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FIG 1 Effect of overexpression of GLUT1 in HTLV-1 Env-producing cells on HTLV-1 Env-mediated fusion and infection. (A) The HTLV-1 Env and FLAG-
tagged GLUT1 were coexpressed in 293T cells and analyzed by flow cytometry. (Upper) Surface expression of GLUT1 in untransfected (open histograms with
solid line) or FLAG-tagged-GLUT1-transfected (shaded histograms with solid line) cells. (Lower) Surface expression of gp46 in mock-cotransfected (transfected
with HTLV-1 Env alone; open histogram with solid line) or FLAG-tagged GLUT1-cotransfected (transfected with both HTLV-1 Env and GLUT1; shaded
histogram with solid line) cells. 293T cells were stained with FITC-conjugated anti-GLUT1 or anti-gp46 rat MAD, followed by anti-rat IgG conjugated with APC,
and analyzed by flow cytometry. Open histograms with dotted lines indicate background staining. (B) Cell lysates and VLPs from 293T cells transfected with
FLAG-tagged GLUT1 or GLUTS3, with or without HTLV-1 Env, were analyzed by Western blotting using anti-FLAG, anti-gp46 (LAT-27), anti-HIV-Gag, and
anti-CypA antibodies. The positions of the molecular mass marker (kDa) are indicated on the left. The arrowhead shows the ~53-kDa size of the Env protein.
(C) HTLV-1 Env-carrying VLPs were produced using 293T cells cotransfected with FLAG-tagged GLUT1 or GLUT3. Relative cell-cell fusion activity, cell-to-cell
infectivity, and cell-free virus infectivity of HTLV-1 Env in the presence of GLUT1 or GLUT3 in VLP-producing 293T cells are expressed as percentages of the
level for mock-transfected 293T cells. (D) 293T cells were transfected with an HTLV-1 reporter construct for cell-to-cell infection (pCRU5-HTinGLuc) and
HTLV-1 packaging plasmids (pCMV-HT1M). Jurkat cells then were cocultured for 24 h posttransfection, and luciferase activity was measured after 48 h of

coculture. Cell-to-cell infectivity of HTLV-1 Env in the presence of GLUT1 or GLUT3 in VLP-producing 293T cells is expressed as percentages of that of the level

for mock-transfected 293T cells.

each chimera expressed in VLP-producing 293T cells was evalu-
ated by a cell-cell fusion assay. We first confirmed that all chimeras
were expressed at similar levels in 293T cells (Fig. 3B). The inhi-
bition of the cell-cell fusion at levels similar to those induced by
GLUT]1 was observed in chimeras harboring extracellular loop 6
(ECL6) from GLUTI, though the GLUT1 (3-ECL6) chimera,
which harbors GLUT1 with ECL6 from GLUTS3, also had inhibi-
tory activity against the cell-cell fusion to some extent. These re-
sults indicate that GLUT1 ECL6 is sufficient for the inhibition of
cell fusion activity mediated by HTLV-1 Env.

Bafilomycin Al inhibits HTLV-1 Env-mediated fusion by in-
creasing the expression level of GLUT1 in the plasma mem-
brane. It has been reported that an endosomal acidification inhibi-
tor, bafilomycin Al (BFLA1), which blocks vacuolar proton pump
activity mediated by V-ATPase, induces the translocation of GLUT1
from intracellular storage sites to the plasma membranes in adi-
pocytes (30). Flow-cytometric analyses revealed that the surface ex-
pression level of GLUT1 was increased by BFLA1 not only in GLUT1-
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trasnsfected cells but also in untransfected 2937 cells (Fig. 4A), while
the total levels of cellular GLUT1 were unchanged (Fig. 4B). These
results indicate that BELA1 induces the translocation of endogenous
GLUT1 from intracellular storage sites to the plasma membrane in
293T cells. However, the surface expression level of gp46 was not
affected by the treatment with BFLA1 (Fig. 4A).

The incorporation of GLUT1 in VLPs also was not affected by
BFLA1 treatment (Fig. 4B). However, mature gp46 was not incor-
porated into VLPs in the presence of BFLA1, irrespective of the
overexpression of GLUT1 or GLUT3 (Fig. 4B).

The cell-cell fusion, cell-to-cell infection, and cell-free infec-
tion mediated by HTLV-1 Env were totally inhibited by BFLA1
treatment (Fig. 4C) in 293T cells that were not overexpressing
GLUTL. In contrast, when the target cells were treated with
BFLAL, the cell-free virus infectivity was reduced to a lower rate
than the rate observed when using virus from BFLA1-treated virus-
infected cells (Fig. 4D), probably owing to the inhibition of HTLV-1
Env entry via the endocytic pathway (31). These results indicate that
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FIG 2 Dose-dependent effects of GLUT1 on HTLV-1 Env-mediated fusion and infection. (A) Cell lysates or VLPs from 293T cells transfected with increasing
amounts of FLAG-tagged GLUT1 were analyzed by Western blotting using anti-FLAG and anti-HIV-Gag MAb. (B) Relative cell-cell fusion activity, cell-to-cell
infectivity, and cell-free virus infectivity in 293T cells cotransfected with various amounts of GLUT1 DNA are expressed as percentages of those transfected with
empty vector. (C) Luciferase-reporter VLPs were produced in 293T cells cotransfected with GLUT1 and the negative-control siRNA (siNC) or siRNA against
GLUT 1 (siGLUT1). (Left) Knockdown of GLUT1 by siRNA as determined by Western blotting using anti-FLAG MAb. B-Actin levels were used as the internal
control. (Right) Cell-free virus infectivity produced from 293T cells transfected with siGLUT1 or siNC. Data are expressed as the luciferase activity of infected
NP-2/CD4/CXCR4/CCRS5 cells per 1 ng of p24 Ag. The data are expressed as means & standard deviations from three independent experiments in triplicate. An

asterisk indicates a statistically significant difference (P < 0.05).

BFLAL1 inhibits HTLV-1 Env function by inducing the accumulation
of GLUT1 in the plasma membrane, producing results similar to
those observed during the overexpression of GLUT1.

Association of GLUT1 and gp46 in intracellular compart-
ments by bafilomycin Al. Inhibition of HTLV-1 Env function by
the translocation of GLUT1 to the plasma membrane suggests that
under normal conditions, GLUT1 and HTLV-1 Env reside in sep-
arate intracellular compartments. To test this hypothesis, we co-
expressed FLAG-tagged GLUT1 and HTLV-1 Env in 293T cells
and checked whether anti-FLAG antibody immunoprecipitates
gp46 of HTLV-1 Env. We found that FLAG-tagged GLUT1 was
able to coimmunoprecipitate gp46 in untreated cells, and that
BFLA1 treatment largely enhanced this association of GLUT1
with gp46 (Fig. 5A). We next sought to check whether GLUT1 is
colocalized with gp46 in intracellular compartments using laser
scanning confocal microscopy. When GFP-tagged GLUT1 and
HTLV-1 Env were coexpressed in 293T cells, both were partly
colocalized, while treatment with BFLAI substantially induced
colocalization of both in intracellular compartments (Fig. 5B).
These results indicate that most of the GLUT1 and HTLV-1 Env
are localized in separate intracellular compartments, resulting in
marginal association between them under normal conditions.
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Overexpression of GLUT1 and bafilomycin Al treatment
both inhibit HTLV-1 Env processing. As shown in Fig. 4B, when
the cells overexpressed GLUT1 or were treated with BFLA1, ma-
ture gp46 was not incorporated into VLPs, suggesting that these
conditions cause an impairment in the processing of Env. To ac-
cess the processing of Env, we constructed an expression vector for
HTLV-1 Env with a FLAG tag in the C-terminal end (Fig. 6A).
Successful processing of HTLV-1 Env by a cellular enzyme(s)
should resultin a cleaved TM region of 21 kDa, while unsuccessful
processing should result in an uncleaved size of ~53 kDa. We
found that overexpression of GLUT1, but not overexpression of
GLUTS3, in 293T cells inhibited the processing of Env (Fig. 6B).
We further observed that treatment of 293T cells with BELA1 also
inhibited the processing of Env irrespective of the overexpression
of GLUT1 or GLUTS3 (Fig. 6B). These results imply that the cleav-
age of Env precursor is inhibited by the association of Env with
GLUT1 in intracellular compartments.

DISCUSSION

Because GLUT1 has been shown to directly associate with gp46 of
HTLV-1 Env as the receptor for HTLV-1 (32), we expected that a
large amount of GLUT1 in virus-producing cells with HTLV-1

January 2015 Volume 89 Number 1

— 401 —

ALISHIAINN OLOWVYINNM Ag ¥7LOZ ‘9L Joquiedse uo /Bio wse Al/.diy woll pepeojumo(



GLUT3

W\ GLUTI3 W

GLUTT (3-£CLG) W}\ ; GLUT3 (1-ECL6) 5&%\[\\

GLUT1-33 GLUT3-LY ks

GLUTI-13

GLUT3-1.3

Regulation of GLUT1 in HTLV-1-Infected Cells

B ol
33
o O
M omom e oo W
REET R P
=4 - M e e h D E®
Ex EEbEEEEEEEE
§ 232233322322
o dwded ) d )
ZZ2 OO0 000000 0o0
anti-FLAG
ji - anti-CypA

Fusion activity (%)

GLUT1
GLUT3

GLUT1-33 [
GLUT3-1.1
GLUT1-3.1

e ©
¢ 4 4
g @
6@/:
o«
P
5 D
P |
[ORENU]
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GLUT1 and GLUTS3. (B) VLP-producing 293T cells were cotransfected with HTLV-1 Env and chimeras between GLUT1 and GLUTS3. Cell lysates were analyzed
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percentage of the level for empty vector.

Env would inhibit fusion activity and nascent progeny virus infec-
tivity. Indeed, the overexpression of GLUT1 in VLP-producing
cells impaired the HTLV-1 Env-mediated virus fusion and infec-
tion in a dose-dependent manner. Furthermore, a reduction of
GLUT1 in virus-producing cells by an siRNA knockdown of en-
dogenous GLUT1 enhanced the HTLV-1 Env-mediated infection.
These results indicate that HTLV-1 Env-mediated fusion activity
and infectivity are inversely correlated with the expression level of
GLUT1 in cells productively infected with virus. Chimeric studies
with GLUT3, which had no inhibitory activity against cell fusion
and infection mediated by HTLV-1 Env, revealed that the ECL6
domain was crucial for the inhibitory activity of GLUT1. This
domain previously has been shown to be sufficient for binding
gp46, while other domains, such as ECL1 and ECL5, have some
role(s) in the infection process (32). Taken together, GLUTI in
virus-infected cells should be regulated to low levels to avoid the
interaction of HTLV-1 Env with GLUTI.

It has been shown that some of the enveloped viruses regulate
their receptor(s) in virus-infected cells through their gene prod-
ucts. For example, to release the virus from the infected cells,
influenza virus neuraminidase (NA) enzymatically cleaves sialic
acids from sialic acid-containing receptors that are bound to the
hemagglutinin (HA) (33-35). In the case of retroviruses, the
downregulation of their receptors is believed to be necessary for
preventing the infected cells from causing superinfection, which is
known as superinfection interference (reviewed in reference 36).
However, downregulation of the viral receptor also has been
shown to maintain viral infectivity. Indeed, overexpression of
CD4, which is the receptor for another human retrovirus, HIV-1,
has been shown to impair the infectivity of HIV-1 (20, 37-39). To
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reduce the amount of CD4 in the infected cells, however, the
HIV-1 accessory gene products, Nef and Vpu, induce downregu-
lation and degradation, respectively, of the principal receptor
CD4. Although HTLV-1 is a complex retrovirus that, like HIV-1,
has several accessory genes, no HTLV-1 gene product has been
shown to regulate its receptor molecules. In the present study, the
overexpression of GLUT1 completely inhibited the HTLV-1 Env-
mediated fusion and infection in VLPs made with HTLV-1 pack-
aging plasmids, suggesting that HTLV-1 gene products do not
involve the regulation of GLUT1, although this has not yet been
fully confirmed.

It also has been reported that HIV-1 Nef downregulates its
coreceptor, CCRS, in HIV-1-infected cells, although the effect was
not as striking as the ability of Nef to downregulate CD4 (40, 41).
We previously showed that the incorporation of larger amounts of
HIV-1 coreceptor CCR5 into virions impaired the infectivity of
HIV-1 when a CCR5-high CD4™" T-cell line was infected with a
distinct HIV-1 molecular clone, while a CCR5-low CD4* T-cell
line was able to support virus infectivity (42). Because primary
CD4" T cells express a low level of CCRS5 in general (43, 44), the
incorporation of CCRS5 into virions and the interaction of CCR5
with HIV-1 gp120 are expected to be limited. Similarly, the incor-
poration of GLUT1 into VLPs was dependent on the expression
level of GLUT1 in VLP-producing cells in the present study. Thus,
it is likely that cells expressing a low level of GLUT1 should be
selected as the target cells for HTLV-1 to produce nascent progeny
virus.

It has been shown that CD4™ and CD8™ T cells, B cells, mac-
rophages, myeloid cells, and fibroblasts have been infected with
HTLV-1 (13, 45-48), which is not surprising, because GLUT1 is
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FIG 4 Effects of BFLAI on the location of GLUT1 and on HTLV-1 Env-mediated fusion and infection. (A) Untransfected 293T cells (left) or 293T cells
transfected with FLAG-tagged-GLUT1 and Env (middle and right) were cultured in the absence (open histograms with solid lines) or presence of 100 nM BFLA1
(shaded histograms with solid lines). The cells were stained with FITC-conjugated GLUT1 or anti-gp46 rat MAb (LAT-27), followed by anti-rat IgG conjugated
with APC, and analyzed by flow cytometry. (Left and middle) Fluorescence intensity of GLUT1. (Right) Fluorescence intensity of gp46. Open histograms with
dotted lines indicate background staining with secondary antibody alone. (B) Cell lysates and VLPs from 293T cells transfected with Env- and FLAG-tagged
GLUT1 or GLUT3 in the absence or presence of BFLA1 were analyzed by Western blotting using anti-FLAG, anti-gp46 (LAT-27), anti-HIV-Gag, and anti-CypA
antibodies. The positions of the molecular mass marker (in kDa) are indicated to the left. The arrowhead shows the ~53-kDa size of Env. (C) HTLV-1
Env-mediated fusion/infectivity was analyzed in the presence or absence of BFLA1. Relative fusion activity/infectivity in the presence of BFLA1 is expressed as the
percentage of fusion/infectivity in the absence of BFLA1 (shown in the shaded bars). The data are expressed as means * standard deviations from triplicate
experiments. (D) 293T cells were transfected with HIV-1 reporter and HTLV-1 Env plasmids, and cell-free virus was recovered. Cell-free infectivity of HTLV-1
Env for NP-2/CD4/CXCR4/CCR5 cells in the presence of BFLA1 is expressed as the percentage of the infectivity for BFLA1-untreated NP-2/CD4/CXCR4/CCR5
cells.

ubiquitously expressed in these cells. It has been reported that  virus because of their higher expression of GLUT1. To efficiently
CD8™ T cells express much more GLUT1 than CD4™" T cells (49, use the small amount of GLUT1 in CD4™ T cells for HTLV-1
50). Nonetheless, HTLV-1 is found primarily in CD4" T cellsin  entry, however, HTLV-1 may need to infect the cells via cell-to-
infected individuals (15). The results from the present study sug-  cell contact.

gest it is possible that CD8* T cells produce fusion-incompetent Although our 293T cells endogenously express GLUT1 at low
B
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FIG 5 Effect of BFLA1 treatment on the association between GLUT1 and gp46 in intracellular compartments. (A) Lysates from 293T cells transfected with
GLUT1-FLAG and HTLV-1 Env were analyzed by Western blotting using anti-FLAG, anti-gp46 (LAT-27), and anti-CypA antibodies. Immunoprecipitation (IP)
was performed using anti-FLAG antibody with protein G-Sepharose beads, and blots were analyzed with anti-gp46 MAb. (B) HeLa cells were transiently
transfected with plasmids encoding GFP-tagged GLUT1 and HTLV-1 Env and examined for localization of GLUT1 (green) and gp46 (red) 24 h posttransfection
in the absence (upper) or presence (lower) of 100 nM BFLAL. Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI) (blue). Scale bars
correspond to 10 pm.

508 jviasm.org Journal of Virology January 2015 Volume 89 Number 1

— 403 —

ALISHIAINN OLOWVYINNY AQ +102 ‘91 Jequiedaq uo /610" wse IAl/:diy wol) pepeojumo(



A \ FLAG
[ gp46 (SU) 9p21 (TM) |
B
~—None— —BFLA1-
< < << <
rLr T I
EELER
55855
o a1 4 0 1
=0 0=Z200
anti-HA
kDa
63—
48 —
anti-FLAG
35—
25~
g
20—
- anti-CypA

FIG 6 Effects of overexpression of GLUT1 or BFLA1 treatment on HTLV-1
Env processing. (A) Schematic of FLAG-tagged HTLV-1 Env. The arrowhead
indicates the cleavage site of Env. (B) Cell lysates from 293T cells transfected
with FLAG-tagged HTLV-1 Env and HA-tagged GLUT1 or GLUT3 were in-
cubated in the presence or absence of BFLAL. Proteins were resolved with
SDS-PAGE and immunoblotted with antibodies to HA, FLAG, and CypA. The
positions of the molecular mass marker (kDa) are indicated to the left. The
arrowheads at the left indicate positions of uncleaved Env (filled) and cleaved
T™ (hollow).

levels on their cell surfaces, similar to CD4™" T cells, BFLA1 treat-
ment enhanced the surface expression of endogenous GLUT1,
while the total GLUT1 level was not affected (30). This result in-
dicated that endogenous GLUT1 is localized mainly in intracellu-
lar compartments in 293T cells, although its exact location is un-
known. In addition, BFLAI treatment induced the enhanced
binding of gp46 with GLUT1 and the colocalization of both mol-
ecules in the same intracellular compartments. Therefore, it is
assumed that the overexpression of GLUT1 or translocation of
endogenous GLUT1 into the plasma membrane induces the asso-
ciation of gp46 with GLUT1, thereby inhibiting the cell fusion and
infection mediated by HTLV-1 Env.

When VLPs were produced in 293T cells expressed with larger
amounts of GLUT1 or treated with BFLA1, mature gp46 was not
incorporated into VLPs. FLAG-tagged HTLV-1 Env in VLP-pro-
ducing cells confirmed that the precursor Env was not efficiently
cleaved in GLUT1-overexpressed or BFLA1-treated 293T cells,
probably owing to the direct association of Env with GLUT1. Pre-
vious studies have shown that the cleavage of retroviral Env is
essential for the surface expression of Env, incorporation of Env
into virions, and fusion activity of Env (51, 52). The lack of pre-
cursor Env cleavage of HTLV-1 Env by several experimental con-
ditions, such as the treatment of cells with various inhibitors, also
has been shown to reduce the surface expression of Env, leading to
the loss of fusion activity (53). In our case, we showed that
GLUT1-associated HTLV-1 Env was translocated to the cell sur-
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face, but mature gp46 was not incorporated into VLPs from
GLUT1-overexpressed or BELA1-treated 293T cells. These results
indicate that trafficking of HTLV-1 Env occurs in spite of its asso-
ciation with GLUT], but in cells with overexpressed GLUTI or
cells treated with BFLA-1 the conformational maturation of Envis
impaired.

It should be noted that colocalization of GLUT1 with gp46 was
partly observed in untreated 293T cells, while BFLA1 treatment
enhanced the colocalization of both molecules not only in the
plasma membrane but also in the cytoplasm. These results indi-
cate that GLUT1 localizes in different intracellular compartments
from gp46 under normal conditions. Because the processing of
Env was inhibited by the association of Env with GLUTI, this
association likely occurs in specific intracellular compartments,
presumably in the endoplasmic reticulum or Golgi apparatus,
though the exact location is not known. Although GLUT1 is
thought to be an unregulated transporter responsible for the basal
uptake of glucose in general, recycling between intracellular stor-
age sites and the cell surface has been reported not only in adi-
pocytes following BFLA1 treatment (30) but also in T cells follow-
ing CD28 stimulation (54, 55). However, regulatory T (Treg) cells,
which are CD4™" and thought to be the principal target of HTLV-1
(56-58), do not express large amounts of GLUT1 upon stimula-
tion (59-61). Thus, GLUT1 likely is regulated in HTLV-1-infected
cells, thereby supporting HTLV-1 virus infectivity.

In conclusion, our present study provides new insight into how
HTLV-1 regulates its receptor molecule(s) in virus-infected cells.
Regulation of the receptor molecules is achieved not only through
the viral gene products but also by the spatial regulation of the
receptor molecules in virus-infected cells. However, our findings
should be confirmed using natural target cells for HTLV-1 infec-
tion, such as CD4™ T cells. Additionally, it remains to be deter-
mined how other receptor molecules are regulated during pro-
ductive infection in HTLV-1-infected cells, such as DSPG and
NRP-1. Further studies are necessary to understand the underly-
ing molecular mechanism(s) in the regulation of receptors for
HTLV-1 in infected cells. :
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Nine-year follow-up in a child with chromosomal
integration of human herpesvirus 6 transmitted
from an unrelated donor through the Japan Marrow

Donor Program

To the Editor
Since 1993, several investigators have reported a
unique phenomenon of chromosomal integration of
human herpesvirus 6 (CIHHV-6), in which HHV-6
genome is randomly integrated into a human chromo-
some and vertically transmitted (1, 2). In Japan, the
frequency of CIHHV-6 in healthy volunteers is 0.21%
(3). CIHHV-6 has also been found in patients who
have received hematopoietic stem cell transplantation
(SCT), including cord blood transplantation (4-6). CI-
HHV-6 is generally believed to be innocuous for such
a recipient.

Here, we present a patient in whom CIHHV-6 was
transmitted from unrelated donor marrow transplanta-

160

H. Yagasaki, H. Shichino, N. Shimizu, T. Ohye, H. Kurahashi, T.
Yoshikawa, S. Takahashi. Nine-year follow-up in a child with chro-
mosomal integration of human herpesvirus 6 transmitted from an
unrelated donor through the Japan Marrow Donor Program.
Transpl Infect Dis 2015: 17: 160-161. All rights reserved

H. Yagasaki', H. Shichino’, N.
Shimizu?, T. Ohye®, H. Kurahashi®,
T. Yoshikawa®, S. Takahashi'

"Pediatrics, School of Medicine, Nihon University, Tokyo,
Japan, 2Department of Virology, Medical Research
Institute, Tokyo Medical and Dental University, Tokyo,
Japan, ®Division of Molecular Genetics, Institute for
Comprehensive Medical Science, Fujita Health
University, Aichi, Japan, “Pediatrics, School of Medicine,
Fujita Health University, Aichi, Japan

Key words: human herpesvirus 6; transplantation;
chomosomal integration

Correspondence to:

Dr Hiroshi Yagasaki, Pediatrics, Nihon University,
30-1 Ohyaguchi, Itabashi-ku, Tokyo 173-8610,
Japan

Tel: +81-3-3972-8111

Fax: +81-3-3957-6186

E-mail: yagasaki.hiroshi@nihon-u.ac.jp

Received 20 November 2014, accepted for
publication 4 December 2014

DOI: 10.1111/tid.12338
Transpl Infect Dis 2015: 17: 160-161

tion (UR-BMT) through the Japan Marrow Donor Pro-
gram. This study was performed according to the
Helsinki declaration and informed consent was
obtained from the patient’s guardians. A fluorescence
in situ hybridization (FISH) study was approved by
the Ethical Review Board for Human Genome Studies
at Fujita Health University.

The patient was a 15year-old girl. She presented
with severe anemia with pure red cell aplasia of the
bone marrow. She was diagnosed with Diamond-
Blackfan anemia soon after birth. She received UR-
BMT at the age of 10 years, and obtained complete
donor type engraftment. At the age of 15 years, she
was admitted with severe pancreatitis and hepatitis
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Fig. 1. Human herpevirus-6B (HHV6B) integrated into the chromo-
some Xp. Green signals and red signals showed HHV-6B and Xq/
Yq sequence, respectively. Because the Y chromosome was also
stained, this chromosome was proved to be of donor origin.

after endoscopic treatment for gallstones. She
received cyclosporine for chronic graft-versus-host
disease of the skin; therefore, we screened for infec-
tion with herpes simplex virus (HSV)-1, HSV-2,
varicella zoster virus, Epstein-Barr virus, cytomegalo-
virus, HHV-6, HHV-7, JC virus, BK virus, and parvovi-
rus by polymerase chain reaction. Surprisingly, we
found a high copy number of HHV-6 (1.1 x 107 cop-
ies/pg DNA) in the peripheral blood. We began
foscarnet treatment in addition to supportive care.

Although her general status improved rapidly, the
HHV-6 genome load increased to 1.3 x 107 copies/
ng DNA at day 38 after admission. At this time, we
suspected CIHHV-6 phenomenon and measured
HHV-6 genome load of her own cryopreserved blood
before UR-BMT, and the donor’s cryopreserved mar-
row sample at transplantation. As a result, HHV-6
genome was high (1.25 x 107 copies/pg DNA) in
the donor’s but not in the recipient’s sample. FISH
confirmed integration of HHV-6B genome into the
donor’s chromosome Xp subtelomeric region (Fig. 1)
.

At present, she is 19 years old and well. Normal
hematopoiesis is sustained as follows: white blood cell
count 6100/uL (neutrophils 61%, lymphocytes 28%,
monocytes 5%, eosinophils 5%, and basophils 1%),
hemoglobin 13.9 g/dL reticulocytes 19%, and platelet
count 30.8 x 10%*/pL. Other infectious events have
not been observed during this period.

Although this episode suggests that CIHHV-6 is a
silent bystander, the clinical significance of CIHHV-6
is not yet determined (6, 8). Recently, HHV-6
activation from CIHHV-6 was demonstrated in a boy

Yagasaki et al: Letter: CIHHV-6 in UR-BMT

with severe combined immunodeficiency (9). Another
important issue is the long-term data in SCT recipi-
ents, which are lacking. The follow-up duration of
9 years in this report is the longest observation time
among similar cases, to our knowledge.

HHV-6 genome load in both donor and recipient
should be checked before any type of transplantation,
as proposed by other investigators (8, 9). A nation-
wide survey is needed in such recipients.
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median of 5 years [9). Furthermore, patients with NKTL can
also present with disseminated disease that becomes indis-
tinguishable from TNKLPDC.

The molecular abnormalities underlying TNKLPDC and
its relationship with NKTL are poorly characterized because
TNKLPDC is uncommon, and research on this entity is
challenging as most of the tissue biopsies are bone marrow
biopsies containing a limited amount of tumor. In this study,
we performed, for the first time, gene expression profiling
{GEP) on TNKLPDC and compared the signature with that of
NKTL obtained in our previous study [10], with the objective
of understanding the molecular pathways deregulated in this
disease and to determine whether the molecular signature of
TNKLPDC is distinct from NKTL.

Methods

Case selection

Patients with a diagnosis of EBV-associated T/NK-cell
lymphoproliferative disorder without known underlying
immune deficiency were identified from the archives of
the Department of Pathology, National University Hospital
{NUH)} and Kurume University, from 2003 to 2014. Cases
were classified according to the 2008 WHO lymphoma
classification and nomenclature proposed following the
National Institutes of Health (N1H) consensus report in 2008
[3L A total of 22 cases of TNKLPDC with adequate material
for work-up and fulfilling the diagnostic criteria were idem;i»g’
fied. The 22 cases included three cases of chronic active

infection of T/NK type (CAEBV), 15 cases of systemic Eﬂv<ﬁ” 3

associated T-cell LPD of childhood (STLPDC) an& fo
with features borderline between CAEBV and
je andl r
accurately because of lack of ckonali ’
guish between CAEBY (pmycla

considered the presence of an abnormal karya
monoclonal TCRG gene rearrangement

clanal} as defined by the WH ehmco athological
pﬁ{ementmy Table I

clonal proliferation [2]. The four cases
] é%{:&f‘& com/doi/abs/

tobe found onlineathttp:/ /infe

10.3109/10428194.2014.983099.>Cases of extranodal nasal
type NKTLwere excluded. Four cases 6f TNKLPDC with ade-
quate formalin-fixed paraffin-embedded {FFPE] tissue and
good quality RNA were selevted for GEP [cases 5, 7, 16, 17).

FFPE control tissues from norinal skin and lymph nodeswere
included. This study was approved by the Domain Specific
Review Board of the National Healthcare Group, Singapore.

Gene expression profiling and analysis

Total RNA from human FFPE tissueswas isolated using a High
Pure RNA Paraffin Kit (Roche Applied Science, Mannheim,
Germany). We conducted genome-wide GEP on TNKLPDC
and normal control FFPE samples using an Hluming WG-
DASL Assay {Whole Genome ¢DNA-mediated Annealing,
Selection, and Ligaton) (Mllumina, Inc. San Diego, CA)
[11,12]. Raw signals are exiracted from Tumina Beadstudio
software, and normalized using a linear calibration method,
aswe have previously described [10]. Analysis of the data was
done by R7/Bicconductor.

GLALA Sestantnd 2

in order to determine the similarity in GEP between
NKTL and TNKLPDC, we calculated the expression fold-
change for each gene as the mean expression of the gene
in TNKLPDC samples and mean expression in normal
samples. We plotted this fold-change between TNKLPDC
and pormal versus the fold-change between NKTL and nor-
mal {obtained from our previous study} [10] to determine
the degree of Pearson correlation. To determine the genes
specific to TNKLPDC in comparison to NKTL and normal
tissues, we first selected genes with more than two-fold
change between TNKLPDC and normal tissues, which con-
stituted the candidate list of differentially expressed genes
in TNKLPDC, Then using significance analysis of microar-
rays (SAM]) [13] we generated another list of genes that was
abnormally expressed between TNKLPDC and NKTL, with
cut-off fold-change > 2 and p-w ‘=< 0.01. The intersection
of the above two lists msultedm aiﬁmd list of genes that
were abnormally expressedfspﬁz@cﬁl'( in TNKLPDC com-
pared to NKTLand ng:mai tissues. " >
S e

Immunohistoche stry NN
In order to validate th ei‘pres&;ah of p53, survivin and BZH2
inthe tumorand mm;gM no neoplastic population, we per-
formed.the’ foﬂﬂ@ngkdou e stains: CD3/p53, CD3/survivin
and E;S’mz}@n«w tissue sections of TNKLPDC sam-
ples§5 g a Leica BondMax auto-stainer, and conditions are
listedn Supplementary Table I to be found online at http://
> informahealthcare.com/doi/abs/10.3109/10428194,2014.
039. Appropriate positive tissue controls were used. The

nunchistochemical (IHC) expression of all the antibodies

‘fwgas scored as a percentage of the tumor cell population by
‘\0

of the authors (5.-B.M.), without knowledge of the clini-
copathologic and GEP data. For p53 and survivin antibodies,
positive expression was defined as nuclear staining in 10%
or more of the tumor population, as previously described
[10]. For EZH2 antibody, positive expression was defined as
nuclear staining in 25% or more of the tumor population, as
previously described [14].

TNKLPDC and NKTL cell line culture for ALDH analysis and
DZNep treatment

Six NKTL cell lines (NK-92, HANE-1, NKYS, SNK-1, SNK-6,
SNT-8) and five TNKLPDC cell lines (KAL-3, SNK-10, SNT-13,
SNT-15, SNT-16) were used in this study. NK-92 was pur-
chased from the American Type Culture Collection (ATCC).
HANK-1was obtained as akind gift from Dr. Y. Kagami, NK-YS
and KAIL-3 were from Dr Y. L. Kwong while SNK-1, SNK-6,
SNT-B, SNK-10, SNT-13, SNT-15 and SNT-16 were from Dr,
N. Shimizu. Please refer to Supplementary Table 11 to be
found online at http://finformahealtheare.com/doifabs/
10.3109/10428194.2014.983099 for cell lineculture conditions
and Supplementary Table IV to be found online at htpy//
informahealthcare.com/doi/abs/10.3109/10428194.201 4.
983049 for clinical, phenotypic and genotypic features of the
TNKLPDC and NKTL cell lines.

ALDH analysis on NKTL and TNKLPDC cell lines
An ALDEFLUOR kit (Stem Cell Technologies, Durham,
NC) was used to examine the aldehyde dehydrogenase
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1 (ALDH] erpymatic setlvlty do NETL and THRLPDE  Madison, W1 Protetn detection by Western blot was done 60

2 cell lines. A single coll suspension was prepared In 1o confirm the expression of EZHZ protein alter roatment 61

% ALDEFLUOR sssay buffer comtaining ALDH substrate.  with DZNep by elecwophoretie transfer of sgual ampums 82

4 As negative comtols, each sample was wpeated with  of sedivm dodeey! sulfae-polyaceylamide gel electopho- 63

5 diethvlaminobenzaldehyde [DBAB) & specific ALDH  resiy (SDS-PAGE) sepamted proteins o polyvinglidene 84

& inhibitor, This resubied In a significant decrense In the  fuoride {PVDF) membranes {Bio-Rad, Hercales, CAY then 63

7 fluorescence Intensity of ALDHS cells and was used to Incubation with the respective printry amibodies; BZHZ 85

8 idemtify ALDH 4 cells. The wmount ol fnoacellular Tuoees-  {Cell Signaling Tech, Ine, Danvers, MAdand foactincontral 67

4 vence was maasured using & BD L3R 1 {Becton Dickinson,  {Sanra Cruz, Dallas, TX), followed by exposure wo horserad- 68

Wi San DMepo, CAY flow cviometer and analyzed using BD ish perocddase (HEPhconjugated secondary andbodies 89

i1 FACSDNwva™ software. {Santa Croz) and detection using chemiluminescence (GE 70

12 Healtheare, Uppsalg, Sweden), 71

13 Treatment of THELPDC cell lines with DZNep Apoptotic cell death analyses were carried out follow. 72

14 Exponentinlly growing cells of KALS, SNIGID, SNT15 and ing DENep geatment using Annexin-Veallophyooowanin 73

18 BWT-16 cell lines were trested with the respective congen-  [APC) and propidivem Jodide [P1) detection systems. 74

16 trations of an inhibitor of EZH2 {DENep), and dimerhvlsul-  Following weatment of colls with respective concentra- 75

17 foxide (DMSO) {005 rreated cell Hnes served ag velicle  tions of DZNep sod DMEG {0.19) az vehicle controls and 78

18 contrels, Treated cells were dilated in phosphate bulfered  incubasion for 72 b, the cells were collected and washed 77

19 saline [PBS) sonieated aod then pelleted by cenprifugation i PBS. The stalning ofapaptotic wils,})gg AnnexinV-APC 78

20 atA00g for 5 min. The cell peller was then resuspended In was assaved using an APC fomexin-V Apoptosts Detection 748

21 Iysis buffer with o cockiadl of protease inhibitors {Premess,  Kit (80 Z&%;arminﬁggm Saw joses CA} according to the 80
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Fgure 2. Owverexpression af. 2, pS3 and servivig o cases ol
THELPDC, immunohistochemistey  reveals  overexpression  of
EEH2 o coke 19 (A, BEHZ/CDY double stadn, ELHZ staing nuclens
browens and CD9 sing cell membrane/onoplasm red, original
magnification »* 800}, p53 In case 16 (8, pRa/C0Y double stain, pi3
sinins aucious brown and C493 stalng cell membrane/cytoplazm red,
arighnal magaification ® H00} and survivin iu esse 18 (€, survivin/
C03 doublde stabs, survivin sisins nucless brown and GO stains
well mumbrane/cytoplasn red, original magnifioation ¥ 5001 Al
phutographs were tekes with o DR20 Olympus camera (Olympus,
Tokve, lapan] using an E}ifgmyﬁs BEAT microssope [Olviapush.
lmuges were aoquired usiog & DP Costrollee 2002 {Olympus)
and provessed wsing Adobe Photeshiop version 5.3 {Adobe Svstems,
San jose, DAL

mmnafaciurec’s Instruetions, and the analysis was per
formed onoa BU LSR 1 {Becton Dickingon] flow cyrometer,
using Bl FACSDHva'™ software.

Results

Gene expression profiling revealed 3 similar molecular
signature between NKTL and THEKLPDC with up-
regulation of p53, survivin and EZH2 In THEKLPDC
We performed GEP on four pases ol THELPDC and eompared
it tor the signatre of NKTL tat we obtained In our previous
study. The expression fold-change for sach gene hetween
THELPDC versus normal and the ex;zmamn fold-change of
pach gene beoween NKTL versus normal {obtained from our
previous study) [10] showed 2 significant corvelation, with
Pearson correlation coefficieny = 0682, p<2.2X 1078,
indicuting a high degree of similarity betwesn THELPDC and
NKTL t‘;u;;g; ementary Figure 1 i be found online at hatpe//
informaheskhcare com/doi/abs/ 10,3109/ 10428194.2014,
Bu3099). Gnly 5 small nuwmber of genes were significantly
differentinily Expfﬁs&ﬁﬁ bepween TNKLPDC and NETL.
There were 41 genes showing twi-fold or greater difference
in expression berween TNKLPDC and WKTL, of which 28
wergug-regulated and 13 were gimm»rega}aieu ITNELPDC
compared to NETL {!‘igﬁm i

Since TNKLPDC shares a similar signature with NKTL
at the molecular level, we Investigated whether a fow of the
arcopratelng {pSﬁ,éumvEﬁ and EZHZY, which were identi-
fied by us to be up-regulated in NKTL in our previous study,
are sinilarly uperegelated in TNKLPDC [10,04] Indeed,
using THC double stains for p83/CDE, survivin/CDS and
EZHZACDE, we also found overespression of ps3, survivin
and BZH2 1n 69% (11716 cases), 53% {10/16 cases) and 65%
{15720 vases) of our cases of TNKLPDC, respectively, sup-
porting that NKTL and TNKLPDC share similar phenotypic
and malecuiar signares and henee indirectly validatiog
wur GEP rosults (Figure 2) [Supplementary Table V 1o be
found online st htge/ Anformshesithenrecom/dol/abs/
L3100/ 1042819420 14.983098 for O results for p53,
survivin and BEZH2).

Inhibition of EZH2 by DZNep induced growth inhibition
and apoptosis of TNKLPDC cell lines

We previously reported the overespression of EZH2 In NKTL,
and depletion of E2M2 using & PROZ inhibion D2Nep,
significantly inhibited the growth of NE nanor cells [14].
Henve, we also treated the THELPDC cell lines with DZNep
{15,18], Our resulis demonstrated tha DEMep effeciively and
dose dependently reduced protein levels of EZHZ in KALS,
SNK-10, SN and SNT-16 cell Unes [Flgure 3{AY, resul
inz bn reduction of cell viability [Figoee 3{BY and an Incregse
i apopiosis s detected by Annexin:y analysis using How
cvlometry, in a dose-dependent manmer [Figure 3(CH
{Supplermentary Figure 2 to be found oline ar hip/ Anfors
healthearecom/doi/abs/ 1031007 10428194, 2014583098
shons increased apopiosts {ollowing DENep eatment L

THELPDC is enriched for gene sets assodiated with

hematopoletic and leukemic stem cells compared to NKTL
Despite the similarity of the molecudar signature betwern
THELPDC and NKTL, we fovesdgated whether thers
are subtle ditferences between them, To achieve this, we
performed gene set enrichment analysls (GSEA] Using o
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Fligore 3. Treatment with D Nep reailts in s dosedependent due

sasi dneelhidar proein fevels sji‘ E:iﬁ.iié i K&EQ, E@sh 18, SN S amd SNT 18 el

Hnes (4] and & correspoanding reduction in ooll viability (B and frcrense in apopiosis {0 s dmsécmé ivg oy qwmufy

euteoff false discovery rate of < 20%, wo idenified 17 gene
sets enriched in genes downeregolated in TNELPDC come
pared o NKTL (negative enrichment scorel, Amongst the
17 gene sets, several gene sets of genes down-regulated In-
stern cells were negatively entlched in TNKLPDC mmpazre(i L
10 NKTL, meaning that genes downeregulated in stem cells >
arg also downregulated In TNKLPDC compared o NKTL.
This suggests that TNKLPDC shares some molecular featu

with stem cells. On the other hand, gene setsof genes up-reg-
whared o lnvasive/advanced malignancies were ntzg&ﬁ%i}

enriched In TRKLPDC compared 10 NKTL;
they are also up-regulated in NKTL compared to TN LPDC.
In other words, NKTL shows up ‘mguiaticm ol genes in
invasive tomors and hence shares molecular features with
invasive/advanced cancers !;’E’abie 3 compared o TNKLPDC
(Supplementary Flgure %t bt found. online at higps//
informahealtheare. t:z:am;’ci abs/ T0.A109/10428194.2014,

983099 shows GSEA enrichment plots of gene sets related
o stem oall and mvaswefa&xaﬁwﬂ cancers which are nega-
tively enriched in TNKLPDC compared 1o NKTL). This result
is consistent with the differsnt clinical presentation of the
tiens malignancies, with TNKLPDC having @ leubemic pree
sentation characterized by bone marrw invelvoment and
eyiopedas, and NETL, fnoconteast, manifesting mostly as
spgressive solid cancers.

To further verify that TNELIDC may have amore stern cell
reluted phenotype based on the GSEA results, we performed
AL assay Tn s NKTL cell Hnes [NKYS, NE-92, HANEK-L,
BNE-1, SNE-S, SNTA) andd five TRKLPDC cell Hnes (KALS,
SWE-10, SNTVIE, BNT5, SNT-18). ALDH enzymes aré o
family of intracellular enavmes that participate in cellular
detoxification, differentinton and drog wesisance through
the oxidetion of eslular aldebydes {17]. ALDHI-posithe
vell populstions are capable of generating wmor xenografis
{18], and ALDHI is used as 2 marker of cancer stem colls

BLAL & 08 &

{CsCs) §iﬁ§ ‘ﬁm ;;mg}{ﬁman af ALDH1-positive cells in both
TRELPDC and NETL cell lines ranged from 0.2% w 1025,
in fine with reports that teukemic stem cells constitute only

- subfraction of the blase cell popukation [20,21], In agree-
_mentwith the GESA result, there was a significant ditference
*ie ALDHI expression in TNKLPDC compared 1o NKTL cell
lines, with modian of BI58% of cells exprossing ALDHI in
T"Q&L’é’ﬁ}{‘ compared to 2.4% in NKTL {p = 0.04), suggesting

that thers was a higher proportion of mmor cells with €S0
properties in TNELPDO compared w METL [Figores 4{a}
and 4(B), Interestingly, the SNECL cell fine, derived from a
Zg-year-old patent with TNELPDC (CAEBV] who subse-
guently developed NKTL, also demonstrated a higher level
of ALDH] expression compared 1o cell Hnes derived from
patients with NETL withouta history of TNELPDC.

Discussion

THELPDC s a group of poorly undersioad lymphoprolit-
erative disorders in children and young adults, which can be
difficnl o distinguish from the disseminated o of NKTL.
The pathoblology is poorly characterized, and the disease is
often apgressive with no effectvie vestment. Various thers-
ples have been wied for te earment of CABBY, Including
antiviral, chemotherapeutic and immuonemodulawry drogs,
with only limited success. These regimens are not effectivein
achieving sustainable complete remission, and hematopol-
etic stem cell ransplant (HSCT] seems to be the only curse
tive therapy for CAEBV at present (8.

We repory, lor the first tme, thet THNELPDC shows a
similar molecular signanre to NKTL. Furthermore, a
nwmber of oncoproteins that we have previously shown
to be overespressed in WETL, such as p53, EZH2 and sur-
vivin, are similarly overexpressed in TNRLPDC, This is
not unexpected, as both entities are charscterized by an
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1 Table I Gene sets differentially enriched between TNKLPDC and NKTL showing 17 gene sets that are negatively enriched in TNKLEDC compared
5 10 NKTL.
3 Name Description Sizeofgenesets  Enrlchmentscore  FDR g-value
4 VECCHI_GASTRIC_CANCER Up-regulated genes distinguishing between 19 ~ (. 7663091 o
ADVANCED_VS_EARLY_UP* two subtypes of gastric cancer; advanced
5 {AGC) and early (EGC)
B GAL_LEUKEMIC_STEM_CELL _DN' Genes down-regulated in leukeric stem cells 61 - ,5313042 0001228656
%4 {LSCs), defined as CD34 + CD38~ [Gene
10 = 447, 952] cells from patients with AML
8 {acute myeloid leukemia) compared to
g CD34 + CD36+ ceils
1 WLTUMOR VASCULATURE UP Genes up-regulated in endothelial cells 6 - 0427103 0.05145535
! derived from invasive ovarian cancer tissue
11 RUIZ TNC_ TARGETS DN Genes down-regulated In T96G cells 26 -~ {1,5G73733 05581349
12 {glicblastoma) by TNC [Gene 1D = 3371].
13  DAVICIONI TARGETS OF_PAX, Genes down-regulated in RD cells {embryonal 10 -, 7663204 0.05456302
) FOXOI_FUSIONS_DIN rhabdomyosarcoma, ERMS) by expression
14 Of PAX3- oF PAXT-FOXO1 [Gene ID = 5077,
15 5081, 2308] fusions off retroviral vectors A
16 POOLA_INVASIVE _BREAST Genes up-regulated In atypical ductal 62 ~§,4721814 (LOBEIIE08
CANCER UP* hyperplastic tissues from patients with Yo
17 {ADHC) breast cancer v, those without the
18 cancer {ADH)
19 AATINEN_HEMATOPOIETIC_STEM.  Genesdown-regulated in CD133+ [Gene 0.07452668
20 CELL_Dnt 1D = $842] cells (hematopoietic stem cells,
HECs) compared to CD133 — cells
21 TURASHVILI_BREAST LOBULAR_ Genes up-regulated in lobular carcinoma vs. 0.09243327
29 CARCINOMA_VS_LOBULAR normal lobular breast cells.
2 NORMAL_UP*
SCHUETZ_BHEAST_CANCER_ Genes up-regulated in invasive ductal (L08723507
24 DUCTAL_INVASIVE UP* carcinoma (IDC) relative to ductal o
25 carcinoma in situ (DCIS, non-invasiyé) - e NN
. AKL_HTIVI_INEECTION_DN Genes down-regulated in WEI?/10 cegs so% —0.7377943 0.12473607
26 (CD4+ [Gene 1D = 920] ‘Flgmp%w i
27 infected HTLV1 (and thus disp e 4
8 low CDY7 Gm 10 = 924} ) ebropared 1w, w,/
29 nuinfemd {i.e. CDT+)
- SANA_RESPONSE TO IBNG DN Genes down-regulated b n ~0,7334317 (11817111
30 endameba! cell typesﬂun f:?
31 ac, dermal,a G [Gene
b S stml ey o
: LEE_LIVER CANCER MYC_g2F1_UP Genes up- 14 -~ 0,6603344 12351352
33 camimma HE Ens?w and E2F1
34 [Gene L D= 2 ﬁble transgenic
35 JAKEDA TARGETS_OF_NUP9S_ Gehesd wdsﬁ” €O+ (Gene 9 = 0,7459078 013656901
38 HOXAS, FUSION_3D_DN* D 34?! h poetic ceﬁsbyexpmssian
v / . 3“295 Wﬁwi@n [Gene dma-igam,
mampnﬁmveetmata ays after
39 VERHAAK_AML WITH_NPMI_ tsanéwp -regulated in patients with acute 58 —0.452349 0.13712995
40 MUTATED _UP I \ d leukerria {AML) with mutated
& B ; 6/ _ NPM1 [Gene ID = 4659)
MCCHJNG”CKEBIMI‘? : I’}ﬁ ) enes down-regulated in the nucleus [ = (.B48532 015730472
42 /f Vi aceumbens (a major reward center in the
a3 L brain) 8 weeks after induction of CREB1
44 <\ [Gene 1D = 1385] expression in a fransgenic
; Tet-Off system
45 SMID_BREAST_CANCER_RE Genesup -regulated in bone relapse of breast 15 -~ ,6191868 0.1730245
.48 IN_BONE_UP*
47 MCLACHEAN DENTAL _CARIES DN Géncs down-regulated in pulpal tissue 57 -~ 04333106 017132571
a8 extracted from carfous teeth
THELPDE, Bpstein-Barr vicus-sssociated T/natar kiler-cell lymphoprofiferative disonder in children and young adults; NKTL, oxranedal nasal natursl killer/Tocell
43 Iymphoma; FOR, false discovery rate,
80 "Genesels of genes up-regulated In invasive/ad d malignanch
51 TGene sets of genes down-vegulated fn stéen eells.
52
53 EBV-associated cytotoxic T/NK proliferation and share  to NKTL cell lines, and this supports the validity of our GESA
54  similar clinical features. result. On the other hand, genes overexpressed in advanced
55 Degpite the simnilarity, there are some subtle differencesin ~ malignancies were enriched in NKTL. This result is consistent
56  the molecular profile. Our GESA data revealed a distinctive  withthe different clinical presentation of the two malignancies,
57  enrichment of stem cell related genes in TNKLPDC compared  with TNKLPDC having a leukemic presentation characterized
58  to NKIL. Indeed, the expression of ALDH1, a marker of stem by bone marrow involvement and cytopenias, and NKTL, In
59  cellproperties, wassignificantly higherin TNKLPDC compared  contrast, manifesting as aggressive solid cancers.
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potential differentiation | 3231, A role for C5Cs has been
characterzed for aoute leukemias [24], and CSCs also evist
ire solid oy, aftiuﬁéﬁg birsin, breast and cofon [25]. In
atute myeloid leukemiz, only 2 subfraction of cells are pro-
posed 1o be leukemia stem cells {L5Cs), while the majority
of cells are pither transitional cells with mited proliferative
capacity ov more differentiated end cells (211 In general,
these CSCs are quisscent and resistant i conventional che-
motherapy that usually tegets proliferating cells. Henee,
our discovery of potential CSC properties in THELPDC cell
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dizorders, In addition, this vy also explain the success of
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Abstract

To clarify the mechanism for development of Epstem -Barr virus (EBV)-positive T- or NK-cell neoplasms, we focused on the
costimulatory receptor CD137. We detected high expression of CD137 gene and its protein on EBV-positive T- or NK-cell
lines as compared with EBV-negative cell lines. EBV-positive cells: from EBV-positive T- or: NK-cell lymphoproliferative
disorders (EBV-T/NK-LPDs) patients also had significantly higher CD137 gene expression than control cells from healthy
donors. In the presence of IL-2, whose concentration in the serum of EBV-T/NK-LPDs.was higher than that of healthy donors,
CD137 protein expression was upregulated in the patients’ cells whereas not in control cells from healthy donors. In vitro
EBV infection of MOLT4 cells resulted in induction of endogenous. CD137 expression. Transient expression of LMP1, which
was enhanced by lL-2in EBV-T/NK-LPDs cells, induced endogenous CD137 gene expression in T and NK-cell lines. In order to
examine in vivo CD137 expression, we used EBV-T/NK-LPDs Xenograft models generated by intravenous injection of
patients’ cells. We identified EBV-positive and CD8—posmve T cells, as well as CD137. ligand-positive cells, in their tissue
lesions. In addition, we detected CD137 expression on the EBV infected cells from the lesions of the models by immune-
fluorescent staining. Finally, CD137 stimulation suppressed etoposide-induced cell death not only in the EBV-positive T- or
NK-cell lines, but also in the patients' cells. These results indicate that upregulation of CD137 expression through LMP‘I by
EBV. promotes cell survwal in' T.or NK cells leadmg to development of EBV -positive T/NK cell neoplasms
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Introduction quito bites, or hydroa vacciniforme-like eruption accompanied by

. ) . . . clonal proliferation of EBV-infected cells [3,4]. Because most

Epstein-Barr virus (EBV) infection can be found in lymphoid reported cases were children or young adults, and were mainly of
malignancies not only of B-cell lineage, but also of T- or NK-cell the T-cell-infected type, the disorders were designated “EBV-
lineages. These EBV-positive T or NK-cell neoplasms, such as  pogitive T-cell lymphoproliferative diseases of childhood” in the
extranodal NK/T-cell lymphoma nasal type (ENKL), aggressive  WHQ classification, although adult and NK-cell types have been
NK-cell leukemia (ANKL), and EBV-positive T- or NK- cell " reported [4-6]. The common clinical properties of EBV-T/NK-
lymphoproliferative diseases (EBV-T/NK-LPDs), are relatively  peqplams are the presence of severe inflammation, resistance to
rare but lethal disorders classified as periplleral T/NK-cell chemotherapy, and a marked geographic bias for East Asia and
lymphomas according to the WHO classification of tumors of  pa6n America, suggesting a genetic context for disease develop-

hematopoietic and lymphoid malignancies. ENKL is a rapidly ment [4]. Since these EBV-T/NK-neoplasms overlap [4],
progressive lymphoma characterized by extranodal lesions with

vascular damage and severe necrosis accompanied by infiltration
of neoplastic NK or cytotoxic T cells [1]. ANKL is a markedly
aggressive leukemia with neoplastic proliferation of NK cells [2]. cells immortal resulting in B-cell lymphomas. Similarly it is
EBV-T/NK-LPDs is a fatal disorder presenting sustained suspected that EBV may also cause T- or NK-cell neoplasms.
infectious mononucleosis-like symptoms, hypersensitivity to mos- However, why and how EBV latently infects T or NK cells,

common mechanisms are thought to exist in the background
and contribute to disease development.
It is well known that EBV infects B cells and makes the infected
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whether or not EBV directly causes these malignancices, and the
mechanism of action responsible for the disease development
remain to be clarified. Although new chemotherapy and stem cell
transplantation have achicved good results for EBV-T/NK
neoplasms recently [7-9], prognosis of the discases is still poor,
The mechanisms for development of the discase need to be
determined to establish an optimal treatment.

To clarify the molecular mechanism underlying the develop-
ment of EBV-T/NK-neoplasms, we focused on the costimulatory
receptor CD137. CD137, also known as 4-1BB, is a member of the
tumor necrosis factor (TNF) receptor superfamily, and expressed
on the surface of activated T and NK cells [10]. In association with
TCR stimulation, it plays a pivotal role in proliferation, survival,
and differentiation of these cells as a costimulatory molecule [11].
Recently, it was reported that CD137 is expressed on tumor cells
from adult T-cell leukemia/lymphoma (ATLL) and from T-cell
lymphomas [12,13]. Here we found CD137 expression on EBV-
positive cells in EBV-T/NK-neoplasms and investigated its role
for the lymphomagenesis using established cell lines as well as cells
from EBV-T/NK-LPDs patients.

Results

CD137 expression in EBV-T/NK-cell lines

Six EBV-positive T- and NK-cell lines, SN'T8, SN'T'15, SNT16,
SNK1, SNK6, and SNK10 had been established from primary
lesions of ENKL patients (SNT8 and SNKG6) and PB of EBV-T/
NK-LPDs patients (SNT15, SNT16, SNKI, and SNK10) [14].
We investigated CD137 mRNA expression in the cell lines by RT-
PCR. CD137 mRNA was expressed in all of them, whereas EBV-
negative T-cell lines (Jurkat, MOLT4, and HPB-ALL) and NK-
cell line (IKHYG1) were negative for the expression (Figure 1A).
The mRNA was detected but weak in an EBV-negative NK-cell
line, MTA, and in EBV-negative B-cell lines, BJAB, Ramos, and
MD901. We also investigated 3 EBV-positive B cell lines, Raji, a
lymphoblastoid cell line (LCL), and HS-sultun. The expression
was detected in Raji. The expression was weak in LCL, and
negative in HS-Sultan. We next investigated CDI137 protein
expression on the cell surface. Figure 1B shows that CD137
protein was expressed on the cell surface of all EBV-positive T- or
NK-cells. In contrast, EBV-negative T-, NK-, and B-cell lines
were negative for CD137 expression. On the basis of these results,
we concluded that CD137 expression was induced at the mRNA
and protein levels in EBV-T/NK cell lines. The expression was
detected in 2 of 3 examined EBV-positive B cell lines, Raji and
LCL, whereas negative in HS-Sultan. The expression in EBV-
positive B cells was insignificant in comparison with EBV-positive
T or NK cells. We were unable to detect CD137L expression on
the surface these EBV-positive T- or NK-cells lines. The
expression was negative on them (Figure S1).

EBV induces CD137 expression in T and NK cells

To clarify whether EBV could directly induce CDI137
expression, we performed in vitro EBV infection of an EBV-
negative cell line MOLT4. EBV DNA copy number of EBV-
infected MOTL4 cells was 8.8x10° copies/ugDNA. EBV
infection was verified by the presence of EBV nuclear antigen
(EBNA) 1 protein expression (Figure 2A). Most cells were positive
for EBNAIL. The infection was also confirmed by the presence of
the viral mRNA, LMPI and EBNAI, and the absence of EBNA2
by RT-PCR (Figure 2B). This expression pattern was classified as
latency type 2. CD137 mRINA was also expressed in EBV-infected
MOTL4 cells (Figure 2B and 2C). In addition, Figure 2D showed
that CD137 protein expression was detected on EBV-infected

PLOS ONE | www.plosone.org
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MOLT4 cells. We therefore concluded that EBV infection
induced mRNA and surface protein expression of CD137 in
MOLT4 cells.

CD137 expression in cells from EBV-T/NK-LPDs patients

The above results were validated using EBV-T/NK cells
derived from patients. In EBV-T/NK-LPDs, EBV infection could
be detected in a particular fraction of PBMCs and isolated at high
purity using antibody-conjugated magnetic beads as described in
“Materials and Methods”. Seventeen patients (aged 8-72 years; 7
males, 10 females; 10 T- and 7 NK-cell types; CD4 type n=4,
CD8 type n=5, ¥8 type n=1, and CD56 type n=7) were
diagnosed with EBV-T/NK-LPDs according to the criteria as
described in “Materials and Methods”. We determined the EBV-
positive fraction of the lymphocytes in the PB at the diagnosis. The
phenotype of the infected cells and EBYV DNA load of them were
presented in Table 1. EBV DNA was negative or relatively low in
CD19-positive cell which EBV can infect (Table 1).

To examine CD137 expression in the EBV-positive fraction, the
fractions were isolated by the magnetic beads and obtained for
CD137 mRNA detection in 10 patients. Figure 3A shows the
CD137 mRNA levels in the freshly isolated cells of EBV-positive
cell fraction in PBMCis of each patient. CDI137 mRNA levels in
CD4-, CD8-, and CD56-positive cell fractions of 5 healthy donors’®
PBMCs were also demonstrated. The mRNA levels in the patients’
cells were significantly higher than those in the cells of healthy
donors. Next we examined the expression of CD137 protein by
flow cytometry. It showed low expression in freshly isolated
PBMC:s from both patients and 5 healthy donors (data not shown).
However, after culture with IL-2 for 3 days, the expression was
increased on the surface of PBMCs from 15 patients but still low
on the cells isolated from 5 healthy donors (Figure 3B). The
average of CD137 protein levels of EBV-T/NK-LPDs patients
was significantly higher than that of healthy donors (Figure 3C).
Two-color flow cytometry using antibodies to CD137 and to
surface proteins expressed on EBV-positive cells could be
performed in 7 patients, and a double-staining pattern was
observed in them, whereas fractions from a healthy donor barely
expressed the CD137 protein. (Figure S2).

EBV LMP1 induces CD137 expression in T and NK cells
through LMP1 induced by IL-2

We investigated the mechanism of enhanced-CD137 expression
by IL-2. First we performed luciferase reporter assay with a
plasmid containing the CDI37 gene promoter. As shown in
Figure 2A, EBV-infected MOLT4 cells were shown to express
EBV-encoded proteins including LMP1, and EBNAI, considered
to be latency type 2. So, MOLT4 cells were cotransfected with
expression plasmids capable of expressing either of EBV-encoded
proteins, LMP1, LMP2A, LMP2B or EBNAI. As shown in
Figure 4A, LMP1 induced significant upregulation of CDI37
promoter activity, whereas the other molecules did not. Further-
more, in a transient expression assay with these viral proteins in
MOLT4% cells, transcription of endogenous CDI137 mRNA was
detected only in the LMPI-transfected cells (Figure 4B). These
results indicated that, among the EBV proteins, LMP1 transacti-
vated CDI37 expression in T and NK cells. Next we examined
whether LMP1 expression was enhanced by IL-2 and might
contribute to upregulation of CD137 expression in patients’ cells.
We isolated PBMCs from EBV-T/NK-LPDs patient (CD4-1) and
cultured them with or without IL-2. As shown in Figure 4C, semi-
quantitative RT-PCR demonstrated that LMPI mRNA was
increased in IL-2-treated PBMCs. CDI37 mRNA was also
increased in the IL-2-treated cells (Figure 4D). To confirm the
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Figure 1. CD137 expression in Epstein-Barr virus (EBV)-positive T- or NK-cell lines. (A) Transcripts of CD137 (the upper panel) and GAPDH
(the lower panel) in EBV- positive T- or NK-cell lines were examined by RT-PCR. EBV negative T-, NK, B-cell lines, and EBV-positive B-cell lines were also
obtained for the examination. (B) Surface expression of CD137 was examined by flow cytometry using an antibody to CD137 {open histogram) or
isotype-matched control immunoglobulin (gray, shaded histogram). The mean fluorescent intensity of CD137 was normalized by that of isotype-
matched control and expressed as mean fluorescence intensity rate (MFIR). Each experiment was independently performed more than 3 times and

their average data are presented.
doi:10.1371/journal.pone.0112564.g001

in vivo contribution of IL-2 for CD137 expression, we examined
the serum concentration of IL-2 in 7 EBV-T/NK-LPDs patients
and 5 healthy donors. The concentration in the patients was 0.9-
2.4 U/mL in 6 of 7 patients, whereas it was undetectable in 4 of 5
healthy donors (Table 2). These results suggested that CD137
expression was enhanced in the presence of IL-2 most likely
through enhanced-expression of LMP! in EBV-T/NK-LPDs
patient cells.

CD137 was detected in EBV-positive cells infiltrating in
the tissue lesion of EBV-T/NK-LPDs xenograft model
Next, we examined the CD137 expression on the EBV-positive
cells infiltrating into the tissue of EBV-T/NK-LPDs. Since we
could not perform the examination for human specimen due to
difficulty of obtaining the samples, we used the xenograft models
generated by intravenous mJectlon of PBMCs from CD8-3 patient
[15]. The injected cells were 2 X 10° in number for each mouse and

PLOS ONE | www.plosone.org

include CD8-positive EBV-infected cells with clonally proliferation
from CD8-3 patient. EBV DNA load of the infected cells were
more than 1.0x10* copies/ugDNA. After engraftment, which was
defined as detection of EBV DNA in the PB of the model, we
performed autopsy. Nine mice were examined and the represen-
tative data were shown. As shown in Figure 5A-D, infiltration of
EBV-positive and CD8-positive cells into the periportal regions in
the liver was detected. 79.2% (396/500) of the infiltrating cells
were EBER-positive, and 77.4% (387/500) of the cells were CD8-
positive. These results indicated that most infiltrating cells were
both positive for CD8 and EBER. Although CD137L-positive cells
were also detected in the lesion, the number was markedly smaller
than that of EBV-positive cells (Figure 5D). In order to determine
CD137 expression on EBV-infected cells, we performed immune-
fluorescent staining for the infiltrating cells in the lesions. As shown
in Figure 5E, EBNAl-positive and CD137-positive cells were
detected in the cells isolated from the lesions. LMP1 expression
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