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Abstract
Background

Human T-cell lymphotropic virus type 1 (HTLV-1) establishes lifelong infection in CD4 + T lymphocytes
and can cause adult T-cell leukemia/lymphoma (ATLL). The distribution of circulating CD4 + T-cell
differentiation subsets across asymptomatic infection and ATLL, and its relationship with presumed
transmission route, remain incompletely characterized.

Methods

This single-center, cross-sectional study included 117 adults: 80 asymptomatic HTLV-1 carriers,
including 51 with presumed vertical/breastfeeding transmission and 29 with presumed sexual
transmission; 21 patients with ATLL; and 16 healthy controls. Peripheral blood mononuclear cells were
analyzed by multiparameter flow cytometry. Total CD4 + T-cell frequency was measured among viable
CD3 +T cells, while naive, T memory stem cells (TSCM), central memory T cells (TCM), effector memory
T cells (TEM), and terminally differentiated effector T cells (TTE) were defined within viable CD3 + CD4+
T cells using CD45RA, CCR7, and CD95. Group comparisons used Kruskal-Wallis tests followed by
Dunn’s tests with Holm adjustment. False-discovery-rate correction was applied across six outcomes,
and median regression estimated age- and sex-adjusted differences.

Results

Total CD4 + T-cell frequency showed a nominal difference among groups (p = 0.0478) that did not remain
significant after false-discovery-rate correction or covariate adjustment. Patients with ATLL had lower
median naive-cell frequencies than asymptomatic carriers and healthy controls (2.91% vs. 27.95% and
24.40%), lower TCM frequencies (12.30% vs. 25.35% and 31.85%), and higher TEM frequencies (49.80%
vs. 16.15% and 17.80%). All three global comparisons remained significant after false-discovery-rate
correction. After adjustment for age and sex, ATLL remained associated with lower naive-cell
frequencies versus asymptomatic carriers and healthy controls (- 25.00 and - 21.29 percentage points),
lower TCM frequencies (- 12.80 and - 16.97), and higher TEM frequencies (+ 34.40 and + 31.85),
respectively. TSCM showed no significant unadjusted global difference, and TTE did not differ among
groups. No immunophenotypic differences were identified between presumed vertical/breastfeeding
and sexual transmission groups.

Conclusions

ATLL was associated with contraction of the naive and TCM compartments and expansion of TEM cells,
independently of age and sex. This pattern reflected redistribution across differentiation states rather
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than a consistent increase in total CD4 + T cells. Presumed transmission route was not associated with
CD4 + T-cell subset distribution in asymptomatic carriers.

BACKGROUND

CD4 + T lymphocytes comprise phenotypically and functionally heterogeneous populations that
coordinate adaptive immune responses, support the activation of other immune cells, and contribute to
the establishment and maintenance of immunological memory [1, 2]. Following antigenic stimulation,
naive CD4 + T cells undergo clonal expansion and differentiate into effector and memory populations
with distinct migratory, proliferative, and functional properties [3, 4]. Although the developmental
relationships among these populations remain incompletely resolved, a widely accepted differentiation
framework includes naive T cells, central memory T cells (TCM), effector memory T cells (TEM), and
terminally differentiated effector T cells (TTE), the latter corresponding to a CD45RA-re-expressing
effector phenotype frequently referred to as TEMRA [4-6].

These subsets can be distinguished by combinations of cell-surface markers associated with
differentiation, survival, and tissue-homing capacity [5-7]. TCM cells generally express C-C chemokine
receptor type 7 (CCR7), retain substantial proliferative potential, and preferentially migrate to secondary
lymphoid tissues [2, 8]. In contrast, TEM cells lack CCR7 expression, circulate between peripheral tissues
and blood, and display more immediate effector functions [1, 6, 8]. TTE cells represent a more
differentiated compartment characterized by re-expression of CD45RA, limited proliferative capacity, and
enhanced effector activity [5, 6, 9]. In addition to these conventional populations, T memory stem cells
(TSCM) constitute a rare and relatively undifferentiated memory subset with long-term self-renewal,
multipotency, and high proliferative capacity [10—12]. Phenotypically, TSCM cells share CD45RA and
CCR7 expression with naive cells but can be distinguished by the expression of CD95 and other memory-
associated markers [10, 11].

The longevity and self-renewal capacity of TSCM cells have generated particular interest in chronic viral
infections and malignancies because these cells may contribute to the maintenance of long-lived
infected or transformed cellular compartments [11, 13]. In human T-cell lymphotropic virus type 1 (HTLV-
1) infection, previous evidence indicates that infected clones may be distributed across the TSCM, TCM,
and TEM compartments [13]. TSCM cells have also been proposed to occupy an early position within the
cellular hierarchy of adult T-cell leukemia/lymphoma (ATLL), although their precise contribution to viral
persistence, clonal evolution, and leukemic transformation remains under investigation [13, 14].

HTLV-1 was the first human retrovirus associated with malignancy and remains an important cause of
chronic infection and severe disease worldwide [14-16]. An estimated 5-10 million people are infected,
although the true burden is likely underestimated because population-based surveillance and routine
screening remain limited in many endemic regions [16, 17]. Transmission occurs primarily through
prolonged breastfeeding, sexual contact, exposure to infected blood components, and the sharing of
contaminated needles [16, 18]. Brazil carries a substantial burden of infection, with marked geographic
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heterogeneity and persistent challenges related to underdiagnosis, limited awareness, insufficient
screening, and restricted access to specialized care [19, 20].

The virus preferentially infects CD4 + T lymphocytes, in which the provirus integrates into the host
genome and persists predominantly through the proliferation of infected cellular clones rather than
through continuous production of cell-free viral particles [14, 17]. Viral regulatory proteins, particularly
Tax and HTLV-1 basic leucine zipper factor (HBZ), dysregulate pathways involved in cellular proliferation,
survival, genomic stability, immune evasion, and resistance to apoptosis [14, 21]. Over time, persistent
clonal expansion and the accumulation of genetic and epigenetic alterations may promote malignant
transformation and the development of ATLL [14, 22, 23].

Most infected individuals remain asymptomatic throughout life; however, approximately 2—-5% develop
ATLL after a prolonged latency period [14, 24]. ATLL is a mature T-cell neoplasm characterized by the
clonal proliferation of infected lymphocytes and substantial clinical, pathological, and molecular
heterogeneity [23, 24]. According to the Shimoyama classification, ATLL is categorized into acute,
lymphoma, chronic, and smoldering subtypes, which differ markedly in clinical presentation, laboratory
abnormalities, therapeutic approach, and prognosis [24, 25]. Despite advances in understanding the
molecular evolution of the disease, the redistribution of circulating CD4 + T-cell differentiation subsets
across asymptomatic infection and established malignancy remains incompletely characterized [13, 17,
23].

The route and timing of viral acquisition may influence the duration of infection and the subsequent risk
of HTLV-1-associated disease. Infection acquired during infancy, particularly through breastfeeding, has
traditionally been associated with a greater lifetime risk of ATLL, whereas sexual acquisition generally
occurs later in life [14, 17, 24, 26]. Nevertheless, it remains uncertain whether the presumed transmission
route is associated with measurable differences in the distribution of circulating CD4 + T-cell subsets.
Comparative immunophenotypic evidence addressing this question remains particularly limited in both
HTLV-1 and ATLL populations.

Therefore, this study aimed to characterize and compare circulating naive, TSCM, TCM, TEM, and TTE
CD4 + T-cell subsets among asymptomatic carriers, patients with ATLL, and healthy controls. As a
secondary objective, we investigated whether the distribution of these subsets differed between
asymptomatic carriers with presumed vertical/breastfeeding transmission and those with presumed
sexual transmission.

METHODS
Study design and setting

This analytical, single-center, cross-sectional observational study was conducted at the HTLV-1
Outpatient Clinic of the Division of Hematology, Hemotherapy and Cell Therapy, Hospital das Clinicas da
Faculdade de Medicina da Universidade de Sao Paulo (HCFMUSP), Sdo Paulo, Brazil.
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The source population comprised adults with confirmed HTLV-1 infection who were followed at the
institutional outpatient clinic, including asymptomatic carriers and patients with ATLL. Healthy controls
were recruited among platelet apheresis donors at Fundagao Pré-Sangue Hemocentro de Sao Paulo, Sao
Paulo, Brazil.

Peripheral blood samples were collected between February 2023 and December 2025. The final
analytical cohort included 117 participants: 80 asymptomatic carriers, 21 patients with ATLL, and 16
healthy controls. Among the asymptomatic carriers, 51 were classified as having presumed
vertical/breastfeeding transmission and 29 as having presumed sexual transmission.

The study was reported in accordance with the Strengthening the Reporting of Observational Studies in
Epidemiology guidelines for cross-sectional studies [27]. The study design and analytical workflow are
summarized in Fig. 1.

Study population and eligibility criteria

Eligible participants were adults aged 18 years or older who provided written informed consent and had
sufficient biological material available for flow-cytometric analysis. HTLV-1 infection was confirmed by
two independent positive polymerase chain reaction results obtained from samples collected at different
time points before study enrollment. Molecular confirmation was performed at the Laboratory of Medical
Investigation in Dermatology and Immunodeficiencies (LIM-56), Instituto de Medicina Tropical,
Faculdade de Medicina, Universidade de S&o Paulo.

Asymptomatic carriers were defined as participants with confirmed infection who had no clinical,
morphological, histopathological, orimmunophenotypic evidence of ATLL or another HTLV-1-associated
disease at enrollment. These participants showed no evidence of an abnormal or monoclonal mature T-
cell expansion during the institutional diagnostic assessment.

The clinical and laboratory assessment used to establish asymptomatic-carrier status was performed
independently of the experimental flow-cytometry analysis conducted in this study. Accordingly, the
frequencies of total CD4 + T cells and differentiation subsets investigated as study outcomes were not
used to determine eligibility or assign participants to the asymptomatic-carrier group.

For asymptomatic carriers, additional eligibility required sufficient information to classify the presumed
route of infection according to the predefined study algorithm. Exclusion criteria comprised inability to
classify the presumed transmission route, concomitant acute or chronic infection, malignant neoplasms
other than non-melanoma skin cancer, primary cutaneous aggressive epidermotropic CD8 + cytotoxic T-
cell ymphoma, and a history of intravenous drug use involving shared needles.

The final sample size reflected the number of eligible participants with available biological samples who
fulfilled the clinical and laboratory criteria during the study period. No participant was excluded from the
primary analyses because of missing immunophenotypic measurements.
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Classification of presumed HTLV-1 transmission route

The presumed route of HTLV-1 acquisition was classified using a predefined clinical and epidemiological
algorithm based on maternal anti-HTLV-1/2 serological status, the serological status of current or
previous sexual partners, previous exposure to blood-component transfusion, and history of intravenous
drug use involving shared needles.

Because the route of infection was not confirmed by phylogenetic analysis or direct molecular linkage
between the presumed source and the participant, all categories were designated as presumed
transmission routes.

Participants were classified as having presumed vertical/breastfeeding transmission when all the
following criteria were fulfilled:

1. positive maternal anti-HTLV-1/2 serology;

2. negative anti-HTLV-1/2 serology in current and previous sexual partners for whom information was
available;

3. no history of transfusion of blood components before November 1993, when anti-HTLV-1/2
screening became mandatory in Brazilian blood banks under Ordinance No. 1376/1993 of the
Brazilian Ministry of Health; and

4. no history of intravenous drug use involving shared needles.

Participants were classified as having presumed sexual transmission when all the following criteria were
met:

1. negative maternal anti-HTLV-1/2 serology;

2. positive anti-HTLV-1/2 serology in a current or previous sexual partner,;

3. no history of transfusion of blood components before November 1993; and
4. no history of intravenous drug use involving shared needles.

No participant included in the final analytical cohort was classified as having presumed transfusion-
associated infection. Asymptomatic carriers who did not meet all criteria for either presumed
vertical/breastfeeding or presumed sexual transmission were not eligible for the transmission-route
analysis.

Diagnosis and clinical classification of ATLL

ATLL diagnosis was established through an integrated clinicopathological assessment in accordance
with the 2017 World Health Organization classification [28]. The diagnostic evaluation included clinical
presentation, hematological findings, peripheral-blood cytomorphology, flow-cytometric identification of
an abnormal or clonal mature T-cell population, molecular assessment of T-cell receptor clonality when
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indicated, and histopathological examination of involved tissues in patients with nodal or extranodal
disease.

In patients with peripheral-blood involvement, the institutional diagnostic assessment included
identification of an abnormal mature T-cell population, typically expressing CD3, CD4, and CD25. T-cell
clonality was evaluated, when required, by multiplex polymerase chain reaction amplification of the T-cell
receptor gamma gene.

In patients presenting predominantly with lymphadenopathy or extranodal disease, diagnosis was
supported by histopathological and immunophenotypic examination of tissue-biopsy specimens
compatible with a mature T-cell neoplasm in the context of confirmed HTLV-1 infection.

ATLL cases were classified according to the Shimoyama criteria as acute, lymphoma, chronic, or
smoldering. For secondary clinical and laboratory comparisons, acute and lymphoma subtypes were
grouped as aggressive ATLL, whereas chronic and smoldering subtypes were grouped as indolent ATLL
[25].

The experimental characterization of circulating CD4 + T-cell differentiation subsets performed in this
study was not used as an isolated criterion to establish ATLL diagnosis or assign clinical subtype.

Healthy control group

Healthy controls were recruited among individuals undergoing their first or second platelet apheresis
donation at Fundagao Pr6-Sangue Hemocentro de Sao Paulo.

All controls fulfilled the clinical, hematological, and serological eligibility requirements for blood donation
established by applicable regulations and institutional procedures. Routine donor screening included
negative serological testing for HTLV-1/2.

Restriction to individuals with limited prior exposure to platelet apheresis was intended to minimize the
potential influence of repeated procedures on circulating lymphocyte populations, particularly CD4 + T-
cell frequencies [29].

Controls had no known history of HTLV-1 infection, hematological malignancy, active infection, or any
clinical condition that would preclude blood donation.

Clinical and laboratory data collection

Demographic, clinical, and laboratory data were extracted from institutional electronic medical records
by authorized members of the research team and entered into a study-specific Research Electronic Data
Capture database hosted at HCFMUSP [30]. Each participant was assigned a unique coded identifier,
and direct personal identifiers were not included in the analytical dataset.

Page 8/41



Variables collected included age, sex, presumed HTLV-1 transmission route, ATLL subtype, absolute
lymphocyte count, lactate dehydrogenase, albumin, total calcium, uric acid, beta-2 microglobulin, alkaline
phosphatase, and urea. For participants with serum albumin concentrations below 3.5 g/dL, total
calcium was corrected for albumin according to the institutional laboratory procedure.

Laboratory measurements corresponded to the results obtained closest to the date of peripheral blood
collection for immunophenotypic analysis. When more than one result was available, the measurement
nearest to the collection date was selected.

Missing laboratory data were not imputed. Participants without an available result for a specific variable
were excluded only from the corresponding analysis and remained eligible for all other analyses for
which data were available.

Peripheral blood collection and mononuclear cell isolation

For asymptomatic carriers and patients with ATLL, up to 50 mL of peripheral blood was collected into
tubes containing ethylenediaminetetraacetic acid as anticoagulant. For healthy controls, leukoreduction
filters were obtained immediately after platelet apheresis, and retained leukocytes were recovered using
the standardized institutional procedure before mononuclear cell isolation.

Peripheral blood mononuclear cells were isolated by density-gradient centrifugation using Ficoll-Paque
PLUS, according to the manufacturer’s instructions. After centrifugation, the mononuclear cell layer was
collected and washed to remove residual platelets, plasma proteins, and Ficoll.

Cell viability was assessed by Trypan Blue exclusion using 0.4% Trypan Blue solution, a Neubauer
hemocytometer, and optical microscopy. Following isolation, lymphocyte concentration was measured
using a Sysmex XN-550 automated hematology analyzer in CBC + DIFF mode.

Flow-cytometry staining panel

For each sample, approximately 15 x 106 viable lymphocytes were used for flow-cytometric staining.
Cells were incubated with a multiparameter monoclonal-antibody panel comprising anti-CD45RA
conjugated to allophycocyanin, clone HI100; anti-CCR7 conjugated to ECD, clone 2-L1-A; anti-CD95
conjugated to BB515, clone DX2; anti-CD4 conjugated to PE-Cy7, clone SK3; and anti-CD3 conjugated to
BB700, clone SK7. All monoclonal antibodies were obtained from BD Biosciences. Fixable Viability Stain
780, detected in the APC-H7 channel, was used to exclude non-viable cells and was also obtained from
BD Biosciences.

All antibodies were titrated before study initiation and used at their experimentally determined optimal
concentrations. Cells were incubated with the antibody cocktail for 20 min at room temperature,
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protected from light. After staining, cells were washed and resuspended in phosphate-buffered saline
containing 2 mmol/L ethylenediaminetetraacetic acid and 0.5% human serum albumin.

Samples were acquired using a BD FACSAria Fusion flow cytometer and analyzed with FlowJo software
version 10.10.0.

Fluorescence controls

Unstained and fluorescence-minus-one controls were used to define the boundaries between negative
and positive populations and to assess potential fluorescence spillover affecting the principal
differentiation markers [31].

Separate fluorescence-minus-one controls were prepared for CD45RA, CCR7, and CD95 by staining cells
with the complete antibody panel except for the antibody corresponding to the marker under evaluation.

The fluorescence-minus-one controls were used to support consistent placement of the gates
separating CD45RA-positive and CD45RA-negative, CCR7-positive and CCR7-negative, and CD95-positive
and CD95-negative populations. Representative fluorescence-minus-one controls are shown in Fig. 2.

Flow-cytometry gating strategy

A standardized sequential gating strategy was applied to all samples. Cellular aggregates and doublets
were first excluded using forward-scatter height versus forward-scatter area and side-scatter area versus
side-scatter height parameters. The lymphocyte population was then identified according to forward-
and side-scatter characteristics.

Non-viable cells were excluded using Fixable Viability Stain 780. CD3 + T lymphocytes were identified
within the viable lymphocyte population, and CD4 + T lymphocytes were subsequently identified within
viable CD3 + T cells. Total CD4 + T-cell frequency was expressed as the percentage of viable CD3+ T
cells.

CD4 + T-cell differentiation subsets were identified within the viable CD3 + CD4+ population according to
the expression of CD45RA, CCR7, and CD95 [6, 9, 10, 13, 32]. The operational phenotypic definitions are
summarized in Table 1. Subset frequencies were expressed as percentages of viable CD3 + CD4+ T cells.
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Table 1
Operational phenotypic definitions of circulating CD4 + T-cell subsets

CD4 + T-cell subset Operational phenotype

Naive CD45RA+CCR7 + CD95-
T memory stem cells (TSCM) CD45RA+CCR7 + CD95+
Central memory T cells (TCM) CD45RA-CCR7 + CD95+
Effector memory T cells (TEM) CD45RA-CCR7 - CD95+
Terminally differentiated effector T cells (TTE) CD45RA+CCR7 - CD95+

RESULTS
Study population and data completeness

A total of 117 participants were included in the final analytical cohort: 80 asymptomatic carriers, 21
patients with ATLL, and 16 healthy controls. Among asymptomatic carriers, 51/80 (63.8%) were
classified as having presumed vertical/breastfeeding transmission and 29/80 (36.3%) as having
presumed sexual transmission.

All participants had complete measurements for the six prespecified immunophenotypic outcomes: total
CD4 + T-cell frequency and the frequencies of naive, TSCM, TCM, TEM, and TTE cells. Therefore, all 117
participants were included in the primary unadjusted comparisons and in the age- and sex-adjusted
median regression models.

Clinical and biochemical variables were analyzed using an available-case approach. Depending on the
variable, laboratory measurements were available for 94-98 participants in the overall cohort.
Missingness in variables restricted to patients with ATLL, including clinical subtype and disease
behavior, was structural and did not affect the primary immunophenotypic analyses. No
immunophenotypic value was excluded because of an extreme observation, and no missing value was
imputed.

Among the 21 patients with ATLL, eight had the smoldering subtype (38.1%), seven had acute disease
(33.3%), four had the lymphoma subtype (19.0%), and two had chronic disease (9.5%). Acute and
lymphoma cases were classified as aggressive ATLL (n =11), whereas chronic and smoldering cases
were classified as indolent ATLL (n =10).

At the time of peripheral blood collection, 17 patients (81.0%) were evaluated at diagnosis before
treatment initiation. The remaining four samples were obtained after one cycle of CHOP, after six cycles
of mini-CHOP, after initiation of zidovudine, and during late relapse, respectively.

Demographic and clinical characteristics
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Healthy controls had a median age of 42.5 years (interquartile range [IQR], 36.5-59.5), compared with
50.0 years (IQR, 46.0-56.0) among asymptomatic carriers with presumed sexual transmission, 57.0
years (IQR, 44.0-66.5) among carriers with presumed vertical/breastfeeding transmission, and 57.0
years (IQR, 43.0-68.0) among patients with ATLL. Although healthy controls were descriptively younger
than the HTLV-1-infected groups, the global difference in age did not reach statistical significance
(Kruskal-Wallis p = 0.063).

Women represented 68.8% of healthy controls, 89.7% of carriers with presumed sexual transmission,
82.4% of carriers with presumed vertical/breastfeeding transmission, and 71.4% of patients with ATLL.
Sex distribution did not differ significantly among the four study groups (Fisher’s exact p = 0.232).

Among the 80 asymptomatic carriers, 68 were women (85.0%) and 12 were men (15.0%). The presumed
vertical/breastfeeding transmission group comprised 42 women and nine men, whereas the presumed
sexual transmission group comprised 26 women and three men. Clinical and laboratory characteristics
are described in Table S1.

Among the 21 patients with ATLL, eight had the smoldering subtype (38.1%), seven had acute ATLL
(33.3%), four had the lymphoma subtype (19.0%), and two had chronic ATLL (9.5%). Acute and
lymphoma cases were grouped as aggressive ATLL (n = 11), whereas chronic and smoldering cases
were grouped as indolent ATLL (n =10).

The aggressive ATLL group comprised seven women (63.6%) and four men (36.4%), whereas the
indolent group comprised eight women (80.0%) and two men (20.0%). Median age was 55.0 years (IQR,
43.0-63.5) among patients with aggressive ATLL and 62.0 years (IQR, 53.2-71.0) among those with
indolent ATLL, with no statistically significant difference between groups (p = 0.359).

At the time of peripheral-blood collection, 17 patients with ATLL (81.0%) were evaluated at diagnosis
before treatment initiation. The remaining four samples were obtained after one cycle of CHOP, after six
cycles of mini-CHOP, after initiation of zidovudine, and during late relapse, respectively. The clinical and
laboratory characteristics of patients with aggressive and indolent ATLL are presented in Table 2.
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Table 2

Demographic and laboratory characteristics of patients with aggressive and indolent ATLL

Characteristic

Demographic characteristics
Age, years

Sex, n (%)

Female

Male

Laboratory characteristics

Absolute lymphocyte count,
x103/puL

Lactate dehydrogenase, U/L

Corrected total calcium, mg/dL
Albumin, g/dL

Uric acid, mg/dL

Beta-2 microglobulin, mg/L
Alkaline phosphatase, U/L
Urea, mg/dL

Ag)gressive ATLL (n=
11

55.0 (43.0-63.5)

7 (63.6)
4 (36.4)

3.5(1.3-9.7)
613.0 (488.5-1518.0)

9.9 (9.2-10.9)

3.20 (2.52-3.88)

5.9 (5.4-8.9)

2.8 (2.2-5.4)

146.0 (112.5-300.0)
37.0 (24.5-51.5)

Indolent ATLL (n =

10)

62.0 (53.2-71.0)

8 (80.0)
2 (20.0)

3.0 (1.5-4.2)

204.5 (170.8-
214.3)

9.4 (9.2-9.5)
4.40 (4.30-4.60)
4.8 (3.9-5.4)
1.8 (1.7-2.5)
76.0 (67.3-82.0)
29.5 (27.2-33.8)

Unadjusted p
value

0.359

0.698

<0.001

0.161
0.002
0.052
0.037
0.003
0.324

Asymptomatic HTLV-1 carriers versus healthy controls

No immunophenotypic outcome differed independently between asymptomatic HTLV-1 carriers and

healthy controls.

The adjusted median difference in total CD4 + T-cell frequency was - 2.67 percentage points (95% Cl, -
10.06 to 4.71; p = 0.479; FDR-adjusted p = 0.651).

For the differentiation subsets, the adjusted median differences were + 3.71 percentage points for naive
cells (95% Cl, - 8.20 to 15.61; p = 0.543; FDR-adjusted p = 0.651), + 0.38 percentage points for TSCM
(95% Cl, - 0.2510 1.01; p = 0.237; FDR-adjusted p = 0.651), - 4.17 percentage points for TCM (95% Cl, -
15.40 to 7.07; p = 0.469; FDR-adjusted p = 0.651), - 2.55 percentage points for TEM (95% CI, - 10.75 to
5.64; p = 0.543; FDR-adjusted p =0.651), and - 0.01 percentage points for TTE (95% Cl, - 0.52t0 0.49; p =

0.954; FDR-adjusted p = 0.954).
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All confidence intervals included zero, and none of these comparisons remained statistically significant
after FDR correction.

Integrated interpretation of the adjusted models

The adjusted analyses confirmed that the principal ATLL-associated immunophenotypic pattern was not
explained by differences in age or sex. The most consistent alterations were pronounced contraction of
the naive compartment, lower representation of TCM cells, and marked expansion of TEM cells in
patients with ATLL relative to both asymptomatic carriers and healthy controls.

The absence of adjusted differences in total CD4 + T-cell frequency indicates that the principal
distinction among the clinical groups involved redistribution across differentiation states rather than a
uniform increase in the overall circulating CD4 + compartment. Similarly, the absence of increased TTE
frequencies suggests that the ATLL-associated profile was concentrated predominantly in the TEM
compartment rather than reflecting generalized accumulation across all later stages of differentiation.

The small adjusted reduction in TSCM frequency observed only between patients with ATLL and
asymptomatic carriers should be interpreted cautiously because of its limited absolute magnitude and
the absence of a significant unadjusted global difference. Overall, the convergence between the
unadjusted and adjusted analyses supports a robust ATLL-associated shift from naive and central
memory compartments toward an effector memory—predominant circulating CD4 + T-cell profile.

Presumed HTLV-1 transmission route was not associated
with the circulating immunophenotypic profile

Analyses restricted to the 80 asymptomatic HTLV-1 carriers showed no evidence that presumed HTLV-1
transmission route was independently associated with total CD4 + T-cell frequency or with the
distribution of the five CD4 + T-cell differentiation subsets. Of these participants, 51 were classified as
having presumed vertical/breastfeeding transmission and 29 as having presumed sexual transmission.

In the unadjusted four-group analyses no statistically significant pairwise difference was detected
between carriers with presumed sexual transmission and those with presumed vertical/breastfeeding
transmission for any of the five differentiation subsets. Median naive-cell frequencies were 26.30% (IQR,
13.60-34.80) and 31.60% (IQR, 17.05-39.70), respectively, and the pairwise comparison was not
significant after Holm correction.

Median TSCM frequencies were 1.14% (IQR, 0.53-2.60) among carriers with presumed sexual
transmission and 1.60% (IQR, 0.45-3.48) among those with presumed vertical/breastfeeding
transmission. Median TCM frequencies were 22.40% (IQR, 17.20-34.20) and 25.60% (IQR, 15.40-34.05),
respectively. Neither comparison was statistically significant after Holm adjustment.

Similarly, median TEM frequencies were 17.10% (IQR, 14.00-23.50) in the presumed sexual-transmission
group and 14.80% (IQR, 12.10-23.20) in the presumed vertical/breastfeeding-transmission group.
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Median TTE frequencies were 0.91% (IQR, 0.21-1.29) and 0.44% (IQR, 0.21-1.14), respectively. No
significant pairwise difference was detected for either subset.

The absence of route-associated differences was maintained after adjustment for age and sex. Using
presumed sexual transmission as the reference category, presumed vertical/breastfeeding transmission
was associated with an adjusted median difference of - 3.26 percentage points in total CD4 + T-cell
frequency. The corresponding adjusted median differences were +2.00 percentage points for naive cells,
+0.17 percentage points for TSCM, + 1.29 percentage points for TCM, - 2.30 percentage points for TEM,
and - 0.36 percentage points for TTE.

The 95% confidence intervals for all six adjusted estimates included zero. None of the raw associations
remained statistically significant after correction for multiple testing, and the FDR-adjusted p value was
0.771 for each outcome.

Accordingly, the absence of an association between presumed transmission route and the circulating
CD4 + T-cell profile was consistent across the unadjusted pairwise comparisons, age- and sex-adjusted
median regression models, and effect-size analyses. Within the limitations of the predefined
classification algorithm, asymptomatic carriers with presumed sexual and presumed
vertical/breastfeeding acquisition showed comparable total CD4 + T-cell frequencies and similar
distributions of naive, TSCM, TCM, TEM, and TTE cells.

Aggressive ATLL was associated with an adverse biochemical profile and pronounced contraction of
naive CD4 + T cells

The 21 patients with ATLL were classified according to clinical behavior. Eleven patients had aggressive
ATLL, comprising the acute and lymphoma subtypes, whereas ten had indolent ATLL, comprising the
chronic and smoldering subtypes.

Median age was 55.0 years (IQR, 43.0-63.5) in the aggressive group and 62.0 years (IQR, 53.2-71.0) in
the indolent group (p = 0.359). Women represented 7/11 patients (63.6%) with aggressive ATLL and 8/10
patients (80.0%) with indolent ATLL, whereas men represented 4/11 (36.4%) and 2/10 (20.0%),
respectively. Thus, no marked demographic imbalance was identified between the two groups.

Absolute lymphocyte counts showed considerable dispersion, particularly in aggressive disease. Median
lymphocyte counts were 3.5 x 103/uL (IQR, 1.3-9.7) in aggressive ATLL and 3.0 x 103/pL (IQR, 1.5-4.2)
in indolent ATLL. This difference was not statistically significant in the unadjusted analysis (p = 0.698)
and remained non-significant after correction for multiple comparisons within the clinical and laboratory
family.

Patients with aggressive ATLL had substantially higher lactate dehydrogenase concentrations than
those with indolent disease. Median lactate dehydrogenase was 613.0 U/L (IQR, 488.5-1518.0) in
aggressive ATLL and 204.5 U/L (IQR, 170.8-214.3) in indolent ATLL. The unadjusted difference was
highly significant (p < 0.001) and remained significant after Holm correction (adjusted p = 0.001).
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Serum albumin was lower in patients with aggressive ATLL. Median albumin concentrations were 3.20
g/dL (IQR, 2.52-3.88) in the aggressive group and 4.40 g/dL (IQR, 4.30-4.60) in the indolent group. This
difference was significant before (p = 0.002) and after Holm correction (adjusted p = 0.019).

Alkaline phosphatase was also higher in aggressive ATLL, with median concentrations of 146.0 U/L (IQR,
112.5-300.0), compared with 76.0 U/L (IQR, 67.3-82.0) in indolent ATLL. The difference was statistically
significant in the unadjusted analysis (p = 0.003) and remained significant after Holm correction
(adjusted p =0.024).

Beta-2 microglobulin concentrations were nominally higher in aggressive ATLL. The median was 2.8
mg/L (IQR, 2.2-5.4) in the aggressive group and 1.8 mg/L (IQR, 1.7-2.5) in the indolent group (p =
0.037). However, this association did not remain statistically significant after correction for multiple
comparisons within the clinical and laboratory family.

Median uric acid concentration was 5.9 mg/dL (IQR, 5.4-8.9) in aggressive ATLL and 4.8 mg/dL (IQR,
3.9-5.4) in indolent ATLL. This difference approached, but did not reach, the prespecified threshold for
statistical significance in the unadjusted analysis (p = 0.052) and remained non-significant after
multiplicity correction.

Albumin-corrected total calcium did not differ significantly between the groups. Median corrected
calcium was 9.9 mg/dL (IQR, 9.2-10.9) in aggressive ATLL and 9.4 mg/dL (IQR, 9.2-9.5) in indolent
ATLL (p =0.161). Similarly, median urea concentrations were 37.0 mg/dL (IQR, 24.5-51.5) and 29.5
mg/dL (IQR, 27.2-33.8), respectively (p = 0.324). Neither variable remained significant after Holm
correction. These clinical and laboratory findings are summarized in Table 2.

The exploratory immunophenotypic comparison showed the most pronounced difference in the least
differentiated CD4 + T-cell compartment. Patients with aggressive ATLL had a median naive-cell
frequency of 0.79% (IQR, 0.24-2.08), compared with 22.00% (IQR, 6.11-26.12) among patients with
indolent ATLL. This difference was significant in the unadjusted comparison (p = 0.008) and remained at
the threshold of statistical significance after Holm correction across the six immunophenotypic
outcomes (adjusted p = 0.0496).

In contrast, total CD4 + T-cell frequency and the TSCM, TCM, TEM, and TTE compartments did not differ
significantly between aggressive and indolent ATLL after correction for multiple testing. Therefore, within
the relatively small ATLL subgroup, aggressive disease was characterized predominantly by biochemical
evidence of greater disease activity and tissue involvement, together with a marked contraction of the
circulating naive CD4 + T-cell compartment, Fig. 6A-D.

Correlation analyses connected CD4 + differentiation
states with markers of disease activity

Page 16/41



Correlation analyses were performed to characterize the relationships among circulating CD4 + T-cell
differentiation subsets and between immunophenotypic and laboratory variables. Spearman correlation
coefficients were calculated in the overall cohort and subsequently within the ATLL subgroup. Because a
large number of pairwise associations were examined, statistical significance was evaluated using false-
discovery-rate-adjusted p values.

Correlation structure in the overall cohort

Among the immunophenotypic variables, naive-cell frequency was positively correlated with TSCM
frequency (Spearman’s p = 0.484; FDR-adjusted p < 0.001). Conversely, naive-cell frequency was inversely
correlated with TEM frequency (p = -0.474; FDR-adjusted p < 0.001). These associations were consistent
with coordinated variation between less differentiated and effector-memory compartments.

TSCM frequency was positively correlated with TTE frequency (p = 0.394; FDR-adjusted p < 0.001) and
inversely correlated with TEM frequency (p = -0.313; FDR-adjusted p = 0.006). A weaker positive
association was observed between TEM and TTE frequencies (p = 0.276; FDR-adjusted p = 0.021).
Together, these findings showed that the evaluated differentiation subsets were not statistically
independent and that variation in one compartment was accompanied by changes in other regions of the
operational CD4 + T-cell differentiation continuum.

Among the laboratory variables, beta-2 microglobulin was positively correlated with urea (p = 0.544; FDR-
adjusted p < 0.001), uric acid (p = 0.412; FDR-adjusted p < 0.001), and lactate dehydrogenase (LDH; p =
0.381; FDR-adjusted p = 0.002).

LDH was also associated with the immunophenotypic profile. Higher LDH concentrations were
correlated with lower naive-cell frequencies (p = -0.303; FDR-adjusted p = 0.021) and higher TEM
frequencies (p = 0.283; FDR-adjusted p = 0.035). Thus, increasing biochemical evidence of disease
activity was associated with reduced representation of the naive compartment and greater
representation of effector memory cells in the overall cohort.

Correlation structure within the ATLL subgroup

Several associations were stronger when the analysis was restricted to the 21 patients with ATLL. TEM
and TSCM frequencies were strongly inversely correlated (p = -0.745; FDR-adjusted p = 0.011), indicating
that patients with greater representation of the TEM compartment tended to have lower circulating
TSCM frequencies.

LDH showed a strong inverse correlation with serum albumin (p = -0.709; FDR-adjusted p = 0.020) and
with naive-cell frequency (p = -0.666; FDR-adjusted p = 0.026). In contrast, LDH was positively correlated
with alkaline phosphatase (p = 0.687; FDR-adjusted p = 0.020).

An additional inverse association was observed between TCM and TTE frequencies within the ATLL

subgroup (p = -0.631; FDR-adjusted p = 0.045).
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The convergence between these correlation analyses and the aggressive-versus-indolent comparison
was noteworthy. Clinically aggressive ATLL was characterized by higher LDH, lower albumin, and
markedly lower naive-cell frequency. In the continuous correlation analysis restricted to patients with
ATLL, increasing LDH was likewise associated with decreasing albumin and decreasing naive-cell
frequency.

Nevertheless, these subgroup associations should be interpreted as exploratory because they were
estimated from only 21 patients with ATLL and involved multiple pairwise correlations. They should not
be considered independently validated prognostic relationships. The correlation matrices for the overall
cohort and the ATLL subgroup are presented in Fig. 6E and Fig. 6F, respectively.

DISCUSSION

In this cross-sectional study, we identified a reproducible redistribution of circulating CD4 + T-cell
differentiation subsets associated with established ATLL. The principal pattern consisted of marked
contraction of the naive compartment, reduced representation of TCM cells, and pronounced expansion
of TEM cells. These differences remained evident after correction for multiple testing and adjustment for
age and sex, were supported by large or moderate effect sizes, and were concordant with the correlation
and multivariate analyses. In contrast, the overall frequency of circulating CD4 + T cells showed only a
nominal and non-robust difference, while TSCM and TTE frequencies were comparatively preserved. To
our knowledge, this study provides one of the most comprehensive evaluations of the circulating CD4 +
differentiation continuum across healthy controls, asymptomatic HTLV-1 infection, and clinically
established ATLL, while also examining whether the same profile varies according to the presumed route
of viral acquisition.

The nominally higher total CD4 + T-cell frequency observed in patients with ATLL is biologically plausible
because most leukemic clones display a mature CD4 + phenotype [14, 24, 34]. HTLV-1 persists
predominantly through mitotic expansion of infected cells, and ATLL emerges after the selection and
expansion of clones that have accumulated viral, genetic, epigenetic, and host-cell alterations affecting
proliferation, survival, immune regulation, and genomic stability [14, 23, 34—36]. Nevertheless, the total
CD4 + result should not be regarded as a defining finding of this study. The initial global comparison was
only nominally significant, the effect size was small, and the association did not remain significant after
false-discovery-rate correction or adjustment for age and sex. Moreover, the outcome represented the
relative frequency of CD4 + cells among viable CD3 + T lymphocytes rather than an absolute CD4 + count
or direct measurement of the malignant clone. The observed values may therefore reflect varying
contributions from leukemic cells, non-malignant infected cells, and residual uninfected CD4 + T
lymphocytes. The wide distribution within the ATLL group is also compatible with the substantial
heterogeneity of leukemic and lymphomatous presentations, clinical subtypes, peripheral-blood
involvement, and treatment exposure [24, 34].
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In contrast, contraction of the naive CD4 + compartment was one of the most robust findings. Patients
with ATLL had substantially lower naive-cell frequencies than both asymptomatic carriers and healthy
controls, with large global and pairwise effect sizes. The median frequency in ATLL was approximately
one tenth of that observed in the other groups, and the association remained significant in the adjusted
models. This finding may reflect proportional replacement of the less differentiated compartment by
expanded antigen-experienced or neoplastic populations. Chronic HTLV-1 infection is accompanied by
persistent immune stimulation, proliferation of infected clones, and continuing interactions between viral
products and host-cell signaling pathways [14, 21, 35, 37, 38], all of which may reshape the circulating
CD4 + T-cell pool over time.

The reduction in naive cells may also reflect impairment of immune-compartment maintenance in
clinically established disease. Ageing is associated with thymic involution and progressive loss of naive
T cells [39, 40], and the healthy controls in this study were descriptively younger than the infected
groups. However, the naive-cell difference remained pronounced after adjustment for age and sex,
making demographic variation an insufficient explanation for the observed contraction. Nevertheless,
residual confounding related to immunosenescence, comorbidities, inflammatory burden, or
unmeasured treatment effects cannot be entirely excluded. Age- and sex-matched validation cohorts
and direct assessment of thymic output, including recent thymic emigrant markers or T-cell receptor
excision circles, could help distinguish reduced production from proportional displacement by expanded
differentiated populations [41].

The cross-sectional design also requires caution when interpreting the relationship between naive-cell
loss and disease development. The present findings do not demonstrate that naive cells differentiated
directly into the expanded TEM population, that contraction of the naive compartment preceded
transformation, or that naive-cell depletion contributes causally to leukemogenesis. Rather, they
establish a strong association between established ATLL and lower representation of circulating
phenotypically naive cells. Longitudinal studies beginning in asymptomatic carriers will be required to
determine whether progressive naive-cell contraction accompanies clonal evolution or instead emerges
because of clinically apparent malignancy.

The reciprocal pattern of lower TCM and higher TEM frequencies provided the clearest evidence of
altered differentiation architecture in ATLL. TCM cells retain CCR7 expression, lymphoid-homing
capacity, and substantial proliferative potential, whereas TEM cells lack CCR7 and constitute a more
differentiated circulating compartment capable of rapid effector responses [6, 8, 42]. Patients with ATLL
had lower TCM frequencies than both healthy controls and asymptomatic carriers and markedly higher
TEM frequencies than every comparison group. TEM showed the largest global effect size among all
evaluated subsets and the largest pairwise effects involving ATLL, indicating that this was not merely a
statistically detectable difference but the dominant feature of the circulating phenotype.

The combination of TCM contraction and TEM expansion is compatible with an effector-memory-
predominant profile. Similar changes toward mature TEM phenotypes have been described in clinically
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manifest HTLV-1-associated inflammatory disease, including untreated HTLV-1-associated myelopathy
[37]. Although inflammatory neurological disease and ATLL are biologically distinct, the observations
suggest that clinically manifest HTLV-1-associated conditions may be accompanied by remodeling of
the circulating memory compartment. In ATLL, however, TEM predominance may result from several
non-mutually exclusive mechanisms, including the differentiation phenotype of the dominant leukemic
clone, selective survival of differentiated infected clones [14, 23], persistent immune activation of non-
malignant T cells, altered trafficking between blood and tissues, and treatment-related changes in the
residual immune compartment [37].

Chronological genomic and single-cell studies indicate that ATLL evolution involves the emergence,
selection, and replacement of genetically and transcriptionally distinct subclones, with alterations
affecting T-cell receptor signaling, STAT3, NOTCH, immune regulation, and other pathways arising before
and during clinically apparent disease [22, 23, 34, 43]. The circulating phenotype detected here may
therefore represent an accessible population-level correlate of a considerably more complex clonal and
transcriptional architecture. It should not be interpreted as evidence that TEM cells are the exclusive cell
of origin of ATLL or that leukemogenesis follows a simple linear TCM-to-TEM developmental transition.

The absence of a corresponding expansion of TTE cells is an important component of this
interpretation. TTE frequencies were low across all clinical groups, and both the three-group and four-
group comparisons showed essentially null global effect sizes. TTE frequency also remained non-
significant in the age- and sex-adjusted models. Therefore, the ATLL-associated profile did not reflect
uniform accumulation across all late differentiation stages. Instead, the alteration appeared
concentrated in the TEM compartment, without a comparable increase in the operationally defined
CD45RA+CCR7 - CD95+ population.

This distinction argues against describing the findings simply as generalized terminal differentiation. The
term “effector-memory-predominant” more accurately reflects the observed profile. At the same time, the
absence of a quantitative difference in TTE cells should not be interpreted as proof of functional
equivalence. TTE cells were rare and showed considerable interindividual variation. Additional markers
of activation, senescence, exhaustion, cytotoxic capacity, and proliferative history would be required to
determine whether phenotypically similar TTE frequencies conceal functional or molecular differences
among the groups.

TSCM cells also remained comparatively stable in the unadjusted analyses. These cells constituted a
small fraction of circulating CD4 + T cells, and no significant global difference was detected across the
three or four clinical groups. The adjusted comparison between ATLL and asymptomatic carriers
identified a small reduction of approximately 0.65 percentage points, but the association was close to
the multiplicity-adjusted significance threshold, was limited in absolute magnitude, and was not
reproduced in the comparison between ATLL and healthy controls. It should therefore be interpreted as a
secondary and comparatively weak finding.
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The absence of a large quantitative difference in total circulating TSCM cells does not exclude an
important biological role. TSCM cells are long-lived, self-renewing, and multipotent [11], characteristics
that make them plausible reservoirs for persistent infection and clonal evolution. Nagai et al.
demonstrated that HTLV-1-infected TSCM cells may occupy an early position in a functional ATLL
cellular hierarchy and reproduce the phenotypic diversity of the original leukemic population [13]. The
present study measured the total phenotypically defined TSCM compartment but did not determine
which cells carried integrated HTLV-1, their proviral burden, integration sites, mutational profile,
clonogenic capacity, or relationship to the dominant ATLL clone. A small infected TSCM fraction could
therefore have major biological relevance without producing a detectable increase in total TSCM
frequency.

This distinction between abundance and biological function is essential. Stable total TSCM frequency
should not be interpreted as evidence that TSCM cells are uninvolved in ATLL pathogenesis. Instead, the
findings indicate that frequency alone is insufficient to define their contribution. Cell sorting followed by
subset-specific proviral-load measurement, integration-site analysis, T-cell receptor clonality
assessment, and genomic or transcriptomic characterization would be required to determine whether
phenotypically similar TSCM compartments differ substantially in infection burden and clonal
composition.

The age- and sex-adjusted models strengthened the central interpretation of the study. Relative to
asymptomatic carriers, patients with ATLL had adjusted median frequencies approximately 25
percentage points lower for naive cells, 13 percentage points lower for TCM cells, and 34 percentage
points higher for TEM cells. Similar differences were observed relative to healthy controls, with
reductions of approximately 21 percentage points in naive cells and 17 percentage points in TCM cells
and an increase of approximately 32 percentage points in TEM cells. All these associations remained
significant after correction for multiple testing. In contrast, neither total CD4 + nor TTE frequency differed
independently between ATLL and the reference groups.

These adjusted results demonstrate that the principal ATLL-associated pattern cannot be explained
solely by the older age distribution or sex composition of the clinical groups. They also reinforce the
distinction between a modest, non-robust change in total CD4 + frequency and a large redistribution
within the differentiation compartments. The convergence of the unadjusted comparisons, effect sizes,
and adjusted models supports the conclusion that the composition of the circulating CD4 +
compartment is more informative than its overall proportional abundance in characterizing ATLL at the
group level.

No comparable redistribution was identified between asymptomatic carriers classified as having
presumed vertical/breastfeeding transmission and those classified as having presumed sexual
transmission. The two groups did not differ significantly in total CD4+, naive, TSCM, TCM, TEM, or TTE
frequencies in either the unadjusted or adjusted analyses. This finding does not contradict
epidemiological evidence that infection acquired early in life [24], particularly through prolonged
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breastfeeding [26], is associated with a greater lifetime risk of ATLL. Route and timing of acquisition may
influence duration of infection, cumulative clonal expansion, and opportunity for acquisition of
oncogenic alterations without necessarily producing a stable route-specific distribution of circulating
CD4 + subsets decades later [14].

The result should nevertheless be interpreted within the limits of the exposure-classification strategy.
Transmission route was inferred from maternal and partner serology, transfusion history, and reported
exposure rather than confirmed through paired viral sequencing or phylogenetic linkage. Although the
predefined criteria increased classification consistency, historical information may have been
incomplete, and more than one plausible exposure could have occurred during a participant’s lifetime.
Molecular comparison of viral sequences from participants and probable sources would reduce
misclassification and help determine whether the absence of immunophenotypic differences persists
when transmission route is more directly established [18].

The comparison between aggressive and indolent ATLL provided clinically coherent secondary findings.
After correction for multiple testing, aggressive ATLL was associated with higher lactate dehydrogenase
and alkaline phosphatase concentrations and lower serum albumin. These abnormalities are consistent
with greater disease activity [44], tissue involvement, and systemic burden in the acute and lymphoma
subtypes [24]. Beta-2 microglobulin was nominally higher in aggressive ATLL but did not remain
significant after multiplicity adjustment and should therefore not be presented as an independently
supported difference in this cohort.

The immunophenotypic comparison showed that aggressive ATLL was additionally associated with
marked contraction of the naive compartment. Patients with aggressive disease had a median naive-cell
frequency below 1%, compared with approximately 22% in indolent ATLL. Although this association
remained at the threshold of significance after correction across the immunophenotypic outcomes, the
analysis involved only 21 patients and should be considered exploratory. It nevertheless suggests that
depletion of the least differentiated circulating compartment may be particularly pronounced in
biologically active disease. The absence of significant differences in the other subsets may reflect true
similarity, substantial heterogeneity, or limited statistical power after clinical stratification.

The correlation analyses provided further internal support for the principal biological interpretation.
Across the complete cohort, naive-cell frequency was inversely correlated with TEM frequency, indicating
coordinated variation between less differentiated and effector-memory compartments. Higher lactate
dehydrogenase concentrations were associated with lower naive-cell and higher TEM frequencies.
Within the ATLL subgroup, lactate dehydrogenase was strongly inversely correlated with naive-cell
frequency and serum albumin and positively correlated with alkaline phosphatase. TEM and TSCM
frequencies were also strongly inversely related within ATLL.

The convergence between categorical and continuous analyses is noteworthy. Aggressive ATLL was
characterized by higher lactate dehydrogenase, lower albumin, and lower naive-cell frequency, while the
subgroup correlation analysis showed that increasing lactate dehydrogenase was associated with
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decreasing albumin and naive-cell representation. These relationships connect the circulating
differentiation profile with markers of disease activity. However, because the ATLL subgroup included
only 21 patients and multiple correlations were examined, these findings should not be interpreted as
independently validated prognostic associations.

The multivariate analyses were also concordant with the univariate results. The first two principal
components accounted for more than half of the total immunophenotypic variance, and the principal
axis was largely defined by higher TEM and lower naive-cell frequencies. Healthy controls and
asymptomatic carriers showed substantial overlap, whereas patients with ATLL were more frequently
displaced toward the region associated with the effector-memory-predominant profile. Clinical group
explained approximately 14% of the overall six-dimensional immunophenotypic variation before and after
adjustment for age and sex.

Nevertheless, ATLL observations did not form a single compact or completely separated cluster.
Patients with ATLL showed broader dispersion, and multivariate dispersion differed significantly among
the groups. The PERMANOVA result therefore likely reflected both differences in average group profiles
and differences in within-group variability [45]. This is biologically plausible given the heterogeneity of
ATLL subtypes, peripheral-blood involvement, clonal composition, disease burden, and treatment
exposure [24, 34]. The findings support an ATLL-associated profile at the group level but do not imply
that every patient shares an identical phenotype.

The exploratory nonlinear projections, clustering, and classification analyses further emphasized this
point. Nonlinear projections showed partial enrichment of ATLL observations in specific regions but
substantial overlap remained. Unsupervised clustering did not reproduce the predefined clinical
categories and identified only a small subgroup with an extreme phenotype. Supervised models showed
comparatively strong discrimination of ATLL but performed poorly in distinguishing healthy controls
from asymptomatic carriers. Given the small and imbalanced cohort and the absence of external
validation, these analyses should not be interpreted as evidence of diagnostic accuracy. Instead, they
reinforce the biological proximity of many asymptomatic carriers and healthy controls and the
heterogeneity of the ATLL phenotype.

Several biological mechanisms may underlie the observed redistribution. Expansion of a malignant or
premalignant clone with an effector-memory phenotype could directly increase the TEM fraction [14].
Persistent expression of viral regulatory proteins, including Tax and HBZ, may promote proliferation,
survival, immune evasion, and altered differentiation of infected cells [46—48]. Chronic antigenic
stimulation and inflammatory signaling could also drive differentiation of non-malignant cells or modify
the trafficking and persistence of circulating memory populations [37, 49]. In addition, selective tissue
migration may reduce the circulating representation of some subsets while enriching others in peripheral
blood [2].

Because the current panel did not distinguish infected from uninfected cells or malignant from non-
malignant populations, these mechanisms cannot be separated. The observed phenotype likely
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represents a composite of the leukemic clone, other infected clones, residual uninfected immunity, and
host responses to the disease [50]. This limitation also means that relative subset frequencies cannot
establish the cellular origin of ATLL or the developmental sequence leading to transformation. The
results are best interpreted as a circulating immunophenotypic signature associated with established
disease rather than as direct evidence of lineage progression.

This study has several strengths. It included three clinically meaningful groups spanning uninfected
controls, asymptomatic infection, and established ATLL. The asymptomatic cohort was additionally
classified using stringent predefined criteria for presumed transmission route, allowing evaluation of a
question rarely examined immunophenotypically. The analytical strategy went beyond significance
testing by incorporating correction for multiplicity, global and pairwise effect sizes, bootstrap-based
confidence intervals, age- and sex-adjusted median regression, correlation analysis, PCA, PERMANOVA,
dispersion testing, and exploratory classification.

The laboratory procedures also strengthened interpretability. The study used viability discrimination,
sequential gating, standardized operational definitions, and fluorescence-minus-one controls for
CD45RA, CCR7, and CD95. Inclusion of TSCM alongside naive, TCM, TEM, and TTE compartments
enabled a broader evaluation of the circulating differentiation continuum than analyses limited to
conventional naive and memory categories [11]. Complete immunophenotypic data were available for all
117 participants, avoiding loss of observations in the primary analyses.

Several limitations must nevertheless be acknowledged. First, the cross-sectional design prevents
determination of temporality and causality. It remains unknown whether the identified profile precedes
ATLL, develops during subclinical clonal evolution, or results from established malignancy. Second, the
number of patients with ATLL was limited, particularly after subdivision into clinical forms, and the group
remained biologically heterogeneous [34]. The study was not powered to compare all four Shimoyama
subtypes separately or establish prognostic relationships.

Third, four ATLL samples were collected after treatment initiation or during relapse. Chemotherapy,
corticosteroids, zidovudine, and other treatments may modify circulating lymphocyte composition.
Although most ATLL samples were obtained before treatment, the small cohort precluded adequately
powered treatment-restricted sensitivity analyses. Fourth, healthy controls were descriptively younger
and differed in sample source. Samples from infected participants were obtained from peripheral blood
collected in EDTA tubes, whereas control cells were recovered from leukoreduction filters after platelet
apheresis. Differences in collection, transit time, cellular recovery, and processing may have introduced
pre-analytical variation [51].

Fifth, the analyses were based primarily on relative frequencies rather than absolute subset counts. A
reduction in one proportional compartment may result partly from expansion of another particularly in
samples containing large leukemic populations [52]. Absolute subset quantification would help

distinguish true numerical depletion from compositional redistribution. Sixth, the study did not directly
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quantify proviral load, clone abundance, integration sites, T-cell receptor repertoire, Tax or HBZ
expression, or the proportion of infected cells within each subset.

These molecular measurements are particularly important because individuals with similar total subset
frequencies may differ substantially in infection burden and clonality [50]. Previous studies have shown
that HTLV-1-infected-cell clonality may inform risk of ATLL development and progression [35, 53-55] and
that the proportion of CD4 + CADM1+ cells may be associated with progression among carriers and
patients with indolent ATLL [56]. The present immunophenotypic profile should therefore not yet be
regarded as a diagnostic, prognostic, or predictive biomarker.

Future studies should prioritize longitudinal follow-up of asymptomatic carriers and patients with
indolent ATLL to determine whether naive-cell contraction, TCM reduction, or TEM expansion precedes
clinical progression [22]. Multicenter validation will be essential to assess reproducibility across different
populations, sample-processing protocols, and treatment settings. Age- and sex-matched controls and
standardized peripheral-blood collection across all groups would reduce demographic and pre-analytical
uncertainty.

Subset-resolved molecular analyses represent the most important next step. Sorting of naive, TSCM,
TCM, TEM, and TTE cells followed by proviral-load measurement, integration-site analysis, T-cell receptor
sequencing, and genomic or single-cell transcriptomic profiling could determine which compartments
contain the dominant infected and malignant clones [23]. Integration with CADM1/CD7 profiles, soluble
interleukin-2 receptor concentrations, clonal measurements, and established clinical biomarkers may
clarify whether the accessible flow-cytometric pattern adds independent value to multimodal risk
assessment [54, 56—-58].

CONCLUSIONS

ATLL was associated with a marked redistribution of circulating CD4 + T-cell differentiation states,
characterized by contraction of the naive and central memory compartments and expansion of effector
memory cells. These differences persisted after adjustment for age and sex, whereas total CD4 + T-cell
frequency was not a robust independent discriminator. T memory stem cell and terminally differentiated
effector T-cell frequencies were comparatively preserved, and no distinct immunophenotypic profile was
identified according to presumed HTLV-1 transmission route among asymptomatic carriers. These
findings support further longitudinal and subset-resolved molecular studies to determine whether
circulating CD4 + T-cell architecture contributes to the biological characterization and risk stratification
of HTLV-1 infection.
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Central memory T cells
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Effector memory T cells
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T memory stem cells

TTE

Terminally differentiated effector T cells
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Figure 1

Study design and analytical workflow. Schematic overview of the study population, laboratory
procedures, immunophenotypic characterization, and analytical strategy. Adults with confirmed human
T-cell lymphotropic virus type 1 (HTLV-1) infection were recruited from the institutional outpatient clinic,
whereas healthy controls were recruited among platelet apheresis donors. The final analytical cohort
comprised 117 participants: 80 asymptomatic HTLV-1 carriers, 21 patients with adult T-cell
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leukemia/lymphoma (ATLL), and 16 healthy controls. Asymptomatic carriers were further classified
according to presumed vertical/breastfeeding transmission (n = 51) or presumed sexual transmission (n
= 29). Peripheral blood mononuclear cells (PBMCs) were isolated and analyzed by multiparameter flow
cytometry. Total CD4+ T-cell frequency was measured among viable CD3+ T cells, and naive, T memory
stem cells (TSCM), central memory T cells (TCM), effector memory T cells (TEM), and terminally
differentiated effector T cells (TTE) were identified within viable CD3+CD4+ T cells using CD45RA, CCR7,
and CD95. The main analyses included three- and four-group comparisons, correction for multiple
testing, effect-size estimation, and age- and sex-adjusted median regression. Secondary and exploratory
analyses included comparisons by presumed transmission route and ATLL clinical behavior, correlation
analyses, principal component analysis, permutational multivariate analysis of variance, nonlinear
projections, unsupervised clustering, and supervised classification.
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Figure 2

Fluorescence-minus-one controls. FMO control for anti-CD45RA-APC, anti-CCR7-ECD and anti-CD95-
BB515 markers. Application of the FMO technique to define the boundaries of the positive population. A,
B, and C, Unstained controls; D, FMO control without the anti-CD45RA-APC marker; E, FMO control
without the anti-CCR7-ECD marker; F, FMO control without the anti-CD95-BB515 marker; G, H, and I, Dot
plots representing a stained sample with the full panel. Analyses were performed using FlowJo v10.10
software (Becton Dickinson, USA).
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Figure 3

Representative flow-cytometry gating strategy for circulating CD4+ T-cell subsets. Representative
sequential gating strategy used for immunophenotypic analysis. Cellular aggregates and doublets were
excluded using forward-scatter height versus area and side-scatter area versus height parameters.
Lymphocytes were identified according to forward- and side-scatter characteristics, followed by
exclusion of non-viable cells. CD3+ T cells were selected within viable lymphocytes, and CD4+ T cells
were subsequently identified within the viable CD3+ population. CD4+ differentiation subsets were
defined within viable CD3+CD4+ T cells according to CD45RA, CCR7, and CD95 expression as naive cells,
CD45RA+CCR7+CD95-; T memory stem cells (TSCM), CD45RA+CCR7+CD95+; central memory T cells
(TCM), CD45RA-CCR7+CD95+; effector memory T cells (TEM), CD45RA-CCR7-CD95+; and terminally
differentiated effector T cells (TTE), CD45RA+CCR7-CD95+. Arrows indicate the sequentially gated
populations used in subsequent analyses.
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Figure 4

Circulating CD4+ T-cell frequencies across clinical groups and presumed HTLV-1 transmission routes. A,
Frequency of circulating CD4+ T cells among asymptomatic HTLV-1 carriers, patients with adult T-cell
leukemia/lymphoma, and healthy controls. B, Frequency of circulating CD4+ T cells after stratification of
asymptomatic carriers according to presumed sexual or presumed vertical/breastfeeding transmission.
Violin plots show the distribution of individual observations, and internal boxplots indicate the median
and interquartile range. Overall comparisons were performed using the Kruskal-Wallis test. When
applicable, pairwise comparisons were performed using Dunn’s test with Holm adjustment. Displayed
pairwise values correspond to Holm-adjusted p values. ATLL, adult T-cell leukemia/lymphoma; HTLV-1,
human T-cell lymphotropic virus type 1.
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Figure 5

Circulating CD4+ T-cell subsets across the differentiation continuum. Frequencies of naive, T memory
stem cells (TSCM), central memory T cells (TCM), effector memory T cells (TEM), and terminally
differentiated effector T cells (TTE) among viable CD3+CD4+ T cells. A, Comparisons among healthy
controls, asymptomatic HTLV-1 carriers, and patients with adult T-cell leukemia/lymphoma. B,
Comparisons after stratification of asymptomatic carriers according to presumed sexual or presumed
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vertical/breastfeeding transmission. Boxplots indicate the median and interquartile range, and points
represent individual participants. Overall pvalues were obtained using the Kruskal—-Wallis test and
adjusted across the six prespecified immunophenotypic outcomes using the Benjamini—Hochberg false-
discovery-rate procedure. Significant pairwise comparisons were identified using Dunn’s test with Holm
adjustment. ATLL, adult T-cell leukemia/lymphoma; HTLV-1, human T-cell lymphotropic virus type 1.
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Figure 6

Age- and sex-adjusted differences in circulating CD4+ T-cell frequencies according to clinical groups.
Forest plots show adjusted median differences and 95% confidence intervals derived from median
regression models evaluating total circulating CD4+ T-cell frequency and the five operationally defined
differentiation subsets. A, Patients with ATLL compared with asymptomatic HTLV-1 carriers. B, Patients
with ATLL compared with healthy controls. C, Asymptomatic HTLV-1 carriers compared with healthy
controls. Estimates represent the adjusted median frequency in the first-named group minus that in the
reference group. Negative estimates indicate lower adjusted frequencies in the first-named group,
whereas positive estimates indicate higher adjusted frequencies. Points represent adjusted median
differences, horizontal lines indicate 95% confidence intervals, and the vertical dashed line at zero
denotes no adjusted difference. Filled points indicate associations that remained statistically significant
after FDR correction. Raw and FDR-adjusted p values are displayed for each estimate. Models were
adjusted for age and sex. Total CD4+ T-cell frequency was expressed as a percentage of viable CD3+ T
cells, whereas naive, TSCM, TCM, TEM, and TTE frequencies were expressed as percentages of viable
CD3+CD4+ T cells. ATLL, adult T-cell leukemia/lymphoma; CI, confidence interval; FDR, false discovery
rate; HTLV-1, human T-cell lymphotropic virus type 1; TCM, central memory T cells; TEM, effector memory
T cells; TSCM, T memory stem cells; TTE, terminally differentiated effector T cells.
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Clinical severity, correlation structure, and multivariate organization of circulating CD4+ T-cell profiles
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Figure 7

Clinical severity, correlation structure, and multivariate organization of circulating CD4+ T-cell profiles.
A-D, Clinical, biochemical, and immunophenotypic comparisons between patients with aggressive and
indolent adult T-cell leukemia/lymphoma. Boxplots show lactate dehydrogenase concentrations (A),
serum albumin concentrations (B), alkaline phosphatase concentrations (C), and naive CD4+ T-cell
frequencies (D). Boxes represent the median and interquartile range, whiskers extend to values within
1.5 times the interquartile range, and points represent individual patients. Multiplicity-adjusted p values
are displayed. E, Spearman correlation matrix for immunophenotypic and laboratory variables in the
overall cohort. F, Corresponding correlation matrix restricted to patients with adult T-cell
leukemia/lymphoma. Cell color and intensity represent the direction and magnitude of Spearman’s
correlation coefficient, and only associations meeting the prespecified false-discovery-rate threshold are
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highlighted or annotated. G, Principal component analysis score plot based on the six standardized
immunophenotypic variables, according to clinical group. H, Principal component loading plot showing
the contribution and direction of each immunophenotypic variable to the first two principal components.
ATLL, adult T-cell leukemia/lymphoma; LDH, lactate dehydrogenase; PCA, principal component analysis;
TCM, central memory T cells; TEM, effector memory T cells; TSCM, T memory stem cells; TTE, terminally
differentiated effector T cells.
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