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Summary

‘Monitoring of immune responses following mogamulizumab-containing
treatment in patients with adult T-cell leukaemia-lymphoma (ATL)’
(MIMOGA) is a multicentre prospective clinical study (UMIN000008696).
In the MIMOGA study, we found that a lower percentage of CD2 CD19"
B cells in peripheral blood mononuclear cells (PBMC) was a significant
unfavourable prognostic factor for overall survival (OS). Accordingly, we
then analysed the immunoglobulin G (IgG) heavy-chain repertoire in
PBMC by high-throughput sequencing. Of the 101 patients enrolled in the
MIMOGA study, for 81 a sufficient amount of PBMC RNA was available
for repertoire sequencing analysis. Peripheral IgG B cells in patients with
ATL had a restricted repertoire relative to those in healthy individuals.
There was a significant positive correlation between the Shannon—Weaver
diversity index (SWDI) for the IgG repertoire and proportions of B cells in
the PBMC of the patients. Multivariate analysis identified two variables sig-
nificantly affecting OS: a higher serum soluble interleukin-2 receptor level,
and a lower SWDI for the IgG repertoire [hazard ratio, 2-124; 95% confi-
dence interval, 1-114-4-049; n = 44]. The present study documents the
importance
mogamulizumab-containing treatment. Further investigation of strategies
to enhance humoral immune responses in patients with ATL is warranted.

of humoral immune responses in patients receiving
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Introduction

Adult T-cell leukaemia—lymphoma (ATL) is a peripheral T-cell
neoplasm caused by human T-cell lymphotropic virus type 1
(HTLV-1). It has a grave prognosis, partially due to patients’
severely immunocompromised state.' * Because CC chemo-
kine receptor 4 (CCR4) is expressed on tumour cells from
most patients with ATL,>® a therapeutic anti-CCR4 mono-
clonal antibody, mogamulizumab, has been developed to
specifically target this molecule.””® Although mogamulizumab
treatment offers a clinical benefit to patients with ATL, some
patients are initially refractory to the antibody, or acquire
resistance on treatment.'®'® In addition, many patients still
suffer from lethal opportunistic infections.>®!” In this context,
we planned and conducted the ‘Monitoring of immune
responses following mogamulizumab-containing treatment in
patients with AT (MIMOGA), a multicentre prospective
observational study (UMIN000008696), in order to establish
the most effective and safe treatment strategy using moga-
mulizumab in patients with ATL.'® Consequently, we have
found that having a lower percentage of CD2~CD19" B cells
within the lymphocyte population in peripheral blood
mononuclear cells (PBMC) were an independent and signifi-
cant unfavourable prognostic factor for overall survival (OS)
in patients with ATL.'® This finding highlighted the potential
importance of humoral immune responses during treatment
for ATL, and prompted us to investigate the B-cell immune
system in detail by analysing the B-cell repertoire in patients
with ATL. In general, among human mature B cells, antigen-
experienced memory B cells are generated from antigen-
inexperienced naive B cells in germinal centre reactions. The
former cells possess several key characteristics distinguishing
them from the latter which express immunoglobulin (Ig)-M
and/or IgD.">? First, many memory B cells have undergone

class switch recombination from IgM or IgD to IgG, IgA, or
IgE.*' Second, the vast majority harbour a mutated
immunoglobulin variable gene by which they have gained
higher affinity to the corresponding antigens.”” Finally, they
can survive longer compared to naive B cells, and proliferate
and/or differentiate faster and more efficiently than naive B
cells upon antigen stimulation.”>** Collectively, memory B
cells play a critical role in the adaptive humoral immune sys-
tem and for protecting the host from pathogenic antigens.
Although human memory B cells consist of several subsets, in
the present study we focused on IgG memory B cells.*>*® One
important reason for this is that secreted IgG is the most pre-
dominant isotype found in the human body, and another rea-
son is that IgG is not expressed by naive B cells; thus we can
analyse memory B cells clearly separate from naive B cells. Col-
lectively, in the present study, we analysed the IgG heavy-chain
repertoire of PBMC in patients with ATL and explored its clin-
ical and immunological significance, especially focussing on
the degree of diversity.

Patients and methods

Patients and study design

The present study was affiliated with the MIMOGA study. For
patients enrolled in this trial, three additional inclusion criteria
were used: (i) those patients who provided written informed
consent for genomic analysis at enrolment in the MIMOGA
study, according to the principles of the Declaration of Hel-
sinki, (ii) those patients in whom both the quality and quantity
of total RNA extracted from their PBMC before moga-
mulizumab treatment reached the level required for IgG heavy-
chain repertoire analysis, and (iii) those patients in whom more
than 200 in-frame productive IgG sequence reads were
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obtained from their RNA. This third criterion was intended to
minimize the possibility of including data with sequencing
errors or insufficient RNA. Of the 101 patients who received
mogamulizumab-containing treatment in the MIMOGA study,
81 were eligible according to these criteria and they were all
enrolled in the present substudy (Fig 1). The clinical informa-
tion and immunological data of these patients, recorded in the
MIMOGA study, were also available to the present study.'®

Unbiased amplification and high-throughput sequencing
of IgG heavy-chain genes

The details are available in Data S1.%”

Data analyses

Each sequence read was analysed by bioinformatics software
created by Repertoire Genesis Incorporation, Osaka Labora-
tory (Ibaraki, Japan), and the use of IgG heavy-chain variable
(IGHV) segments, diversity (IGHD), joining (IGH]), and
constant (IGHC) region segments, and CDR3 sequences were
determined as previously reported.””*® Briefly, the identifica-
tion of V, D, J, and C regions was determined by the
sequence with the highest identity to reference sequence
datasets available from the international ImMunoGeneTics
(IMGT) database (http://www.imgt.org). Unproductive reads

Patients enrolled in the MIMOGA study and
receiving mogamulizumab-containing treatment
(n=101)

No written consent
for genomic analysis
(n=3)

No RNA from PBMC
before mogamulizumab
for IgG heavy chain
repertoire analysis

v (n=10)

Unbiased amplification and
high-throughput sequencing
of 1gG heavy chain genes
(n=88)

In-frame productive

1gG sequence reads

were less than 200.
(h=7)

\ 4

Patients with definitive
1gG heavy chain repertoire data
were enrolled in the present study
(n=81)

Fig 1. Reporting Recommendations for Tumour Marker Prognostic
Studies (REMARK) diagram. The diagram details how the patients in
the present study were selected from those in the MIMOGA study.
IgG, immunoglobulin G; MIMOGA, monitoring of immune responses
following mogamulizumab-containing treatment in patients with adult
T-cell leukaemia—lymphoma; PBMC, peripheral blood mononuclear
cells. [Colour figure can be viewed at wileyonlinelibrary.com]
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(out-of-frame reads) were excluded and only the productive
reads (in-frame reads) were used in further analyses. The
identical V, D, J, and deduced amino acid sequences of
CDR3 were defined as a unique sequence read. The unique
reads with in-frame CDR3 nucleotide sequences were used
for calculation of diversity indices for the IgG heavy-chain
repertoire. The details are available in Data S1.

Repertoire diversity

The Shannon—Weaver diversity index (SWDI),>**® in which
large numbers denote higher diversity, was calculated using
R (R-3-4.3) (http://www.R-project.org) and its package vegan.
The data analyses including SWDI were performed by Reper-
toire Genesis Incorporation.

Statistical analysis

Survival estimates were calculated using the Kaplan—Meier
method. OS was measured from the day of the first dose of
mogamulizumab to death resulting from any cause. The sur-
vival estimate was calculated with all transplanted patients
(n = 10) censoring at the day of allogeneic haematopoietic
stem cell transplantation, in the same manner as in a previ-
ous study.'” Correlations between two variables were assessed
using Spearman rank correlation coefficients (Ry). Differences
between the two groups were examined with a Mann—Whit-
ney U-test or Fisher’s exact test. Clinically meaningful cut-off
values of the SWDI for the IgG heavy-chain repertoire in
PBMC of patients with ATL have not been determined thus
far. Hence, we attempted to divide such patients into two
groups according to this parameter. The cut-off values of
SWDI for the IgG heavy-chain repertoire were tested at six
different points between the 30th and 70th percentiles (30th,
38th, 46th, 54th, 62nd, and 70th percentiles). Subsequently,
univariate analysis for survival was performed using a Cox
proportional hazards regression model according to the
SWDI for the IgG heavy-chain repertoire in PBMC at each
of the six cut-off points. In the present study, the cut-off
point yielding the minimum P value was selected as the most
meaningful cut-off value.”’ The cut-off value of the percent-
age of CD27CD19" B cells within lymphocytes in PBMC was
set at 0-15% according to our previous study.'® Univariate
and multivariate analyses using Cox proportional hazards
regression models was applied to evaluate variables poten-
tially affecting OS. In this study, P < 0-05 (two-sided) was
considered significant. The details are available in Data S1.

Results
Patients’ characteristics according to SWDI for the IgG
heavy-chain repertoire in PBMC

The SWDI for the IgG heavy-chain repertoire in PBMC of
81 patients enrolled in the present study was 4-78, 5-25, and
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1-02-10-13 (mean, median, and range), whereas these values
were 8-46, 8-50, and 7-10-9-61 in healthy controls previously
analysed in the same manner.”” Thus, the IgG repertoire of
peripheral B cells from patients with ATL was significantly
less diverse than in healthy individuals (P < 0-001). A three-
dimensional graphical representation of the IgG heavy-chain
repertoire of an ATL patient before mogamulizumab-
containing treatment with the highest SWDI (SWDI = 10-13)
in the approximately 30th (5-73), 50th (5-25), and 70th
(3-53) percentiles in descending order, as well in as the low-
est (1-02), is shown in Figs 2A-E, respectively. In addition,
pie charts of the IgG heavy-chain repertoire for all 81
patients are shown in Figure S1. In the present study, the
cut-off value of SWDI for the IgG heavy-chain repertoire in
PBMC was set at 5-38 (Table SI). The clinical characteristics
according to the SWDI for the IgG heavy-chain repertoire of
such patients are summarized in Table I. The median ages
were 69 (range, 41-86) and 68 years (range, 41-83) in
patients with a lower and higher SWDI, respectively (not sig-
nificantly different). There were also no significant differ-
ences between patients with a lower or higher SWDI
regarding previous systemic chemotherapy (yes or no), sex
(female or male), Eastern Cooperative Oncology Group per-
formance status [ECOG PS; 0 (n=23), 1 (n = 35), or 2
(n=14), 3 (n=17), 4 (n=2)], serum soluble interleukin-2
receptor (sIL-2R; <20 000 or >20 000 U/ml), serum adjusted
calcium (Ca; <11-0 or >11-0 mg/dl), or serum albumin (Alb;
<3:5 or >3-5 g/dl). There were also no significant differences
between patients with a lower or higher SWDI for clinical
subtype (chronic [n = 11], smouldering [n = 2], or acute
[n = 52], or lymphoma [n = 16]; Table I). In this context,
there were also no significant differences in the SWDI for the
IgG repertoire between patients with acute (4-84 [mean],
531 [median]) and lymphoma (4-56, 4-34) subtypes
(P =0-613). The HTLV-1 provirus load (PVL) in PBMC
tended to be higher in patients with a lower SWDI compared
to those with a higher SWDI (P = 0-090; Table I).

Immunological characteristics according to SWDI for the
IgG heavy-chain repertoire in PBMC of patients with ATL
are summarized in Table II. The percentage of CD2~CD19"
B cells was significantly higher in patients with a higher
SWDI (P = 0-022). The percentage of CD1lc" monocytes
within the monocyte population in PBMC was also signifi-
cantly higher in patients with a higher SWDI compared to
those with a lower SWDI (P = 0-029), but there were no dif-
ferences in the percentages of CD3'CD8" T cells or
CD16'CD56" natural killer (NK) cells between patients with
a higher or lower SWDI (Table II). There were also no sig-
nificant differences between percentages of CD4", CD4"FOX-
P3'°"CD45RA", CD4"FOXP3"&"CD45RA ™, or
CD4"FOXP3'°"CD45RA™ T cells in patients with a higher or
lower SWDI. Finally, there were also no differences for FOX-
P3'°"CD45RA", FOXP3"8"CD45RA ™, or FOXP3'*"CD45RA ™
T cells within CD4" lymphocytes in patients with a higher or
lower SWDI (Table II).

Correlations between the SWDI for the IgG heavy-chain
repertoire in PBMC and clinical or immunological
parameters of ATL patients before starting
mogamulizumab

No significant correlation was noted between the SWDI for the
IgG heavy-chain repertoire in PBMC and the HTLV-1 PVL
(Ry = —0-124, P = 0-269), or serum sIL-2R levels (R, = 0-057,
P =0-611). However, a weak but significant positive correla-
tion between the SWDI for the IgG repertoire and percentages
of CD27CD19" B cells was seen (R, = 0-291, P = 0-008). No
correlations were seen between the SWDI and percentages of
CD3"CD8" T (R, = —0-078, P = 0-489), or CD16"CD56" NK
(Rs = 0-075, P = 0-508) cells within the lymphocyte popula-
tion, or CD11c" monocytes within the monocyte population
(Rs = 0-182, P =0-105). There were also no significant
correlations between the SWDI for the IgG repertoire and per-
centages of CD4" (R, = —0-125, P = 0-267), CD4 FOXP3""
CD45RA™ (R, = 0-058, P = 0-608), CD4"FOXP3"e"CD45RA~
(R, = 0-043, P=0705), and CD4"FOXP3"°“CD45RA™
(Rs = 0-061, P = 0-587) T cells. Finally, there were also no sig-
nificant correlations between the SWDI and FOXP3'°“C-
D45RA* (R, = 0-070, P = 0-534), FOXP3"M8"CD45RA™ (R, =
0-045, P =0-689), and FOXP3'°"CD45RA~ (Rs = 0-084,
P = 0-455) T cells within the CD4" lymphocyte subset.

Overall survival of patients according to the SWDI for
the IgG heavy-chain repertoire in PBMC

In the entire patient cohort of the present study, the median
OS was 16-0 months [95% confidence interval (CI), 9-9—
22-1, Fig 3A)]. The SWDI for the IgG heavy-chain repertoire
tended to be associated with OS [lower compared with
higher; hazard ratio (HR), 1-608; 95% CI, 0-876-2-951;
Fig 3B]. However, the SWDI for the IgG heavy-chain reper-
toire together with the percentage of CD2”CD19" B cells
within lymphocytes was significantly associated with OS [a
lower SWDI and a lower percentage of CD2-CD19" B cells
within lymphocytes (<0-15%) compared with the other; HR,
2-892; 95% CI, 1-347-6-206; Fig 3C].

Univariate and multivariate analyses for OS including
the SWDI for the IgG heavy-chain repertoire in PBMC

Univariate analyses demonstrated that sex (male vs female;
HR, 1-017; 95% CI, 0-552—-1-876), and age (>70 vs <70 years;
HR, 1-109; 95% CI, 0-603-2-039) were not associated with
OS. Univariate analyses also indicated that clinical subtype
(acute or lymphoma versus chronic or smouldering; HR,
2-997; 95% CI, 1-065-8-437), ECOG PS (2, 3 or 4, relative to
0 or 1; HR, 1-994; 95% CI, 1-066—3-729), and serum sIL-2R
level (>20 000 vs <20 000 U/ml; HR, 5-352; 95% CI, 2-649—
10-812) were significantly associated with OS.

Subsequently, multivariate analysis of OS in the 81
patients was performed using the following six variables: sex,
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(A)

Fig 2. Three-dimensional graphical representa-
tion of the immunoglobulin G (IgG) heavy-
chain repertoire in peripheral blood mononu-
clear cells (PBMC). The x-axis (width) and y-

axis (depth) indicate V and J genes, respec-

tively. The z-axis (height) represents frequen-
cies of V-J combinations. The total of the
frequencies is 100%. The IgG heavy-chain

(E)
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repertoire in PBMC in adult T-cell leukaemia—
lymphoma (ATL) patients with a Shannon—
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aBesnv,

Weaver diversity index (SWDI) that is in the
highest (SWDI = 10-13; A), approximately

30th (5-73; B), approximately 50th (5-25; C),

and approximately 70th (3-53; D) percentiles,

in descending order, and that in the lowest

percentile (1-02; E) are shown. [Colour figure
can be viewed at wileyonlinelibrary.com]
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Table I. Clinical characteristics of ATL patients according to SWDI
for the IgG heavy-chain repertoire in PBMC.

Table II. Immunological characteristics of ATL patients according to
SWDI for the IgG heavy-chain repertoire in PBMC.

SWDI for IgG heavy-chain
repertoire in PBMC

Characteristics <5-38 >5-38 P value

Number (%) 44 (54) 37 (46)

Age (year) 0-958
Mean 68 69
Median 69 68
Range 41-86 41-83

Previous systemic 0-579
chemotherapy
Yes 10 (23) 6 (16)
No 34 (77) 31 (84)

Sex 0-252
Female 30 (68) 20 (54)
Male 14 (32) 17 (46)

Clinical subtype 1-000
Chronic, smouldering 7 (16) 6 (16)
Acute, lymphoma 37 (84) 31 (84)

ECOG PS 0-323
0,1 29 (66) 29 (78)
2,3,4 15 (34) 8 (22)

Serum sIL-2R (U/ml) 0-278
<20 000 37 (84) 27 (73)
>20 000 7 (16) 10 (27)

Serum Ca (mg/dl)*,T 0-655
<11-0 41 (95) 33 (92)
>11-0 2 (5) 3(8)

Serum albumin (g/dl)* 0-643
>3-5 26 (79) 24 (67)
<3.5 17 (21) 12 (33)

HTLV-1 PVL 0-090
(copies/1 000 PBMC)
Mean 571-6 3792
Median 458-6 2199
Range 0-8-3 093-7 0-5-1 919-5

Alb, albumin; ATL, adult T-cell leukaemia-lymphoma; Ca, calcium;
ECOG, Eastern Cooperative Oncology Group; IgG, immunoglobulin
G; PBMC, peripheral blood mononuclear cells; PS, performance sta-
tus; sIL-2R, soluble interleukin-2 receptor; SWDI, Shannon—-Weaver
diversity index.

*The data of two patients were unknown.

TWhen serum Alb level was less than 4:-0 g/dl, serum Ca was
adjusted by the concentration of serum Alb as follows: adjusted Ca
level (mg/dl) = measured Ca level (mg/dl) + [4-albumin level (g/
dl)]. HTLV-1, human T cell lymphotropic virus type 1; PVL,
provirus load.

age, clinical subtype, ECOG PS, sIL-2R, and the SWDI for
the IgG heavy-chain repertoire in PBMC. Of these, two vari-
ables significantly affected OS: a higher serum sIL-2R (HR,
5-036; 95% CI, 2-377-10-669), and a lower SWDI for the IgG
repertoire (HR, 2-124; 95% CI, 1-114—4-049; Table III). Fur-
thermore, combining these six variables with the percentage
of CD27CD19" B cells indicated that two variables signifi-
cantly affected OS, namely, a higher serum sIL-2R (HR,

SWDI for IgG heavy-chain
repertoire in PBMC

Characteristics <5.38 >5:38 P value
Number (%) 44 (54) 37 (46)
CD2 CDI19" cells (%)* 0-022
Mean 1-23 4-20
Median 0-49 125
Range 0-00-8-17 0-03-3291
CD3"CD8" cells (%)* 0-857
Mean 1470 1278
Median 8:94 9-65
Range 0-10-71-73 0-60-52-33
CD16'CD56" cells (%)* 0197
Mean 7-24 10-52
Median 3.83 6-64
Range 0-07-31-57 0-18-39-42
CD11c monocytes (%)t 0-029
Mean 50-91 65-42
Median 51-62 78-60
Range 0-50-97-18 0-34-95-76
CD4" cells (%)* 0-308
Mean 64-90 5955
Median 68-86 62-67
Range 11-16-98-14 14-60-97-86
CD4'FOXP3'°"CD45RA™ 0271
cells (%)*
Mean 0-21 0-34
Median 0-07 0-16
Range 0-00-1-27 0-00—4-71
FOXP3'°YCD45RA" cells (%)} 0-135
Mean 0-34 0-62
Median 0-14 026
Range 0-00-1-50 0-00-7-64
CD4 FOXP3"e"CD45RA~ 0-712
cells (%)*
Mean 19-08 15-41
Median 2-16 2-66
Range 0-00-87-26 0-00-83-09
FOXP3"8"CD45RA™ cells (%) 0-649
Mean 24-63 21-11
Median 484 617
Range 0-00-90-91 0-00-88-80
CD4"FOXP3'°“CD45RA™ 0-726
cells (%)*
Mean 16-75 11-06
Median 319 401
Range 0-21-88-41 0-17-61-12
FOXP3""CD45RA ™ cells (%)} 0-528
Mean 2122 16-66
Median 630 769
Range 0-39-98-04 0-26-87-58

ATL, adult T-cell leukaemia—lymphoma; IgG, immunoglobulin G;
PBMC, peripheral blood mononuclear cells; SWDI, Shannon-Weaver
diversity index.

*The percentage among whole lymphocytes in PBMC.

TThe percentage among whole monocytes in PBMC.

$The percentage among CD4" lymphocytes in PBMC.
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Table III. Multivariate analysis including SWDI for the IgG heavy- . .
Discussion

chain repertoire in PBMC for OS] in patients with ATL.

Hazard

Variables Number ratio (95% CI) P value
Sex

Female 50 1-000 Reference

Male 31 1-175 (0-612-2-255) 0-628
Age, years

<70 52 1-000 Reference

>70 29 1-154 (0-605-2-200) 0-663
Clinical subtype

Chronic, 13 1-000 Reference

smouldering
Acute, 68 2-425 (0-801-7-343) 0-117
lymphoma

ECOG PS

0,1 58 1-000 Reference

2,3, 4 23 1-231 (0-624-2-428) 0-548
sIL-2R (U/ml)

<20 000 64 1-000 Reference

>20 000 17 5-036 (2:377-10-669)  <0-001
SWDI for IgG heavy-chain repertoire in PBMC

>5-38 37 1-000 Reference

<5-38 44 2-124 (1-114-4-049) 0-022

ATL, adult T-cell leukaemia—lymphoma; IgG, immunoglobulin G;
SWDI, Shannon-Weaver diversity index; PBMC, peripheral blood
mononuclear cells; CI, confidence interval.

*QS, overall survival. The patients were censored at the day of allo-
geneic haematopoietic stem cell transplantation.

4-907; 95% CI, 2-337-10-303), and a lower SWDI together
with a lower percentage of CD2 CD19" cells (HR, 2-909;
95% CI, 1-322-6-398; Table 1V).

© 2021 The Authors. British Journal of Haematology published by British Society for

Here, we have analysed the IgG heavy-chain repertoire in
PBMC of patients who were prospectively enrolled in the
MIMOGA study, and received mogamulizumab-containing
treatment. We explored the clinical and immunological sig-
nificance of IgG B-cell diversity in patients with ATL. The
present finding, that peripheral IgG B cells in these patients
were significantly less diverse than those in healthy individu-
als, is consistent with the fact that patients with ATL are
severely immunocompromised.> In this context, it has been
generally accepted that cellular immune responses are attenu-
ated in patients with ATL, partially because the tumour cells
from a subset of patients actually function as regulatory T
(Treg) cells.'”?>>* Furthermore, the present finding of a
shrunken IgG B-cell pool indicates that there is only a lim-
ited variety of memory B cells poised to respond to the cor-
responding pathogen antigens, which would lead to
attenuated humoral immune responses.

The present study did not identify the definitive clinical
factors correlating with higher or lower IgG B-cell diversity
in these ATL patients. Such clinical factors included serum
sIL-2R levels, which reflect the ATL tumour burden.** In this
context, no significant correlation between the SWDI for the
IgG heavy-chain repertoire and serum sIL-2R level was
observed, indicating that ATL disease status seems not to be
directly associated with the degree of IgG B-cell diversity in
PBMC. In comparison, the HTLV-1 PVL in PBMC tended to
be higher in patients with a lower SWDI for the IgG reper-
toire relative to those with a higher SWDI, although this dif-
ference did not achieve statistical significance. This may
suggest that the HTLV-1-infected cells inhibited the genera-
tion and diversification of IgG B cells.
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Table IV. Multivariate analysis including SWDI for the IgG heavy-
chain repertoire in PBMC and the percentage of CD2"CD19" B cells
for OS in patients with ATL.

Hazard
Variables Number ratio (95% CI) P value
Sex
Female 50 1-000 Reference
Male 31 0-971 (0-521-1-809) 0-927
Age, years
<70 52 1-000 Reference
>70 29 1-121 (0-599-2-099) 0-721
Clinical subtype
Chronic, 13 1-000 Reference
smouldering
Acute, 68 1-943 (0-647—-5-838) 0-236
lymphoma
ECOG PS
0, 1 58 1-000 Reference
2,3, 4 23 1.234 (0-638-2-389) 0-532
sIL-2R (U/ml)
<20 000 64 1-000 Reference
>20 000 17 4-907 (2:337-10-303)  <0-001
SWDI for IgG heavy-chain repertoire and CD2-CD19" cells (%)
>5-38 or >0-15 69 1-000 Reference
<5-38 & <0-15 12 2-909 (1:322-6-398) 0-008

ATL, adult T-cell leukaemia—lymphoma; CI, confidence interval; IgG,
immunoglobulin G; PBMC, peripheral blood mononuclear cells;
SWDI, Shannon-Weaver diversity index.

*QOS, overall survival. The patients were censored at the day of allo-
geneic haematopoietic stem cell transplantation.

1The percentage among whole lymphocytes in PBMC.

Regarding immunological parameters, the proportion of
CD27CD19" B cells was significantly higher in patients with
a higher SWDI for the IgG repertoire in PBMC, and a signif-
icant positive correlation between these two parameters was
also observed. These findings possibly indicate that the more
B cells, including IgG B cells, are present in the body, the
more they can diversify. The proportion of CD11c¢" mono-
cytes within the monocyte population also tended to be
higher in patients with a higher SWDI, although a significant
correlation between these two parameters was not observed.
The precise relationship between CD11c” monocytes and IgG
B-cell diversity has not yet been elucidated, and thus further
investigation regarding this matter is warranted. With respect
to CD4" T cells, including cells with an effector Treg pheno-
type, >
We have previously reported that the IgM heavy-chain reper-

there was no association with IgG B-cell diversity.

toire in PBMC became less diverse at the time of occurrence
of skin-related adverse events related to mogamulizumab
treatment,’” which results in the depletion of cells with an
effector Treg phenotype.”®® The relationship between Treg
phenotype and B-cell diversity is not fully clarified as yet,
thus also warranting further investigation.

The present study documented that the lower IgG B-cell
diversity in PBMC, especially together with lower percentages

of CD27CDI19" B cells, was an independent unfavourable
patients with ATL
mogamulizumab-containing treatment. This may be because

prognostic  factor in receiving
only a small set of memory B cells is poised to respond to
the corresponding pathogen antigens in patients with a lower
IgG B-cell diversity. When the patients’ B-cell counts are also
low, this limited variety of memory B cells inevitably carries
more severe implications. Accordingly, patients with a lower
IgG B-cell diversity would be expected to show weaker
humoral immune responses, contributing to a poorer prog-
nosis. From this point of view, appropriate intravenous poly-
clonal immunoglobulin therapy may be effective for treating
opportunistic infections in patients with ATL receiving
mogamulizumab-containing treatment.

Although the present investigation offers significant obser-
vations regarding IgG B-cell diversity for clinical outcomes in
ATL patients undergoing mogamulizumab-containing treat-
ment, several limitations must be recognized. First, the study
included both previously untreated patients and those treated
with systemic chemotherapy. Second, some patients received
mogamulizumab monotherapy, whereas others received differ-
ent combination therapies. These variables might both affect
the conclusions of the present study. Finally, the relationship
and difference in IgG B-cell diversity in different organs, such
as lymphoid tissues or bone marrow, and not only in PBMC as
studied here, also requires analysis in humans.

In conclusion, the present study demonstrated that
peripheral IgG B cells in patients with ATL were less diverse
than in healthy individuals. In addition, the study demon-
strated that the lower IgG B-cell diversity in PBMC, espe-
cially together with a lower percentage of CD2 CD19" B
cells, was an independent unfavourable prognostic factor.
The present observations highlight the importance of
humoral immune responses for the clinical outcomes of ATL
patients receiving mogamulizumab-containing treatment.
Further investigation of strategies to enhance humoral
immune responses, including the diversification of memory
B cells in patients with ATL, is highly warranted.
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Data S1. Supplementary Methods.

Fig S1. Pie charts of the immunoglobulin G (IgG) heavy-
chain repertoire in peripheral blood mononuclear cells
(PBMC). Pie charts showing the IgG heavy-chain repertoires
in PBMC in 81 adult T-cell leukaemia—lymphoma (ATL)
patients. The unique reads with in-frame CDR3 nucleotide
sequences whose frequencies are 0-1% or higher are shown
by individual colours, and those that are less than 0-1% are
shown in grayscale. The pie charts are presented in ascending
order of Shannon-Weaver diversity index (SWDI) for the
IgG heavy-chain repertoire, from upper left to lower right.
The SWDIs are indicated to the upper left of the pie charts
in the left, middle, and right columns. Pie charts labelled A,
B, C, D, E at their upper right correspond to A, B, C, D, E,
respectively, in the three-dimensional graphical representa-
tion in Fig. 2. The upper 44 cases are those of the lower
SWDI group (<5-38), and the lower 37 cases are included in
the higher SWDI group (>5-38).

Table SI. Univariate Cox proportional hazard analysis for
overall survival (OS) according to the Shannon-Weaver
diversity index (SWDI) for the immunoglobulin G (IgG)
heavy-chain repertoire in peripheral blood mononuclear cells
(PBMC).
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