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Deep sequencing of the T cell receptor visualizes reconstitution of T cell immunity
in mogamulizumab-treated adult T cell leukemia
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ABSTRACT
Although the anti-CCR4 antibody mogamulizumab (moga) shows striking antitumor activity against adult T
cell leukemia (ATL), it can also cause fatal immunological pathology such as severe skin rash and graft-
versus-host disease, which might be attributed to depletion of CCR4C regulatory T cells. We previously
showed that next generation sequencing enables precise analysis of the T cell receptor (TCR) repertoire,
and we here used the technique to reveal the immunological dynamics in moga-treated ATL patients.
Treatment with moga resulted in remarkable reduction or elimination of clonal cells, and enhanced
reconstitution of non-tumor polyclonal CD4C T cells and oligoclonal CD8C T cells. Interestingly, cutaneous
T cells infiltrating moga-related skin rashes did not share the same major clones in peripheral blood, which
minimizes the possibility of cross-reaction. Thus, deep sequencing of the TCR can reveal the immune
reconstitution of moga-treated ATL and provides powerful insights into its mode of action.
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Introduction

Adult T cell leukemia (ATL) is a mature T cell malignancy that
occurs in human T-lymphotropic virus type-1 (HTLV-1) car-
riers,1 and typical ATL cells present as “flower-cells” with poly-
lobulated nuclei.2 Whereas not all the ATL cells exhibit the
same morphology, ATL cells can be identified by CADM1
expression.3,4 ATL is one of the most therapy-resistant hemato-
logic malignancies, and even the most intensive chemotherapy,
modified LSG15 (mLSG15), can provide short survival of about
one year.5 Although allogeneic hematopoietic stem cell trans-
plantation (allo-HSCT) can achieve long-term remission,6 it
also raises the risks of therapy-related mortality such as graft-
versus-host disease (GVHD), which limits its indication and
success.

The recently developed anti-CCR4 antibody, mogamulizu-
mab (moga), has shown substantial anti-ATL activity, even in
relapsing or chemotherapy-resistant disease.7,8 Moga crosslinks
CCR4 on ATL cells and Fc receptors on NK cells, inducing
antibody-dependent cellular cytotoxicity against ATL cells. In
addition, it also enhances antitumor immunity by depleting
regulatory T cells.9,10 However, there are several obstacles to
the use of moga. The treatment can cause fatal adverse events,
including Stevens-Johnson syndrome,11 autoimmune encepha-
litis,4 and GVHD after allo-HSCT,12 which may be attributable

to depletion of regulatory T cells. In addition, the best combi-
nation of moga and cytotoxic chemotherapy regimen remains
unclear, because sequential administration of mLSG15 and
moga did not show superior outcome.13 Its efficacy against
extramedullary lesions is unsatisfactory.7 To achieve the best
therapeutic effects without fatal adverse events, close monitor-
ing and understanding of the immunological dynamics in
moga-treated patients is warranted.

We have demonstrated that deep sequencing of the T cell
receptor-alpha (TCR-a) by next generation sequencing enables
minute TCR repertoire analysis in ATL.4 This technique can
elucidate the clonality of ATL cells and non-tumor T cells at
single-cell level. Here, we sequentially performed this analysis
in ATL patients who received conventional chemotherapy and
moga, which clearly visualized polyclonal reconstitution of
non-tumor T cell clones by moga.

Results and Discussion

First, we sequentially analyzed peripheral blood samples from five
ATL patients treated with conventional chemotherapy (mLSG15)
and moga (Fig. 1A-B). At diagnosis, flow cytometry revealed that
the majority of T cells exhibited a CD3dimCD4CCADM1CCD7¡
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phenotype, and TCR repertoire analysis showed that the T cells
comprised one or double clonal populations, namely, ATL cells
(Fig. 1A-1/1B-1 and Table S1 A-1/1B-1). Although primary che-
motherapy with mLSG15 reduced the frequencies of ATL clones,
they remained the major clones, and reconstitution of non-tumor
polyclonal T cell clones was incomplete (Fig. 1A-2/1B-2 and
Table S1 A-2/1B-2). By contrast, moga treatment resulted in a
dramatic reduction or elimination of ATL clones and substantial
reconstitution of non-tumor polyclonal T cell clones (Fig. 1A-3
and Table S1 A-3). Interestingly, while CD4C T cells showed
remarkable polyclonal reconstitution, CD8C T cells showed
“skewed” oligoclonal reconstitution (Fig. 1B-3 (CD4 and CD8)
and Table S1B-3 (CD4 and CD8)), indicating that a number of
major CD8C T cell clones emerged and expanded after moga
treatment. However, when CADM1CCD7¡ ATL re-appeared
7 months later, the same ATL clone increased, and polyclonal T
cell clones were suppressed again (Fig. 1A-4 and Table S1 A-4).
The results of flow cytometry and TCR repertoire analysis were
always consistent with one another, supporting that the
CD3dimCD4CCADM1CCD7¡ population was exclusively com-
posed of ATL cells.3,4 Thus, while moga reduced or eliminated
ATL clones, it also resulted in striking reconstitution of polyclonal
CD4C T cells and oligoclonal CD8C T cells. By contrast, conven-
tional chemotherapy mLSG15░did not produce such effects in
our cases. These observations may indicate that moga can achieve
deeper remission, though their effects vary case to case. The anal-
yses of these two patients and three more patients are summa-
rized in Tables S3 and S4 (cases #1, 2, 3, 5, and 6). Interestingly,
case #6 had two abnormal clones before moga treatment
(TRAV9-2/TRAJ31 and TRAV13-1/TRAJ4). While moga selec-
tively reduced the former one, the latter one was resistant to
moga (Tables S3 and S4). It is known that some ATL cases are

resistant to moga,7,8 but the responses to moga might depend on
each ATL clone even in a patient. In addition, the frequencies of
abnormal lymphocytes in peripheral blood morphologically-
defined, CADM1C CD4 T cells, and % clonal cells are summa-
rized in Figure S1 as for the cases #1 to #6. As they decreased
similarly, they might be useful to monitor therapeutic effects of
anti-ATL therapy.

Moga sometimes causes a severe skin rash,11,14,15 which may
be associated with depletion of regulatory T cells. Given that
moga treatment resulted in propagation of some oligoclonal
CD8C T cells (Fig. 1) and CD8C T cells dominantly infiltrate
moga-associated skin rashes,4 the T cell clones increased by
moga treatment in peripheral blood may infiltrate the skin and
induce eruption. If this were the case, the same T cell clones
would be expected to be simultaneously detected both in
peripheral blood and skin; therefore, peripheral blood and skin
tissue samples from four patients with moga-related rash were
subjected to TCR repertoire analysis.

ATL clones were depleted and polyclonal reconstitution
occurred in peripheral blood after administration of moga,
whereas several major clones were detected among CD8C T
cells (Fig. 2A/B and Table S2 A/B). By contrast, the skin tissues
showed CD8C-dominant T cell infiltration in the epidermis
and dermis with mild liquefaction degeneration. The clonality
of T cells differed by case, with both polyclonal (Fig. 2A and
Table S2 A) and oligoclonal (Fig. 2B and Table S2B) T cell infil-
tration observed. Interestingly, most of the major clones were
not shared in peripheral blood and the skin tissues (Fig. 2A/B
and Table S2 A/B). The analyses of these two patients and two
more patients are summarized in Tables S3 and S4, corre-
sponding to cases #3, 4, 5, and 7. Furthermore, we additionally
performed TCR-b repertoire analyses as for these four patients

Figure 1. Sequential analysis of peripheral blood T cells by high-resolution flow cytometry and TCRa, V, and J assignment (A) Results from an acute type ATL patient who
received both conventional chemotherapy mLSG15 (A-1 to A-2) and moga (A-2 to A-3). Flow cytometric scattergrams illustrating percentages of CD4C/8C and
CADM1CCD7¡ (ATL) cells. For TCR repertoire analysis, 3D graphs show the frequencies of TRAV/J clones. ATL cells with a CADM1CCD7¡ phenotype decreased remarkably
and reconstitution of polyclonal T cells was observed after moga treatment (A-3); however, 7 months later, a CADM1CCD7¡ cell population and the TRAV21/J49 clone
reappeared and polyclonal T cells were suppressed (A-4). (B) Results from another acute type ATL patient who received mLSG15 (B-1 to B-2) and moga (B-2 to B-3). After
moga treatment, PBMCs were sorted into CD4C and CD8C T cells, and subjected to TCR repertoire analysis (B-3 (CD4) and B-3 (CD8)). Data are representative of five inde-
pendent patients. N.D.: not detected.
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(Table S5). Although there were a few overlapped repertoires in
peripheral blood and the skin especially in case #7, most of the
clones were not shared.

It is often difficult to differentiate ATL cells from normal T
cells only by morphology. Kobayashi et al. and we previously
showed that the CD3CCD4CCADM1CCD7¡ cells are exclu-
sively clonal ATL cells.3,4 Based on our analyses, we propose
that we may trace ATL tumor burden quite correctly by detect-
ing CD4CCADM1CCD7¡ cells by flow cytometry, though it
should be thoroughly tested in the future.

Whereas the importance of immune reconstitution of T cells
after hematopoietic stem cell transplantation is well acknowl-
edged and associated with long-term prognosis and therapy-
related mortality,16,17 immune cell reconstitution has been dis-
cussed less in the context of cytotoxic chemotherapy. Given the
association of ATL with immunodeficiency18,19 and the strong
immunomodulatory effects exerted by moga, understanding of
the dynamics of immune cell reconstitution is particularly
important to avoid fatal adverse events. Here, deep sequencing
of the TCR-alpha repertoires can uncover this phenomenon
after conventional chemotherapy and treatment with moga. In
our analyses, moga not only depleted or eliminated ATL clones,
but also enhanced reconstitution of non-tumor polyclonal T
cells, which did not occur in response to conventional chemo-
therapy. In addition, CD8C T cells exhibited oligoclonal recon-
stitution after treatment with moga. It may represent enhanced
ATL-specific immunity,10 which cannot be confirmed with our
current methods. As described previously, it is questionable
whether conventional chemotherapy and moga can synergisti-
cally suppress ATL13; this might be because conventional che-
motherapy inhibits reconstitution of T cell immunity by moga.

Depletion of regulatory T cells using moga may lead to dete-
rioration of autoimmune symptoms, partly due to cross-reac-
tion by the same ATL-specific clones. If so, the same T cell
clones should be detected in both peripheral blood and the
affected tissue. However, in this study, peripheral blood and
skin tissues from patients suffering from skin eruptions did
not share the same major T cell clones. These results suggest
that the skin rash may not be a consequence of cross-reaction,
but rather reflects alterations of T cell homeostasis or cytokine-
release syndrome. Our data suggest that the immunological
dynamics and polarization in moga-treated patients varies
depending on the tissue site.

In conclusion, TCR repertoire analysis by deep sequencing
reveals reconstitution of polyclonal and oligoclonal T cell
clones after moga treatment. This phenomenon was observed
only after moga treatment and may be essential for its effects.
Although further investigations are warranted, our method
would help to clarify the mode of action of moga.

Methods

TCR repertoire analysis

PBMCs and sorted CD4C/CD8C T cells, or the skin tissues
were collected from ATL patients with written informed con-
sent, and subjected to TCR repertoire analysis. All the stud-
ies were performed in accordance with the guidelines set out
in the Declaration of Helsinki and were approved by
the Saga University Institutional Review Board. TCR reper-
toire consists of combination of diverse TRAV and J chain
usage and amino acid sequences of CDR3 region. Sequencing

Figure 2. Peripheral blood T cells and cutaneous infiltrating T cells do not share the same major T cell clones after treatment with moga (A, B) PBMCs, sorted CD4C/CD8C

T cells, and skin tissues were subjected to TCR repertoire analysis in two ATL cases with moga-related skin rash. 3D graphs show the frequencies of TRAV/J clones. In panel
A, the blue bar consists of three clones with different amino acid sequences in the CDR3 region, but sharing TRAV24/J52. H&E and CD3/4/8 staining of the samples of
tissue from the skin rash are also shown. Data are representative of four independent patients.
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of the T cell receptor a (TRA) locus was performed at Reper-
toire Genesis Incorporation using an unbiased gene amplifi-
cation method with Miseq or GS Junior, and the repertoire
analysis software, Repertoire Genesis, was used as previously
described.4 Between 103 and 105 valid reads were generated.
Cell numbers and extracted RNA contents of the samples
are summarized in Table S6.

Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were collected
from nine ATL patients. Cells were stained using a combination
of APC-H7-anti-CD3 (SK7), PE-anti-CD7 (M-T701), and
PerCP-Cy5.5-anti-CD4 (SK3) (BD Biosciences, Franklin Lakes,
NJ), FITC-anti-CCR4 (205410; R&D systems, Minneapolis,
MN), and Alexa Flour 647-anti-CADM1 (3E1; MBL, Nagoya,
Japan). Multicolor flow cytometric analysis was performed
using a FACSCanto II analyzer (BD Biosciences), and data
were analyzed using Flowjo software (TreeStar, Ashland, OR).
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