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Adult T-cell leukemia/lymphoma (ATL) occurs in ~5% of human T-lymphotropic virus type
1 (HTLV-1)-infected individuals and is conventionally thought to be amonoclonal disease
in which a single HTLV-1* T-cell clone progressively outcompetes others and undergoes
malignanttransformation. Here, using a sensitive high-throughput method, we quantified
clonality in 197 ATL cases, identified genomic characteristics of the proviral integration
sites in malignant and nonmalignant clones, and investigated the proviral features
(genomic structure and 5’ long terminal repeat methylation) that determine its capacity to
express the HTLV-1 oncoprotein Tax. Of the dominant, presumed malignhant clones, 91%
contained a single provirus. The genomic characteristics of the integration sites in the
ATL clones resembled those of the frequent low-abundance clones (present in both ATL
cases and carriers) and not those of the intermediate-abundance clones observed in 24%
of ATL cases, suggesting that oligoclonal proliferation per se does not cause malignant
transformation. Gene ontology analysis revealed an association in 6% of cases between
ATL and integration near host genes in 3 functional categories, including genes pre-
viously implicated in hematologic malignancies. In all cases of HTLV-1 infection, regardless of ATL, there was evidence of preferential
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survival of the provirus in vivo in acrocentric chromosomes (13, 14, 15, 21, and 22). (Blood. 2014;123(25):3925-3931)

Introduction

Human T-lymphotropic virus type 1 (HTLV-1) causes adult T-cell
leukemia/lymphoma (ATL) in approximately 5% of HTLV-1-
infected individuals. A further ~5% of carriers develop an aggressive
myelopathy known as HTLV-1-associated myelopathy (HAM) or
other inflammatory diseases such as polymyositis. It remains uncertain
why a minority develop aggressive clinical disease, typically decades
following asymptomatic infection, whereas most infected individuals
remain lifelong healthy carriers. The Shimoyama classification of
ATL! contains 4 subtypes: acute, lymphoma, chronic, and smoldering.
These subtypes differ in the response to treatment and overall survival,
but little is known about either viral or host molecular determinants
of disease. Several host cytogenetic or molecular defects have been
described, but no recurrent genetic lesions have been identified.

The major predictor of clinical disease is the proviral load (PVL),
the percentage of HTLV-1-infected peripheral blood mononuclear
cells (PBMCs). The PVL remains relatively constant over years
within an individual, rising slowly over decades.? However, the PVL
varies widely between patients, ranging from <0.001% PBMCs
to >100% (ie, >100 copies per 100 PBMCs); the risk of disease rises
in carriers with a PVL >4%inJ apan3 and in those with a PVL >10%

in the United angdom.4 Nonetheless, there is overlap in the range
of PVL seen between patients with disease and those that remain
lifelong asymptomatic carriers, making individual patient prognosis
difficult.

HTLV-1 appears to persist in chronic infection chiefly by mitotic
proliferation of infected CD4™ T cells, although the ratio of this
mitotic spread to de novo infection® has not been rigorously estimated.
Each clone of HTLV-1-infected cells can be identified by its particular
integration site of the HTLV-1 provirus in the host genome®; the
daughter cells of each clone share the same genomic integration site,
and the frequency of these cells defines the abundance of a given clone.
A majority of naturally infected cells in nonmalignant infection con-
tain a single integrated provirus.’

ATL is characterized by monoclonal proliferation of CD4"CD25*
tumor cells. For many years, it has been believed that ATL arises
following a steady progression from polyclonal infection of CD4™
T cells to an oligoclonal expansion and, many years later, following
a series of undefined genetic or epigenetic events, malignant trans-
formation of a previously abundant clone to a monoclonal tumor.
However, there are indications that HTLV-1 clonality in ATL may be
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more complex. One or more abnormally abundant clones may underlie
the largest, putatively malignant clone,® and there are reports of “clonal
succession” in which a malignant clone spontaneously regresses and
an independent clone proliferates in its place.®

HTLV-1 expresses a transcriptional transactivator protein, Tax,
which activates transcription of the HTLV-1 provirus and of many
host genes(). Because Tax can immortalize rodent cells in vitro and
Tax transgenic mice develop tumors, it has been widely accepted that
Tax plays a role in leukemogenesis. This hypothesis is supported by
the observations that Tax promotes DNA replication and cell-cycle
progression, causes structural damage to host DNA, and inhibits
DNA repair and cell-cycle checkpoints.9 Tax expression is lost
in ~40% of ATL cases, probably under selection from the strong
anti-Tax cytotoxic T-lymphocyte (CTL) response,m but the relation
between Tax expression and ATL subtype and progression is
unclear. There is also increasing evidence that another HTLV-1
gene, HBZ, plays a critical part in leukemogenesis.”

To summarize, the molecular mechanisms of oncogenesis of ATL,
and in particular the mechanisms and role of selective oligoclonal
proliferation, are incompletely understood. Here, in a large cohort of
ATL patients and geographically matched asymptomatic HTLV-1
carriers, we used a quantitative high-throughput sequencing approach
to test the hypothesis that the genomic environment flanking the
proviral integration site is associated with malignant transformation of
HTLV-1~infected clones and correlated the findings with both the
clinical subtype of ATL and genetic and epigenetic modifications of
the HTLV-1 provirus.

Methods

Study subjects and control cell lines

Blood or lymph node samples were donated by 221 ATL patients and 75
asymptomatic HTLV-1 carriers (ACs) from the Kumamoto region of Japan,
and DNA was extracted at the Institute for Viral Research, Kyoto University,
Japan, with written consent in accordance with regulations defined by the
Japanese Government and Kyoto University. This study was conducted in
accordance with the Declaration of Helsinki. This study was approved by
the UK National Research Ethics Service (reference 09/H0606/106). The
chromosomal distribution of integration sites in the present cohort was
compared with the distribution in samples from 2 previously described
studies: individuals with natural (nonmalignant) HTLV-1 infection from
Kagoshima, southern Japan,“’12 and cells infected with HTLV-1 in vitro.%'?
The rodent cell line Tarl2, containing a single copy of HTLV-1, was used for
quantification of PVL. ATL control cell lines T-43 (methylated) and T-48
(unmethylated) were used as methylation controls.'*

PVL quantification

PVL was measured by quantitative polymerase chain reaction (PCR) of
tax and actin genes using ABI Fast SYBR green as per the manufacturer’s
protocol (Applied Biosystems), using PCR primers as previously described?
and assuming a single copy of fax’ and 2 copies of actin per cell. Thermal
cycling conditions were 95°C for 20 seconds and 40 cycles each of 95°C for
1 second followed by 60°C for 20 seconds. Standard curves were generated
using serial dilutions of the cell line Tarl2, as previously described 5!

Long-range PCR to identify defective proviruses

An internal control region at the 3’ end of the HTLV-1 genome was amplified
for each ATL case, followed by a long-range PCR to identify defective
proviruses based upon the length of the long-range PCR product as published
by Tamiyaetal.’ SDNA was amplified using KOD Hot Start DNA polymerase
(Toyoba, Novagen). Primers for the control PCR and cycling conditions were
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5'-CTCTCACAGTGGGCTCGAGA-3’ and 5'-CAAAGACGTAGAGTT
GAGCAAGC-3’, 95°C for 2 minutes, 30 cycles: 95°C for 20 seconds,
59°C for 10 seconds, and 70°C for 48 seconds, followed by 70°C for
5 minutes. The primers and cycling conditions for the long-range PCR were

5'-CTTAGAGCCTCCCAGTGAAAAACATTTCC-3' and 5'-GATG
CATGGTCCTGCAAGGATAACA-3', 95°C for 2 minutes, 30 cycles:
95°C for 20 seconds, and 66°C for 175 seconds, followed by 72°C for
15 minutes. The PCR products were electrophoresed on a 1% agarose gel with
expected product size of 2.85 kb for the control PCR and 6.5 kb for a complete
long-range product. A long-range product shorter than 6.5 kb defines a type
1 defective provirus; failure to amplify any long-range product identifies
a type 2 defective provims.m

Exon 2 and exon 3 tax gene sequencing

Tax protein is 353 amino acids in length: exon 2 provides the methionine start
codon, and the remaining amino acids are derived from exon 3. Exons 2 and
3 were sequenced in ATL samples with a complete provirus. Exon 2 was
amplified using PCR products from long-range PCR using Phusion high-
fidelity DNA polymerase (New England Biolabs [NEB]). Primers and cycling

_ conditions were 5'-CCTCAGCAATAAACAAACCC-3' and 5'-CAATTG

TGAGAGTACAGCAG-3’, 98°C for 30 seconds, 20 cycles: 98°C for 5 s
seconds, 51.5°C for 20 s seconds, and 72°C for 10 seconds, followed by 72°C
for 5 minutes. PCR products were inspected on 2% agarose gel for product
length (318 bp). Exon 3 was amplified from the control long-range PCR
product using Phusion high-fidelity DNA polymerase (NEB). Primers and
cycling conditions were 5'- ATACAAAGTTAACCATGCTT-3' and 5'-
AGACGTCAGAGCCTTAGTCT-3’,98°C for 30 seconds, 20 cycles: 98°C for
5 seconds, 51.5°C for 10 seconds, and 72°C for 22 seconds, followed by 72°C
for 5 minutes. PCR products were inspected on a 2% agarose gel for product
length (1120 bp) and sequenced by Sanger sequencing using 6 different
sequencing primers to capture the entire exon (5'-ATACAAAGTTAACCA
TGCTT-3', 5'-CGTTATCGGCTCAGCTCTACA-3', 5'-TTCCGTTCC
ACTCAACCCTC-3', 5'- AGACGTCAGAGCCTTAGTCT-3', 5'-GGGTT
CCATGTATCCATTTC-3', and 5'- GTCCAAATAAGGCCTGGAGT-3").

Methylation-specific PCR (MS-PCR)

MS-PCR was undertaken on ATL samples with a complete provirus but with-
out a nonsense mutation of the rax gene. Takeda et al'” showed that MS-PCR
correlates with bisulfite sequencing PCR and with the methylation status of
the promoter/enhancer Tax-response element-1 in the 5’ long terminal repeat
(LTR). DNA was treated overnight with sodium bisulfite (Sigma) and purified
using Zymo EZ Bisulfite DNA cleanup as per the manufacturer’s protocol
(Zymo Research). DNA was amplified by heminested PCR using JumpStart
RedTaq polymerase (Sigma). Primers for the first PCR reaction for meth-
ylated DNA were 5'-TTAAGTCGTTTTTAGGCGTTGAC-3’, 5'-AAA
AAAATTTAACCCATTACC-3" and for unmethylated DNA 5'- TTAA
GTTGTTTTTAGGTGTTGAT-3', 5'-AAAAAAATTTAACCCATTACC-3'.
The thermal conditions for first PCR were 94°C for 2 minutes, 35 cycles: 94°C
for 30 seconds, 53°C for 30 seconds, and 72°C for 2 minutes. Primers for the
hemi-nested methylated PCR were 5'-GAGGTCGTTATTTACGTCGGTT
GAGTC-3',5'-AAAAAAATTTAACCCATTACC-3' and unmethylated PCR
primers 5’ -GAGGTTGTTATTTATGTTGGTTGAGTT-3', 5'-AAAAAAA
TTTAACCCATTACC-3'. The cycling conditions for the second PCR were
94°C for 2 minutes, 30 cycles: 94°C for 30 seconds, 57°C for 30 seconds, and
72°C for 2 minutes, followed by 72°C for 5 minutes. The PCR product was
inspected on a 2% agarose gel for length (428 bp). MS-PCR primers did not
amplify unconverted HTLV-1 or host genomic DNA.

T-cell receptor (TCR) gene rearrangement studies

TCR-y gene rearrangement studies were undertaken in the Imperial
Molecular Pathology Laboratory, Hammersmith Hospital (London,
United Kingdom) using the established BIOMED-2 protocol followed
by heteroduplex analysis and/or GeneScanning. GeneScan analysis was
performed on an ABI 3130 genetic analyzer using GeneMapper 4.0 (Life
Technologies). )
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Figure 1. OCI by clinical and proviral subtype. (A) Median OCI of the ACs was 0.33 (range, 0.14-0.87), and median OCI for the ATL (all subtypes combined) was 0.91
(range, 0.47-1.0). There was no difference in OC! between ATL clinical subtypes. (B) There was no difference in OCI between the different mechanisms of proviral silencing.

PV, provirus.

Integration site mapping and quantification

The high-throughput protocol for identification and quantification of proviral
integration sites was carried out as previously described.® Mapped integration
sites were compared with a set of randomly generated in silico genomic sites
(n = 175 505) as previously 1.repo1*a:d.13

Bioinformatic annotation of genomic environment

Transcription units and cytosine guanine dinucleotide island data
were retrieved from the National Center for Biotechnology Information
(ftp.ncbi.nih.gov/gene/) and University of California, Santa Cruz tables,
respectively. Epigenetic marks were annotated according to primary CD4*
T-cell chromatin immunoprecipitation sequencing data published by Barski
et al.'® Transcription factor binding sites were obtained from published data
sets (supplemental Figure 1 available at the Blood Web site) from chromatin
immunoprecipitation sequencing experiments on primary human CD4 ™" T cells
or other primary human cells or cell lines, as previously described.'® Cancer-
associated gene data sets are defined by Sadelain et al.’® Annotated genomic
positions were compared with the integration site data using the hiAnnotator
R package kindly provided by N. Malani and F. Bushman (University of
Pennsylvania; http://malnirav.github.com/hiAnnotator).

Diversity estimator

The diversity estimator (DivE)*® was used to estimate the total number of
clones in addition to those observed. DivE involves fitting many mathematical
models to nested subsamples of individual-based rarefaction curves. Estimates
from the best-performing models are aggregated to produce the final
estimate.?® DivE requires an estimate of the number of cells in the blood;
because the absolute PBMC count for each case was unknown, DivE
estimates were calculated for each patient over 2 orders of magnitude of
variation in the PBMC count (3 X 10°/L, 50 X 10%/L, and 500 X 10°/L).

Statistical analysis

Statistical analysis was carried out using R version 2.15.2 (http://www.
R-project.org/). The oligoclonality index (OCI; Gini coefficient)®*! was
calculated using the R reldist package®® (http://CRAN.R-project.org/
package=reldist). Two-tailed nonparametric tests (Mann Whitney U,
Fisher’s exact, x°) were used for all comparisons. Bonferroni’s correction
for multiple testing was applied where appropriate. To test the hypothesis

that 2 observed HTL V-1 integration sites were present in 1 T-cell clone,
we used the Gaussian approximation to the binomial distribution (supplemental
Figure 3). To identify clusters of integration sites or genomic hotspots of
integration, we used R software developed by Presson et al?? (http:/fwww.
biomedcentral.com/1471-2105/12/367). Functional categories of genes were
analyzed through the use of Ingenuity Pathway Analysis (Ingenuity Systems;
http://www.ingenuity.com).

Results
The ATL samples are derived from a representative cohort

We analyzed 197 cases of ATL; patients’ characteristics are detailed
in supplemental Figure 4. Systematic analysis of the proviral structure
showed a complete provirus in 46% of cases, putatively capable of Tax
expression; 39% of cases contained a defective provirus, 7% contained
a nonsense mutation of the fax gene, and 8% contained a hyper-
methylated promoter in the 5" LTR. There was no significant differ-
ence in OCI between ATL clinical subtypes (median OCI = 0.91) or
by proviral subtype (median OCI = 0.91); the median OCI in
asymptomatic carriers was 0.33, in the range previously reported®
(Figure 1).

The median absolute number of HTLV-1" T-cell clones (estimated
by the DivE technique) in the circulation in ACs was 9054. The
median number of clones in the ATL cases was 1741 (assuming
PBMC = 3 X 10°/L) or 2154 (assuming PBMC = 50 X 10°/L).
These results show that although the white cell count may vary
over an order of magnitude between individuals with ATL, the
estimated number of distinct clones underlying the malignant
clone remains relatively stable (~2000).

In 91% of ATL cases, a single copy of HTLV-1 is integrated into
the host genome

In our protocol, the quasi-random DNA shearing by sonication
allows unbiased, quantitative detection of provirusesG’24 and therefore
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Figure 2. Examples of 3 typical clonal structures of
ATL cases. Each sector in the pie charts depicts the
relative abundance of the respective integration site.
(A} Typical “monoclonal” ATL tumor sample; PVL = 63%
(relative abundance of dominant clone = 97% of PVL).
(B) Two equally abundant integration sites (relative abun-
dance respectively 44% and 39% of PVL); PVL = 9%.
(C) ATL with dominant clone and additional interme-
diate-abundance clone (relative abundance respec-
tively 67% and 23% of PVL); PVL = 241%.

1 dominant clone, with
1 or more intermediate-

abundance clones each of
>10% relative abundance

157 cases (80%) 18 cases (9%)

enabled us to quantify the presence of 2 abundant integration sites
in an ATL tumor (Figure 2). In 157 out of 197 samples (80%),
as expected, a single dominant proviral integration site was
observed, with a median relative abundance of 99.4% of the PVL
(range, 35% to 100%). However, in 40 out of 197 samples (20%),
the presence of only a single provirus was less certain, because >1
abundant integration site was observed. In each of these 40 cases,
there was 1 “large” ATL integration site with relative abundance
>35% and an additional site with a relative abundance >10%.
The question arises whether these represented 2 proviruses in 1
" malignant clone or if there were 2 distinct abnormally expanded
clones. If a single malignant clone contains 2 proviruses, then each
will be present at the same frequency, assuming a steady Kinetic
state and no recent reinfection with a second provirus, and the
clone will carry a single TCR gene rearrangement. Alternatively, if
there are 2 large independent clones, then the 2 integration sites will
differ in abundance and 2 distinct TCR gene rearrangements will
be detected. We found no significant difference in the abundance
of 2 integration sites in 18 cases (9.1% of cohort) (supplemental
Figure 3), suggesting the presence of 2 proviruses in a single
tumor clone. In 22 cases (11% of the cohort), we observed
alarge ATL clone and a second clone of abnormal but significantly
lower abundance. TCR-y gene rearrangement analysis of these
40 samples confirmed a monoclonal population in 7 out of 40 cases
(3.1%); this technique may underestimate monoclonality, owing to
the possibility of a second rearranged TCR-y allele. To conclude,
asingle dominant provirus was detected in 91% of cases, whereas
in 9% of tumors there was evidence of 2 proviruses. These results
are consistent with the finding of multiple proviruses in 11%
of cases reported by Tamiya et al'® using low-throughput
techniques.

Binning of clones into small, intermediate, or large

In subsequent analysis, each clone was binned according to its
relative abundance, ie, the proportion of the subject’s PVL occupied
by that clone. Each ATL case contained at least 1 abundant clone
with arelative abundance >35% (n = 217 clones) that was defined as
large; “small” clones were defined as those of relative abundance
<1% (n = 5925), and such clones constitute the great bulk of PVL in
nonmalignant HTLV-1 infection.®!® Clones (n = 90) that constituted
between 1% and 35% of PVL were classified as intermediate
abundance. Clones (n = 16 909) identified in the AC cohort were
analyzed together, because only 4 of these clones fulfilled the
large-clone classification (supplemental Figure 2).

22 cases (11%)

Large ATL clones have the same genomic characteristics as
small (nonmalignant) clones, whereas intermediate-sized
clones have unique genomic characteristics

The intermediate-abundance clones observed in 24% of cases
(48/197) in addition to the large (presumed malignant) clone were
larger (ie, had a greater absolute abundance) than any clones previ-
ously observed in AC or HAM/tropical spastic paraparesis cohorts.53
Because progressive oligoclonal proliferation has been postulated to
precede malignant transformation, we tested the hypothesis that there
is a stepwise progression in the frequency of integration site char-
acteristics from low-abundance clones through intermediate-
abundance to large ATL clones. The results showed that the large,
presumed malignant ATL clones had integration site character-
istics indistinguishable from those of the low-abundance clones
present in ACs and in patients with ATL. In contrast, the integration
sites present in the intermediate-abundance clones in ATL patients,
which are not observed in nonmalignant infection, differed from
both the low- and high-abundance clones in each genomic attribute
examined (Figure 3). Specifically, the intermediate-abundance clones
lacked the associations observed in the ACs and in the low-abundance
and high-abundance clones seen in ATL, with either transcriptional
orientation or proximity to transcription start sites, cytosine guanine
dinucleotide islands, or activatory epigenetic marks. Instead, the
intermediate-abundance clones showed an association with proximity
to inhibitory epigenetic marks (Figure 3C) and specific transcription-
factor binding sites (TFBSs) within 100 bp upstream or downstream
of the integration site, notably binding sites for P300/CBP-associated
factor (odds ratio [OR] = 4.78), Rad 21 (part of the cohesin complex)
(OR = 4.08), and ZNF263 (OR = 5.57). These effects disappeared at
1 kb from the integration site (Figure 3A). Integration in proximity to
these specific TFBSs was identified in 8 out of 197 tumor samples
(4.1% of cohort).

There are no hotspots of integration associated with large
ATL clones

All data sets were further annotated to investigate the proximity of
the integrated provirus to the nearest cancer-associated gene. The
frequency of integration was significantly higher than random
expectation within 10 kb of oncogenes in clones from ACs and
low-abundance clones from ATL patients, and within 150 kb in
the large ATL clones; this association was not observed in the
intermediate-abundance clones. We conclude that integration in
proximity to these cancer-related genes confers a survival advantage
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Figure 3. Intermediate-abundance clones in ATL
cases contained proviruses with distinct genomic
marks. (A) The OR of integration in proximity to specific
TFBSs compared with AC is illustrated for 2 TFBSs,
P300/CBP-associated factor binding sites (PCAFbsites)
and Rad21. (See supplemental Figure 1 for full list of
TFBSs tested). The y-axis shows the OR compared
with ACs. The x-axis shows the distance in base pairs
(logarithmic scale) from the integration site upstream
(left-hand side) or downstream (right-hand side).
“Upstream” and “downstream” are defined with respect
to the sense strand of the HTLV-1 provirus. The junction
of the x-axis and y-axis represents the integration site.
There were no independent TFBS predictors for small
clones (blue squares) or large clones (green triangles)
in ATL cases compared with ACs (OR = 1) or when
compared with each other or to random data sets (not
illustrated). Independent TFBSs associated with in-
termediate-abundance clones in ATL cases (red circles)
(PCAFbsites, Rad21) at 100 bp upstream or down-
stream compared with ACs are illustrated. (B) OR of
integration in proximity to activatory epigenetic marks
compared with random sites. AC, small, and large clones
in ATL cases showed a significant bias toward integration
in proximity to activatory epigenetic marks. There was
no such bias in the intermediate-abundance clones.
(C) OR of integration in proximity to inhibitory epigenetic
marks compared with random. AC, small, and large
clones in ATL cases showed no bias toward inte-
gration in proximity to inhibitory marks compared with
random sites, whereas intermediate-abundance clones
showed a bias toward inhibitory epigenetic marks (see
supplemental Figure 1 for details of epigenetic marks
tested). 1S, integration site.
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in vivo but does not play a significant role in leukemogenesis per se.
The use of the powerful bioinformatic method of Presson et al*®
confirmed that there were no significant hotspots of integration
associated with ATL.

The ontology of the nearest downstream gene was associated
with the malignant clone in 6% of ATL cases

As a further test of the hypothesis that HTLV-1 proviral integration
near host genes in a certain functional category confers a proliferative
advantage on the infected T-cell clone, we used Ingenuity Pathway
Analysis software to analyze the ontology of the nearest host
genes upstream and downstream of each integration site. The
results showed a significant overrepresentation of genes in 3 cellular
pathways (“cell morphology,” “immune cell trafficking,” and
“hematological system development and function”) in the large ATL
(“malignant”) clones, but not in either the low- or intermediate-
abundance clones (Figure 4). The 11 genes responsible for this
significant association (CD46, ITGA4, DPYSL2, RAP2A, CASPS,
CDKN2A, GTF2I, TACRI, BCL2, IL6ST, and HGF) accounted for
11 ATL cases (5.8% of the cohort) of different clinical subtypes.
Furthermore, these effects were only seen in the nearest host gene
downstream, regardless of its transcriptional orientation relative to
the provirus. The median distance from the integration site to these
nearest genes was 13.7 kb (range, 0.6-294 kb) compared with
a median distance of 122.3 kb from all integration sites to the
nearest cancer-associated gene (P = .009, Mann Whitney U test).

The HTLV-1 provirus preferentially survives in acrocentric
chromosomes in vivo

Meekings et al”> reported that the frequency of HTLV-1 proviruses

in chromosome 13 was significantly higher in vivo than expected by

chance, but the biological significance of this observation was un-
certain. Here, using our quantitative, high-throughput technique, we
observed a significant excess of integrations in chromosomes 13, 14,
15, and 21 compared with random and in vitro data sets. This excess
was seen in all infected individuals and was not confined to those
with ATL. There was a trend toward excess integrations in chromo-
some 22, but this was not statistically significant (Figure 5). These
findings were validated with a second cohort of independent AC
samples from the Kagoshima region of Japan. The chromosomal
distribution of proviruses in the intermediate-abundance and large
ATL clones was not significantly different from random, perhaps
because of the small number of clones (n = 307).

Discussion

Oligoclonal proliferation of HTLV-1-infected T-cells is a cardinal
feature of HTLV-1 infection. It has long been believed that this
oligoclonal proliferation is primarily responsible for maintaining the
high PVL of HTL V-1, which is the strongest correlate of risk of both
the inflammatory (HAM) and malignant (ATL) diseases. However,
we recently showed that the PVL correlates with the total number of
infected clones, but not with the degree of oligoclonal proliferation
as measured by the OCL5'® Here, we show that ATL is frequently
accompanied by a population of abnormally abundant HTLV-
1-infected T-cell clones underlying the largest, putatively malignant
clone. This observation suggested that such intermediate-abundance
clones might represent an intermediate stage of malignant trans-
formation between the low-abundance clones and the fully trans-
formed, largest clone. However, we found that the host genomic
attributes of the integration site in the large ATL clones closely
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Figure 4. Functional classification of gene ontolo-
gies overrepresented among the large ATL clones.
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resembled those of the low-abundance clones present both in ATL
patients and in those with nonmalignant infection, whereas the
integration site characteristics of the intermediate-abundance clones
differed from both the low- and high-abundance clones and from
the clones observed in nonmalignant cases of HTLV-1 infection.
We conclude that the malignant clone does not arise from the
intermediate-abundance clones but instead from the low-abundance
clones. This conclusion is consistent with the observations that the
low-abundance clones constitute the bulk of the PVL in HTLV-1
infection® and that the risk of ATL is correlated with the PVL.>* We
have also observed cases in which the malignant clone emerges from
the large population of low-abundance clones, not from the preexist-
ing oligoclonally expanded population.26 Finally, this conclusion
is also consistent with our recent observation®’ of highly oli-
goclonal proliferation and a small total number of clones in human
T-lymphotropic virus type 2 infection, which does not cause
malignant disease.

We therefore propose that the major determinant of the risk of
ATL is the absolute number of clones: the larger the number, the
greater the chance of malignant transformation. It is likely that the
number of HTLV-1-infected clones present in an individual during
chronic infection is determined chiefly by the efficiency of the host’s
CTL response to the virus, which in turn is determined by the HLA
and killer immunoglobulin-like receptor genotype.'®

The observation that the abnormally expanded intermediate-
abundance clones seen in patients with ATL do not share genomic

0.08
}

Figure 5. Preferential survival of HTLV-1 in vivo in
chromosomes 13, 14, 15, and 21. The proportion of
unique integration sites (UIS) per chromosome is shown
for 2 independent AC data sets (Kumamoto and
Kagoshima) and the small clones in ATL cases. The
yellow line shows the frequency of sites in the
random data set. There were an increased number
of integrations in chromosomes 13, 14, 15, and 21 in
the clones of asymptomatic carriers and small clones
in ATL cases compared with random. The bias remained
in chromosomes 13 and 15 when compared with a pre-
viously reported data set® of integration sites from Jurkat 1 2
cells infected in vitro with HTLV-1.

Proportion of UIS in chromosome
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L

0.00
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Functional categories significantly overrepresented among
the random, AC, ATL small, intermediate, and large ATL
clones as analyzed by Ingenuity software using the
Ingenuity Pathways Knowledge Base (IPKB) gene pop-
ulation as baseline. Horizontal bars are only visible where
there was a statistical overrepresentation of the pathway
compared with the IPKB. Because there were no over-
represented pathways involving the random integration
sites or intermediate-abundance clones in ATL cases,
the bars are not visible. The vertical yellow threshold
represents the line of statistical significance (P < .05)
after correction (Benjamini-Hochberg) for multiple
testing. The numbers of searchable genes for com-
parison with the IPKB were random (n = 96 706), AC
(n = 5679), ATL small (n = 1628), ATL intermediate
(n = 87), or ATL large (acute n = 141, lymphoma n = 31,
chronic and smoldering n = 38).

characteristics with either the polyclonal background or the malignant
clones suggests that the intermediate-abundance clones arise as
a consequence of ATL development and are not causative. One
possibility is that these clones survive and proliferate as a consequence
of the severely impaired immune response in ATL. The malignant
clones in ATL use well-described mechanisms to silence Tax, either
before or after malignant transformation, which allows them to escape
the immunodominant CTL response and so confers a survival
advantage. Once the malignant clone has emerged, the resulting
immune impairment may allow the intermediate-abundance clones to
survive despite continued expression of viral genes.

As expected, we did not identify any hotspots of integration,
although analysis of the ontology of flanking genes demonstrated
a functional overrepresentation of certain genes that are known to be
dysregulated in many leukemias. This effect was significant only in the
large (presumed malignant) ATL clones and only when considering
the ontology of the nearest host gene downstream; there was no effect
of the upstream host gene. Further, these specific genes lay very close
(median 13.7 kb) to the provirus, suggesting a mechanistic interac-
tion between the provirus and the downstream gene. Although the
associations reported here between ATL and individual genes and
genomic features account for a small proportion of the observed cases
of ATL, these results indicate that transcriptional interactions between
the provirus and the flanking host genome influence the risk of
malignant transformation. Vogelstein recently estimated that each
tumor-driver mutation contributes a survival advantage of ~0.4% to
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a clone®; the HTLV-1 genomic integration site may contribute

a similar advantage.26

A further unexpected observation was the preferential survival in
vivo of the HTLV-1 provirus in the acrocentric chromosomes 13,
14, 15, 21, and (although not reaching formal significance) 22.
Throughout most of the cell cycle, these chromosomes are physically
associated with the nucleolus, and they encode the machinery of
the ribosome on the short (p) arm. Because the HTLV-1 proviral
integration sites are found only in the long (q) arm of these
chromosomes, we postulate that the selective advantage enjoyed by
these clones derives not from the proviral integration near the
ribosome-coding genes but rather from the physical location of the
provirus-containing chromatin in the nucleus, perhaps by coupling
proviral transcription to transcription of the acrocentric chromo-
somes. Experiments are underway to test this hypothesis.
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DONOR INFECTIOUS DISEASE TESTING

Reevaluation of confirmatory tests for human T-cell leukemia
virus Type 1 using a luciferase immunoprecipitation system in
blood donors

Rika A. Furuta,’ Guangyong Ma,? Masao Matsuoka,? Satoshi Otani,’ Harumichi Matsukura,’ and
Fumiya Hirayama'

BACKGROUND: Recently, Japanese Red Cross blood
centers have changed the confirmatory test method
from an indirect immunofluorescence (IF) technique to
Western blotting (WB) for antibodies against human
T-cell leukemia virus Type 1 (HTLV-1). In this study,
these HTLV-1 tests were assessed using another sensi-
tive method, that is, a luciferase immunoprecipitation
system (LIPS), to identify a better confirmatory test for
HTLV-1 infection.

STUDY DESIGN AND METHODS: Plasma samples
from 54 qualified donors and 114 HTLV-1 screening—
positive donors were tested by LIPS for antibodies
against HTLV-1 Gag, Tax, Env, and HBZ recombinant
proteins. The donors were categorized into six groups,
namely, (Group ) qualified donors, screening positive;
(Group 11) IF positive; (Group I1ll) IF negative; (Group 1V)
WB positive; (Group V) WB negative; and (Group VI)
screening positive in the previous blood donation, but
WB-indeterminate during this study period.

RESULTS: In Groups Il and 1V, all plasma samples
tested positive by LIPS for antibodies against Gag and
Env proteins. In Group V, all samples tested negative
by LIPS, whereas some Group lll samples reacted with
single or double antigens in LIPS. In Group VI, the
LIPS test identified a donor with suspected HTLV-1
infection. The first case of a blood donor with plasma
that reacted with HBZ was identified by LIPS.
CONCLUSION: Reevaluation of the current HTLV-1
screening method using the LIPS test showed that both
confirmatory tests had similar sensitivity and specificity
only when WB indeterminate results were eliminated.
LIPS is a promising method for detecting and character-
izing HTLV-1 antibodies.
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n September 19, 2012, Japanese Red Cross

(JRC) blood centers changed the confirmatory

test method for blood donors testing positive

. for human T-cell leukemia virus Type 1
(HTLV-1) antibodies during screening using an automated
chemiluminescence  enzyme-linked  immunoassay
(CLEIA) test (CL4800 testing system, Fujirebio, Shinjuku
Ward, Tokyo, Japan) from an in-house cell-based indirect
immunofluorescence technique (IF) test! to a commercial
Western blotting (WB) test (ProBlot HTLV-1, Fujirebio) to
reduce the number of false-positive results. In our donor
screening method, all blood samples were disqualified if
they were collected from donors who tested positive in
CLEIA screening tests for transfusion-transmitted infec-
tions, including hepatitis B and C viruses, human immu-
nodeficiency virus Types 1 (HIV-1) and 2 (HIV-2), HTLV-1,
Treponema pallidum, and parvovirus B19. These screen-
ing tests were established with high sensitivities while

ABBREVIATIONS: ATL = adult T-cell leukemia;

CLEIA = chemiluminescence enzyme-linked immunoassay;
HAM/TSP = HTLV-1-associated myelopathy/tropical spastic
paraparesis; IF = indirect immunofluorescence; JRC = Japanese
Red Cross; LIPS = luciferase immunoprecipitation system;
RLU(s) = relative luciferase unit(s); WB = Western blotting.
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sacrificing their specificities to ensure the safety of trans-
fusion medicine, yielding a substantial amount of false-
positive results. A confirmatory test for HTLV-1 was
implemented to identify infected donors, who were noti-
fied about their test result if they wished. However, the WB
test for HTLV-1 still occasionally produced unclear results,
represented as WB indeterminate.’

The luciferase immunoprecipitation system (LIPS) is
an antibody detection method with high sensitivity, which
uses recombinant antigens fused with the luciferase
protein. The amount of luciferase-fused antigen captured
by antibodies in a test sample is measured as the lucifer-
ase activity without using secondary antibodies for detec-
tion. LIPS was originally developed to analyze whole
proteome antibody response profiles,® but it was subse-
quently applied to the detection of anti-HTLV in asymp-
tomatic carriers and patients with adult T-cell leukemia
(ATL) or HTLV-1-associated myelopathy/tropical spastic
paraparesis (HAM/TSP).? In the latter study, all HTLV-1~
infected subjects, including 15 asymptomatic carriers,
tested positive for antibodies against the Gag protein by
LIPS, while 62 of 73 and 71 of 73 tested positive for anti-
bodies against Env or Tax proteins, respectively. These
results suggested that the LIPS test for Gag antibodies
would exclude donors with false-positive or
WB-indeterminate results in our HTLV-1 confirmatory
tests. Therefore, we constructed a series of plasmids that
encoded the genes for HTLV-1 Gag, Tax, Env, or HBZ fused
with Renilla luciferase (Promega, Madison, WI) and
reevaluated the positive plasma samples collected during
the screening period immediately before and after chang-
ing the confirmatory test method. We analyzed 114
HTLV-1 screening—positive plasma samples and 54
screening-negative plasma samples by LIPS for antibodies
against four viral antigens to determine the quality of our
confirmatory test for HTLV-1 and explore the potential
utility of HTLV-1 LIPS tests for blood donors.

MATERIALS AND METHODS

Test subjects

In JRC blood centers, the routine tests applied to detect
transfusion-transmitted infections are performed using
donor sera. This study used plasma that was stored at
~40°C in all the LIPS tests. Plasma samples that tested
positive for HTLV-1 antibodies in the screening tests were
collected between August 1 and October 23, 2012. In addi-
tion, 54 plasma samples were collected from qualified
donors as negative controls (categorized as Group I).
Among the screening-positive plasma samples, 17 tested
positive by IF (Group II), 36 tested negative by IF (Group
III), 21 tested positive by WB (Group 1V), and 14 tested
negative by WB (Group V). Group VI comprised 26 plasma
samples collected from donors who tested positive by
CLEIA during the previous blood donation and showed

LIPS IN SUSPECTED HTLV-1 BLOOD DONORS

indeterminate test results by WB during the study period.
Thirteen of the 26 plasma samples in Group VI tested posi-
tive and the remaining were negative by CLEIA at the time
of donation during the study period. The identifiers used
for the positive plasma samples in Group VI were VI-1, -3,
-5, -6, -9, -10, -12, -15, -18, -22, -24, -25, and -26. In addi-
tion, plasma samples from Groups II and III were exam-
ined by WB and those from Groups IV to VI were examined
by IE All the plasma samples were analyzed after receiving
informed consent from the corresponding donors during
blood donation.

Expression vectors for HTLV-1 LIPS antigens

To express HTLV-1 antigens fused with Renilla luciferase,
we eliminated the codon of the first methionine in Renilla
luciferase in the pGl4.75 plasmid (Promega) via site-
directed mutagenesis. A synthetic cDNA fragment of the
HTLV-1 Gag precursor, Env precursor, Tax, or HBZ, from
which the stop codons were eliminated, was then inserted
at the N-terminus of the mutated Renilla luciferase
plasmid (pGL4.75AMet) with the spacer amino acids “Gly-
Gly-Arg-Gly,” thereby generating the plasmids designated
as pGagRLuc, pTaxRLuc, pEnvRLuc, and pHBZRLuc,
respectively. To produce an additional HBZ protein, which
was fused with Renilla luciferase in the opposite order to
that of pHBZRLuc, we also mutagenized the pGL4.75
plasmid to eliminate a stop codon in Renilla luciferase
cDNA and replaced it with a new Asp718 enzyme recogni-
tion sequence, thereby generating the pGL4.75Asp718
plasmid. The HBZ ¢cDNA was amplified by PCR using a
forward primer containing the Asp718 recognition
sequences and a reverse primer containing the Xbal rec-
ognition sequence, which was originally located at the end
of the Renilla luciferase cDNA. The resultant plasmid,
pRLucHBZ, expressed Renilla luciferase fused with the
HBZ protein at the C-terminus with Gly-Gly-Thr spacer
amino acids. The GenBank accession numbers of the
HTIV-1 sequences used in this study are NC_001436 for
Gag, Env, and Tax and DQ273132 for HBZ. The oligonucle-
otide sequences used for site-directed mutagenesis were
as follows: 5’-gaattcgcactcgagtggcttccaaggtgtacg-3' and
5’-gagctcacgcttaagaccaccgaaatggttgte-3’ for pGL4.75AMet
and 5'-cagggaggtaccttctagagtcggggegge-3° and 5'-gaagg
tacctcectgetegttcttcageac-3°  for pGL4.75Asp718.  The
sequences of the PCR primers used to amplify HBZ cDNA
with an Asp718 enzyme recognition sequence were as
follows: forward primer, 5’-ggtaccatggctgcaageggactg-3”
and reverse primer, 5'-tctagattactgcagccacatagcctcca-3'.

Preparation of antigens

Human kidney 293T cells were obtained from ATCC (ATCC
CRL-3216) and maintained in Dulbecco’s modified
Eagle’s medium (Life Technologies, Carlsbad, CA), which
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was supplemented with 10% fetal bovine serum and anti-
biotics. To transfect semiconfluent human 293T cells in a
10-cm culture dish, 12.5 g of the Renilla luciferase-fused
HTLV-1 antigen expression plasmid was introduced using
Lipofectamine LTX (Life Technologies), according to the
manufacturer’s instruction. Two days after transfection,
the cells were lysed with 1 mL of Renilla luciferase assay
lysis buffer (Promega). After two cycles of freezing at -80°C
and thawing at room temperature, the lysate was clarified
by centrifugation at 13,000 x g for 5 minutes at 4°C.
Aliquots of the lysate were stored at —80°C until use.

LIPS test

The LIPS tests were performed as described previously,*
with slight modifications. In brief, 10 pL of plasma diluted
1:10 with assay Buffer A (20 mmol/L Tris, pH7.5,
150 mmol/L NaCl, 5 mmol/L MgCls, 1% Triton X-100) was
used in 100 pL of a LIPS test mixture in which 50 pL of the
equivalent of 1.5 x 107 relative luciferase units (RLUs) of
Renilla luciferase-fused antigen (293T cell lysate) and
40 pL of Buffer A were added. After being incubated for 30
minutes at room temperature, the antigen-antibody
complex was captured using 7 L of 30% protein A/Gresin
(Pierce, Rockford, IL) for 30 minutes at room temperature
in a 96-well filter plate (MultiScreen HTS, Merck Millipore,
Darmstadt, Germany). After being washed six times with
Buffer A using a vacuum manifold (MultiScreen HTS,
Merck Millipore), the luciferase activities were measured
with a detection instrument (Glomax Multi, Promega)
using 100 pL of Renilla luciferase assay substrate
(Promega).

immunoblotting

To determine the LIPS antigen expression levels, 1 x 10 of
293T cells were seeded 1 day before transfection and then
transfected with 2.5 pug of empty pcDNA3.1(-)/myc-His
(Life Technologies), or the antigen-expressing vector men-
tioned. Two days after transfection, the cells were lysed
with 200 pL of lysis buffer (50 mmol/L Tris-Cl, pH 7.6,
150 mmol/L NaCl, 0.5% NP-40, 0.1% Na-deoxycholate,
0.1% Triton X-100). The proteins were analyzed by 5%
to 20% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis  (SDS-PAGE) and transferred onto a
polyvinylidene difluoride membrane (Wako, Osaka,
Japan). The recombinant LIPS antigens were detected
using an anti-Renilla luciferase rabbit polyclonal antibody
(PM047; MBL, Nagoya, Japan). To confirm the anti-HBZ in
the donor plasma samples, 293T cells were transfected
with 2.5 pg of pcDNA3.1(-)/myc-His, MycHis-HBZ,” pME-
HBZ,® MycHis-HBZ,* pHBZRLuc, or pRLucHBZ using
Lipofectamine LTX, according to the manufacturer’s
instructions. MycHis-HBZ and pME-HBZ are expression
vectors for myc-6x His-tagged and wild-type HBZ pro-
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teins, respectively. SDS-PAGE and membrane transfer
were performed as described above and probed with
1:500-diluted anti-HBZ rabbit polyclonal antisera® or
1:100-diluted donor plasma.

Statistical analysis

Computer software (IBM SPSS Statistics, Version 21.0, IBM
Corp., Armonk, NY) was used for the statistical calcula-
tions. The cutoff limit for each antigen was derived from
the mean value of 54 control samples plus five standard
deviations (SDs), as reported previously.*

RESULTS

Expression of LIPS antigens

We constructed a series of plasmid vectors to express
recombinant HTLV-1 antigens, which were fused with
Renilla luciferase to detect anti-HTLV-1 by measuring the
luciferase enzyme activity levels. In previous studies that
used the LIPS method to detect HTLV-1 antibodies, the
viral antigens were prepared as fusion proteins, where the
Renillaluciferase protein was located at the N-terminus of
each HTLV-1 protein.*’” We expected that the tertiary
structure of the viral protein, particularly that of the enve-
lope glycoprotein, would be less affected by the fused
luciferase protein when it was placed in the opposite order
because a signal sequence that mediates targeting and
translocation to endoplasmic reticulum®!° is located at
the N-terminus of the envelope glycoprotein precursor
gp62. Therefore, we placed the Renilla luciferase protein
at the C-terminus of each viral protein. Figure 1A shows
the expression levels of recombinant HTLV-1 proteins
fused with Renilla luciferase in 293T cells. First, we elimi-
nated the codon for the first methionine of Renilla lucifer-
ase in the original vector (Fig. 1A, Lane 1, pGL4.75) using
site-directed mutagenesis to minimize the background
luciferase signals produced by intrinsic luciferase proteins
in the fusion protein constructs. A small amount of the
luciferase protein was detected in the mutated Renilla
luciferase expression vector (Fig. 1A, Lane 3,
pGL4.75AMet), which migrated slightly faster, thereby
suggesting that a small amount of the luciferase protein
was translated from the second (+39 bp) or third (+78 bp)
codons of methionine in ¢cDNA of Renilla luciferase with
low efficiency. The Gag—-Renilla luciferase and Env—Renilla
luciferase fusion proteins were detected at the expected
sizes of their precursors (Fig. 1A, Lanes 4 and 5). In our
plasmids, Gag and Env proteins were expressed as the
precursor Pr53 and gp62, respectively, and only small
fractions of these proteins were processed in the plasmid-
transfected cells. The Tax—Renilla luciferase and HBZ~
Renilla luciferase fusion proteins were expressed in an
efficient manner (Fig. 1A, Lanes 6 and 7). Figure 1B shows
the luciferase enzyme activities (indicated as RLUSs) of the
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respectively) of the mean of four test
results against the same antigen. Based

on these results, we performed the LIPS
test once on one plasma sample in the

subsequent analysis.
The luciferase activities of the indi-

Fig. 1. Expression antigens used in HTLV-1 LIPS. Human 293T cells were transfected
with each indicated plasmid, which encoded LIPS antigens, and we analyzed the
protein expression levels in the cell lysates by immunoblotting with anti-Renilla
luciferase (A) and by measuring luciferase activities (B). (A) Lanes

1-3 = pcDNA3.1(-)/myc-His, empty vector; pGL4.75, Renilla luciferase expression
vector; pGL4.74AMet, pGL4.75 with a mutation in the first methionine codon. Lanes
4-8 = antigen—Renilla luciferase fusion protein expression vectors: Gag (Lane 4), Env
(Lane 5), Tax (Lane 6), and HBZ (Lane 7). pRLucHBZ in Lane 8 = an expression vector
for the Renilla luciferase-HBZ fusion protein. RLU, measured for 1 second.

lysates of cells transfected with each of the vectors. We also
constructed a plasmid that encoded the HBZ protein
fused with Renilla luciferase at the N-terminus of HBZ
(RLucHBZ), as reported previously,' to examine whether
the antibody responses were affected by the order of the
HBZ and Renilla luciferase proteins. The expression level
of RLucHBZ was slightly less than that of HBZRLuc (Fig.
1B, Lanes 7 and 8); however, the luciferase activity of
RLucHBZ was higher than that of its counterpart (Fig. 1B).

HTLV-1 LIPS tests of biood donors

To evaluate the two types of confirmatory tests for HTLV-1,
we performed the HTLV-1 LIPS test using donor plasma
that had been screened by CLEIA and confirmed by IF or
WB. First, we examined the reproducibility of our LIPS
tests. Using one control plasma sample that tested nega-
tive for HTLV-1 by CLEIA screening and two plasma
samples that tested positive by both IF and WB, we per-
formed the LIPS test four times independently against the
Gag, Env, Tax, and HBZ antigens. As shown in Fig. 2A, each
LIPS result obtained from the same test subject exhibited
good reproducibility in multiple tests against all four anti-
gens, whereas the antibody responses of the same test
subject varied widely between antigens. The mean of the
SD was 4.9% (0.04% to 11.2% at minimum and maximum,

vidual plasma samples according to
LIPS tests are shown in Fig. 2B, and the
numbers of positive test results are
summarized in Table 1. We categorized
the donors into six groups. Group I com-
prised screening test-negative donor
samples (negative controls). Groups II
to V comprised donors who tested posi-
tive by CLEIA screening and who tested
positive by IE negative by IE positive by
WB, and negative by WB, respectively. In
Group VI, the plasma collected from
donors tested positive by CLEIA at the
previous donation. However, indetermi-
nate results were obtained in the WB
confirmatory test during the study
period; that is, the CLEIA screening
results of the donors in Group VI were
positive or negative during the study
period. Moreover, we reexamined the
plasma samples from Groups II and III
by WB and those from Groups IV to VI by
IF (Table 1, right-end column). As
shown in Table 1, the plasma samples that tested positive
in both the antibody tests, that is, screening and confir-
matory tests (Groups II and 1V), exhibited 100% positivity
for antibodies against both Gag and Env antigens. The
donors in these categories tested positive for antibodies in
all three different tests, that is, CLEIA, IF or WB, and LIPS,
which strongly suggests that these donors were asymp-
tomatic carriers of HTLV-1. One plasma sample from
Group II showed a weak binding to the gp46 Env antigen,
as assessed in the additional WB, resulting in an indeter-
minate test result (Fig. 2B, asterisk). In JRC blood centers,
the positive diagnosis of the HTLV-1 WB test is determined
as follows: antibody responses against multiple antigens
including Env gp46 and at least one antigen from Gag p19,
p24, or GagPr53. Otherwise, the test results are catego-
rized as indeterminate. In Groups II and IV, the LIPS
results for the antibodies against the Gag and Env antigens
indicated that both the confirmatory antibody tests had
equivalent sensitivity when we excluded the results for
Group VI. In Groups II and IV, we found that all the anti-
body responses against Env in the LIPS test were strong,
whereas some plasma samples had much weaker
responses against Gag. The detection results for Tax anti-
bodies showed that more than half of the plasma samples
in Groups IT and IV tested positive with various intensities,
as reported previously.*” Among the donors who tested
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Fig. 2. Antibody responses against four viral antigens, that is, Gag, Tax, Env, and HBZ measured by LIPS. (A) HTLV-1 LIPS of repre-
sentative samples. One negative control (1) and two positive control (2 and 3) plasma samples were examined by LIPS against the
Gag, Env, Tax, and HBZ antigens in four independent experiments. (B) HTLV-1 LIPS of all samples. Data in the same vertical posi-
tion indicate results from the same test plasma sample. Dotted lines = cutoff values (6938, 15620, 2379, and 30119 for Gag, Tax, Eny,
and HBZ, respectively); *plasma samples that showed a WB-indeterminate result; **plasma sample that tested positive for antibod-
ies against Gag and Tax by LIPS; §plasma sample that tested positive by WB; tplasma sample that tested positive by IF; plasma
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TABLE 1. Positive results using the HTLV-1 LIPS tests

Positive number/test number

Positive number/test number by LIPS (%)

Confirmatory

by Confirmatory Test 21

ND

HBZ
0/54 (0%)
017 (0%)
0/36 (0%)

Env
0/54 (0%)
17/17 (100%)

Tax
0/54 (0%)

Gag
0/54 (0%)
17/17 (100%)

Test 1*

Screening test (CLEIA)
Negative

Group

ND

16/17 by WB (94.1%)
1/36 by WB (2.8%)

14/17 (82.4%)
7/36 (19.4%)

13/21 (61.9%)
0/14 (0%)

Positive by IF

Positive

21/21 by IF (100%)
114 by IF (7.1%)
4/26 by IF (15.4%)

1/21 (4.8%)t
0/14 (0%)
0/26 (0%)

8/36 (22.2%)
21/21 (100%)
0/14 (0%)

1/36(2.8%)
21/21 (100%)
0/14 (0%)

Negative by IF
Positive by WB
Negative by WB

Positive
Positive
Positive

1/26 (3.8%) 5/26 (19.2%)

4/26 (15.4%)

WB indeterminate

Positive at the previous donation

* Examined through blood screening.

1 Examined after the blood screening performed in this study.

} Confirmed using an in-house WB test.

not determined.

ND =

LIPS IN SUSPECTED HTLV-1 BLOOD DONORS

positive only by CLEIA, one, seven, and eight plasma
samples were positive by LIPS for antibodies against Gag,
Tax, and Env, respectively, for 36 plasma samples in Group

11I; however, there were no positive results for the 14

plasma samples in Group V (Table 1). By LIPS in Group III,
one plasma sample (Fig. 2B, double asterisks) exhibited
positive responses against Gag and Tax. Other positive
plasma samples in Group III exhibited responses against
only a single antigen, either Tax or Env. The antibody
responses in Group III did not reach the maximum level of
those observed in Groups II and 1V. According to the cri-
teria of WB indeterminate, the weak responses detected in
Group 111 by LIPS would be considered “indeterminate.”
Among them, one plasma sample (Fig. 2B, section
symbol) tested positive in the additional WB. In Group V,
one plasma sample tested positive in the additional IF
test, although no antigen reacted with this plasma sample
in LIPS (Fig. 2B, dagger). Among the 26 plasma samples in
Group VI, one exhibited antibody responses against both
Gag and Env (Fig. 2B, double dagger; and Sample Identi-
fier VI-10). The intensity of the luciferase signal for this
plasma sample was almost equivalent to that of the
plasma samples in Groups II and IV by LIPS for Eny,
whereas the antibody response against Gag was relatively
low. Previously and in this study period, donor VI-10
tested positive for HTLV-1 by CLEIA screening (see Mate-
rials and Methods), and this donor tested positive by LIPS
for antibodies against both Gag and Env and tested posi-
tive in the additional IF test; thus, this donor was probably
infected with HTLV-1, although the donor was indetermi-
nate according to the WB test.

Detection of an anti-HBZ response

Recently, HBZ antibody responses were reported for the
first time in both asymptomatic HTLV-1 carriers and
patients with ATL or HAM/TSP in two cohorts that com-
prised multiple ethnicities other than Japanese.!' We also
examined the test plasma samples collected in Japan by
LIPS for antibodies against HBZ. Among 114 HTLV-1
screening—positive plasma samples, we detected a single
case of HBZ positivity in Group IV (Fig. 2B and Sample
Identifier IV-8 in Fig. 3A). We confirmed the presence of
anti-HBZ in this plasma sample using an in-house WB test
with a human 293T cell lysate that transiently expressed
HBZ proteins because no commercial tests are available
for detecting HBZ antibodies. As shown in Fig. 3A, Plasma
Sample IV-8, but not plasma samples from Group I (I-24
and I-25), exhibited a specific band against wild-type and
myc-His-tagged HBZ proteins, HBZRLuc, and RLucHBZ
with the appropriate estimated molecular weight (Fig. 3A,
Lanes 2-5). This is the first identification of an anti-HBZ-
positive blood donor in Japan. Plasma Sample IV-8 exhib-
ited consistently high luciferase activities for the antibody
responses against all three other antigens in our LIPS test
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Fig. 3. Characterization of antibody
responses against HBZ. (A) Immunoblot
analysis against HBZ proteins identified
in plasma samples by LIPS. Human 293T
cell lysates transfected with an empty
vector (Lane 1), wild-type HBZ expression
vector (Lane 2), Myc-His-tagged

HBZ expression vector (Lane 3), HBZRLuc
expression vector (Lane 4), or RLucHBZ
expression vector (Lane 5) were analyzed
by SDS-PAGE and probed with 1:100-
diluted plasma from donors, as indicated
by their identifier numbers (I-24, I-25,
and IV-8) or with an anti-HBZ rabbit
polyclonal antibody (right). (B) Antibody
responses against RLucHBZ protein were
measured on a separate day by LIPS
(Experiments 1 and 2). RLU, measured for
1 second; dotted lines = cutoff values
(2071 in Experiment 1 and 2308 in

Experiment 2).
<

(Fig. 2B). We observed that several other
plasma samples had relatively strong
responses by LIPS for three antigens,
that is, Gag, Tax, and Env, in Groups II
and IV, whereas they did not bind to the
HBZ antigen, except for Plasma Sample
IV-8. The frequency of the HBZ antibody
was 0.88% (1/114) among the screening-
positive donors and 2.63% (1/38) among
the confirmatory test-positive donors.
Enose-Akahata and coworkers re-
ported that 10.34% (15 in 145) of asymp-
tomatic HTLV-1 carriers exhibited
antibody responses against the HBZ
protein. To examine whether the low
frequency of antibody responses against
the HBZ protein in our study was attrib-
utable to the C-terminus Renilla lucifer-
ase fusion structure of our HBZ antigen,
that is, HBZRLuc, we analyzed the same
test plasma samples using RLucHBZ,
where the order of Renilla luciferase and
HBZ was the same as that reported by
Enose-Akahata and coworkers.” As
shown in Fig. 3B we found that Plasma
Sample IV-8 tested positive and exhib-
ited the same high luciferase activity as
that detected in tests using HBZRluc.
In addition, another positive plasma
sample in Group I, that is, I-25, tested
negative by CLEIA screening, although
the RLU value was much lower than that



of TV-8. To exclude the possibility that the antibody
response of [-25 against RLucHBZ was caused by contami-
nation during handling, we repeated the same LIPS test on
another day and obtained the same results (Experiment 2
in Fig. 3B). There was no specific signal for the I-25 plasma
sample in the immunoblot analysis against the four HBZ
proteins (Fig. 3A). Therefore, we consider that the
screening-negative plasma sample, 1-25, contained anti-
bodies that could weakly bind to a nonlinear epitope in
the RLucHBZ antigen but not in the HBZRLuc antigen.
These results indicate that the HBZRLuc antigen did not
have an impaired capacity for binding HTLV-1-induced
antibodies but the structure of HBZRLuc led to a greater
specificity. We conclude that the frequency of asymptom-
atic HTLV-1 carriers who retain anti-HBZ responses in
Japan is lower than that in other endemic areas.

DISCUSSION

To explore more reliable tests to identify asymptomatic
HTLV-1 carriers among blood donors, we reevaluated two
confirmatory tests for HTLV-1 antibodies at our blood
center. The LIPS test results for antibodies against the Gag
and Env proteins in Groups II and IV were perfectly con-
sistent with those of our previous (IF in Group II) and
present (WB in Group IV) HTLV-1 confirmatory test
results. These results indicate that the validity of the posi-
tive results obtained with both the confirmatory tests used
at JRC was further assured using an independent antibody
test, that is, LIPS tests. In confirmatory test-negative
samples from Groups Il and V, LIPS did not identify any
plasma samples that were positive for both the Env and
the Gag antibodies, indicating that the specificity of both
confirmatory tests is equivalent. However, we observed
many other types of positive responses via LIPS in Group
111, which suggests a particular property of IF in antibody
detection. It is likely that some of these antibody
responses would be categorized as “indeterminate” in WB,
which remains to be fully characterized to assess HTLV-1
confirmatory tests.

Interestingly, our results slightly disagreed with those
reported previously, where only LIPS for antibodies
against Gag but not Env exhibited 100% positivity in
asymptomatic HTLV-1 carriers.*” In our study, all the
plasma samples that tested positive in confirmatory tests
exhibited unambiguously strong antibody responses
against Env (Fig. 2). We assume that the tertiary structure
of Env antigens in the Env-Renilla luciferase fusion
protein in our LIPS was the main contributor to this
improvement. This discrepancy may be explained by the
different ethnicities of the participants and different dis-
tribution of human leukocyte antigen types. The
ethnicities of the archived samples and cohorts used in
previous studies were mainly Caucasian, African-descent,
and Hispanic (Jamaican).*” Our test samples were col-
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lected from donors who donated their blood in the Kinki
area, which is in the middle part of the Japanese Main
Island, and they were considered to be mostly Japanese.
The superior anti-Env detection performance is the most
important aspect of our LIPS for HTLV-1 analysis because
zero or incomplete antibody responses against Env pro-
teins frequently lead to WB-indeterminate results in con-
firmatory tests.!*1

During the screening of donated blood, the most
severe issue when determining the HTIV-1 infection
status is the lack of gold standard tests, such as the highly
sensitive nucleic acid amplification test (NAT) used for
detecting HIV-1 and HIV-2 in serum. However, even when
using genomic DNA purified from peripheral blood
mononuclear cells to measure the proviral load, HTIV-1
NAT frequently fails to detect proviral DNA in asymptom-
atic HTLV-1 carriers and patients.’®!® To understand the
relationship between the antibody response profiles and
viral loads of HTLV-1-harboring blood donors, we have
commenced large-scale analysis using several antibody
tests, including LIPS, in parallel with a highly sensitive
NAT using archived samples from HTLV-1 screening—
positive blood donors who lived in the Tokyo metropolitan
area and the Kyusyu area, where the prevalence of HTLV-1
is the highest in Japan. It is obvious that more accurate
confirmatory tests or a combination of tests would reduce
the number of indeterminate cases, thereby reducing the
unnecessary disqualification of blood donors and contrib-
uting to the prevention of unaware transmission by noti-
fying the corresponding donors of their infection status.

In this study, we identified the first case of a blood
donor in Japan with antibodies against HBZ (Figs. 2 and
3). The lower frequency of anti-HBZ detected by our LIPS
may be partly explained by differences in the ethnicity of
the study subjects, as discussed above. HBZ was identified
as a novel viral protein encoded by the complementary
strand of the HTIV-1 RNA genome, and it was thought to
regulate viral transcription.’® Subsequent studies showed
that HBZ mRNA is ubiquitously expressed in all ATL cells
and supports their proliferation.?*?' In HAM/TSP patients,
HBZ mRNA is correlated with the proviral load and disease
severity.? From an immunologic perspective, HBZ-
specific CD8+ T cells were recently identified.?#? In
these studies, the HBZ-specific CD8+ T cells were able to
lyse naturally infected cells isolated from asymptomatic
carriers and HAM/TSP patients but not ATL patients.
Accumulating evidence demonstrates the importance of
HBZ in natural HTLV-1 infections; however, humoral
immune responses against HBZ are poorly understood.
Further epidemiologic studies are required to confirm our
observations of HBZ antibody responses in blood donors
who are mostly Japanese.

We consider that LIPS has two advantages as an anti-
body test in transfusion medicine. First, we were able to
detect structure-specific antibodies by LIPS without cell

Volume 55, April 2015 TRANSFUSION 887



FURUTA ET AL.

fixation. This feature is particularly useful in confirmatory
tests because it complements WB, which only detects the
linear epitopes of an antigen. Second, we were able to
establish a new test or modify the antigens very easily
when we performed the HBZ tests because LIPS does not
require the purification of antigens or any secondary anti-
bodies. Only amino acid sequences of the antigens
involved are required to implement a new test. This
advantage is particularly useful when detecting antibodies
against newly emerging infectious diseases, as performed
recently in animals® and human populations.? Tt would
also allow us to expand the existing tests easily by adding
new antigens, such as those of HTLV-2. To evaluate the
capability of LIPS for detecting antibodies that are critical
for blood screening, we must further examine whether
LIPS tests can be easily automatized, in addition to testing
their sensitivity, specificity, and cost.
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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+4 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.
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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+ CD254 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, p13, 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 HTLV-1 genome [4].
Among the proteins encoded by these genes, Tax and HBZ
play critical roles in ATL [S, 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 (A3G), 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-B (TGF-f)
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.
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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¢cDNA 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
nstructions.

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 pg/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.



