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ABSTRACT We previously reported that the T-cell receptor (TCR) repertoire of hu-
man T-cell lymphotropic virus type 1 (HTLV-1) Taxso;_300-specific CD8* cytotoxic T
cells (TaxXzoq.309-CTLS) was highly restricted and a particular amino acid sequence
motif, the PDR motif, was conserved among HLA-A*24:02-positive (HLA-A*24:02+)
adult T-cell leukemia/lymphoma (ATL) patients who had undergone allogeneic he-
matopoietic cell transplantation (allo-HSCT). Furthermore, we found that donor-
derived PDR* CTLs selectively expanded in ATL long-term HSCT survivors with
strong CTL activity against HTLV-1. On the other hand, the TCR repertoires in Taxsq,.
300-CTLs of asymptomatic HTLV-1 carriers (ACs) remain unclear. In this study, we di-
rectly identified the DNA sequence of complementarity-determining region 3 (CDR3)
of the TCR-B chain of Tax;y,.300-CTLs at the single-cell level and compared not only
the TCR repertoires but also the frequencies and phenotypes of Taxsg;.309-CTLs be-
tween ACs and ATL patients. We did not observe any essential difference in the fre-
quencies of Taxsg;.300-CTLs between ACs and ATL patients. In the single-cell TCR rep-
ertoire analysis of Taxsg;.300-CTLS, 1,458 Taxsgp;.300-CTLs and 140 clones were
identified in this cohort. Taxsg;.300-CTLs showed highly restricted TCR repertoires
with a strongly biased usage of BV7, and PDR, the unique motif in TCR-3 CDR3, was
exclusively observed in all ACs and ATL patients. However, there was no correlation
between PDR* CTL frequencies and HTLV-1 proviral load (PVL). In conclusion, we
have identified, for the first time, a unique amino acid sequence, PDR, as a public
TCR-CDR3 motif against Tax in HLA-A*24:02* HTLV-1-infected individuals. Further in-
vestigations are warranted to elucidate the role of the PDR™ CTL response in the
progression from carrier state to ATL.

IMPORTANCE ATL is an aggressive T-cell malignancy caused by HTLV-1 infection.
The HTLV-1 regulatory protein Tax aggressively promotes the proliferation of HTLV-
1-infected lymphocytes and is also a major target antigen for CD8* CTLs. In our pre-
vious evaluation of Taxsg;.300-CTLs, we found that a unique amino acid sequence
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motif, PDR, in CDR3 of the TCR-B chain of Tax;y;.30o-CTLs was conserved among ATL
patients after allo-HSCT. Furthermore, the PDR™ Taxsg;.30o-CTL clones selectively ex-
panded and showed strong cytotoxic activities against HTLV-1. On the other hand, it
remains unclear how Tax;q,_30o-CTL repertoire exists in ACs. In this study, we com-
prehensively compared Tax-specific TCR repertoires at the single-cell level between
ACs and ATL patients. TaX;4;.300-CTLs showed highly restricted TCR repertoires with
a strongly biased usage of BV7, and PDR, the unique motif in TCR-B CDR3, was con-
served in all ACs and ATL patients, regardless of clinical subtype in HTLV-1 infection.

KEYWORDS HTLV-1 Tax, cytotoxic T cells, T-cell receptor, single-cell repertoire
analysis

dult T-cell leukemia (ATL) is an aggressive T-cell malignancy that is caused by

infection with human T-cell lymphotropic virus type 1 (HTLV-1) (1-4). Although
most HTLV-1-infected individuals remain asymptomatic carriers (ACs) throughout their
lifetime, approximately 5% develop ATL after a long latency period, 50 to 60 years, and
these patients, especially with the acute type and lymphoma type in Shimoyama'’s
classification (5), show a markedly poor prognosis (6, 7).

Some previous studies of T-cell immune responses in HTLV-1 infection have
suggested that HTLV-1 Tax-specific CD8* cytotoxic T cells (CTLs) help to control
virus replication, leading to a reduction in the risk of disease onset for ACs or to the
prevention of relapse in ATL patients who have undergone allogeneic hematopoi-
etic stem cell transplantation (allo-HSCT) (8-14). We previously observed an in-
crease in TaXsgq.3p9-specific CTLs (TaXsgpi.30o-CTLs) in ATL patients who achieved
complete remission after allo-HSCT (14). However, recent studies on the response of
human CTLs to viral (15-17) or tumor (18) antigens have suggested that it is
important to evaluate the quality rather than the quantity (frequency) of CTLs to
determine the in vivo activity of CTLs.

In our previous study, we investigated the T-cell receptor (TCR) repertoire of
HLA-A*24:02-restricted TaX;q;.3090 (SFHSSLHLLF)-specific CTLs in ATL patients because
A*24:02 is the most common HLA-A allele in Japan. In this qualitative evaluation of
Tax501.300-CTLs at the single-cell level in four HLA-A*24:02-positive (HLA-A*24:02+) ATL
patients who had undergone allo-HSCT, we found that TCR repertoires in TaX3g;.300-CTL
of ATL patients were highly restricted, and a particular amino acid sequence motif, PDR,
in complementarity-determining region 3 (CDR3) of the TCR-B chain was commonly
used by several predominant TaX;,;.300-CTL clones in these ATL patients before and
after allo-HSCT (19). Furthermore, we reported that only a few dominant Taxsg;.30o-CTL
clones, including the PDR™ Tax-CTL clone, persisted in ATL patients who had achieved
complete remission for more than several years after allo-HSCT, and during this period
the PDR* Tax-CTL clone as a central clone selectively expanded, with strong CTL
activities against HTLV-1 (14). These TaXsq;.300-CTLs, including PDR* Tax-CTLs, were
derived from an HTLV-1-negative donor and were assumed to be activated by the small
amount of Tax protein on residual HTLV-1-infected cells in the recipients after allo-
HSCT. These findings implied that the presence of the PDR* Tax-CTL clone might
contribute to the long-term survival of ATL patients who have undergone allo-HSCT,
and the diversity of TCR repertoires in Taxso;.30o-CTLS might impact the disease status
of ATL patients. Therefore, we were interested in whether there is a difference in TCR
repertoires in TaxXzg;.30o-CTLs among HTLV-1-infected individuals before and after the
onset of ATL (ACs and ATL patients) and, if such a difference does exist, the extent to
which the difference in TCR repertoires is associated with the disease status in HTLV-1
infection.

In the present study, we comprehensively compared not only TCR repertoires but
also the frequencies and phenotypes of Taxs.30o-CTLs at the single-cell level between
HLA-A*24:02+ ACs and ATL patients. AC subjects were further divided into stable ACs
(sACs) and high-risk ACs (hrACs) according to the HTLV-1 proviral load (PVL) and the
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FIG 1 Proviral load (PVL) and profiles of CADM1 versus CD7 in CD4™* cells from ACs and ATL patients. (a)
PVL of ACs (n = 17) and ATL patients (n = 3). ACs were divided into stable ACs (sACs) and high-risk ACs
(hrACs) on the basis of a high PVL (more than four copies/100 PBMCs) (22). According to this definition,
three ACs (AC11, AC16, and AC17) were defined as hrACs. (b) Representative profiles of CADM1 versus CD7
in CD4+ cells (HAS flow profiles) in each case of sAC, hrAC, cATL, and aATL. P (CADM1~ CD7*), D (CADM1+
CD74im), and N (CADM1+ CD7-) subpopulations were gated according to our previous report (20). (c) The
proportion of CADM1+* (D + N gates) in CD4* cells in the samples from sACs, hrACs, and ATL patients are
summarized. sACs with PVLs of <4 copies/100 PBMCs had CADM1* (D + N) values of less than 10%. hrACs
(AC11, -16, and -17) with high PVLs (>4 copies/100 PBMCs) had CADM1* values of more than 10%. Both
chronic- and acute-type ATL patients had remarkably high frequencies of CADM1+ subpopulations.

profile of cell adhesion molecule 1 (CADM1) versus CD7 in CD4™ cells in flow cytometry
(20, 21).

RESULTS

Profile of CADM1 versus CD7 in CD4+ cells in flow cytometry accurately
reflected the disease status in HTLV-1 infection. First, 17 ACs were separated into
stable ACs (sACs) and high-risk ACs (hrACs) based on PVL, because a high PVL (more
than 4 copies/100 peripheral blood mononuclear cells [PBMCs]) has been recognized as
a major risk factor for the development of ATL in ACs (22). According to this definition,
3 (AC11, AC16, and AC17) of the 17 ACs were defined as hrACs and the other 14 were
sACs (Fig. 1a). Furthermore, our group recently reported that the difference in three
subpopulations divided according to the plot of CADM1 versus CD7 in CD4* cells in
HTLV-1-infected individuals, P (CADM1~ CD7"), D (CADM1+ CD7¢™), and N (CADM1+
CD77), accurately reflected the disease status regarding HTLV-1 infection (HTLV-1
analysis system [HAS] flow profile) (20, 21). HTLV-1-infected cells and clones are
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TABLE 1 Clinical characteristics and flow cytometric profiles of HLA-A*24:02* ACs and ATL patients examined in this study?

HAS flow prolife

CADM1+
Atypical No. of provirus _—
No. of WBCs Lymphocytes lymphocytes DNA copies sIL-2R  CADM1-, D + N Tax-Tet
Patient ID Age (yr) Sex Clinical status (/1) (%) (%) (PVL)/100 PBMCs  (U/ml) P (%) D (%) N (%) (%) (%)
AC1 48 Female sAC 3,780 320 0.5 1.61 416 91.8 1.8 1.0 2.8 20.10
AC2 46 Female sAC 7,280 28.0 0 0.65 239 80.8 0.2 0.1 0.3 1.05
AC3 63 Male sAC 4,570 39.0 0 0.94 311 92.2 2.2 0.7 29 2.76
AC4 56 Female sAC 5,020 42,0 0 0.50 305 90.2 26 0.8 34 2,07
AC5 58 Male sAC 3,850 36.5 0.5 0.05 364 94.8 1.1 0.2 13 1.76
AC6 61 Female sAC 4,220 325 0 0.57 327 85.0 0.2 0.1 0.3 0.66
AC7 53 Female sAC 6,940 33.0 0.5 0.06 220 86.6 1.1 0.3 14 1.75
AC8 49 Female sAC 3,560 23.0 0.5 0.04 207 86.2 0.1 0.1 0.2 0.14
AC9 71 Male sAC 5,200 30.5 0.5 1.37 272 79.9 25 1.9 44 0.05
AC10 43 Male sAC 5710 435 0 0.22 277 95.9 0.7 0.1 0.9 337
AC12 56 Female sAC 10,300 215 0.5 0.97 462 77.0 0.5 0.5 1.0 1.59
AC13 70 Male sAC 3,810 37.0 0 1.93 435 817 0.7 03 1.0 0.83
AC14 67 Female sAC 5,540 235 1.0 1.00 657 825 0.4 0.3 0.8 6.60
AC15 52 Female sAC 5,400 28.0 1.5 0.29 264 87.2 0.2 0.1 0.3 0.44
AC11 63 Male hrAC 6,070 25.0 1.0 5.26 378 71.1 7.1 6.0 13.1 3.12
AC16 66 Female hrAC 5,590 45.0 53 14.31 381 71.6 52 19.3 245 0.71
AC17 56 Male hrAC 8,780 32.0 1.0 17.53 700 50.0 272 190 462 2.53
cATL1 60 Male ATL (chronic type) 9,850 125 57.5 83.17 4560 1.3 535 447 982 347
aATL1 58 Female ATL (acute type) 51,200 1.5 96.0 280.25 29,600 0.3 03 99.2 995 ub
aATL2* 57 Male ATL (acute type) 1,430 18.0 0 252 900 NA NA NA NA ub
aATL3™ 54 Male ATL (lymphoma 1,270 54 5 NA 982 NA NA NA NA 1.97
type)
aATL4 55 Male ATL(lymphoma 1,310 25 1 NA 817 NA NA NA NA 0.08
type)

alD, identifier; WBCs, white blood cells; sIL-2R, soluble interleukin 2 receptor; AC, asymptomatic HTLV-1 carrier; sAC, asymptomatic HTLV-1 carrier without high risk of
ATL development defined by the PVL (fewer than 4 copies of proviruses per 100 PBMCs); hrAC, high-risk asymptomatic HTLV-1 carrier who had more than 4 copies
of proviruses per 100 PBMCs; cATL, chronic-type ATL; aATL, acute-type ATL; HAS flow profiles, distribution to the three subpopulations P (CADM1~ CD7+), D
(CADM1+ CD7¢9m), and N (CADM1+ CD7~) by plot of CADM1 versus CD7 for CD4* cells in PB samples by flow cytometry; Tax-Tet (%), the proportion of Taxsg;_300/
HLA tetramer-reacting cells to total CD8T cells in PB; NA, not analyzed; UD, under the detection limits. The clinical data for WBCs, lymphocytes, atypical lymphocytes,
PVL, and sIL-2R were measured using samples that were obtained at a time close to the point of collecting samples for the other experiments. Furthermore, the
clinical data and Tax-Tet (%) of these two patients were used as samples before allo-HSCT in a preceding study (19).

efficiently enriched in CADM1™* subpopulations (D and N), and disease progression was
reflected in an increase in the percentage of D plus N. In the aggressive ATL phase, loss
of CD7 usually occurs, resulting in dominance of the N subpopulation in CD4* cells.

We performed the HAS flow analysis for samples from ACs and ATL patients.
Representative data are shown in Fig. 1b, and the profiles are summarized in Table 1.
The HAS flow profiles of most ACs showed a low percentage of D plus N, indicating
sACs. Three ACs (AC11, AC16, and AC17), who were defined as hrACs according to their
high PVLs, showed increases in the CADM1+ (D plus N) gate (13.1% to 46.2%),
indicating growth of HTLV-1-infected clones. Moreover, CD4* cells in ATL patients fully
expressed CADM1 with loss of CD7. These results are consistent with our previous
reports (20, 21), and the ACs and ATL patients could be reasonably separated into three
groups (sACs, hrACs, and ATL patients) according to their PVL and HAS flow profiles.

The frequencies and phenotypes of Tax-CTLs did not respond sensitively to the
disease status in HTLV-1 infection. As shown in Fig. 2a and Table 1, Tax;4,_30o-Specific
CTLs (Tax tetramer-positive cells) were effectively detected in PBMCs of sACs and hrACs
before the onset of ATL (average frequencies in CD8* T cells: 3.08% and 2.12%,
respectively) with no apparent difference between them, even though a couple of sACs
(ACT and AC14) showed very high frequencies of Tax tetramer-positive cells (20.1% and
6.6%, respectively). After the onset of ATL, Tax tetramer-positive cells in three aATL
patients (@ATL1, -2, and -4) were inefficiently detected in PBMCs (less than 0.08% in CD8
T cells), except for two patients (cATLT and aATL3) who showed relatively high
frequencies (3.47% and 1.97%, respectively). As a result, we did not observe any
essential difference in the frequencies of Tax tetramer-positive cells between sACs,
hrACs, and ATL patients in this investigation.

Furthermore, we assessed the phenotypes associated with T-cell differentiation for
Tax tetramer-positive cells in the three groups. T cells can be phenotypically divided
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FIG 2 Frequencies and effector memory phenotypes of TaXsq; 30o-CTLs in ACs and ATL patients. (a)
Frequencies of Tax tetramer-positive CD8 T cells among sACs (n = 14), hrACs (n = 3), and ATL patients.
Horizontal bars indicate the averages of Tax tetramer-positive cells for all groups. n.s., not significant. (b)
Differentiation of subsets based on CD45RA CCR7 expression in Tax tetramer-positive cells. Tax tetramer-
positive cells in the CD45RA~ CCR7~ effector memory subset (Tg,,-Tax-CTL) were further evaluated
according to the expression of CD27 and CD28 (24) (c) and CD27 and CD57 (25, 26) (d) and compared to
that of all of the CD8 T cells in the effector memory subset.

into the following four differentiation subsets based on CD45RA and CCR7 expression:
CD45RA* CCR7* (naive [T\]), CD45RA~ CCR7* (central memory [Tcy]), CCR7—
CD45RA~ (effector memory [Tgy,l), and CCR7— CD45RA™ (effector [T¢]) (23). As shown
in Fig. 2b, almost all Tax tetramer-positive cells in all of the cases examined for sACs,
hrACs, and ATL patients exhibited striking similarities, with a predominance of the Tg,,
phenotype (means, 92.8%, 90.9%, and 88.0%, respectively), with no essential difference
among the groups. In contrast, all of the CD8* T cells in all individuals in each group
exhibited a heterogeneous distribution of naive, memory, and effector subsets. We
further assessed the coordinate expression of T-cell differentiation markers, CD27 CD28
and CD27 CD57, on Tax tetramer-positive cells belonging to the Tg,, subset (Tgy,-Tax-
CTLs), because it has been shown that both CD27 CD28 and CD27 CD57 profiles are
useful for defining the following differentiation stages of memory T cells: CD27+ CD28+
(early), CD27+ CD28~ (intermediate), CD27— CD28~ (late) (24), CD27+ CD57~ (imma-
ture), and CD27— CD57* (mature) (25, 26). In fact, Tg,-Tax-CTLs in most individuals
showed CD27 expressed on lymphocytes with relatively young differentiation pheno-
types, i.e., early, intermediate (Fig. 2c), and immature (CD27+ CD57 ™) (Fig. 2d), but not
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the senescent phenotypes late and mature. In contrast, all of the CD8* T cells in the Ty,
subset showed relatively heterogeneous distributions, with an increase in the fraction
of CD27 downregulation late or CD57-expressing mature phenotypes. Thus, Tax-CTLs of
ACs and ATL patients commonly were CD27+ CD28"/~, which are relatively young
effector memory phenotypes, irrespective of the disease status in HTLV-1 infection.

Highly restricted TCR repertoires of Tax-CTLs in ACs and ATL patients accord-
ing to a strongly biased usage of the TCR-BV7 gene family. We performed a
single-cell TCR repertoire analysis for sorted individual Tax;y;30o-CTL (Tax tetramer-
positive cells) and analyzed a total of 1,107 Tax tetramer-positive cells from 10 ACs (7
sACs [ACT, -3, -4, -5,-7,-9, and -10] and 3 hrACs [AC11, -16, and -17]) and 351 cells from
4 ATL patients (cATL1 and aATL2, -3, and -4).

To estimate the differences in TCR repertoires of Tax;4;.30o-CTLs between ACs and
ATL patients, the TCR-BV gene family and TCR-BJ gene usages were first investigated for
single-cell sorted Tax tetramer-positive cells in sACs, hrACs, and ATL patients at both
the cellular and clonal levels. The usage frequencies for a given TCR-BV gene family or
TCR-BJ genes were defined as the ratios of the number of Tax tetramer-positive cells or
clones that used the genes to the total number of Tax tetramer-positive cells or clones
detected in sACs (n = 7,782 cells and 56 clones), hrACs (n = 3,325 cells and 28 clones),
and ATL patients (n = 4,351 cells and 56 clones). As shown in Fig. 3a, TaX3g;.30o-CTLs Of
sACs, hrACs, and ATL patients commonly showed highly restricted TCR repertoires with a
strongly biased usage of the BV7 gene family at both the cellular and clonal levels. This
preference for BV7 of Tax-CTLs tended to decrease in the order SAC—hrAC—ATL at the
cellular level (87.5%, 62.5%, and 47.9%, respectively) (Fig. 3a, left graph), whereas this
trend was not observed at the clonal level (right graphs): sACs, hrACs, and ATL patients
showed values of 64.3%, 46.4%, and 46.4%, respectively. This difference in the trend of
the reduction in BV7 usage of TaX;q;.30o-CTLs from ACs to ATL patients between the
cellular and clonal levels might result from a decrease in the number of BV7+ cells that
efficiently underwent clonal expansion in ATL patients compared to that in ACs in a
cellular investigation, because it has been suggested that a high PVL may lead to the
functional inactivation of CD8 T cells (27). In contrast, Taxsg;.300-CTLs of SACs, hrACs,
and ATL patients commonly showed a wide variety of TCR-BJ gene usages at both the
cellular and clonal levels (Fig. 3b).

The PDR amino acid sequence motif was conserved in CDR3f of Tax-CTLs
regardless of clinical subtype in HTLV-1 infection. Tables 2 and 3 summarize the
TCR-B CDR3 amino acid sequence information of Taxso;.30o-CTL clones detected in the
analyzed Tax tetramer-positive cells from ACs (sACs and hrACs) and ATL patients,
respectively. The amino acid sequences of Tax-CTL clones detected in two aATL
patients (aATL2 and aATL3) before HSCT have already been reported as Pt-1 and Pt-3,
respectively, previously (19).

Interestingly, the CDR38 amino acid sequences of TaXs;.300-CTL clones from all 10
ACs showed a remarkable degree of conservation of a particular motif, the PDR motif,
at positions 108 to 110 in CDR3B of BV7-9* TCRs, with a wide range of frequencies
(0.9% to 97.6% in analyzed cells) (Table 2). Furthermore, conservation of the PDR motif
in CDR3B of BV7-9" TaXsq,.300-CTL clones was also found in both chronic (19.4%) and
acute (11.5% to 66.4%) ATL patients (Table 3). Accordingly, we gathered 35 PDR
motif-expressing BV7-9* Tax;o;.30o-CTL clones detected in the AC and ATL groups
and investigated TCR-BJ gene usage. We defined usage as biased when the usage
frequency of a given BJ gene was more than the mean value + 2 standard
deviations (SDs) (7.7% + 18.9%) for the usage of 13 BJ genes. As a result, only BJ2-5
(31.4%) was used in a biased manner by PDR motif-expressing BV7-9* Taxsg;.300"
CTL clones (Fig. 3c). Furthermore, when we compared all of the CDR3B3 amino acid
sequences detected in ACs and ATL patients, similar sequences with a P-R or -DR motif
(hyphens indicate other amino acids at these positions) at positions 108 to 110 in
CDR3 of TaX;4.30o-CTL clones expressing BV4-1, BV7-9, or BV18 were also frequently
observed in four of seven sACs (AC3, -4, -7, and -10), three of three hrACs (AC11, -16,
and -17), and three of four ATL patients (aATL2, -3, and -4). Thus, many of the CDR33
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FIG 3 TCR repertoire bias for Tax;q; 30o-CTLs in ACs and ATL patients analyzed at the single-cell level.
Individual Tax-tetramer-positive cells or clones detected in sACs (n = 7,782 cells and 56 clones), hrACs (n =
3,325 cells and 28 clones), and ATL patients (n = 4,351 cells and 56 clones) were analyzed with respect to
the usage frequencies of TCR-B genes. The usage frequency for a given BV gene family or BJ genes is
described in Results. (a and b) TCR-BV repertoires (a) and TCR-BJ repertoires (b) in Tax;y;.500-CTLs at the
cellular and clonal levels. (c) TCR-BJ repertoires of 35 PDR motif-expressing BV7-9+Tax;q; 30o-CTL clones
from ACs and ATL patients. Black and gray bars represent TCR-BJ genes with usage frequencies above and
below the mean values + 2 SDs, respectively.

amino acid sequences of TaXy1.30o-CTL clones detected in ACs and ATL patients were
similar, and PDR motif-expressing BV7-9" Tax-specific TCRs were conserved in all
samples from not only ACs but also ATL patients. The TCR bias for PDR* Tax-CTL clones
was likely to be in BV7-9/BJ2-5.

Relationship between the presence of PDR* Tax-CTL and disease status in
HTLV-1 infection. We classified all of the Tax;4,.50o-CTL clonotypes detected in this
investigation into four types based on their CDR3 amino acid sequences at positions
108 to 110: (i) PDR, (ii) -DR, and (iii) P-R as the three most frequent sequence motifs and
(iv) minor repertoires that had no sequence motif in common with others. The ratios of
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TABLE 2 TCR-B CDR3 amino acid sequences and frequencies of Taxzo,_30o tetramer-positive CTL clones among ACs?

Amino acid at indicated position in CDR3

PDR*
Status/ID Clone ID BV 104 105 106 107 108 109 110 113 114 115 116 117 118 119 120 121 122 123 BJ Frequency % (%)
Stable/AC1 HTJC1-1 TRBV7-9 C A S | P D R v T E A F F TRBJ1-1  109/123 88.6
HTJC1-2 TRBV7-9 C A S S P D R T Q E Q v F TRBJ2-7 6/123 4.9
HTJC1-3 TRBV7-9 C A S S P D R E L F H T F TRBJ1-2 5/123 4.1
HTJC1-4  TRBV9-1 C A S S \ R G S P L H F TRBJ1-6 1/123 0.8
HTJC1-5 TRBV11-3 C A S S L \ G T A Y N N E Q F F TRBJ2-1 1/123 0.8
HTJC1-6  TRBV29-1 C S \ A G G R T G E L F F TRBJ2-2 1/123 08 97.6
Stable/AC3 HTJC6-1 TRBV3-1 C A S S S R T G G R N T E A F F TRBJ1-1  8/111 7.2
HTJC6-2  TRBV4-1 C A S S Q D R G AV Y G Y T F TRBJ1-2 8/111 7.2
HTJC6-3 TRBV7-2 C A S S L N G G H Y E Q v F TRBJ2-7 1111 0.9
HTJC6-4  TRBV7-6 C A S S L M Vv D E Y F TRBJ2-7 14/111 126
HTJC6-5 TRBV7-9 C A S S P D R A Q T Q v F TRBJ2-5 33/111 29.7
HTJC6-6 TRBV7-9 C A S S L D R G N | Q v F TRBJ2-4 20/111 18.0
HTJC6-7 TRBV7-9 C A S R P N R D S N Y G Y T F TRBJ1-2 12/111 10.8
HTJC6-8 TRBV7-9 C A S | | D R S N E Q F F TRBJ2-1 2/111 1.8
HTJC6-9 TRBV7-9 C A S L P G R AT E A F F TRBJ1-1 1/111 0.9
HTJC6-10 TRBV7-9 C A S S P N R E K T Q v F TRBJ2-5 1/111 0.9
HTJC6-11  TRBV7-9 C | S \% P A A R T G H R T Q v F TRBJ2-5 1/111 0.9
HTJC6-12  TRBV12-5 C A S G L G T D T Q v F TRBJ2-3 1/111 0.9
HTJC6-13  TRBV18 C A S S P P R G R E N E Q F F TRBJ2-1 9/111 8.1 297
Stable/AC4 HTJC7-1 TRBV7-2 C A S R G W G G P S E Q v F TRBJ2-7 87/115 75.7
HTJC7-2 TRBV7-9 C A S R P D R G N T Q v F TRBJ2-5 7/115 6.1
HTJC7-3 TRBV7-9 C A S R P D R D N N Y G F G F TRBJ1-2 5/115 4.3
HTJC7-4  TRBV7-9 C A S R P D R G H T Q v F TRBJ2-5 5/115 4.3
HTJC7-5 TRBV7-9 C A S S P P R T D T Q v F TRBJ2-3 5/115 43
HTJC7-6 TRBV7-9 C A S S P D R A N T Q v F TRBJ2-5 3/115 2.6
HTJC7-7 TRBV7-9 C A S R P E R D N N C F TRBJ2-4 1/115 0.9
HTJC7-8 TRBV7-9 C A S S P D R A H T Q v F TRBJ2-5 1/115 0.9
HTJC7-9  TRBV14 C A S S Q S Q G W A Y E Q Y F TRBJ2-7 1/115 09 18.2
Stable/AC5 HTJC8-1 TRBV7-9 v T G T G K W E Q v F TRBJ2-7 117/119 98.3
HTJC8-2 TRBV7-9 P A K N | Q v F TRBJ2-4 2/119 1.7 17
Stable/AC7 HTJC10-1  TRBV2 C A S S A G Q G Vv T Y E Q v F TRBJ2-7 9/111 8.1
HTJC10-2 TRBV3-1 C A S S Q R Q G N N S P L H F TRBJ1-6  1/111 0.9
HTJC10-3 TRBV3-1 C A S S Q D S N A Y N E Q F F TRBJ2-1 1/111 0.9
HTJC10-4 TRBV4-1 C A S S Q D G V R M E G Y T F TRBJ1-2 43/111 387
HTJC10-5 TRBV6-2 C A S S P P R G A E Q v F TRBJ2-7 1/111 0.9
HTJC10-6 TRBV7-2 C A S S v T S P G S C F F TRBJ2-2 1111 0.9
HTJC10-7 TRBV7-9 C A S S P D R G L E Q v F TRBJ2-7 54/111 48.6
HTJC10-8 TRBV20-1 C S A R D G R A A S R D Q P Q H F TRBJ1-5 1/111 09 48.6
Stable/AC9 HTJC12-1  TRBV5-6 C A S S P S S T G F Y N E Q F F TRBJ2-1 1/89 1.1
HTJC12-2 TRBV7-2 C A S S P G T S G N T G E L F F TRBJ2-2 7/89 7.9
HTJC12-3 TRBV7-9 C A S S L R G N E G F Y N E Q F F TRBJ2-1 59/89 66.3
HTJC12-4 TRBV7-9 C A S S P D R G L E Q v F TRBJ2-7 8/89 9.0
HTJC12-5 TRBV7-9 C A S S P D R G T E A F F TRBJ1-1  2/89 2.2
HTJC12-6  TRBV9 C A S S P N F G P N Y G Y T F TRBJ1-2 3/89 34
HTJC12-7 TRBV9 C A S S % R G N E Q F F TRBJ2-1 1/89 1.1
HTJC12-8 TRBV9 C A S S \ R G S P L H F TRBJ1-6 6/89 6.7
HTJC12-9 TRBV13 C A S S L G S R P G Y F TRBJ2-7 1/89 1.1
HTJC12-10 TRBV25-1 C A R E W R G E A Y E Q v F TRBJ2-7 1/89 1.1 11.2
Stable/AC10 HTJC14-1 TRBV7-2 C A S | A R \% P S P G S C F TRBJ2-2 1/114 0.9
HTJC14-2 TRBV7-9 C A F K R D R E N E Q F F TRBJ2-1 103/114 90.4
HTJC14-3 TRBV7-9 C A M S P D R V N T Q v F TRBJ2-5 3/114 2.6
HTJC14-4 TRBV7-9 C A S S P D R A G E Q v F TRBJ2-7 2/114 1.8
HTJC14-5 TRBV7-9 C A S S P D R E AT Q v F TRBJ2-5 2/114 1.8
HTJC14-6  TRBV7-9 C A S S P D R E K T Q v F TRBJ2-3 1/114 0.9
HTJC14-7 TRBV7-9 C A S S P D R Q P D Q H F TRBJ1-5 1/114 0.9
HTJC14-8 TRBV7-9 C A S S E D R A AT G E L F F TRBJ2-2 1/114 09 7.9
High-risk/AC11 HTJC15-1 TRBV4-1 C A S S Q D R R P E A F F TRBJ1-1 2/108 19
HTJC15-2  TRBV5-1 C A s S D P G D S L N G Y T F TRBJ1-2 1/108 0.9
HTJC15-3  TRBV5-5 C A S S w P S G E G E Q v F TRBJ2-7 1/108 0.9
HTJC15-4 TRBV7-9 C A S S P D R V Q E Q F F TRBJ2-1 1/108 0.9
HTJC15-5 TRBV7-9 C AT F R D R D T G E L F F TRBJ2-2 27/108 25.0
HTJC15-6  TRBV12-4 C A P T P K T G S E T Q v F TRBJ2-5 74/108 68.5
HTJC15-7 TRBV20-1 C S A R T S G G G Y P \ D T Q v F TRBJ2-3 1/108 0.9
HTJC15-8 TRBV28 C A S R P P G T G Q E Q v F TRBJ2-7 1/108 09 0.9

(Continued on next page)
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TABLE 2 (Continued)

Amino acid at indicated position in CDR3

PDR+
Status/ID Clone ID BV 104 105 106 107 108 109 110 113 114 115 116 117 118 119 120 121 122 123 BJ Frequency % (%)
High-risk/AC16 HTJC22-1 TRBV4-1 C A S S Q T R T S G L Q E T Q v F TRBJ2-5 1/103 1.0
HTJC22-2 TRBV7-9 C A S S P D R S P E A F F TRBJ1-1 1/103 1.0
HTJC22-3 TRBV7-9 C A S N P P R A N T G E L F F TRBJ2-2 2/103 19
HTJC22-4 TRBV7-9 C A S M P D R K N T | Y F TRBJ1-3 10/103 9.7
HTJC22-5 TRBV7-9 C A S | P D R E G N | Q v F TRBJ2-4 24/103 233
HTJC22-6 TRBV7-9 C A S | L D R S E T Q v F TRBJ2-5 2/103 19
HTJC22-7 TRBV7-9 C A S | E D R T P E A F F TRBJ1-1 60/103 583
HTJC22-8 TRBV18 C A S S R D R E R Y E Q v TRBJ2-7 2/103 19
HTJC22-9 TRBV20-1 C S A R A A G T S G R R G D T Q v F TRBJ2-3 1/103 1.0 340
High-risk/AC17 HTJC27-1 TRBV3-1 C A S S Q R S G Q G N S P L H F TRBJ1-6 14/114 123
HTJC27-2 TRBV4-1 C A S S Q D R G Y \ Y G Y T F TRBJ1-2 7/114 6.1
HTJC27-3 TRBV7-9 C A S S P D R A P E A F F TRBJ1-1 1/114 0.9
HTJC27-4 TRBV7-9 C A S P R D R E D G Y T F TRBJ1-2 5/114 44
HTJC27-5 TRBV7-9 C A S S P D R A D E Q F F TRBJ2-1 5/114 4.4
HTJC27-6  TRBV7-9 C A S S P D R E L T Q v F TRBJ2-5 64/114 56.1
HTJC27-7 TRBV7-9 C A S S P N R G P A D E Q v F TRBJ2-7 1/114 0.9
HTJC27-8  TRBV9 C A S S P N F G P N Y G Y T F TRBJ1-2 1/114 0.9
HTJC27-9 TRBV19 C A S S M R D 1 G N T G E L F F TRBJ2-2 1/114 0.9
HTJC27-10 TRBV27 C A S S G G R G S P L H F TRBJ1-6 1/114 0.9
HTJC27-11 TRBV29-1 C S \ E D L R S G G G D T E A F F TRBJ1-1 14/114 123 61.4

aTCR-B CDR3 amino acid sequences of individual HLA-A*2402-TaXsy; .39 tetramer-positive CTL clones (Tax-CTL clones) of 10 AC samples from seven sACs and three
hrACs. Entries that are in bold and shaded indicate CDR3 sequences of the PDR motif at positions 108 to 110 and their frequencies in analyzed cells. Furthermore,
the sums of the frequencies of the PDR* repertoire in each sample are also represented as PDR™ (%). Entries that are shaded represent the conserved CDR3 amino
acid sequence, which is P-R or -DR at positions 108 to 110 in CDR3 of each Tax-CTL clone.

the four clonotypes to the total number of clonotypes detected in the sACs, hrACs, and
ATL patients are shown in Fig. 4a. The fraction of clonotypes expressing PDR, -DR, and
P-Rin ACs (sACs and hrACs) (approximately 55%) was greater than that in ATL patients
(38%). Notably, the proportion of the PDR* clonotype gradually decreased, in the order
sACs, hrACs, and ATL (32%, 25%, and 18%, respectively). However, the decreasing trend
of PDR™ clonotype was not statistically significant (P = 0.157).

Furthermore, we determined the detection frequencies of these four Taxsg;.300-CTL
clonotypes in sACs, hrACs, and ATL patients at the individual level. The results are
shown in Fig. 4b. Interestingly, only the PDR* clonotype was detected in all individuals
among the sACs, hrACs, and ATL patients, whereas the -DR* and P-R* clonotypes were
not detected in all individuals but were detected in two or more individuals (28.6% to
100%) in each group. Minor-TCR clonotypes detected in sACs, hrACs, and ATL groups,
respectively, were not observed in the other groups. We thought that these clonotypes
might be unique to individuals and may have been detected simply due to the
sensitivity of our single-cell TCR repertoire analysis. Thus, PDR* Tax-specific clonotypes
were consistently found in individuals regardless of clinical subtype in HTLV-1 infection.
Finally, we examined the correlation of the absolute frequencies of PDR* Tax-CTL and
PVL in all PB samples that had undergone a single-cell TCR repertoire analysis. No
correlation between them was apparent (Fig. 4c).

DISCUSSION

In the present study, we showed that in contrast to the changes in the phenotypes
(CADM1 versus CD7, HAS flow profile) of HTLV-1-infected CD4™* cells with ATL progres-
sion, neither the frequencies nor the differentiation phenotypes of Taxsq,_30o-CTLS were
responsive to the disease status of HTLV-1 infection, suggesting that simply measuring
the frequency and phenotypes of Taxsg;_30-CTLs would not help to estimate the
contribution of Taxsg,.30o-CTLs to controlling the disease status. In fact, TaXsg1_300"
CTLs showed a wide variety of frequencies not only among ACs who could
effectively control HTLV-1 replication but also among ATL patients who could not.
Furthermore, Tax;4,.30o-CTLs of both ACs and ATL patients were consistently pres-
ent as less differentiated, or relatively young, CD45RA~ CCR7~ effector memory
CTLs based on the predominant phenotypes of CD27", CD28*/~, and CD57~ without
major changes toward terminally differentiated or mature phenotypes (CD27—, CD28,
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TABLE 3 TCR-B CDR3 amino acid sequences and frequencies of Taxzo;_30o tetramer-positive CTL clones among ATL patients

Amino acid at indicated position in CDR3

PDR*

Disease type/ID Clone ID BV 104 105 106 107 108 109 110 113 114 115 116 117 118 119 120 121 122 123 124 BJ Frequency % (%)
Chronic-type ATL/cATL1 HTJC13-1 TRBV>-1 ¢ A S S L S A L S Y N E Q F F TRBJ2-1 1/113 0.9
HTJC13-2 TRBV5--1 ¢ A S S S S T S G N T G E L F F TRBJ2-2 88/113 77.9
HT)C13-3 TRBVZ-9 C A S S P D R L Q T Q Y F TRBJ2-5 12/113 10.6
HT)C13-4 TRBV7Z9 C A S | P D R N T E A F F TRBJ1-1 6/113 5.3
HT)C135 TRBV7Z-9 C A S S P D R V K T Q Y F TRBJ2-5 4/113 3.5
HTJC136 TRBVZ9 C A S S A P R T G E L F F TRBJ2-2 1/113 0.9

HTJC13-7 TRBV241C A T S D R G Q G E Y N E Q F F TRBJ2-1 1/113 09 19.4
Acute-type ATL/aATL2, OMO001-1 TRBV4-1 C A S S H P A G N F H G Y T F TRBJ1-2 4/50 8.0
before HSCT OM001-2 TRBVS> ¢ A S S L E G T G V S G A N L T F TRBJ2-6 1/50 2.0
OM001-3 TRBVS6 C A S S F F H P | W G M S S E T Q Y F TRBJ25 3/50 6.0
OM001-4 TRBVS6 C A S S L G D R L Y E Q Y F TRBJ2-7 1/50 2.0
OM001-5 TRBV65 C A S S D P L T E G T D T Q Y F TRBJ2-3 1/50 2.0
OM001-6 TRBVZ2 C A S S L D V P G P Y E Q Y F TRBJ2-7 3/50 6.0
OM001-7 TRBVZ-8 C A S S L G P G G A Y E Q Y F TRBJ2-7 12/50 24.0
OM001-8 TRBV7Z-8 C A S S L S S R G E T H Y F TRBJ2-5 1/50 2.0
OM0019 TRBVZ-8 C A S S L G S S G E T Q Y F TRBJ2-5 2/50 4.0
OM001-10 TRBVZ-9 C A S | P P R G Q E Q F F TRBJ2-1 2/50 4.0
OM001-11 TRBV7Z9 C A S R P D R S H E Q Y F TRBJ2-7 8/50 16.0
OM001-12 TRBVZ9 C A S S L D R V H E Q Y F TRBJ2-7 1/50 2.0
OM001-13 TRBVZ-9 C A S S V P R T D T Q Y F TRBJ2-3 6/50 12.0
OM001-14 TRBV1IO3C A | G G G G A E T Q Y F TRBJ2-5 2/50 4.0
OM001-15 TRBV123C A S T A T G T L T E A F F TRBJ1-1 1/50 2.0
OM001-16 TRBV20-1C S A R E T G A A G E T Q F TRBJ2-5 1/50 2.0

OM001-17 TRBV23-1C A S S T R G R E Q Y F TRBJ2-7 1/50 20 16.0
Lymphoma-type ATL/  OM003-1 TRBV7-8 C A S S P P R Q R D T Q Y F TRBJ2-3 1/110 0.9
aATL3, before HSCT OM003-2 TRBVZ-9 C A | N R D R E S D Q Y F TRBJ2-5 6/110 55
OM003-3 TRBVZ9 C A S | P D R E K T Q Y F TRBJ2-5 7/110 6.4
OM003-4 TRBVZ-9 C A S K V D R E G T | Y F TRBJ1-3 15/110 13.6
OM003-5 TRBVZ-9 C A S R V N R G G E Q Y F TRBJ2-7 1/110 0.9
OM0036 TRBVZ-9 C A S S P D R A H T | Y F TRBJ1-3 53/110 48.2
OM003-7 TRBV79 C A S S P D R A N T G G A F F TRBJ2-2 6/110 5.5
OM003-8 TRBVZ9 C A S S P D R V P E A F F TRBJ1-1 1/110 0.9
OM0039 TRBVZ9 C A T L L D R Y N E Q F F TRBJ2-1 1/110 0.9
OM003-10 TRBVIS C A S S P G S G G L Y E Q F F TRBJ2-1 1/110 0.9
OM003-11 TRBVI8 C A S S P P R L R D T Q Y F TRBJ2-3 9/110 8.2
OM003-12 TRBVIS C A S S P P R Q | Y E Q Y F TRBJ2-7 2/110 1.8
OM003-13 TRBVI8 C A S S P D R R | Y E Q Y F TRBJ2-7 6/110 5.5

OM003-14 TRBVI9 C A S S | G G R T R G W T D T Q Y F TRBJ2-3 1/110 09 66.4
Lymphoma-type ATL/  OMO012-1 TRBV41 C A S S Q@ D R G Q V Y G Y T F TRBJ1-2 2/78 26
aATL4, before HSCT OM0122 TRBV41 C A S S Q V A G A S F N E Q F F TRBJ2-1 45/78 57.7
OM012-3 TRBV42 C A S S Q V Q G A S N Q P Q H F TRBJ1-5 2/78 26
OM012-4 TRBV6-1 C A S S W T V Y Y E Q Y F TRBJ2-7 1/78 13
OM012-5 TRBV62 C A S S F L P D S G Q P Q H F TRBJ1-5 1/78 13
OM0126 TRBV65 C A S S Y S G D D T Q Y F TRBJ2-3 1/78 13
OM012-7 TRBVZ2 C A S S Y H L A G | Y N E Q F F TRBJ2-1 1/78 13
OM012-8 TRBV7Z-8 C A S S S N Q G A G G N Q P Q H F TRBJ1-5 1/78 13
OM0129 TRBVZ9 C A | G D R G N G Y T F TRBJ1-2 2/78 26
OM012-10 TRBVZ-9 C A S L P D R S S H E Q Y F TRBJ2-7 9/78 11.5
OM012-11 TRBV79 C A S K E D R Q S N S P L H F TRBJ1-6 6/78 7.7
OM012-12 TRBYO C A S G N S Y N Q P Q H F TRBJ1-5 1/78 13
OMO012-13 TRBV123C A S S L L P V E T Q Y F TRBJ2-5 1/78 13
OM012-14 TRBVI3 C A S S L G P D R Y E Q Y F TRBJ2-7 1/78 13
OM012-15 TRBVI8 C A S S P P R V R D E Q F F TRBJ2-1 1/78 13
OMO012-16 TRBV20-1C S A S D N G Q G S Y E Q Y F TRBJ2-7 1/78 13
OM012-17 TRBV20-1C S A R D Y N S Y E Q Y F TRBJ2-7 1/78 1.3

OM012-18 TRBV28 C A S S L L T Vv R T E A F F TRBJ1-1 1/78 13 115

aTCR-B CDR3 amino acid sequences of individual Taxso_300 tetramer-positive CTL clones (Tax-CTL clones) of four HLA-A*2402+ ATL patients, including one with
chronic-type ATL (cATL), one with acute-type (aATL), and two with lymphoma-type ATL. Unfortunately, the TCR repertoire status of aATL1 was not examined, because
Tax tetramer-positive cells were not detected in the sample. The totals for cells and clones included are 351 cells and 56 clones, respectively. For explanations of
bold and shading, see footnote a to Table 2.

and CD577), despite in vivo chronic stimulation by HTLV-1 in ATL progression. In
contrast to this T-cell differentiation status, Tax-CTLs in patients with an inflammatory
disease, HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP), have
shown a predominance of late differentiation (CD27~ CD28~) (28). However, previous
studies have revealed that CD27 and CD28 molecules are required for the generation
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FIG 4 Consistent observation of PDR* clonotypes in both ACs and ATL patients and its relation to PVL.
Tax-specific TCR repertoires detected in sACs, hrACs, and ATL patients were classified into four types based
on the CDR3B amino acid sequences at positions 108 to 110: (i) PDR™, (ii) -DR*, (iii) P-R*, and (iv) minor
repertoires. (a) Ratios of the each repertoire type to the total number of detected TCR repertoires in sACs,
hrACs, and ATL patients. (b) Summary of the detection frequencies of the four repertoire types among sACs,
hrACs, and ATL patients at the individual level. (c) Relationships between the absolute frequencies of PDR
motif* Tax-CTL (PDR+CTL) in PB and PVL in 13 individuals for whom a single-cell TCR repertoire analysis
was performed.

and long-term maintenance of T-cell immunity in virus infection, and especially that the
expression of CD27 can promote the survival of activated virus-specific T cells without
affecting cell division activity by preventing the onset of TCR/CD3 stimulation (29, 30).
Thus, the expression of CD27 and CD28 molecules on Tax-CTLs might be necessary for
their survival under chronic stimulation by HTLV-1, and this may be affected by the
status of HTLV-1-associated diseases (ATL or HAM/TSP) rather than PVL among HTLV-
1-infected individuals.

Of the HTLV-1 antigens, such as env, gag, pol, and pX gene products, it has been
shown that Tax is the most dominant target antigen of HTLV-1-specific CTLs (31).
Especially, it has been considered that TaX;y,.50¢ iS One of the major epitopes for
HLA-A*24:02, which is one of the most common HLA-A alleles in Japan (9). Therefore,
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in the present study, to further understand the nature of protective CTL responses
against Tax, we have investigated the differences in Tax,q,_300-Specific TCR repertoires
of HLA-A*24:02+ HTLV-1-infected individuals between individuals who controlled
HTLV-1 (ACs) and individuals who developed ATL. In our initial studies on Taxso;_300"
specific TCR repertoires of HLA-A*24:02* ATL patients who had undergone allo-HSCT,
we found a common amino acid sequence motif, PDR, in CDR3 3 of Taxso,_300-SpPecific
TCRs, not only in unrelated ATL patients but also in individual patients before and after
allo-HSCT (19). This prompted us to investigate if selection of the PDR motif in CDR38 of
TaX;0;_300-specific TCRs is independent of the disease status or if it is conserved in all
HTLV-1-infected individuals. Therefore, in the present study, we compared 140 TaXz;_300-
specificTCR repertoires (clonotypes) composed of 1,458 Tax tetramer-positive cells between
HLA-A*24:02* ACs and ATL patients at the single-cell level.

Our results showed that TCR repertoires in Taxso;.30o-CTL of both ACs and ATL
patients were highly restricted, with strongly biased usage of the BV7 gene family, and
similar amino acid sequence motifs were frequently encountered: PDR, -DR, and P-R at
positions 108 to 110 in CDR3 of Taxso_300-specific TCRs. The most important obser-
vation was that only PDR™ Tax-specific clonotypes were observed in all samples from
both ACs and ATL patients in this study (Tables 2 and 3 and Fig. 4b). Furthermore, an
investigation of the TCR repertoire for PDR™ Tax-specific clonotypes revealed that they
were likely to show a TCR-B bias in BV7-9/BJ2-5 (Fig. 3¢) and the composition of PDR™
Tax-specific clonotypes in Tax-CTLs might gradually decrease during the course of ATL
development (Fig. 4a), although this phenomenon has not yet been clarified. Thus,
Tax;01.300-specific CTLs showed a TCR bias for the usage of BV7 and the consistent
selection of the PDR motif in CDR3 under selective pressures that act on V-D-J gene
recombination of the TaX;q,_300-specific TCR-B chain in the thymus (32-34) in HLA-
A*24:02" HTLV-T-infected individuals.

Since the 1990s, many studies on virus-specific memory T-cell responses to the same
antigen epitope have described the presence of a TCR repertoire bias by shared
sequences in their TCR-a and/or -B chains in multiple unrelated individuals, and such
a TCR bias associated with the sharing of full TCR amino acid sequences or certain
motifs in CDR3 has generally been referred to as “public” (35, 36). To date, a TCR bias
associated with shared sequences (public) of TCR-a/p for targeting antigen epitopes of,
for example, Epstein-Barr virus (37, 38), influenza A virus (39), cytomegalovirus (40, 41),
and human immunodeficiency virus (HIV) (42-45), has been identified among HLA-
matched unrelated individuals. With regard to HTLV-1, a TCR repertoire bias with
Tax, ,_1o-specific CTLs bearing a shared CDR3B amino acid motif (PG-G) and expressing
BV6-5/BJ2-7 has also been identified among HLA-A2" patients with HAM/TSP (46),
which is similar to our finding of a PDR motif in BV7-9-expressing Tax-CTLs among
HLA-A*24:02*+ ACs and ATL patients. Furthermore, there have been some reports on
the effects of these biased TCR features on CTL efficiency and the clinical outcome in
virus infections. For example, for HIV, one study demonstrated that a public clonotype
of CTLs exhibited high levels of antigen sensitivity and TCR avidity, which provide
functional advantages and enable the effective suppression of HIV replication, and a
different study on long-term nonprogressors revealed that a type of public TCR
motif-expressing HIV nef-specific CTL demonstrated effective cross-recognition of nat-
urally occurring FL8 epitope variants and may be associated with a better clinical
outcome (42). In the case of HTLV-1, the shared (public) TCR motif in HTLV-1 Tax;,_;o-
specific CTLs mentioned above has been shown to be critical for maintenance of the
tertiary conformation of the CDR3f loop (46).

In this study, we also identified a public TCR motif for the HLA-A*24:02"-restricted
HTLV-1 TaXs4,.300 antigen epitope. However, we failed to show any obvious relation-
ship between the frequency of PDR* Tax-CTLs and disease status in HTLV-1 infection.
This indicated that the presence of PDR™ Tax-CTLs was less likely to directly predict the
efficiency of Taxsgy.30o-CTLs at controlling HTLV-1 replication. However, if we consider
our previous results in a functional assay for PDR™ Tax-CTLs in ATL patients after
allo-HSCT, PDR* Tax-CTLs might have strong activity against HTLV-1 with high affinity
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for Taxs01_300 Peptide, which may be associated with the efficient production of gamma
interferon (IFN-vy) and cytotoxicity (19, 47). On the other hand, even if ATL patients have
sufficient numbers of PDR-carrying Tax-CTLs, they seem to be as dysfunctional as
non-PDR-carrying Tax-CTLs, because a high PVL might be involved in the systemic
functional inactivation of CD8 T cells (27). The limitation of our study is the small
number of patients evaluated, especially the number of hrACs and ATL patients, which
did not allow us to form any definitive conclusions regarding the association between
the frequency of PDR™ Tax-CTLs and disease status in HTLV-1 infection. A larger-scale
and sequential study is needed before we can reach a definitive conclusion regarding
the strength of the biological impact of PDR* Tax-CTLs on the disease onset of ATL.

In conclusion, we showed that the frequencies and memory phenotypes of Taxso; 300"
CTLs were not useful indicators for estimating in vivo TaXsq; 30o-CTL efficiency in ATL
progression. However, according to the results obtained with our single-cell-based
approach to TCR repertoires in TaXso;_300-CTLs of HLA-A*24:02* ACs and ATL patients,
HLA-A*24:02* HTLV-1-infected individuals might exhibit conservation of the PDR motif
in CDR3B of BV7-9* Taxsq_300-specific TCRs, in accordance with a public TCR motif for
the TaX;41_300 €pitope. The findings described here may help us to understand not only
the comprehensive rules for T-cell regulation in HTLV-1 infection but also the perfor-
mance of public TCR motif-carrying T cells in persistent virus infection.

MATERIALS AND METHODS

Cells. Peripheral blood (PB) samples of 17 unrelated ACs (AC1 to -17) and 2 ATL patients (one each
with acute-type ATL and chronic-type ATL) (@ATL1 and cATL1) were obtained from the Institute of
Medical Science, The University of Tokyo Hospital. PB samples from three cases of aATL (aATL2, -3, and
-4) before allo-HSCT were obtained from Saitama Medical Center, Jichi Medical University. All patients
with ATL were categorized into clinical subtypes according to Shimoyama’s criteria (5), and the clinical
characteristics of the tested individuals are summarized in Table 1. This study was approved by the
institutional review boards of the University of Tokyo and Jichi Medical University. Written informed
consent was obtained from all patients. Peripheral blood mononuclear cells (PBMCs) were isolated by
Lymphoprep (Axis-Shield PoC AS, Oslo, Norway) and cryopreserved in liquid nitrogen until use.

Quantification of HTLV-1 PVL. The HTLV-1 proviral load (PVL) per 100 PBMCs was measured by a
quantitative real-time PCR with HTLV-1 Tax-specific primers using the ABI Prism 7000 sequence detection
system (Applied Biosystems, Foster City, CA), as described previously (22, 48).

CADM1 versus CD7 plot in CD4+ cells in flow cytometry. PBMCs were stained using a combination
of monoclonal antibodies (MAbs) against CADM1, CD7, CD3, CD4, and CD14 molecules. PE-conjugated
CADM1 antibody (clone 3E1) was purchased from MBL (Tokyo, Japan). Allophycocyanin (APC)-conjugated
CD7 antibody (clone CD7-6B7), CD4-APC-Cy7, and CD14-fluorescein isothiocyanate (FITC) were obtained
from BioLegend (San Diego, CA). CD3-phycoerythrin (PE)-Cy7 was obtained from BD Biosciences (San
Jose, CA). After cells reacted with these MADbs, they were washed twice in 2% fetal bovine serum
(FBS)-phosphate-buffered saline (PBS) buffer, and 7-aminoactinomycin D (7-AAD; BD Biosciences) was
added to the samples to stain dead cells immediately before acquisition using FACS Verse (BD Biosci-
ences). Data were analyzed using FlowJo software (TreeStar, San Carlos, CA).

Phenotypic analysis and single-cell sorting of individual Tax tetramer-positive cells. For the
phenotypic analysis of TaXso;.30-CTLS, PE-conjugated HTLV-1 TaXsq;_309 (SFHSLHLLF)-/HLA-A*24:02 te-
tramer reagents (MBL) and the following fluorescence-conjugated MAbs were used. CD3-FITC, CD8-APC-
Cy7, CD27-PerCP-Cy5.5, CD28-FITC, and CD57-FITC were obtained from BioLegend, and CCR7-PE-Cy7 and
CD45RA-APC were obtained from BD Biosciences. After cells were reacted with Tax tetramer reagent and
antigen-specific MAbs, they were washed twice and subsequently analyzed by FACSAriall (BD Biosci-
ences). Individual CD3* CD8* Tax tetramer-positive cells were also single-cell sorted for further single-
cell TCR repertoire analysis using the same instrument, as described below. The data were analyzed using
FlowJo software.

Single-cell TCR repertoire analysis of Tax tetramer-positive cells. The single-cell TCR repertoire
analysis of Tax tetramer-positive cells was performed as described previously (19, 49). Amino acid
sequences of CDR3 of the TCR-B chain (CDR3) were analyzed from a total of 1,107 Tax tetramer-positive
cells from 10 ACs (ACT, -3, -4, -5,-7,-9,-10,-11,-16, and -17) and from a total of 351 Tax tetramer-positive
cells from 4 ATL patients (@ATL2, -3, and -4 and cATL1). TCR repertoires in Tax tetramer-positive cells of
aATL2 and aATL3 have been reported previously (19). A TCR repertoire analysis of aATL2 was performed
using a bone marrow sample instead of a PB sample, because Tax tetramer-positive cells were unde-
tectable in this patient’s PB sample. CDR3 sequence data for each cell were analyzed by comparison with
the IMGT human TCR gene database (http://www.imgt.org/).

Statistics. The nonparametric Mann-Whitney two-tailed U test was used to evaluate the statistical
significance of differences in the frequencies of Tax tetramer-positive cell between sACs and either hrACs
or ATL patients. A two-group comparison of the absolute numbers of PDR motif-expressing Tax-specific
CTLs (PDR* Tax-CTLs) and PVL in PB that was subjected to a single-cell TCR repertoire analysis was
performed with the nonparametric Wilcoxon rank sum test.
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