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SUMMARY

The retrovirus human T-cell leukemia virus type 1
(HTLV-1) integrates into the host DNA, achieves
persistent infection, and induces human diseases.
Here, we demonstrate that viral DNA-capture
sequencing (DNA-capture-seq) is useful to charac-
terize HTLV-1 proviruses in naturally virus-infected
individuals, providing comprehensive information
about the proviral structure and the viral integration
site. We analyzed peripheral blood from 98 natu-
rally HTLV-1-infected individuals and found that
defective proviruses were present not only in pa-
tients with leukemia, but also in those with other
clinical entities. We further demonstrated that
clones with defective-type proviruses exhibited a
higher degree of clonal abundance than those
with full-length proviruses. The frequency of defec-
tive-type proviruses in HTLV-1-infected humanized
mice was lower than that in infected individuals,
indicating that defective proviruses were rare at
the initial phase of infection but preferentially
selected during persistent infection. These results
demonstrate the robustness of viral DNA-capture-
seq for HTLV-1 infection and suggest potential
applications for other virus-associated cancers in
humans.
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INTRODUCTION

It is estimated that around 15% of human cancers are attributed
to some viral infections (Plummer et al., 2016). In particular, there
are integrated viral genomes detectable in the host cellular DNA
in cervical cancer with human papilloma virus (HPV) (Cancer
Genome Atlas Research et al., 2017; Hu et al., 2015), hepatocel-
lular carcinoma (HCC) with hepatitis B virus (HBV) (Fujimoto
et al., 2012; Sung et al., 2012), and adult T-cell leukemia-lym-
phoma (ATL) with human T-cell leukemia virus type 1 (HTLV-1),
demonstrating the evidence of transformation of the infected
cells themselves. HTLV-1 is an exogenous retrovirus endemic
in some tropical areas in the world (Gessain and Cassar, 2012;
Poiesz et al., 1980). Since HTLV-1 is a retrovirus, the viral RNA
genome is reverse transcribed into double-stranded DNA, and
the viral DNA is integrated into the host genomic DNA. The inte-
grated virus, called provirus, is transcribed and serves as a tem-
plate to produce new viral particles. A characteristic of HTLV-1
infection, especially in the chronic phase, is that the virus in-
creases or maintains its copy number not via the production of
free viral particles but via the clonal expansion of infected cells.
In line with this notion, the proviral sequences are extremely sta-
ble during the chronic phase of infection because they are main-
tained by DNA replication mediated by the DNA polymerase of
the host cells, which is much less error-prone compared to the
viral reverse transcriptase (Daenke et al., 1990; Van Dooren
et al., 2004).

The HTLV-1 genome is approximately 9,000 bp long and has
identical long terminal repeat (LTR) sequences at both ends of
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the provirus (Seiki et al., 1983). The 5’ LTR is the promoter for the
transcription in the sense orientation, whereas the 3’ LTR is the
promoter for the antisense transcription. Tax, encoded in
the pX region in the sense orientation, is a well-characterized
viral protein and works as a transactivator of HTLV-1 5’ LTR
(Felber et al., 1985). The HTLV-1 bZIP factor (HBZ) is also en-
coded inthe pX region, but in the anti-sense orientation (Gaudray
et al., 2002). Both tax and HBZ are implicated in oncogenesis
induced by HTLV-1 (Grossman et al., 1995; Hasegawa et al.,
2006; Ma et al., 2016; Satou et al., 2006, 2011).

It is estimated that 10 to 20 million people worldwide are in-
fected with HTLV-1. Although the majority of infected individuals
remain asymptomatic, the virus sporadically causes severe dis-
eases, such as ATL, and some inflammatory diseases, such as
HTLV-1-associated myelopathy (HAM)/tropical spastic parapa-
resis (TSP) (Gessain et al., 1985; Osame et al., 1986; Uchiyama
et al., 1977; Watanabe, 1997). A classification for ATL patients
based on clinical manifestations was proposed in 1991 and clas-
sifies ATL into four types: acute, lymphoma, chronic, and smol-
dering type (Shimoyama, 1991). The acute and lymphoma types
are considered aggressive forms, while the chronic and smol-
dering types follow an indolent clinical course (Katsuya et al.,
2015). One criterion for the diagnosis of ATL is the presence of
expanded monoclonal infected cells, detected by analyzing viral
integration sites (ISs).

HTLV-1 is classified into seven subtypes (a—g) based on the
nucleotide diversity in the LTR region (Verdonck et al., 2007).
The HTLV-1a subtype, also known as the ‘“cosmopolitan
group,” is further divided into five distinct subtypes: Transcon-
tinental, Japanese, West African, North African, and Peruvian
Black (Van Dooren et al., 1998; Vidal et al., 1994). It has been
reported that the Transcontinental subtype is more frequent
than the Japanese subtype among HAM/TSP patients in Japan
(Nozuma et al., 2017). Although the HTLV-1 sequence is rela-
tively stable and less prone to mutations, compared to HIV-1,
it is a well-known phenomenon that ATL cells frequently
contain defective proviruses (Konishi et al., 1984; Manzari
et al., 1983). Previous studies reported that there are two types
of defective proviruses (Miyazaki et al., 2007; Tamiya et al,,
1996). Type 1 defective proviruses contain both 5 and 3’
LTRs but are missing a part of the proviral sequence between
them, while type 2 defective proviruses are lacking the 5’
LTR. Since the 5 LTR is the promoter of viral sense transcrip-
tion, type 2 defective proviruses generally lose transcriptional
activity of the tax gene, which is known as a major target of
cytotoxic T-lymphocytes for HTLV-1 (Kannagi et al., 1991).
Several previous studies used conventional and high-
throughput DNA sequencing techniques to analyze HTLV-1
proviral sequences in infected individuals. Most of the previous
reports on defective proviruses analyzed only major clones in
ATL patients, while defective proviruses in asymptomatic
carriers and HAM/TSP patients have not yet been well
characterized.

One limitation of the previous approaches to determine the
proviral sequence is the usage of virus-specific primers to
amplify the viral sequence. With this conventional method, we
cannot obtain the initial sequence of the 5’ LTR or the end of
the 3’ LTR. We previously reported that the DNA-probe-based

enrichment for retroviral sequence, HIV-1 and HTLV-1, signifi-
cantly increased the detection sensitivity of retrovirus sequences
up to several thousand times more than without enrichment
(Miyazato et al., 2016). In that study, we analyzed epigenetic fea-
tures of the HTLV-1 provirus in HTLV-1-infected cell lines.
Another possible application is to characterize the HTLV-1 pro-
viral DNA sequence in a clinical setting, where most of the cells
are not infected with HTLV-1, and a very high sensitivity is
required to analyze such a scarce target sequence. Here, we
applied HTLV-1-targeted DNA-capture sequencing (DNA-cap-
ture-seq) to characterize the entire HTLV-1 sequence from the
beginning of the 5’ LTR to the end of the 3’ LTR. The protocol
gave us additional information, such as the HTLV-1 IS and the
type of HTLV-1 provirus structure, because HTLV-1-targeted
probes captured not only HTLV-1 fragments, but also chimeric
ones containing both HTLV-1 and the human genome. These
comprehensive, quantitative, and high-resolution data on
HTLV-1 provirus in infected individuals provide fundamental in-
formation about persistence and pathogenesis in HTLV-1
infection.

RESULTS

Efficiency of HTLV-1 DNA-Capture-Seq Analysis in Test
DNA Samples

We previously demonstrated that DNA-probe-based next-gen-
eration sequencing (NGS) library enrichment was useful for
HTLV-1 proviral analysis in HTLV-1-infected cell lines (Miyazato
et al., 2016; Satou et al., 2016). In the current study, we aimed
to evaluate the efficiency of the analytic protocol, especially in
clinical materials. The experimental workflow is shown in Fig-
ure 1A. Before we analyzed clinical samples, we evaluated
the efficacy of the protocol by using test DNA samples. We
used an ATL-derived cell line, ED, as a test DNA sample
(Maeda et al., 1985). It has been previously reported that the
ED cell line contains just one copy of HTLV-1 integrated in
the genomic DNA (gDNA) of the host cell (Maeda et al,
1985). We assumed that the detection efficiency of viral se-
quences in peripheral blood mononuclear cells (PBMCs) of
HTLV-1-infected individuals would be much lower than that in
cell lines because the average proviral load (PVL) in a clinical
setting is only approximately 1% to 2%. Thus, we prepared
test DNAs by mixing Jurkat gDNA, an HTLV-1-uninfected T-
cell line, with ED gDNA in proportion of 1% or 10%, which
we then used to test the efficiency of viral sequence detection
by HTLV-1 DNA-capture-seq. We detected a larger number of
reads mapped to HTLV-1 in the test DNA sample with 10% ED
gDNA than that with 1% ED gDNA, when they were sequenced
with the same depth (Figure 1B). The number of HTLV-1 reads
correlated with the total sequencing depth. Thus, we tried to
estimate how much sequencing depth was required to cover
the whole proviral sequence by changing the number of
sequencing reads in silico. We needed to obtain more than
1,000 HTLV-1 reads to cover the whole viral region in test
DNA samples either with 1% or 10% PVL. A total of 500,000
reads were required for the 1% HTLV-1 positive DNA sample,
whereas 50,000 total reads were enough for the 10% sample
(Figure 1C). This result shows that the requirement of
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Figure 1. Application of DNA-Capture-Seq to Characterize the HTLV-1 Provirus

(A) Experimental workflow of HTLV-1 DNA-capture-seq for PBMCs from HTLV-1-infected individuals. A DNA-probe-based enrichment step was introduced to
increase the detection efficiency of HTLV-1 reads. The schematic figure illustrates the different efficiencies of proviral detection before and after enrichment.
(B) Association between the total number of NGS reads and HTLV-1 reads in the test DNA samples. Jurkat DNA plus 10% and 1% ED DNA, an HTLV-1-infected
cell line, were used as test samples. To cover the whole viral sequence, at least 1,000 HTLV-1 mapped reads are required.

(C) HTLV-1 reads obtained from test DNA with 1% and 10% ED gDNA were visualized on integrative genomics viewer (IGV). The numbers of total and HTLV-1
reads are shown on the right side. Red squares indicate the number of reads required to cover a whole proviral sequence.

sequencing depth varies depending on the PVL of the samples
we analyze, being higher for lower PVL.

HTLV-1 DNA-Capture-Seq Analysis of PBMCs from
HTLV-1-Infected Individuals

We next applied the protocol to the analysis of PBMCs from
HTLV-1-infected individuals. We analyzed 98 HTLV-1 naturally
infected individuals, including 24 asymptomatic carriers, 29
HAM/TSP cases, and 45 ATL cases. The characteristics of
each group and each patient are listed in Table S1. We per-
formed sequencing analysis to obtain a sufficient depth to
cover the whole viral sequence (Figure 2A). There were some
variations of the HTLV-1 nucleotide sequence among individ-
uals (Figure S1A). On the other hand, there were very few var-
iations within each individual (Figure S1B). Next, we performed
phylogenetic tree analysis with each major sequence of all in-
dividuals. There were both Japanese and Transcontinental
subtypes (Figure 2B). Consistent with previous studies, the fre-
quency of the Transcontinental subtype in HAM/TSP patients
was significantly higher than that in asymptomatic carriers or
ATL patients (Furukawa et al., 2000; Nozuma et al., 2017) (Fig-
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ure 2C). It has been reported that there are deletions, inser-
tions, and nonsense mutations in various HTLV-1 genes,
except for HBZ (Fan et al., 2010). We also identified one
case with a nonsense mutation and five cases with a
deletion of the tax gene among the 45 ATL cases in this study
(Table S2).

HTLV-1 DNA-capture-seq efficiently identified defective provi-
ruses at single nucleotide resolution in the ATL cases (Figures 2D
and S2). When we analyzed the most dominant clone—which
was considered an ATL clone—in each sample, the frequencies
of full-length, type 1 defective, and type 2 defective proviruses
were 71.1%, 2.2%, and 26.7%, respectively (Figure 2E). When
retroviruses integrate into the host cellular genome, short repet-
itive sequences are generated adjacent to both LTRs by their
viral integrase. In the case of HTLV-1, virus integration intro-
duces a 6-bp repeat sequence (Seiki et al., 1983). The 6-bp
repeat was present in 8 out of 12 ATL cases with type 2
defective proviruses (Figure 2F). This finding indicated that
more than half of the defective proviruses were generated during
the process of viral integration, in line with a previous report
(Miyazaki et al., 2007). These results demonstrated that the
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HTLV-1 DNA-capture-seq enables us to characterize the major
viral sequence in each infected individual, including HTLV-1 sub-
types, genetic changes, and defective proviruses.

Establishment of HTLV-1 IS Analysis by Using HTLV-1
DNA-Capture-Seq

Instead of virus-specific primers, our protocol uses DNA probes
covering the entire HTLV-1 in order to capture DNA fragments
with viral sequences in DNA libraries prepared from PBMCs (Fig-
ure 1A). Therefore, not only viral sequences, but also the flanking
host genomic sequences, can be obtained because the DNA
probe would hybridize with chimeric amplicons containing both
the host cellular and the HTLV-1 genome. The chimeric ampli-
cons generate paired reads containing both virus and host
sequences (virus-host reads). In order to establish the viral IS
analysis, we used a test DNA sample prepared with the ED cell
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line, for which we already know the
HTLV-1 IS. We also used a negative con-
trol sample prepared by mixing DNA con-
taining gDNA of Jurkat T cells and plasmid
DNA of the HTLV-1 molecular clone
pACH, in which there is no HTLV-1 inte-
gration. The result of the test DNA showed
that there were plenty of virus-virus and vi-
rus-host reads over the HTLV-1 provirus
when we used the human genome
(hg19) with the integrated HTLV-1
genome as the reference genome for
alignment (Figure 3A). In order to see if we could identify the IS
without any prior information, we next performed mapping of
the same NGS data with hg19 and HTLV-1 as an additional chro-
mosome. A peak of reads was seen clustered around the IS (Fig-
ure 3B). Since there was no viral sequence in the reference
human genome, only host sequences of virus-host reads were
aligned either upstream or downstream of the viral IS. These
findings suggested that virus-host reads would be useful to iden-
tify unknown ISs in clinical samples. Thus, we generated a pro-
gram to extract virus-host reads from HTLV-1 DNA-seq data
and thereby found that there were not only virus-host reads cor-
responding to the IS in ED cells, but also many other virus-host
reads (Table S8). Since ED is an ATL cell line with monoclonal
HTLV-1 integration, virus-host reads different from the viral IS
should be experimental artifacts. Virus-host reads derived from
the IS were present both upstream and downstream of the

mm 6-bp repeat (-)
Bl 6-bp repeat (+)
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HTLV-1 IS, but other virus-host reads were not (Table S3). Then
we analyzed NGS data from negative control DNA and found that
a random ligation between virus and host could be generated
during DNA library preparation, resulting in one-sided virus-
host reads at either the 5 or 3’ sides (Figure 3C; Table S4).
Thus, in this study, we defined the viral IS as the position where
virus-host reads were present at both the 5’ and 3’ ends of the
provirus (Figure 3A). To evaluate the sensitivity of the IS detec-
tion, we performed the HTLV-1 DNA-capture-seq with mixed
gDNA from Jurkat and ED cells. Theoretically, 1% or 10% ED/
Jurkat DNA contains one infected clone with the same ISs per
100 cells or 10 cells, respectively. The result demonstrated that
10,000 and 50,000 total sequencing reads were enough to
detect the viral IS in 10% or 1% ED/Jurkat DNA, respectively.
In other words, the clone expanded to occupy 1% of PBMCs
in the infected individuals was detectable by DNA capture-seq
if we sequence 50,000 total reads (Figure 3D). Next, we as-
sessed reproducibility of the protocol on detecting viral IS in
the analysis of clinical samples. Genomic DNAs from five
different infected individuals were divided into two aliquots,
and then each aliquot was analyzed by HTLV-1 DNA-capture-
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Total number of reads

that a HTLV-1 IS with a large number of
virus-host reads was more detectable
in both aliquots than one with a smaller
number of reads was (Figure 3E), indi-
cating that the ISs of minor clones in the sample are stochasti-
cally detected, but those of major clones are reproducibly
detected in this assay protocol (Figure S3).

HTLV-1 IS Analysis of PBMCs from HTLV-1-Infected
Individuals

Using this established method, we performed IS analysis with
PBMCs from HTLV-1-infected individuals. Based on the defini-
tion of viral IS we used in this study, we identified a total of
207, 306, and 215 unique ISs in asymptomatic carriers, HAM/
TSP patients, and ATL patients, respectively. HTLV-1 ISs were
distributed broadly in each chromosome (Figure 4A). The fre-
quencies of HTLV-1 ISs inside genes were 42%, 47%, and
47% in asymptomatic carriers, HAM/TSP patients, and ATL pa-
tients, respectively, and there were no statistically significant dif-
ferences among the different clinical entities (Figure 4B). We also
analyzed the orientation of the provirus within the host gene.
There was no particular tendency in the proportion of the viral
orientation relative to the host gene among the three patient co-
horts (Figure S4A). We next investigated the epigenetic environ-
ments at the IS and found that HTLV-1 ISs disfavored regions
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Figure 4. HTLV-1 IS Analysis of PBMCs from HTLV-
1-Infected Individuals

(A) The distribution of ISs in each clinical entity is shown in
circos plot. The characters on the outermost track represent
human chromosomes.

(B) The frequency of ISs within genes or inter-gene in each
clinical entity. The numbers of clones analyzed are shown at
the bottom, and the number of clones in each category is
shown in each fraction within each bar.

(C) The number of unique ISs per 10,000 reads aligned to
HTLV-1 from each individual is shown in the box plot. The
numbers of patients analyzed are shown at the bottom.

(D) Degrees of abundance of each individual clone are
shown in the box plot. The numbers of detected clones are
shown at the bottom. Clonal abundance was calculated by
considering the proviral load and the number of HTLV-1
reads as follows: clonal abundance of each clone = # of final
virus host reads x (10,000 + # of total HTLV1 mapped
reads) x {proviral load (%) + 100}. The boxes extend from
the 25th to 75th percentiles, and the lines indicate the me-
dian. The whiskers go down to the smallest value and up to
the largest one.

Statistical significance was obtained by Fisher’s exact test
(B) and Mann-Whitney U test (C and D).
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with H3K36me3, which is a histone mark observed in actively
transcribed gene bodies (Figure S4B). There were no significant
differences in epigenetic marks, including H3K27ac, a histone
mark observed in active promoter and enhancer regions;
H3K9me3, a histone mark observed in heterochromatin regions;
and H3K36me3 among the different clinical entities and ATL sub-
types (Figures S4B and S4C). The number of unique ISs per
10,000 HTLV-1 reads was high in asymptomatic carriers or
HAM/TSP, but low in ATL cases, likely due to the presence of
clonally expanded ATL clones (Figure 4C). We next evaluated
the clonal abundance of each HTLV-1-infected cell based on
the number of virus-host reads at each IS (see Methods Details).
As expected, the clonal abundance in ATL patients was the high-
est (Figure 4D). The clonal abundance in HAM/TSP cases was
significantly higher than that in asymptomatic carriers. There
was a negative correlation between the PVL and the number of
unique ISs per 10,000 HTLV-1 reads in HAM/TSP and ATL but
not in asymptomatic carriers, also suggesting the presence of
expanded clones in HAM/TSP and ATL patients (Figure S4D).
These results demonstrated that HTLV-1 DNA-capture-seq
can be efficiently applied for clonality analysis of clinical samples
as well as the whole viral sequence analysis.

Structural Analyses of the HTLV-1 Provirus and Its

Association with Clonal Expansion of the Host Cell

There are several previous reports describing defective provi-
ruses in ATL patients (Konishi et al., 1984; Miyazaki et al.,
2007; Tamiya et al., 1996), but none using high-throughput
sequencing technology or characterizing defective proviruses
in asymptomatic carriers or HAM/TSP patients. As shown in

T
HAM
n=306

T
ATL
n=215

Figure 3A, HTLV-1 DNA-capture-seq provides
reads from virus-host amplicons, suggesting
that the protocol would enable us to obtain infor-
mation about proviral DNA structure. Viral se-
quences of virus-host reads originating from full-length type
are theoretically mapped to 5’ or 3’ LTRs (Figure 5A, top panel).
Viral sequences of 5'-side virus-host reads derived from type 2
defective proviruses are likely to be mapped to a proviral region
downstream of the 5’ LTR (Figure 5A, middle panel). Thus, we
defined this provirus as 5'-defective type. If viral sequences of
3'-side virus-host reads are aligned to the provirus upstream of
the 3’ LTR, the provirus is defined as 3'-defective type (Figure 5A,
bottom panel). We analyzed the proportion of defective provi-
ruses in each clinical entity. High frequencies of defective provi-
ruses were observed in asymptomatic carriers (18.8%) and
HAM/TSP (17.3%) as well as ATL (30.2%), showing these are
not a specific phenomenon observed only in ATL, but a general
feature in HTLV-1-infected individuals (Figure 5B). We analyzed
the frequency of HTLV-1 integration within the host genes and
found that there were no statistically significant differences be-
tween full-length and defective proviruses (Figure S5A). There
seems to be no obvious hotspot genes for viral ISs in 5'-defective
proviruses (Figure S5B). There was a wide range distribution of
deleted regions in defective proviruses detected in the ATL
cases we analyzed (Figure 5C). An advantage of HTLV-1 DNA-
capture-seq is that we can simultaneously identify proviral struc-
ture and the degree of clonal expansion of each individual
HTLV-1-infected clone. Thus, we aimed to analyze the relation-
ship between the proviral structure and the clonal abundance
of each infected cell. The results showed that HTLV-1-infected
clones with defective proviruses exhibited a higher degree of
clonal expansion than those with full-length type (Figure 5D).
There was a statistically significant difference in cumulative ana-
lyses of all data, although no statistically significant difference
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Figure 5. Structural Analyses of the HTLV-1
Provirus and Its Association with Clonal
Expansion of the Host Cell

(A) Representative visualization patterns of virus-
host reads derived from full-length type pro-
viruses, 5'-defective type proviruses, and
3'-defective type proviruses are shown at the top,
middle, and bottom panels, respectively.

(B) Proportion of each proviral type in different
clinical entities and the number of each type of
proviruses are shown in each fraction within each
bar. An expanded clone in ATL cases was defined
as one with more than 10 in the clonal abundance.
(C) Distribution of defective sites in 5- and
3'-defective proviruses detected in ATL cases.
(D) Degree of clonal abundance of each type of
provirus. The cumulative results from all cases
enrolled in this study are shown.

The numbers of detected clones in each group are
shown at the bottom (B and D). Statistical signifi-
cance was obtained by Fisher’s exact test (B) and
Mann-Whitney U test (D).
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3'-defective type provirus; Exp, expanded clone;
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was observed in the individual group analysis of asymptomatic
carriers and ATL cases (Figure S5C).

HTLV-1 DNA-Capture-Seq Analysis of Infected Cells

In Vitro and in a Humanized Mouse Model

Most infected individuals enrolled in this study are thought to
have a long history as HTLV-1 carriers. Thus, a key question
that remained to be answered was when and how the high pro-
portion of 5'-defective proviruses was generated during the long
course of HTLV-1 infection. To explore this point, we infected Ju-
rkat T cells with HTLV-1, cultivated them for 2, 8, or 16 weeks
in vitro, and then analyzed their proviruses by HTLV-1 DNA-cap-
ture-seq (Figure 6A). There was no significant increase in the pro-
portion of 5’-defective type provirus during in vitro cultivation at
the different time points (Figure 6B). The infected cells with
5'-defective type proviruses tended to expand more than those
with full-length type proviruses (Figure 6C), but the PVL of the in-
fected Jurkat cells was extremely high—338.3%, 155.0%, and
127.0% at 2, 8, and 16 weeks, which is far different from
HTLV-1-infected cells in vivo. Therefore, we next analyzed an
in vivo mouse model of HTLV-1 infection (Tezuka et al., 2014).
Humanized mice were infected with HTLV-1 by injecting irradi-
ated Jurkat T cells containing full-length HTLV-1 proviruses
and maintained for a period of 3 to 12 weeks. We performed
HTLV-1 DNA-capture-seq analysis at around 3, 5, 8, and
12 weeks post infection (Figure 6D). The HTLV-1 PVL in these
samples ranged from 0.5% to 118.9% (median, 68.7%). The pro-
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Full length 5'def
n=120

at 3 weeks post infection (Figure 6E), sug-
gesting that 5'-defective proviruses were
not generated at the initial phase of infec-
tion. Next, we analyzed the degree of
clonal abundance in each type of proviral
structure and found no significant difference between full-length
and 5'-defective types of provirus (Figure 6F).

us
n=18

3'def
n=19

DISCUSSION

In contrast to HIV-1 infection, there is little viremia in the periph-
eral blood of HTLV-1-infected individuals, even in the absence of
anti-retroviral treatment. The viral persistence of HTLV-1 is main-
tained not by de novo infection through viral particles, but by the
long life span and/or clonal proliferation of virus-infected cells.
As a consequence, approximately 5% of infected individuals
develop ATL after a long latent period of time (Bangham and
Matsuoka, 2017). Thus, characterization of the HTLV-1 provirus
with high resolution is fundamental to understanding the viral
persistence and pathogenesis. There are various methods
used to characterize HTLV-1 proviral DNA, such as conventional
PCR and sequencing technology; modified PCR protocols
including inverse long PCR (Takemoto et al., 1994) and liga-
tion-mediated PCR (LM-PCR) (Meekings et al., 2008); and,
more recently, high-throughput sequencing technology (Gillet
et al., 2011; Rosewick et al., 2017). In this study, we applied
the HTLV-1 DNA-capture-seq methodology that we developed
recently (Miyazato et al., 2016) to the characterization of the pro-
viruses in PBMCs of the infected individuals.

Here, we demonstrated that the protocol is useful to obtain the
entire proviral sequence, proviral structure, and viral IS. There
are both advantages and disadvantages of DNA-capture-seq
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Figure 6. Proviral Structure and Clonal Abundance of HTLV-1-Infected Cells in an In Vitro and in a Humanized Mouse Model
A) Experimental flow of HTLV-1 DNA-capture-seq with Jurkat T cells infected with HTLV-1 in vitro.

B) Proportion of each proviral type at different time points during in vitro cultivation. The numbers of clones observed are shown at the bottom.
C) Degree of clonal abundance of each type of provirus. The numbers of clones observed are shown at the bottom.

E) Proportion of each proviral type at different time points. The numbers of detected clones are shown at the bottom.
F) Degree of clonal abundance in each type of provirus. Statistical significance was obtained by Fisher’s exact test in (B and E) and Mann-Whitney U test

C and F).

compared to NGS-based conventional methods for proviral
analysis (Table 1). When compared with conventional deep-
seq that uses virus-specific primers, one advantage of the
HTLV-1 DNA-capture-seq is that we can obtain the entire
HTLV-1 sequence from the beginning of the 5’ LTR to the end
of the 3’ LTR by virtue of the DNA probes that capture not only
viral fragments, but also virus-host chimeric ones (Figure 3A).
On the other hand, when we use virus-specific primers targeting
the beginning and the end of HTLV-1, only the LTR portion would
be amplified by the PCR because they are identical in DNA
sequence. To analyze HTLV-1 ISs and quantify the degree of

¢
(
(
(D) Experimental flow of HTLV-1 DNA-capture-seq analysis using the humanized mouse model.
(
(
(

clonal expansion of virus-infected cells, LM-PCR is a well-estab-
lished experimental approach (Firouzi et al., 2014; Gillet et al.,
2011; Rosewick et al., 2017). LM-PCR amplifies virus-host junc-
tions by using two primers targeting the viral LTR and the linker.
The LM-PCR method is useful and sensitive to detect ISs
(Figure S8), but that does not give us information about viral se-
quences between LTRs, in contrast to HTLV-1 DNA-capture-
seq. We were able to detect expanded clones reproducibly by
HTLV-1 DNA-capture-seq (Figure 3D), so the sensitivity was
enough to detect ISs of dominant clones, like ATL clones (Fig-
ure S3). As discussed, various approaches are available for
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Table 1. Characteristics of Different NGS-Based Methods for HTLV-1 Proviral Analysis

Conventional Deep-Sequencing

with Virus-Specific Primers LM-PCR + NGS Viral DNA-Capture-Seq
Detection sensitivity of viral sequence high NA moderate
Availability of entire viral sequence NA NA applicable
Susceptibility to sequence variation high high low
Proviral structure analysis NA for type 2 defective NA applicable
provirus
Clonality analysis NA applicable applicable (moderate sensitivity)
(high sensitivity)
Integration site analysis NA applicable applicable (moderate sensitivity)

(high sensitivity)

LM-PCR, ligation-mediated PCR; NGS, next-generation sequencing; NA, not applicable

analysis of the HTLV-1 provirus; therefore, selecting the optimal
method depends on research interest and the purpose of each
study (Table 1).

Several previous studies have revealed the presence of defec-
tive proviruses in ATL cells using the conventional PCR-based
approach. However, there were few studies on defective provi-
ruses in asymptomatic carrier (AC) and HAM/TSP patients
because of technical limitations. Here, we combined more than
100 tiling DNA probes covering the whole HTLV-1 with NGS,
which enabled us to evaluate defective proviruses in a quantita-
tive and comprehensive manner. We analyzed the frequency of
defective proviruses in each clinical entity and demonstrated
that defective proviruses were not only present in ATL clones,
but also frequently observed in asymptomatic carriers and
HAM/TSP patients, suggesting that defective proviruses are a
general feature of HTLV-1-infected clones in vivo. In addition to
type 1 and type 2 defective proviruses, we detected a defective
provirus without the 3’ LTR. These findings revealed that the na-
ture of the HTLV-1 provirus in naturally infected individuals is
more complex than previously thought.

The HTLV-1 DNA-capture-seq provides us with information on
both the proviral DNA structure and the degree of clonal expan-
sion of each infected clone. Many researchers in the HTLV-1
research field assume that 5'-defective proviruses, which could
not produce viral antigens encoded in sense orientation, should
allow the infected cell to escape from the host immune surveil-
lance, resulting in clonal expansion of the infected cells. How-
ever, there is no clear evidence to support this assumption. We
therefore asked if defective proviruses actually confer an advan-
tage for host cell survival in vivo. We found that infected clones
with defective proviruses exhibited higher clonal abundance
than those with full-length type. Furthermore, we aimed to eluci-
date when and how the high frequencies of 5'-defective provi-
ruses were generated by analyzing HTLV-1-infection in in vitro
and in vivo models. Both in vitro and in vivo experiments indi-
cated that the high frequencies of 5'-defective proviruses were
not generated during the initial phase of infection. There was
no significant increase of 5'-defective proviruses during the
persistent infection in vitro, at least during the observation period
in this study, suggesting that clonal expansion of infected cells
with 5'-defective proviruses might not be induced in a cell-
intrinsic manner. In addition, we did not detect an accumulation
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of 5’-defective proviruses during persistent infection in a human-
ized mouse model. It has been reported that there is an anti-viral
immune response in the mice we used in this study (Tezuka et al.,
2014), yet the activity might not be strong enough to put selective
pressure on the survival of various infected clones. These find-
ings collectively suggested that HTLV-1-infected clones
harboring 5'-defective proviruses might have a long life span
because they escape from the host immune surveillance,
thereby having more chances to accumulate genetic and epige-
netic abnormalities. This may explain why we observed the high
frequency of 5’-defective proviruses in ATL clones (Figure 5B).
It was clear that 5'-defective proviruses are associated with
clonal expansion of the infected cell, but there was a wide distri-
bution of the degree of clonal abundance within each type of
proviral structure (Figure 5D). This finding indicates that the
structure of HTLV-1 is one of the determinants of clonal abun-
dance of the infected cells, but other factors—such as genetic
and epigenetic changes of the host genome and status of the
host immunity—may also contribute (Fujikawa et al., 2016; Ka-
taoka et al., 2015; Nosaka et al., 2000). There is substantial evi-
dence supporting the idea that an anti-viral immune response is
related to the efficiency of some therapeutic approaches for ATL.
ATL patients with long-term remission after allogeneic hemato-
poietic cell transplantation harbor high frequencies of anti-Tax-
specific cytotoxic T lymphocyte (CTL) (Harashima et al., 2004).
The immunotherapy with Tax peptide-pulsed dendritic cells ex-
hibited efficacy in some ATL patients and is currently under clin-
ical trial (Suehiro et al., 2015). Furthermore, immunomodulatory
agents, such as lenalidomide and anti-CCR4 antibodies, are
now approved for the treatment of ATL patients (Ishida et al.,
2016, 2017). Therefore, it will be useful to obtain information
not only related to the host genome, but also to the HTLV-1 pro-
viral genome to establish a standardized treatment strategy
based on the molecular characteristics of ATL cells. For
example, ATL clones with defective proviruses may lose viral an-
tigen expression and thereby become insensitive to immuno-
therapy aiming to enhance the immune response against viral
antigens. Thanks to recent advances in DNA sequencing tech-
nology, methods such as whole-exome sequencing of human
genomes would be useful in the management of ATL patients
to predict prognosis and determine an optimal treatment strat-
egy in the near future (Kataoka et al., 2018). Since the HTLV-1



DNA-capture-seq is based on a method similar to whole-exome
sequencing, one will be able to analyze the host and proviral ge-
nomes simultaneously by combining DNA probes for the host
exonic regions and HTLV-1 provirus.

There are several oncogenic viruses with features similar to
HTLV-1, such as HPV in cervical cancer (Cancer Genome Atlas
Research et al., 2017; Hu et al., 2015) and HBV in HCC (Fujimoto
et al., 2012; Sung et al., 2012). Since an integrated virus is pre-
sent in the host cellular genome, we can utilize the viral IS to pro-
vide quantitative information regarding the clonal abundance of
the host cells to follow cancer evolution. In this study, we demon-
strated that viral DNA-capture-seq was useful to obtain the viral
sequence, the viral IS, and the degree of clonal expansion. This
method could be applied for the molecular diagnosis of HPV-
associated cervical cancer and HBV-associated HCC.

In summary, we have elucidated the nature of HTLV-1 proviral
DNA in naturally infected individuals by using HTLV-1 DNA-cap-
ture-seq. The result has provided fundamental information on
HTLV-1 infection for both basic and clinical research. The viral
DNA-capture-seq would be useful to make further progress in
HTLV-1 research as well as in other oncogenic viral infections
in humans.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples
Asymptomatic carriers and ATL patients’ PBMCs Imamura General Hospital N/A
HAM/TSP patients’ PBMCs St. Marianna University School N/A
of Medicine
DNA extracted from ATL PBMCs Joint Study on Predisposing Factors N/A
of ATL Development (JSPFAD)
Mouse splenocyte Kansai Medical University N/A

Chemicals, Peptides, and Recombinant Proteins

Ficoll-Pague PLUS
DNeasy blood & tissue kit

GE Healthcare
QIAGEN

Product code#:17-1440-02
Cat#:69504

Critical Commercial Assays

NEBNext Ultra Il DNA library prep kit for lllumina
xGen lockdown reagents

GenNext NGS library quantification kit

Library quality check by TapeStation

New England Biolabs
Integrated DNA Technologies
TOYOBO

Agilent Technologies

Cat#: E7645S
Cat#:1072281
Product code#: NLQ-101

https://www.agilent.com/en/promotions/
agilent-2200-tapestation-system

Deposited Data

Fastq and bam files of all samples

This paper

SRA accession: PRUNA520252

Experimental Models: Cell Lines

ED cells
Jurkat cells
293T cells
JET cells

Dr Michiyuki Maeda
ATCC

ATCC

Kansai Medical University

Maeda et al., 1985
TIB-152
CRL-3216

N/A

Experimental Models: Organisms/Strains

Mouse: NOD.Cg-Prkdcs [12rg™i/SzJ

Charles River

https://www.criver.com

Oligonucleotides

See Table S5
DNA probes for enrichment

This Paper
Miyazato et al., 2016

NA

https://www.nature.com/articles/srep28324

Recombinant DNA

pX1 plasmid
PACH plasmid

Laboratory of Dr. David Derse
Laboratory of Dr. Lee Ratner

N/A
N/A

Software and Algorithms

BWA-MEM algorithm
Samtools

Picard

Integrative Genomics Viewer

MEGA7

Prism 7

Li and Durbin., 2009
Li and Durbin, 2009

Broad Institute of MIT and Harvard

Robinson et al., 2011

Kumar et al., 2016

GraphPad Software

http://bio-bwa.sourceforge.net/
http://samtools.sourceforge.net/
http://broadinstitute.github.io/picard/

http://software.broadinstitute.org/
software/igv/

https://www.ncbi.nim.nih.gov/
pubmed/27004904

https://www.graphpad.com/

LEAD CONTACT AND MATERIALS AVAILABILITY

® Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Yorifumi Satou (y-satou@kumamoto-u.ac.jp).
o This study did not generate new unique reagents.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients Samples

All protocols involving human subjects were reviewed and approved by the Kumamoto University institutional review board (Approval
ID: Genome no. 263). The study was carried out in accordance with the guidelines proposed in the Declaration of Helsinki. Informed
written consent from human subjects was obtained in this study. The asymptomatic HTLV-1 carriers and patients with adult T-cell
leukemia-lymphoma (ATL) were seen at Imamura General Hospital in Kagoshima-city. The patients with HTLV-1-associated myelop-
athy/tropical spastic paraparesis (HAM/TSP) were seen at St. Marianna University School of Medicine in Kawasaki-city. Twenty-six
DNA samples from ATL patients were provided by the Joint Study on Predisposing Factors of ATL Development (JSPFAD). PBMCs
were obtained from asymptomatic HTLV-1 carriers (n = 24), HAM/TSP (n = 29), and ATL patients (n = 45). The ATL cases consist of 21
acute, 13 chronic and 11 smoldering types (Shimoyama, 1991). Characteristics of each group are presented in Table S1. PBMCs
were separated by density-gradient centrifugation using Ficoll-Paque (GE Healthcare) and cryopreserved in Cell Banker (Juji Field
Inc.) at —80°C until use. Genomic DNA was extracted from PBMCs using the DNeasy kit (QIAGEN) according to the manufacture’s
protocol.

Cell lines

We used an ATL-derived cell line, ED cells and three HTLV-1-uninfected T-cell lines, Jurkat, and JET, which is a subline of Jurkat cells
expressing tdTomato under the control of 5 tandem repeats of Tax responsive element. 293T cells are derived from human embry-
onic kidney 293 cells. These cells were cultured in RPMI supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin. The extraction of DNA was performed as described above for PBMCs from HTLV-1-infected individuals. To estimate
the efficiency of our protocol, we prepared test DNAs by mixing ED genomic DNA (gDNA) in the amount of 1% and 10% with Jurkat
gDNA.

Humanized mice

The experiment with humanized mice was approved by the Animal Care Committee of Kansai Medical University. Humanize mice,
including both male and female, were generated by intra-bone marrow injection of human CD133* stem cells into NOD.Cg-Prkdcs
112rg"™"™/SzJ mice (Charles River). The HTLV-1-infected Jurkat cells were irradiated with 10 Gy from a '3"Cs source irradiator and
were inoculated intraperitoneally into 24- to 28-week-old huNOG mice (Tezuka et al., 2014). The splenocytes were isolated from the
sacrificed mice at around 3, 5, 8, and 12 weeks after infection. The extraction of gDNA was performed by the same method as for
PBMCs from HTLV-1-infected individuals as described above.

METHOD DETAILS

Generation of HTLV-1-infected cells in vitro

293T cells transfected with pX1 plasmid, an HTLV-1 molecular clone (Mitchell et al., 2007), by Polyethylenimine (PEI), and then were
irradiated with 30 Gy. The irradiated 293T cells were co-cultured with JET cells for 3 days (Furuta et al., 2017). Then, tdTomato
positive cells, which is induced by Tax in the cells, were sorted by FACSAria, and cultured in RPMI supplemented with 10% FBS,
100 U/ml penicillin and 100 ug/ml streptomycin for 2, 8, or 16 weeks. The extraction of DNA was performed as described above.

Proviral load measurement by droplet digital PCR

Droplet digital PCR (ddPCR) was performed by using primers and a probe targeting a conserved region in HTLV-1 pX region and the
ALB gene, according to previous reports with minor modifications (Strain et al., 2013). ddPCR droplets were generated by the QX200
droplet generator (Bio-Rad). Generated droplets were then transferred to a 96-well PCR plate and sealed with a pre-heated PX1 PCR
plate sealer (Bio-Rad) for 5 s at 180°C. PCR cycles were performed in a C1000 Touch thermal cycler (Bio-Rad) with the following
settings: 95°C for 10 minutes followed by 39 cycles of 94°C for 30 s, 58°C for 60 s, and final 98°C for 10 minutes and 4°C for
hold. The plate was then placed in the QX200 droplet reader (Bio-Rad) for quantification of the number of positive and negative drop-
lets based on their fluorescence. Threshold values for ddPCR were determined based on the highest level of droplet fluorescence in
the no-template-control sample (NTC) to provide an objective cut-off with maximum sensitivity. Data were analyzed using
QuantaSoft software (Bio-Rad). Then proviral load was calculated as follows,

proviral load(%) = (copy number of HTLV1 pX DNA) -+ {(copy number of ALB) + 2} x 100

Library synthesis, and proviral DNA-capture-seq

The HTLV-1 DNA-capture-seq was performed as previously described with minor modifications (Miyazato et al., 2016). gDNA was
sheared by sonication with a Picoruptor (Diagenode) to obtain fragments of an average size of 300 bp. Libraries for NGS were pre-
pared using the NEBNext Ultra Il DNA library prep kit for lllumina (NEB) following the manufacturer’s instructions. We next performed
a probe-based enrichment step as previously reported (Miyazato et al., 2016). Briefly, multiplexed libraries were mixed with the 148
biotinylated DNA probes targeting HTLV-1 proviral sequences (GenBank: AB513134). Hybridization was performed by incubating the
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mixture at 65°C for four hours. After the addition of streptavidin-coated beads, and several wash steps (xGen lockdown reagents,
IDT), the captured DNA fragments were amplified by PCR with P5 and P7 primers for lllumina sequencing. The enriched DNA libraries
were quantified by TapeStation instrument (Agilent Technologies), and quantitative PCR (GenNext NGS library quantification kit,
Toyobo). Sequencing was carried out on lllumina MiSeq or NextSeq instrument with 2 x 75 bp reads.

High-throughput sequencing data analysis

Three fastq files, Read1, Read2 and Index Read, were obtained from lllumina MiSeq or NextSeq. We first performed a data-cleaning
step by using an in-house Perl script (kindly provided by Dr Michi Miura, Imperial College London), which extracts reads with a high
Index Read sequencing quality (Phred score > 20 in each position of the 8-bp index read). We next removed adaptor sequences from
Read1 and Read? followed by a cleaning step to remove reads with too short or with too low Phred score as previously described
(Satou et al., 2017). The cleaned sequencing reads were aligned to human reference genome (hg19) with HTLV-1 (GenBank:
AB513134) as a separate chromosome or integrated provirus using the BWA-MEM algorithm (Li and Durbin, 2009). We then used
Samtools (Li and Durbin, 2009) and Picard (http://broadinstitute.github.io/picard/) for further data processing and cleanup such
as removal of reads with multiple alignments and duplicated reads. Visualization of the aligned reads was performed using Integrative
Genomics Viewer (IGV) (Robinson et al., 2011).

Ligation-mediated (LM)-PCR

HTLV-1 IS analysis was performed using LM-PCR and high-throughput sequencing. About 1 ng of genomic DNA was sheared
by sonication with a Picoruptor (Diagenode, S.A., Belgium) instrument to a size of 300-400bp in length. DNA end was repaired
and addition of adenosine at the 3’ end of the DNA was performed with NEBNext Ultra I| End Repair/dA-Tailing Module (New
England Biolabs). Linker was then ligated to the ends of DNA using NEBNext Ultra Il Ligation Module (New England Biolabs).
Ligated products were amplified by a first PCR targeting the 3’-LTR in one end and the linker in the other end. First PCR
amplicons were cleaned by QIAquick PCR purification kit (QIAGEN) and performed second PCR. The following thermal cycler
conditions were used for both PCRs: 96°C for 30sec (1 cycle); 94°C for 5sec, 72°C for 1min (7 cycles); 94°C for 5 s, 68°C 1 min
(13 cycles); 68°C 9 min (1 cycle) and hold at 4°C. Second PCR amplicons were purified using the QIAquick PCR Purification Kit
(QIAGEN) and followed by Ampure XP bead purification. Purified PCR amplicons were quantified using Agilent 2200
TapeStation and quantitative PCR (GenNext NGS library quantification kit, Toyobo). LM-PCR libraries were sequenced
on the lllumina MiSeq as paired-end read, and the resulting fastq files were analyzed. Oligonucleotides used to perform
LM-PCR and sequencing were listed in the key resources table.

Integration site, proviral structure, and clonal abundance analysis with the DNA-seq data

To analyze IS and proviral structure, we aligned the cleaned fastq files to the reference genome containing all human chromosomes
(chr 122, X, Y and M) and HTLV-1 as 2 separate chromosomes — the viral LTR sequence (HTLV_LTR) and the whole viral sequence
excluding the LTRs (HTLV_noLTR). We extracted virus-host reads by an in-house Python script, which generates list of all virus-host
reads in the sample. Random ligations between virus and host DNAs were generated during DNA library preparation, resulting in one-
sided virus-host reads at either 5’ or 3’ sides (Figure 3C; Table S4). Thus, in this study we defined viral integrations sites by the pres-
ence of virus-host reads at both 5’ and 3’ end of provirus (Figure 3A). Then locations of IS in the human genome were determined by
the host-virus junction that was present within sequencing reads. When the host-virus junction was not present within sequencing
reads, we defined the integration sites as the position at the center of 5'-side host read and 3'-side host read of virus-host chimeric
reads (Figure 3A).

The degree of clonal abundance for each infected clone was calculated by the number of virus-host reads. After PCR repli-
cate removal, the number of final virus-host reads in a certain genomic region reflects the initial cell number of the clone. Thus, it
would be possible to estimate the initial copy number of each clone by counting the number of virus-host reads after removal of
PCR replicates, as is the case with linker-mediated PCR (Berry et al., 2012; Gillet et al., 2011).To compare the clonality between
the samples, the number of the final reads were normalized using the number of the total HTLV-1-aligned reads and the pro-
viral load as follows,

clonal abundance of each clone = #of final virus host reads x (10,000 =+ #of total HTLV1 mapped reads)
x {proviral load (%) + 100}

Histone modifications of primary helper memory T cells from peripheral blood were obtained from ChIP-Seq datasets provided by
ENCODE project (Consortium, E.P., 2012). The relationship between HIV-1 IS and histone modification was analyzed as reported
previously (Satou et al., 2017). We made bed files with ISs of 5'-defective proviruses to perform gene enrichment analysis using
GREAT, an online software application for gene annotations (MclLean et al., 2010).

e3 Cell Reports 29, 724-735.e1-e4, October 15, 2019


http://broadinstitute.github.io/picard/

OPEN

ACCESS
CellPress

Phylogenetic Analysis

HTLV-1 sequence alignments were performed using MUSCLE (Edgar, 2004). Genetic distances were calculated between and within
isolates, and neighbor-joining trees were generated using a maximum composite likelihood algorithm and default parameters using
MEGAY software (Molecular Evolutionary Genetics Analysis Program) (Kumar et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using Prism 7 software (GraphPad Software, Inc., CA). Fisher’s exact test was used in a two-tailed
test to compare the differences of proportions between HTLV-1 strains and diseases, and provirus structure and diseases.

A nonparametric test (Mann-Whitney U test) was used in a two-tailed test to examine the association between clonal abundance
and provirus structures.

DATA AND CODE AVAILABILITY

The bam files analyzed from all patients’ samples have been deposited at NCBI BioProject (accession: PRINA520252).
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