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Human T cell leukemia virus 1 (HTLV-1) causes the functionally
debilitating disease HTLV-1–associated myelopathy/tropical spas-
tic paraparesis (HAM/TSP) as well as adult T cell leukemia lym-
phoma (ATLL). Although there were concerns that the mortality
of HAM/TSP could be affected by the development of ATLL, pro-
spective evidence was lacking in this area. In this 5-y prospective
cohort study, we determined the mortality, prevalence, and inci-
dence of ATLL in 527 HAM/TSP patients. The standard mortality
ratio of HAM/TSP patients was 2.25, and ATLL was one of the
major causes of death (5/33 deaths). ATLL prevalence and inci-
dence in these patients were 3.0% and 3.81 per 1,000 person-y,
respectively. To identify patients at a high risk of developing ATLL,
flow cytometry, Southern blotting, and targeted sequencing data
were analyzed in a separate cohort of 218 HAM/TSP patients. In
17% of the HAM/TSP patients, we identified an increase in T cells
positive for cell adhesion molecule 1 (CADM1), a marker for ATLL
and HTLV-1–infected cells. Genomic analysis revealed that somatic
mutations of HTLV-1–infected cells were seen in 90% of these cases
and 11% of them had dominant clone and developed ATLL in the
longitudinal observation. In this study, we were able to demonstrate
the increased mortality in patients with HAM/TSP and a significant
effect of ATLL on their prognosis. Having dominant clonal ex-
pansion of HTLV-1–infected cells with ATLL-associated somatic
mutations may be important characteristics of patients with
HAM/TSP who are at an increased risk of developing ATLL.
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Human T cell leukemia virus 1 (HTLV-1) infects at least 10
million people worldwide (1, 2) and causes severe morbidity

and mortality in some of the those who develop HTLV-
1–associated diseases including HTLV-1–associated myelopa-
thy/tropical spastic paraparesis (HAM/TSP) (3, 4), a progressive
neurological disease, and adult T cell leukemia/lymphoma
(ATLL) (5), an aggressive mature T cell malignancy (6). Un-
derstanding the impact of HTLV-1 infection on global health is
critical for developing a comprehensive management strategy to
tackle HTLV-1 (6, 7). Approximately 2 to 5% of HTLV-
1–infected patients develop ATLL and the negative impact of
ATLL transformation on the survival of those HTLV-1–infected
patients is substantial. The 2008 World Health Organization
Classification of Tumors of Hematopoietic and Lymphoid Tissues
categorized ATLL into four subtypes, composed of the smoldering,
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HTLV-1 manifests many diseases, which cause morbidity and
mortality in 5∼10% of infected individuals, including the fatal
adult T cell leukemia/lymphoma (ATLL) and debilitating mye-
lopathy (HAM/TSP). However, the rarity of these diseases had
made it prohibitory to conduct large-scale prospective obser-
vational studies. This work enabled calculating the standard
mortality ratio of HAM/TSP patients and also identified ATLL as
one of the major causes of death among these patients. We
also identified the features that lead HAM/TSP patients to de-
velop ATLL: having dominant clonal expansion of HTLV-1–infected
cells with ATLL-associated somatic mutations. Furthermore, this
manuscript describes genomic changes occurring in HAM/TSP
patients at the actual time of their ATLL transformation.
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chronic, lymphomatous, and acute subtypes (8). For smoldering and
chronic ATLL, median survival is estimated to be ∼30 to 55 mo (9),
whereas survival is estimated to be 10 mo for the lymphomatous
and 8 mo for the acute subtype, respectively (9).
Of HTLV-1–infected patients, 0.25 to 3.8% develop HAM/

TSP. HAM/TSP is a debilitating condition for affected patients
causing a spectrum of symptoms including motor deficits, in-
continence, constipation, back pain, and sexual dysfunction fre-
quently impairing their quality of life (10). However, unlike
ATLL, which has a poor prognosis, there is some controversy
concerning the possible negative prognostic impact that HAM/
TSP may have toward survival. Because of the lack of age-
matched prospective studies for this population, reliable data
on the survival outcomes of patients with HAM/TSP have been
extremely limited. Although there are some case reports of pa-
tients with HAM/TSP developing ATLL (11–13), no large-scale
prospective cohort studies have been conducted on patients with
HAM/TSP, nor has the risk of ATLL transformation been
evaluated on these patients.
We thus asked whether patients with HAM/TSP are under

increased risk of developing ATLL. Previous prospective studies
demonstrated that peripheral blood HTLV-1 proviral load
(PVL) at or more than 4% and clonal expansion of HTLV-
1–infected cells reflect a high risk of ATLL transformation in
HTLV-1 carriers (14, 15). Although patients with HAM/TSP
have increased HTLV-1 PVL compared with that of HTLV-1
carriers (16), whether or not they are at increased risk of de-
veloping ATLL has never been investigated. We therefore in-
vestigated whether patients with HAM/TSP display genetic
characteristics that are commonly seen in patients with ATLL
such as the recently reported somatic mutations (17). For this,
we have taken full advantage of the Japanese nationwide HAM/
TSP patient registry (HAM-net) (18). To our surprise, we ob-
served that ATLL was the major cause of death among HAM/
TSP patients. We also saw two patients with HAM/TSP who later
on developed ATLL during the course of our study, in which we
were able to track the clonal expansion and somatic mutations
before and after they developed ATLL. With prospective and
longitudinal data, this cohort study presents valuable evidence on
the mortality of patients with HAM/TSP. The current study also
prompted us to realize the importance of establishing a meth-
odology to identify patients with HAM/TSP who are at an in-
creased risk of developing ATLL, so that we could ultimately
devise a preventative strategy for those at risk.

Methods
Study Design and Participants.We designed a prospective study to determine
the mortality, prevalence, and incidence of ATLL in patients with HAM/TSP.
These variables were calculated using our nationwide HAM-net (18) (https://
www.umin.ac.jp/ctr/index.htm; UMIN000028400). This nationwide registry
recruits HAM/TSP patients throughout Japan. After diagnostic documents
were confirmed centrally, the study coordinator contacted the patients an-
nually. Patient data collected between April 2012 and March 2018 were
analyzed. At the time of data analysis, the registry included 527 patients
diagnosed with HAM/TSP throughout Japan. To identify HAM/TSP patients
at a high risk of developing ATLL, a separate cohort of 218 patients with
HAM/TSP consented to peripheral blood sample testing, which was used for
flow cytometry, Southern blotting, and genomic analysis. The study

protocols were approved by the St. Marianna University School of Medicine
Institutional Review Board (#2044 and #1646). All patients provided written
informed consent.

Outcomes. SI Appendix, Fig. S1 shows the number of patients included in
each analysis (SI Appendix, Fig. S1). The standardized mortality ratio (SMR)
was calculated using data from 487 patients with confirmed follow-up. The
2015 Japanese National Population Census was used as the standardized
population for SMR calculation. ATLL prevalence was determined from 527
patients with HAM/TSP. ATLL incidence was determined from 479 patients
with HAM/TSP who had confirmed follow-ups, excluding eight patients who
were diagnosed with ATLL prior to study enrollment. ATLL incidence rates
were calculated by dividing the number of patients newly diagnosed with
ATLL by the observation period.

PVL, Flow Cytometry, and Southern Blotting. Peripheral blood mononuclear
cells (PBMCs) separated by Ficoll-based density gradient centrifugation was
used to measure the PVL and for flow-cytometric analyses. The separated
PBMCs were frozen in cryopreserving fluid and stored in liquid nitrogen
until analysis. PBMC PVL was measured using previously reported methods
(19) and compensated using standard reference material (20).

Flow cytometry analysis was performed using previously reportedmethods
(21) to detect the expression levels of cell adhesion molecule 1 (CADM1) and
CD7 in CD3+CD4+ cells from 218 patients with HAM/TSP who had not de-
veloped ATLL. Certain expression patterns of CADM1, a marker for HTLV-
1–infected cells, and CD7 have been suggested to reflect HTLV-1–infected
cells progressing to ATLL cells (22, 23). For example, CADM1+CD7neg cells
have been reported to be enriched with clonally expanded cells and ab-
normal lymphocytes (ATLL cells) (23). We hypothesized from previous studies
that patients with flow cytometry analysis demonstrating more than 25% of
CD4+ cells to be positive for CADM1 with more than 50% of CADM1+ cells
being negative for CD7 (CADM1+CD7dim < CADM1+CD7neg; CADM1+CD7neg

dominant pattern) could be at an increased risk for progression to ATLL
(22, 23).

As Firouzi et al. (15) reported, HTLV-1 carriers who progressed to ATLL
exhibited monoclonal expansion, which highlights the importance of clon-
ality of HTLV-1–infected T cells as a risk indicator for ATLL development. To
examine the clonal expansion of HTLV-1–infected cells, we performed
Southern blot analysis of PBMCs as reported previously (24).

Genomic Analysis. First, PBMCs from 21 HAM/TSP patients including longi-
tudinal samples from two patients with HAM/TSP pre- and post-ATLL pro-
gression were sorted into HTLV-1–infected (CD4+CADM1+) or HTLV-1
noninfected (CD4+CADM1−) enriched cells by fluorescence-activated cell
sorting using ARIA III (BD Biosciences). Then, targeted DNA sequencing of
both cell populations was performed to detect single-nucleotide variants
(SNVs). Target capture was conducted using the SureSelect Target Enrich-
ment System (Agilent Technologies). The sequence data were obtained us-
ing an HiSeq2500 sequencer (Illumina) with 100-bp paired-end reads. SI
Appendix, Table S1 lists the 240 target genes, which include 50 genes that
were previously reported to be frequently associated with ATLL (17) as well
as 190 genes frequently mutated in hematologic and solid malignancies as
deposited in the COSMIC database (25) and differentially expressed in ATLL
based on expression array dataset GSE33615 (SI Appendix, Table S1) (26).
The sequenced data were aligned to the human reference genome hg38 by
BWA (version 0.7.15) software. The PCR duplicates were removed using
Picard (version 2.92) and SAMtools (version 1.2) software (27). The somatic
mutation candidates were called using MuTect2 from GATK (version 4.0.12)
software (28) and annotated with ANNOVAR (29). Candidate mutations with
1) ≥5 variant reads in tumor samples, 2) a VAF in tumor samples ≥0.01, 3)
read depth ≥200, and 4) tumor variant/normal variant ratio ≥2, were
adopted and further filtered by excluding synonymous SNVs.

Table 1. Standardized mortality rate of patients from the HAM-net registry (n = 487)

No. of patients No. of deaths
Observation

period, person-y CMR
Expected no. of deaths
in standard population SMR

Total 487 33 1,881.5 17.54 14.69 2.25 (1.57–3.20*)
Male 123 14 467.3 29.96 6.67 2.10 (1.19–3.61*)
Female 364 19 1,414.2 13.44 8.01 2.37 (1.47–3.78*)

CMR, crude mortality rate; SMR, standardized mortality ratio.
*95% CI.
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The clonality analysis of HTLV-1–infected T cells was also performed by
high-throughput sequencing based mapping of proviral integration sites
(15). To designate the virus integration site, the sequences spanning the viral
and human genomes were identified and their junction points were
extracted by as the soft-clipped read using the perl script and then validated
by using Blastn, version 2.6.0+.

Statistical Analysis. Using Fisher’s exact and Mann–Whitney U tests, we
compared the characteristics of patients with and without ATLL develop-
ment. Patients who were lost to follow-up were censored at the time of last
contact. Statistical analysis was performed with IBM SPSS Statistics (version
22) (IBM) and R (version 3.4.2) software (Free Software Foundation). Statis-
tical tests were two-sided, with a type I error set at an α of 0.05.

Data and Materials Availability. The sequencing data reported in this
paper have been deposited in the National Bioscience Database Center
(NBDC) Human Database, https://humandbs.biosciencedbc.jp/ (accession no.
JGAS00000000226).

Results and Discussion
Given the rarity of HAM/TSP, conducting large-scale pro-
spective observational studies on this disease has been very
challenging. Thus, reliable estimates of mortality and ATLL
transformation rates in patients with HAM/TSP and the effect of
ATLL on HAM/TSP prognosis have not been previously de-
scribed. In this study, during the 5-y follow-up period, the HAM-
net detected 33 deaths. The median age at death was 72.0 y
(men, 72.5; women, 69.0). The SMR of HAM/TSP patients was
2.25 (95% CI, 1.57 to 3.20), reflecting the poor prognosis of
HAM/TSP patients compared with that of the age-matched
general population (Table 1). Based on the metaanalysis by
Manouchehrinia et al. (30), the SMR for multiple sclerosis, a
similarly debilitating but a neurological disorder perhaps better
known than HAM/TSP, was 2.80 (95% CI, 2.74 to 2.87), which
was much the same to the SMR of HAM/TSP. Of note, the poor
prognosis of patients with HAM/TSP has been reported from
Brazil as well (31).
Of the 33 deaths during the study period, the causes of death

were ATLL (five cases) followed by pneumonia, aspiration
pneumonitis, and heart failure, which were reported to be four
cases each (SI Appendix, Table S2). To our surprise, ATLL was
numerically the most common cause of death in patients with
HAM/TSP in our study, and the numbers were comparable to
much more commonly seen complications/comorbidities, such as
pneumonia, aspiration pneumonitis, and heart failure. This
finding highlights the major impact of ATLL on the prognosis of
patients with HAM/TSP, as survival is projected to be ∼8 to 10
mo with aggressive ATLL (9).
Since the significant impact of ATLL on HAM/TSP prognosis

was demonstrated, determining the prevalence and incidence of

ATLL transformation in patients with HAM/TSP would be a
crucial step in understanding this disease. SI Appendix, Table S3
shows the baseline characteristics of HAM/TSP patients from
the HAM-net (SI Appendix, Table S3). The prevalence of ATLL
in HAM/TSP patients was ∼3.0% (16/527). Between patients
with and without ATLL development, there were no significant
differences in the median age at enrollment or median age of
HAM/TSP onset, median years from symptoms to diagnosis,
duration of disease, motor dysfunction measured by the Osame
Motor Disability Score (SI Appendix, Table S3), and prior steroid
treatment (Table 2). During the prospective 5-y observation
period, seven patients were newly diagnosed with ATLL (aver-
aged age of diagnosis was 64.6), suggesting an ATLL incidence in
HAM/TSP patients of around 3.81 per 1000 person-y (Table 3).
The incidence of aggressive ATLL (four acute and two lym-
phoma subtype) in HAM/TSP patients was calculated as 3.26 per
1,000 person-y. The mean survival time for the seven patients
diagnosed with ATLL was 1.19 y, with the indolent type at 3.84 y
and the aggressive type at 0.74 y. Although direct comparisons
have certain limitations, the incidence of aggressive ATLL in
HTLV-1 carriers is around 0.6 to 1.3 per 1,000 person-y (32),
which suggests that the ATLL incidence in patients with HAM/
TSP observed in this study is rather high. At least in Japan, this
study suggests that patients with HAM/TSP are at increased risk
for developing ATLL, and therefore, careful and longitudinal
surveillance would be recommended in these patients. It would
be of utmost importance to evaluate for the potential concurrent
diagnosis of ATLL as patients with HAM/TSP are often offered
immunosuppressive therapy such as steroids, which may delay
true therapy for ATLL. While this prospective large-scale cohort
study is limited to data essentially originating from Japan, there
are, however, reports of ATLL diagnosis in patients with HAM/
TSP from around the world, including three concurrent diagnosis
of ATLL from 63 patients with HAM/TSP reported from the
United States (11), one ATLL transformation from 48 patients
with HAM/TSP reported from United Kingdom (12), and a re-
port of concurrent ATLL diagnosis in a patient with HAM/TSP
from Brazil (13). Therefore, it would be critical to determine the
risks of ATLL transformation in patients with HAM/TSP in
other countries and areas around the world outside of Japan as
well, and we believe that multicenter analysis of HAM/TSP pa-
tient cohorts of different ethnic and genetic diversities needs to
be conducted.
We have revealed that the development of ATLL plays an

important role in determining the prognosis of patients with
HAM/TSP. The survival outcomes of those with aggressive
ATLL remain dismal (9). This was also demonstrated by our
cohort of HAM/TSP patients who subsequently developed
ATLL. We therefore hypothesized that by identifying HAM/TSP
patients who are at an increased risk for developing ATLL ahead
of time, we may be able to offer preventive therapy that may
ultimately improve survival outcomes in these patients prior to
the actual onset of ATLL. In HTLV-1 carriers, risk factors for
ATLL development include family history, high HTLV-1 PVL
levels (14), and clonal expansion of HTLV-1–infected T cells
(15). There is limited evidence for the identification of patients

Table 2. Use of oral steroids prior to ATLL progression in HAM/
TSP patients (n = 527)

ATLL
progression

No. of
patients (%)

Use of oral steroids prior to
ATLL

TotalYes No Unknown

No n 350 148 13 511
% 68.5% 29.0% 2.5% 100.0%

Yes n 8 7 1 16
% 50.0% 43.8% 6.3% 100.0%

Total n 360 154 13 527
% 68.3% 29.2% 2.5% 100.0%

For patients who developed ATLL, data on steroid use prior to ATLL were
recorded. For patients who did not develop ATLL during the observation
period, data on steroid use data prior to study enrollment were recorded.
Fisher’s exact test, P = 0.1425.

Table 3. ATLL incidence and incidence rates in HAM/TSP
patients (n = 479)

Male Female Total

No. at risk 121 358 479
Average observation period, y 3.77 3.87 3.84
Median observation period, y 4.90 4.93 4.93
Observation, person-y 455.6 1,383.8 1,839.5
ATLL incidence during observation 3 4 7
ATLL incidence rates, 1,000 person-y 6.58 2.89 3.81

Nagasaka et al. PNAS | May 26, 2020 | vol. 117 | no. 21 | 11687

M
IC
RO

BI
O
LO

G
Y

https://humandbs.biosciencedbc.jp/
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920346117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920346117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920346117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920346117/-/DCSupplemental


with HAM/TSP who are at high risk for developing ATLL. We
hypothesized that the increased incidence of ATLL in patients
with HAM/TSP could be related to the emergence of an HTLV-
1–infected cell population that is more prone to leukemogenesis.
Recently, flow cytometry analysis has captured attention as a
unique method to detect the emergence of such HTLV-
1–infected cell population thought to be at increased risk for
leukomogenesis (22, 23, 33). To evaluate the risk of ATLL
transformation in HAM/TSP patients without concurrent di-
agnosis of ATLL, we performed flow cytometry analysis of
PBMC samples from a separate cohort of 218 HAM/TSP pa-
tients. Out of the 218 patients, 37 patients (17%) had more than
25% of CD4+ cells positive for CADM1 (Table 4), reflecting the

high prevalence of HTLV-1–infected cells in the HAM/TSP
population as reported previously (16). In our analysis, 7 of the
37 cases had increased numbers of CADM1+CD7neg cells
(CADM1+CD7neg dominant pattern) (Table 4). Fig. 1 shows the
various patterns from flow cytometry analysis. HAM/TSP pa-
tients typically presented CADM1+ cells with CD7dim > CD7neg

without clonal bands on Southern blotting (Fig. 1A). Data from a
HAM/TSP patient with clonal bands who developed ATLL 13
mo later are shown in Fig. 1B. Fig. 1C presents data from a HAM/
TSP patient who has CADM1+ cells with CD7dim > CD7neg

pattern and is positive for clonal bands. Fig. 1D shows the flow
cytometry pattern of the patient from Fig. 1C at the time of
ATLL development, which was collected at 28 mo from
the time point of Fig. 1C. Upon ATLL development, the flow
cytometry pattern changed to CADM1+CD7neg dominant pattern
(Fig. 1D).
Next, we analyzed the clonal expansion of HTLV-1–infected

T cells in HAM/TSP patients. Of the 37 patients with HAM/TSP
who had more than 25% of CD4+ cells positive for CADM1, 27
had enough samples for further Southern blotting analysis. Of
these patients, nine had the clonal band of HTLV-1 (Table 5).
Six out of seven (85.7%) cases with the CADM1+CD7neg dom-
inant pattern had a clonal band consistent with findings from
Kobayashi et al. (23). Interestingly, clonal expansion of HTLV-
1–infected cells on Southern blotting was still observed with the
alternate pattern of increased CADM1+CD7dim cells; however,
the rates were lower (3/20). Importantly, one (HAM#25) out of

Fig. 1. Representative expression patterns of CADM1/CD7 and Southern blot analysis in patients with HAM/TSP. Each Left panel shows a representative flow
cytometric plot of CADM1 and CD7 expression in CD4+ T cells among PBMCs. Each Right panel shows a Southern blot analysis using the HTLV-1 probe. Patients
with HAM/TSP tend to have the flow cytometry pattern (CADM1+CD7dim > CADM1+CD7neg) shown in Awith a smear Southern blot pattern. B and C represent
patients with HAM/TSP at a potential risk for ATLL who have a positive clonal band. D shows the flow-cytometric pattern of the patient in C who developed
ATLL after 2 y and 4 mo. The arrows point to the major clone. E, EcoRI digestion; F, flanking band; P, PstI digestion; S, smear. (A) HAM/TSP, (B and C) HAM/TSP
at potential risk for ATLL, and (D) both HAM/TSP and ATLL.

Table 4. Flow cytometry analysis results for samples from
patients with HAM/TSP (n = 218)

Flow cytometry analysis

No. of patient
samples Percentage, %

No. of patients with HAM/TSP 218 100
CADM1+ ≥ 25% 37 17

CADM1+CD7dim > CADM1+CD7neg 30 13.8
CADM1+CD7dim < CADM1+CD7neg 7 3.2

11688 | www.pnas.org/cgi/doi/10.1073/pnas.1920346117 Nagasaka et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1920346117


these three cases subsequently developed ATLL, and upon
progression, the identical infected clones transformed from
CADM1+ CD7dim to CADM1+ CD7neg (Fig. 1 C and D). These
results suggest that, although CD7 down-regulation may corre-
late with clonal expansion and progression to ATLL, the use of
CD7 as a predictive marker for progression to ATLL has in-
sufficient evidence and patients with increased CD7dim may still
be at risk for ATLL progression. This prompted us to use an
alternative approach to identify more relevant biomarkers of
ATLL transformation. Considering this, we thus utilized the
target capture sequencing to further examine these HTLV-
1–infected cells for somatic mutations. Although ATLL cells
have been shown to accumulate multiple genomic mutations
(17), there is no literature on somatic mutations in the HTLV-
1–infected cells of patients with HAM/TSP and how the accu-
mulation of such mutations may influence ATLL progression
prior to its onset is unclear.
Of the 27 cases (where we had enough samples for Southern

blotting), 21 had enough samples for genomic analysis with tar-
geted deep sequencing for SNV detection. Of these cases, 5 had
the CADM1+ CD7neg dominant pattern and 16 had the alternate
pattern CADM1+CD7dim (CD7dim > CD7neg). Clonally ex-
panded nonsynonymous mutations were identified in 19/21 cases
(Table 5). The mutated genes of these 19 cases are summarized
in SI Appendix, Table S4 (SI Appendix, Table S4). Of these cases,
two subsequently developed acute ATLL; HAM #1 at 13 mo
and HAM #25 at 28 mo following their study enrollment. Both
cases that subsequently developed ATLL had somatic mutations
frequently reported in ATLL such as PLCG1, POT1, TET2, and

GATA3 at high VAF (variant allele frequency) levels, suggesting
that having these “high-risk” somatic mutations previously
reported in ATLL (17) prior to the actual ATLL onset may play
a role in ATLL progression. Importantly, these high-risk muta-
tions were also seen in HAM/TSP cases who had not developed
ATLL (HAM#2, FAS, CCR4; HAM#3, POT1; HAM#6,
CCR4, PTPRC, GATA3; HAM#7, EP300, CARD11, PLCG1;
HAM#11, CBLB, RELA; HAM#12, SETD2; HAM#15,
TNFAIP3; HAM#17, EP300; HAM#18, HLA-B; HAM#20,
SETD2; HAM#23, HLA-4; HAM#26, IRF2BP2; and HAM#27,
GATA3, VAV1 and PRKCB). Most had low VAF levels with the
exception of HAM#26 and HAM#27 (SI Appendix, Table S4).
These two patients had high VAF levels with dominant clones as
shown in Fig. 2 and should be monitored for progression to ATLL
with extra caution.
Investigating further the function of genes that were found to

be mutated may also be crucial in understanding the pathogen-
esis of ATLL. MRPL37 and GPR39, the top two somatic muta-
tions found in HAM#18, were both protein-coding genes. While
MRPL37 is involved in mitochondrial translation, organelle
biogenesis, and maintenance, related pathways for GPR39 include
peptide ligand-binding receptors and signaling by G-protein–coupled
receptors. KPRP, FAT1, and RECQL4, the top three somatic
mutations found in HAM#26, were also all protein-coding genes.
KPRP encodes a proline-rich skin protein possibly involved in
keratinocyte differentiation. FAT1 encodes a tumor suppressor
essential for controlling cell proliferation during Drosophila
development. The protein encoded by RECQL4 is a DNA heli-
case that belongs to the RecQ helicase family, and thus RECQL4

Table 5. PVL, Southern blotting, next-generation sequencing, and mutation target sequencing results in HAM/TSP patients with more
than 25% of CD4+ cells positive for CADM1 (n = 27)

HAM ID no. PVL in PBMC

% in CD4+
Monoclonal band
by Southern blot

% of major
clone by NGS

Mutation by
target sequenceCADM1+ CADM1+CD7dim CADM1+CD7neg

CD7dim < CD7neg

HAM1 3.89 63.90 5.04 58.86 + 41.26% +
HAM2 2.31 27.13 12.81 14.32 — 2.25% +
HAM3 12.93 67.28 33.97 33.31 + 10.70% +
HAM4 14.79 43.82 9.29 34.53 + NT NT
HAM5 10.26 36.16 12.6 23.56 + NT NT
HAM6 12.78 35.40 13.32 22.08 + 10.52% +
HAM7 21.57 42.92 20.04 22.88 + 9.92% +

CD7dim > CD7neg

HAM8 25.50 33.99 26.71 7.28 — 1.16% —

HAM9 9.52 39.49 31.68 7.81 — 2.75% +
HAM10 6.11 30.69 23.00 7.69 — 3.44% +
HAM11 10.83 30.22 22.36 7.86 — 4.02% +
HAM12 8.10 26.98 18.51 8.47 — 2.36% +
HAM13 6.78 33.17 21.72 11.45 — NT NT
HAM14 14.41 48.19 26.35 21.84 — 3.56% +
HAM15 12.39 36.79 28.21 8.58 — 2.89% +
HAM16 14.33 42.38 26.52 15.86 — 3.38% +
HAM17 12.44 30.98 24.12 6.86 — 2.89% +
HAM18 9.31 30.46 21.03 9.43 — 3.53% +
HAM19 17.13 38.60 28.52 10.08 — NT NT
HAM20 10.49 30.87 20.42 10.45 — 4.34% +
HAM21 17.54 52.60 37.77 14.83 — NT NT
HAM22 5.80 29.73 26.98 2.75 + NT NT
HAM23 20.26 37.80 28.65 9.15 — 4.04% +
HAM24 13.27 26.75 19.09 7.66 — 2.39% —

HAM25 9.99 34.53 25.19 9.34 + 43.06% +
HAM26 12.70 33.32 21.07 12.25 — 14.56% +
HAM27 22.17 55.65 44.48 11.17 + 72.96% +

NGS, next-generation sequencing; NT, not tested; PVL, proviral load.
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is related to the DNA damage pathway. On the other hand,
HAM#1, who developed ATLL, had high VAF levels of somatic
mutations directly related to the T cell receptor/NF-ҡβ signaling
pathway (PLCG1), while this was not seen in HAM#25, who
also subsequently developed ATLL. While it is possible to
speculate that some patients with high VAF levels of somatic
mutations (17) had not yet developed ATLL as these muta-
tions (i.e., MRPL37 and GPR39 in HAM#18 and KPRP, FAT1,
and RECQL4 in HAM#26) may not directly affect pathways
important to ATLL, further follow-up research would still be
recommended as many of the patients with HAM/TSP ap-
pear to have these somatic mutations related to T cell receptor/
NF-ҡβ signaling pathway (PLCG1, PRKCB, CARD11, VAV1),
transcription factors (IRF4, IKZF2, GATA3), as well as chemo-
kine receptors (CCR4, CCR7) and molecules related to immune
surveillance (HLA-A/B, FAS), although currently at lower VAF
levels.
The genomic alterations pre- and post-ATLL transformation

in the two patients who developed ATLL during follow-up is of
particular interest. The first case (HAM#1), who had the
CADM1+CD7neg dominant (CD7dim < CD7neg) pattern on flow
cytometry analysis, had mutations in GPR39 (48.2%: VAF),
MGAM (46.1%), JPH1 (45.0%), DDR2 (43.3%), and PRICKLE2
(30.2%), as well as two separate mutations that were detected in

PLCG1 (45.0% at chromosome 20 41173750 and 42.1% at
chromosome 20 41137783). Kataoka et al. (17) have previously
described that the PLCG1 mutation was the most common so-
matic mutation observed in 36% of patients with ATLL. In this
case, proviral integration site analysis demonstrated that leuke-
mic cells had dominant clones identical to those detected in
HTLV-1–infected cells prior to ATLL transformation with the
emergence of additional mutations such as KDM6A (1.7%),
IRF2BP2 (1.7%), ACAN (1.7%), and FLT3 (1.4%) being de-
tected at the time of ATLL transformation at lower VAF
(Fig. 2).
The other case (HAM#25), which had the alternate pattern

CADM1+CD7dim (CD7dim > CD7neg) on flow cytometry analy-
sis, had mutations in POT1 (39.7%), DDX3X (25.8%), TET2
(21.9%), GATA3 (1.9% on chromosome 10 8058764 and 1.2%
on chromosome 10 8055844), VAV1 (1.4%), PRPS1L1 (1.5%),
TSC1 (1.7%), and CSNK1A1 (1.0%) (SI Appendix, Table S4).
POT1 is known to be mutated in 10% of patients with ATLL
(17). Along with TP53 and CDKN2A, POT1 is known to be re-
lated to DNA repair and telomere maintenance. In this case,
proviral integration site analysis also demonstrated that leukemic
cells carried dominant clones identical to that detected prior to
transformation (Fig. 2). Furthermore, we identified additional
somatic mutations in CCR7 and deletion in CDKN2A. In-
terestingly, loss of CDKN2A function is associated with poor
prognosis in ATLL (34). Importantly, the percentage of abnor-
mal lymphocytes in the peripheral blood of these two patients
who subsequently developed aggressive ATLL over a short pe-
riod of time was initially less than 5%, which did not meet the
diagnostic criteria for smoldering ATL, but had dominant clonal
expansion with somatic mutations that are known to be associ-
ated with ATLL. The current diagnostic criteria of smoldering
ATLL (which includes pathological evaluation and abnormal
lymphocytes over 5%) may not be sufficient to capture these
patients. Thus, it would be crucial to accumulate further data on
the pathological characterization, including clonality and geno-
mic alterations pre- and post-ATLL transformation samples to
consider these features into account when making the diagnosis
of ATLL.
By targeting and eradicating HTLV-1–infected cells with

clonal expansion prior to the development of deleterious somatic
mutations, we may be able to prevent the onset of ATLL in high-
risk patients. Recently, mogamulizumab, a humanized anti-
CCR4 monoclonal antibody, was shown to significantly reduce
the number of HTLV-1–infected cells and ATLL cells (21, 35).
We also demonstrated the high CCR4 positivity with 93.48
(±5.18)% in HTLV-1–infected cells from the 37 patients who
had more than 25% of CD4+ cells positive for CADM1 (SI
Appendix, Fig. S2). The two cases (HAM#1 and HAM#25, who
subsequently developed ATLL) had relatively high levels of
CCR4 (shown as red dots in SI Appendix, Fig. S2). Further
prospective clinical research should evaluate whether the use of
therapy targeting ATLL prone cells such as anti-CCR4 therapy
can improve the survival outcomes of HAM/TSP and HTLV-1
carriers who are at exceptionally increased risk for developing
ATLL.
This study describes genomic changes occurring in patients

with HAM/TSP at the actual time of their ATLL transformation,
which are findings that, to our knowledge, have never been
reported thus far. Since one of the limitations of our study in-
cludes the fact that the analyses were not performed based on a
single-cell analysis, thereby making it impossible to accurately
determine which mutation combination constructed the actual
major clone, future studies should include single-cell analysis to
overcome this issue. Nevertheless, our study proposes the im-
portance of evaluating patients for high-risk patterns of clonally
expanded HTLV-1–infected cells with ATLL-associated geno-
mic alterations and suggests the emergence of these mutated

Fig. 2. Clonality analysis of HTLV-1–infected cells using next-generation
sequencing. The pie charts show the relative frequency of each integra-
tions site (n = 27). For example, the percentage of the major clone (shown in
blue) found in HAM1 patient was 41.3% and was located on chromosome
16. *For HAM25 post ATLL, the cells for analysis were gated for CADM1-
positive, CD7-negative cells. Chr of MC, chromosomal location of the
major clone.
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dominant clones prior to the actual onset of ATLL. Technically,
the true definition of high-risk patterns that warrant early in-
tervention must be further evaluated in prospective studies uti-
lizing not only pre- and post-genomic samples of patients who
actually transform into ATLL from HTLV-1–infected individ-
uals including HAM/TSP, but also through the long-term follow-
up of those who never develop ATLL. In order to determine an
accurate cutoff value of the “high” vs. “low” risk, many more
sample numbers as well as longer follow-up time are required.
In summary, we report here the mortality, prevalence, and

incidence of ATLL in patients with HAM/TSP from prospective
cohorts. It would be critical to determine the risks of ATLL
transformation in patients with HAM/TSP in other countries and
areas around the world outside of Japan as well, and we believe
that multicenter analysis of HAM/TSP patient cohorts of dif-
ferent ethnic and genetic diversities needs to be conducted.
These studies should not only focus on epidemiology, but also
include evidence on the detection and analysis of high-risk pat-
terns of clonally expanded HTLV-1–infected cells with ATLL-
associated genomic alterations. This will allow for an early

intervention to those patients with high risk of ATLL trans-
formation and will also elucidate the mechanisms leading to
leukemic transformation. To achieve these goals, multicenter,
international, large-scale prospective studies utilizing pre- and
post-ATLL progression samples from HTLV-1 carriers and pa-
tients with HAM/TSP are warranted.
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