and quantifying methods
[44], which are much lower levels than those used in our in vitro experiments. On the other
hand, the CXCR4 ligand concentrations in specific tissue microenvironments are speculated to
be in the micromolar range because CXCL12 strongly binds to tissue matrix components, in-
cluding glycosaminoglycans/proteoglycans [45], and gp120 is also captured by matrix compo-
nents [46] or dendritic cells [47]. In addition, the finding that CXCL12 functions more
effectively when in immobilized form than soluble form [48] supports the idea that CXCR4 li-
gands can be presented at functional concentrations to promote CCR7-dependent T cell migra-
tion in vivo. The specific biological role of soluble and/or matrix-associated CXCR4 ligands in
controlling CCR7-dependent CD4 T cell trafficking is an important topic for further research
in understanding the role of CD4 T cell migration in HIV-1 pathogenesis.
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Abstract Adult T-cell leukemia (ATL) is an aggressive
T-cell malignancy caused by human T-cell leukemia
virus type 1 (HTLV-1). ATL cells possess a
CD4+ CD25+ phenotype, similar to that of regulatory T
cells (Tregs). Tax has been reported to play a crucial role in
the leukemogenesis of HTLV-1. The HTLV-1 bZIP factor
(HBZ), which is encoded by the minus strand of the viral
genomic RNA, is expressed in all ATL cases and induces
neoplastic and inflammatory disease in vivo. To test whe-
ther HBZ and Tax are both required for T cell malignancy,
we generated HBZ/Tax double transgenic mice in which
HBZ and Tax are expressed exclusively in CD4+ T cells.
Survival was much reduced in HBZ/Tax double-transgenic
mice compared with wild type littermates. Transgenic
expression of HBZ and Tax induced skin lesions and T-cell
lymphoma in mice, resembling diseases observed in
HTLV-1 infected individuals. However, Tax single trans-
genic mice did not develop major health problems. In
addition, memory CD4+ T cells and Foxp3+ Treg cells
counts were increased in HBZ/Tax double transgenic mice,
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and their proliferation was enhanced. There was very little
difference between HBZ single and HBZ/Tax double
transgenic mice. Taken together, these results show that
HBZ, in addition to Tax, plays a critical role in T-cell
lymphoma arising from HTLV-1 infection.

Keywords HTLV-1 - HBZ - Tax - Transgenic mice -
Lymphoma

Introduction

Human T-cell leukemia virus typel (HTLV-1) was the first
retrovirus proven to be associated with human disease.
Infection with HTLV-1 causes adult T-cell leukemia
(ATL) [20, 24]. ATL cells possess a CD4+ CD25+ phe-
notype, similar to that of regulatory T cells (Tregs). Pre-
vious report showed that HTLV-1 provirus is detected
mainly in CD4+ memory T cells and Treg cells, suggest-
ing that HTLV-1 favors Treg cells and memory T cells
in vivo [10, 23, 26].

HTLV-1 encodes several regulatory (fax and rex) and
accessory (pl2, pl3, and p30) genes in the pX region
between the env gene and the 3’ Long terminal repeat
(LTR) [19]. Another gene, the HTLV-1 bZIP factor (HBZ),
is encoded by the minus strand of the HTL V-1 genome [4].
Among the proteins encoded by these genes, Tax and HBZ
play critical roles in ATL [5, 16]. Accumulating evidence
shows that Tax can immortalize human primary T cells,
enhance viral replication and support cellular proliferation
[5]. However, the expression of Tax cannot be detected in
approximately 60 % of fresh ATL cells because of genetic
and epigenetic changes in the HTLV-1 provirus, which
indicated that Tax may not be essential for the develop-
ment of ATL [15]. We reported previously that HBZ is
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consistently expressed in all ATL cells and promotes pro-
liferation of ATL cells [21]. Non-sense mutations of all
HTLV-1 genes except HBZ were generated by APO-
BEC3G (A3GQ), suggesting that HBZ is indispensable for
the growth and survival of HTLV-1 infected cells [3].

It is noteworthy that Tax and HBZ synergistically reg-
ulated the viral transcription and cellular signaling path-
ways in ATL [29]. HBZ suppressed Tax-mediated HTLV-1
viral transcription through interaction with cAMP response
element-binding protein (CREB) [12]. Additionally, HBZ
selectively inhibited the classical nuclear factor-xB (NF-
kB) pathway which was activated by Tax [27]. We
reported that HBZ induced the differentiation of Treg cells
by activating the transforming growth factor-f§ (TGE-B)
pathway [28]. Contrariwise, three distinct mechanisms by
which Tax suppressed TGF-f-mediated signaling were
reported [1, 11, 17]. Taken together, we speculated that the
complementary effect of Tax and HBZ on regulating sig-
naling pathways may facilitate better survival of HTLV-1
infected cells and help the cancer cells escape immune
attack.

To test the effect of synchronous expression of HBZ and
Tax on T cell malignancy in vivo, we generated double
transgenic mice expressing HBZ and Tax under the control
of the CD4 promoter. In the present study, we found that
HBZ/Tax mice have increased memory CD4+ T cells and
Foxp3+ Treg cells, resulting in the development of skin
lesions and T-cell lymphoma. Both the skin lesions and the
lymphoma resemble diseases observed in HTLV-1 infected
individuals.

Material and methods
Mice and cell cultures

C57BL/6 J mice were purchased from CLEA Japan.
Transgenic HBZ mice expressing HBZ specifically in
CD4+ cells have been described elsewhere [22, 25]. Tax
single transgenic mice were generated as previously
reported [22]. Male HBZ transgenic mice were mated with
female Tax transgenic mice, and offspring were typed for
the presence of each transgene. Wild-type, HBZ, and Tax
single transgenic mice were maintained as controls along
with experimental HBZ/Tax transgenic offspring.

All animal experimentation was performed in strict
accordance with the Japanese animal welfare bodies, and
the Regulation on Animal Experimentation at Kyoto Uni-
versity. The protocol was approved by the Institutional
Animal Research Committees of Kyoto University and
Zhejiang Normal University. All efforts were made to
minimize suffering.

@ Springer

ATL cell lines, ATL-43T and MT-1, were cultured in
RPMI-1640 containing 10 % FBS and antibiotics.
293FT cells were maintained as described previously
[27].

Semiquantitative RT-PCR and real-time PCR

Total RNA was isolated using Trizol Reagent (Invitro-
gen) according to the manufacturer’s instructions. We
reverse-transcribed total RNA into single-stranded cDNA
with SuperScript III reverse transcriptase (Invitrogen).
For semiquantitative PCR, c¢DNA was amplified by
increasing PCR cycles using forward (F) and reverse
(R) primers specific to the target genes. The expression
of transgenic genes was quantified by real-time PCR
using the Tagman Universal PCR Master Mix (PE
Applied Biosystems) according to the manufacturer’s
instructions.

Lentiviral vector construction and transfection
of recombinant lentivirus

We cloned Tax ¢cDNA into a lentiviral vector, pCSII-EF-
MCS. Recombinant lentivirus was produced as described.
ATL-43T cells were incubated with concentrated vector
stocks in the presence of 4 ng/mL polybrene.

Cell isolation and flow cytometric analysis

Murine spleen was carefully crushed to release the lym-
phocytes. Splenic erythrocytes were eliminated with NH,.
Cl. Cells were washed with PBS containing 1 % FBS.
After centrifugation, cells were incubated with antibodies
for 30 min at 4 °C, and then analyzed with a flow cytom-
eter (BD FACSCanto II, BD Biosciences). For intracellular
staining, we used a mouse Foxp3 staining kit according to
its protocol (eBioscience).

BrdU staining

In vivo proliferation was measured by BrdU incorporation.
BrdU (Nacalai Tesque) was dissolved in PBS (3 pg/ml),
and then 200 pl was injected intraperitoneally into trans-
genic and non-transgenic mice twice a day for three days.
BrdU incorporation in CD4+ splenocytes was detected
using FITC BrdU Flow Kits (BD Pharmingen) according to
the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed using the unpaired
student ¢ test.



Development of T cell lymphoma

149

1851

Fig. 1 Generation of HBZ/Tax
transgenic (Tg) mice.
(A) Schematic representation of
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the HBZ and Tax transgene.

The promoter (Prom) and
enhancer (Enh) of the mouse
CD4 (mCD4) gene were ligated
to HBZ and Tax cDNA plus the
polyadenylation signal sequence
of SV40. (B) Expression of
HBZ and Tax transcripts was
detected by RT-PCR in purified
CD4+ splenocytes from
transgenic mice. (C) Transcripts
of the HBZ and Tax genes in
CD4+ splenocyte from HBZ/
Tax-transgenic mice or ATL
cell lines were quantified by real
time PCR. ATL-43T and MT-1
are derived from ATL cells
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Results

In the development of ATL, Tax is thought to play critical
role in leukemogenesis because of its pleiotropic functions
[5]. HBZ was constitutively expressed in all ATL cases,
and involved in cell proliferation [21]. Additionally, HBZ
modulated Tax-mediated viral gene transcription and cel-
lular signaling, suggesting that HBZ cooperates closely
with Tax in ATL [2, 7, 12-14, 27, 28]. However, the rel-
evance to T cell malignancy of combined up-regulation of
Tax and HBZ has not been established. Since HTLV-1
mainly infects CD4+ T cells, we generated transgenic
mice expressing HBZ and Tax under the control of the
murine CD4-specific promoter/enhancer/silencer. To test
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whether HBZ and Tax could cooperate in the development
of T cell malignancies, we took advantage of the avail-
ability of HBZ and Tax transgenic mice and produced
double-transgenic mice expressing both HBZ and Tax in T
lymphocytes (Fig. 1A). As shown in Fig. 1B, HBZ and
Tax transgene expression was detected by RT-PCR by
using CD4+ splenocytes from age-matched mice of the
different genotypes. Moreover, HBZ did not interfere with
the expression of Tax in double transgenic mice. As shown
in Figure 1C, the expression level of HBZ and Tax in
transgenic mice was similar to that of ATL cell lines.
Tax single transgenic mice did not develop major health
problems, and had a normal life span, as shown in Fig. 2A.
In contrast, survival of HBZ and HBZ/Tax double
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transgenic mice was much reduced. Some of these mice
died as early as ten months after birth. By 20 months, <5%
of the HBZ and HBZ/Tax mice remained alive. Interest-
ingly, there is not much difference in survival time between
HBZ single transgenic mice and HBZ/Tax double trans-
genic mice.

Consistent with previous reports, HBZ transgenic mice
developed skin lesions by 4 months of age, non-trans-
genic littermates developed no disease. As shown in
Fig. 2B, HBZ/Tax double transgenic mice had similar
skin symptoms as HBZ transgenic mice. In Tax trans-
genic mice, we did not observe inflammatory lesions in
the skin (data not shown). Analysis of spleen size in
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transgenic mice expressing HBZ or Tax alone or in
combination revealed splenomegaly in HBZ and HBZ/
Tax lines, while tax transgenic mice present spleens of
normal size. Moreover, age-matched HBZ/Tax double-
transgenic mice had spleens similar in size and weight to
HBZ single transgenic mice. Representative examples of
the spleens from the various transgenic mice are shown
in Fig. 2C. Next, we analyzed the total number of
splenic CD44 T cells in each transgenic line. As shown
in Fig. 2D, HBZ and HBZ/Tax mice had, on average,
twice the CD4+4 splenocytes of wild-type littermates,
whereas Tax mice had equal numbers of splenocytes as
non-transgenic mice.
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Table 1 The incidence of lymphoma in transgenic mice

WT Tax-Tg HBZ-Tg HBZ/Tax-Tg
Total 52 42 43 32
Lymphoma 2.7 % 22 % 322 % 347 %

The total number of mice and percentage of transgenic mice with
lymphoma are listed

Analogous to the incidence of ATL in humans, 32.2 %
of HBZ transgenic mice developed T-cell lymphomas after
14 months, in contrast with 2.7 % of non-transgenic mice.
As shown in Table 1, the incidence of T-cell lymphomas in
HBZ/Tax double transgenic mice is similar to that in HBZ
transgenic mice. On the other hand, excessive Tax gene
expression did not induce T-cell lymphoma in Tax trans-
genic mice.

To study the cellular basis of lymphomagenesis in
HBZ/Tax double transgenic mice, we next analyzed
the phenotype and FoxP3 expression in three month old
mice before they developed pathological manifestations.
A previous report showed that effector/memory and
CD4+ FoxP3+ regulatory T cells were increased in the
HBZ-transgenic mice [22]. We found in this study that the
percentage of CD4 single positive T cells increased in the
HBZ/Tax transgenic mice (Fig. 3). Moreover, transgenic
expression of Tax and HBZ induced Foxp3 expression. We
also observed an increased population of effector/memory
T cells in the HBZ/Tax transgenic mice, yet the percentage
of effector/memory T cells or Treg cells in the Tax-trans-
genic mice did not change significantly. In addition, there
is not much difference in the enhancement of memory and
FoxP3+ CD4+ regulatory T-cell populations between
HBZ and HBZ/Tax transgenic mice. Taken together, these
observations demonstrate that HBZ increased memory T
cells and Foxp3 induction in CD4+ T cells regardless of
Tax.

We further studied whether Tax has any influence on the
generation of Foxp3+ T cells in vivo. As shown in Sup-
plemental Fig. 1, retrovirally expressed Tax protein could
not increase the level of Foxp3 in ATL-43T, an HTLV-1-
associated cell line, which does not express Foxp3.

To study the growth-promoting activity of the HBZ and
Tax genes, we assessed the proliferation of CD4+ T cells
in transgenic mice by incorporation of BrdU. We found
that, in HBZ and HBZ/Tax transgenic mice, the prolifera-
tion of CD4+ T cells was three fold-higher than in non-
transgenic mice, whereas the proliferation of CD4+ T cells
of Tax transgenic mice was similar to that in non-trans-
genic mice (Fig. 4).

All of these results suggest an important role for HBZ,
in addition to Tax, in the oncogenic activity of HTLV-1.

Discussion

Over the past 35 years, substantial effort has been made
toward investigating the HTLV-1 associated viral pro-
teins and their regulatory functions [15]. Tax has been
shown 'to be a viral oncogene, since it transforms and
immortalizes rodent cells and human T-lymphocytes
[15]. HBZ is the only viral gene which is conserved and
expressed in all ATL cases, indicating that HBZ is
indispensable for HTLV-1 infection and development of
ATL [16]. Accumulating evidences shows that HBZ and
Tax synergistically dysregulate cell signaling pathways in
ATL and determine the cell fate, despite the fact that
HBZ and Tax have opposite effects on regulation of
cellular activity [2, 13, 14, 27, 28]. For example, HBZ
was found to inhibit the Tax-mediated transactivation of
viral transcription from the 5'LTR by interacting with
JUN and CREB. HBZ overcame the suppression function
of Tax on the TGF- pathway, leading to the activation
of TGF-f  signaling and  differentiation  of
Foxp3+ CD4+ regulatory T cells. Thus, we proposed
that HTLV-1 may take advantage of the complementary
functions of HBZ and Tax to facilitate the onset of ATL.
So far, there has been no direct evidence for HBZ and
Tax together inducing T cell malignancy in vivo. The
present study demonstrated that HBZ/Tax double trans-
genic mice indeed developed T cell lymphoma and
inflammation via increased memory T cells and Treg
cells.

Since Tax is the major target of cytotoxic T-lympho-
cytes (CTLs), host cells have developed several mecha-
nisms to silence the expression of Tax [9]. Tax transcripts
are detected in only ~40 % of ATL patients. Therefore,
HBZ maintains cell proliferation in the late stage of ATL
when Tax expression is lost. In this study, we demonstrated
that HBZ/Tax double and HBZ single transgenic mice
developed neoplastic and inflammatory diseases, while
mice expressing only Tax did not. Thus, we suggest that
constitutively expressed HBZ is the predominant driver of
leukemogenesis of ATL.

It has been reported that Tax transgenic mice develop
tumors [6, 8, 18]. In those reports, the type of tumor
induced by Tax depended on the promoter used. In this
study, we generated Tax transgenic mice using the CD4-
specific promoter/enhancer/silencer which has previously
been used in generating HBZ-transgenic mice. The Tax
transgenic mice thus generated did not show any change
in the number of Foxp3+ Treg cells or memory T cells,
in contrast to mice expressing HBZ, who developed T
cell lymphomas. Moreover, since there was no difference
in disease between HBZ single and HBZ/Tax double
transgenic mice, expression of Tax did not synergisti-
cally enhance the lymphomagenesis by HBZ. These data
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Fig. 3 Transgenic expression of HBZ/Tax in CD4+4- T cells increases
Foxp3+ Treg and memory T cells. Mouse splenocytes were stained
with the indicated antibodies, and analyzed by flow cytometry.

suggest that HBZ, rather than Tax, is responsible for
conferring the specific phenotype of HTLV-1 infected
cells, and for triggering the development of ATL.
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Representative dot plots gated on the CD4+ population are shown.
For these experiments, HBZ and HBZ/Tax transgenic mice without
any symptoms were used

In conclusion, we showed that HBZ single and HBZ/Tax
double transgenic mice spontancously develop T cell
lymphomas and inflammatory diseases similar to those in
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Fig. 4 CD4+ T cells proliferated in HBZ/Tax transgenic mice. BrdU
was injected into mice twice a day for three days, and splenocytes
were stained with antibodies to BrdU and CD4

HTLV-1 infected individuals. However, Tax single trans-
genic mice did not develop major health problems. This
study highlights the importance of HBZ in HTLV-1-asso-
ciated disease.
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Abstract

Background: One major. circulating HIV-1 subtype in Southeast Asian countries is CRFO1_AE, but little is known about its
epldemlology in Japan. We conducted a molecular phylodynamlc study of patients newly diagnosed with CRFO1_AE from
2003 to 2010. :

Methods: Plasma samples from patients registered in Japanese Drug Resistance HIV-1 Surveillance Network were analyzed
for protease-reverse transcnptase sequences; all sequences undergo subtyping and phylogenetic analysis using distance-
matrix-based, maximum likelihood and Bayesian coalescent Markov Chain Monte Carlo (MCMC) phylogenetic inferences.
Transmission clusters were identified using interior branch test and depth-first searches for sub-tree partitions. Times of
most recent common éncestor (tMRCAs) of significant clusters were estimated using Bayesian MCMC analysis.

Results Among 3618 patlent reglstered in our network, 243 were infected with CRFO1_AE. The majority of individuals with
CRFO1_AE were Japanese, predominantly male, and reported heterosexual contact as their risk factor. We found 5 large
clusters with =5 members and 25 small clusters consisting of pairs of individuals with highly related CRFO1_AE strains. The
earliest cluster showed a tMRCA of 1996, and consisted of-individuals with their known risk as heterosexual contacts. The
other four large clusters showed later tMRCAs between 2000 and 2002 with members including intravenous drug users
(IVDU) and non-Japanese, but not men who have sex with men (MSM). In contrast, small clusters included a high frequency
of individuals reporting MSM risk factors. Phylogenetic analysis also showed that some individuals infected with HIV strains
spread in East and South-eastern Asian countries.

Conclusions: Introduction of CRFO1_AE viruses into Japan is estimated to have occurred in the 1990s. CFRO1_AE spread via
heterosexual - behavior, then  among persons connected with non-Japanese, IVDU, and MSM. Phylogenetic analysis
demonstrated that some viral variants are largely restricted to Japan, while others have a broad geographic distribution.
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Introduction characteristics of the spread of CRF01_AE in Japan have not been
. o ) . extensively investigated. Our surveillance research showed that
Since the first HIV-1-infected case was identified in Japan in from 2003 to 2008 CRFO1_AE was the second most prevalent
1985, the cumulative number ofre'ported cases of HIV/AIDS has subtype (8.4%) after subtype B, and its host characteristics are
been Increasmg Cvery year, rea‘chmg 18>447. by the end of 2010 distinct from those of the subtype B population [16]. CRFOI_AE
[1]. The major HIV-1 subtype in the 1980s in Japan was subtype  55e are significantly linked to heterosexual transmission [3,16,17]
B[2] fo].lowec.i by QRFO 1_AE [3]. CR‘FOI—.AE Faused an out.brea.k and non-Japanese people [16]. In contrast, subtype B tends to be
among the high-risk heterosexual population in Thailand in the found in men who have sex with men (MSM) and Japanese
late 1980s [4-6], and was subsequently disseminated to various peaple.
risk pop}llations in. neighboripg countn".es, including Vietnam, CRFO1_AE cases appear to be diagnosed in Japan at a later
Cambodia, Malaysm, I%ldonesm an‘d China [7_1,5}' Overall the stage of infection [16], and trends in the CRFO1_AE epidemic in
CRFO1_AE is substantial, accounting for an estimated 36% of h b difficul av b conal descrinti
HIV in South, Southeast, and East Asia (Los Alamos database) in Japan have been difficult to study by conventional descriptive
’ ’ epidemiological methods. However, recent advances in computa-

CRF01_AE was likely introduced into Japan’s heterosexual - . . . .
. . h
population in the carly phase of the epidemic [3,4,7], but the tional science have allowed us to infer the evolutionary dynamics
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Figure 1. Maximum clade credibility tree for partial po/ region identifies 33 micro-clades within CRFO1_AE cases in Japan.
Phylodynamic Analysis. The branch length of the phylogeny is in units of time. Patient sequences obtained from surveillance are designated by open
or solid circles. Circle color indicates geographic origin of the samples in Japan. Reference sequences from the Los Alamos HIV database are
designated by black triangles. Micro-clades (MC) are annotated by red shading and international micro-clades (IMC) are marked with red brackets on

the right of the tree.
doi:10.1371/journal.pone.0102633.g001

of a pathogen population from large-scale sequence data using
methods, now referred to as “phylodynamics” [18]. Phylody-
namics has been used to aid in the analysis of spread of infectious
agents with a rapid evolutionary rate [18], e.g., RNA viruses
including influenza A [19-21], hepatitis C [22,23], and HIV-1
[24-26]. Since 2003, we have been collecting HIV-1 nucleotide
sequence data from newly diagnosed patients in Japan as part of
our nationwide surveillance project [16,27]. Here we report our
results from applying the phylodynamics approach to these
sequence data to understand trends in the CRFOI_AE outbreak
in Japan, genetic relationships between the circulating strains
within Japan and strains observed in the surrounding Asian
countries, details of their transmission risk factors, and finally to
identify the target populations for effective action plans to prevent
further transmission of CRFO1_AE.

Materials and Methods

Ethical Statement

This study was conducted according to principles in the
Declaration of Helsinki. The study was approved by the human
subject research committee at the National Institute of Infectious
Diseases and Nagoya Medical Center, Japan. All patients provided
written Informed consent for the collection of samples and
subsequent analyses.

Sample Collection and Viral Gene Sequences

Viral samples were collected from HIV-l-infected patients
newly diagnosed from January 2003 to March 2010 at 30 clinics
and public health centers in Japan that have participated in our
Japanese Drug Resistance HIV-1 Surveillance Network [16,27].
These collection areas are classified into 8 regions according to the
nationwide systemic network of hospitals in Japan [28] (Figure S1).
The study sample comprised 3618 individuals both acutely and
chronically infected. At diagnosis or the earliest hospital wvisit,
patients’ peripheral blood was drawn into a vacutainer with
EDTA added. At the same time, demographic information was
collected on age, gender, nationality, and risk behavior. Plasma
samples were analyzed for the nucleotide sequences of HIV-1
protease and the 1- to 240-amino acid region of reverse-
transcriptase (RT) using the direct sequencing method of RT-
PCR products, and the HIV-1 subtype was determined using
phylogenetic analysis as reported [16,27]. This analysis showed
that 243 individuals were infected with CRF01_AE at least in the
protease-RT regions. GenBank accession numbers of the nucle-
otide sequences are AB356098-AB556499, AB44228-AB442360,
and AB863746-AB871315.

Sequence Alignment of Reconstructed Variants

Direct sequence data may contain loci with multiple peaks,
including drug-resistance mutation sites. As these ambiguous loci
are generally excluded from analysis by phylogenetic programs,
and we wanted to use collected sequences to the maximum in
further analyses, we separated these multiple nucleotides into
individual nucleotides and reconstructed hypothetical sequence
variants possessing each nucleotide as follows. Briefly, protease and
RT sequences were concatenated and aligned using Clustal W,

PLOS ONE | www.plosone.org

version 2.0.10 [29]. Then, a consensus sequence was calculated for
the alignment, and ambiguous nucleotides were classified into two
groups: overlapping and non-overlapping ambiguities. The former
shows one polymorphic nucleotide shared with the consensus
allele, while the latter shows a fixation of different alleles from the
consensus one [26]. The consensus allele found in the overlapping
site was adopted for the reconstructed sequence, and the non-
overlapping site was segregated into two haplotypes that carried
each nucleotide of the ambiguous site. Consequently, the total
number of reconstructed sequences became 297.

These sequences were realigned with foreign CRF01_AE outlier
sequences selected as follows. Since transmission clusters have been
developed according to scale-free networks in many infectious
agents [24,26,30,31], we calculated a frequency distribution of the
cluster scale-free network for our observed population in Japan
(n=297) by Barabasi’s model of scale-free networks [32]. This
calculation used the barabasi.game function in igraph library of R
software [33]. We estimated that 32.5% of the sequences should be
involved in one cluster. Then, using a one-sided error range and
rejection coeflicient of 0.025 and 1.96 for within and outside
clusters, respectively, we calculated the necessary size of the outlier
sequence dataset for even allocations within and outside clusters and
out of clusters as greater than 332.1. Based on this estimate, we
randomly selected 333 CRF01_AE sequences from 37 countries in
five regions (Africa, North America, South America, Asia and
Europe) submitted to the Los Alamos HIV database before 2010
and used them as the foreign outlier dataset (Table SI1). The
sequences were further aligned with the following 6 subtype A
outgroup sequences: Al.UG.92.92UG037, Al.KE.94.023_17,
A1.AU.03.PS1044_Day0, Al.RW.92.92RW008, A2.CD.97.
97CDKTB48, and A2.CY.94.94CY017_41. The resulting align-
ment was corrected by hand for gaps. The reference and outlier
sequences were collected from the Los Alamos HIV database
(http://www.hiv.]lanl.gov/content/index.html). The final number
of sites in the aligned sequence was 1150 bases.

Phylogenetic Inferences of the Viral Gene Sequence

To eliminate the influence of antiretroviral drug treatments on
viral evolution, we made a codon-stripped sequence alignment by
removing 43 drug resistance-associated codons defined in our
previous studies [16,27]. This alignment was used to estimate a
matrix of the number of substitutions between each sequence pair
by the composite likelihood method [34], and to infer the
neighbor-joining (NJ) tree with the interior branch test. The
sequence alignment was also used to infer the maximum likelihood
tree using the same substitution model described below with a
bootstrap test of 500 replicates. In this process, one of the 244
subjects preliminarily classified into CRF01_AE was re-classified
into CRF02_AG (Figure 1 and Figure S2). We excluded this
subject in the following analyses. The distance matrix was also
used to calculate the mean number of base substitutions per site
(i.e., genetic diversity) within and between arbitrary subpopula-
tions, and the coefficient of differentiation between subpopula-
tions. Standard error estimates for genetic diversity were obtained
by a bootstrap test with 500 replicates. The analyses were
conducted using MEGA version 5.0 [35].

July 2074 | Volume 9 | Issue 7 | 102633



Bio-suosojd'mmm | INO SO1d

€€9701® | £ °nssy | 6 swnjop | ¥Loz Anr

Table 1. Demographic Characteristics of CRFO1_AE HIV-1-Infected Individuals in Japan (N =243).

Male Female Unknown Total
Characteristic n % n % n n %
Nationality
Japanese 128 52.7 36 14.8 1 165 679
Asian countries 19 7.8 31 12.8 0 50 20.6
China 1 0.4 3 1.2 0 4 1.6
Philippines 0 0.0 1 0.4 0 1 04
Vietnam 3 12 0 0.0 0 3 1.2
Malaysia 2 0.8 0 0.0 0 2 0.8
Indonesia 4 1.6 4 1.6 0 8 33
Thailand 5 2.1 19 7.8 0 24 9.9
Laos 1 04 1 04 0 2 08
Myanmar 3 1.2 3 1.2 0 6 25
South American countries T 0.4 1 0.4 0 2 0.8
Brazil 0 0.0 1 04 0 1 0.4
Peru 1 0.4 0 0.0 0 1 0.4
Unspecified 4 1.6 2 0.8 0 6 25
Unknown 13 53 4 1.6 3 20 8.2
Transmission category
High-risk heterosexual contact 104 42.8 62 25.5 0 166 68.3
Male-to-male sexual contact 37 15.2 NA NA 0 37 15.2
Intravenous drug user 7 29 2 0.8 0 9 37
Unidentified 17 6.6 10 4.1 4 31 128
Area of dlinics and facilities :
Region 1 (Hokkaido) 3 1.2 3 12 1 7 2.9
Region 2 (Kanto) 112 46.1 48 19.8 3 163 671
Region 3 (Koushinetsu) 4 1.6 4 1.6 0 8 33
Region 4 (Tokai) 26 10.7 14 57 0 40 16.5
Region 5 (Hokuriku) 1 04 1 04 Q 2 0.8
Region 6 (Kinki) 15 6.2 2 0.8 0 17 7.0
Region 7 (Kyushu) 2 0.8 1 0.4 0 3 1.2
Region 8 (Okinawa}) 2 0.8 1 0.4 4] 3 1.2
Age, years
20-29 33 13.6 21 8.6 0 54 222
30-39 36 14.8 26 10.7 0 62 255
40-49 49 20.2 11 4.5 0 60 247
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30.5

74

67.9

165

Total

NA: not available.

doi:10.1371/journal.pone.0102633.t001
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Phylodynamic Analysis

The best-fit model for nucleotide substitution was evaluated by
the hierarchical likelihood ratio test using PAUP v4.0 [36] with
MrModeltest [37], and the general time-reversible model was
adopted with gamma-distributed site heterogeneity and invariant
sites (GTR+GHI) with four rate categories. Evolutionary param-
eters, chronological maximum clade credibility phylogeny, and the
times of the most recent common ancestors (tMRCAs) were
estimated from the sequence alignment using the Bayesian
Coalescent Markov Chain Monte Carlo (MCMC) approach
implemented in BEAST v1.7.4 [38]. The sequence was parti-
tioned into 3-codon positions. To select a model for population
growth and the molecular clock, we used Bayesian factor
comparison [39] with the marginal likelihood estimated by the
stepping-stone sampling method [40,41] using preliminary runs of
BEAST with MCMC chains of 100 million iterations. Constant
population growth and relaxed clock with an uncorrelated
lognormal-distribution was adopted as a best-fit model (Table
52). The best-fit parameters were then used in an additional
MCMC analysis consisting of 500 million iterations to estimate the
evolutionary parameters. The convergence of parameters was
inspected using Tracer v.1.5, with uncertainties depicted as 95%
highest probability density (HPD) intervals. The effective sample
size of each parameter calculated in this inference was above 200.
Tree samples in the MCMC were used to generate a maximum
clade credibility tree using TreeAnnotator v.1.5.4 with a burn-in of
40000 states.

ldentification of Endemic Transmission Clusters

To identify viral transmission clusters, we performed three
analyses; those matching all three approaches were recognized as
monophyletic groups. The first approach was to evaluate the
reliability of tree topology. We selected transmission cluster
candidates from identical tree clusters with three different
inference methods: NJ, maximum likelihood and maximum clade
credibility tree in Bayesian MCMC. The second approach was a
test of monophyly using the interior branch test in NJ tree and a
posterior probability in Bayesian MCMC, in which significant
clusters were determined as having =95% confidence probability
for a target cluster. The third approach considered genetic
divergence of the cluster against the whole sequence diversity. The
distributions of all pairwise distances in the given phylogeny were
calculated, and a specific sub-tree was then identified as a micro-
clade if the median value of genetic distance between each pair of
sub-tree members was lower than a threshold, determined as the
10™ percentile density (median diversity limit being 0.026) [42].
After a depth-first search of a rooted tree with all three
approaches, small groups of viruses with clear evidence of
common ancestry (posterior probability =0.95 in Baysian MCMC
inference) were detected; we denoted these groups as “micro-
clades”, as previously described for small groupings of circulating
viral variants viruses [21]. Micro-clades were classified in two
groups according to their origins; one is a cluster group having its
ancestral virus from Japan (domestic micro-clade), and the other is
a cluster group having its ancestral virus from foreign countries
(international micro-clade). Micro-clades were then classified as
transmission clusters with three or more cases, and cluster
candidates as heterosexual, MSM or intravenous drug user
(IVDU) pairs. The depth-first search of the clusters was computed
by in-house scripts written in Perl 5. The tMRCA was estimated
for each domestic micro-clade.
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