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Abstract
CD28, one of the costimulatory molecules, has a pivotal role in T- cell activation, 
and its expression is strictly regulated in normal T cells. Gain- of- function genetic al-
terations involving CD28 have been frequently observed in adult T- cell leukemia/
lymphoma (ATLL). These abnormalities, such as CD28 fusions and copy number vari-
ations, may not only confer continuous, prolonged, and enhanced CD28 signaling 
to downstream pathways but also induce overexpression of the CD28 protein. In 
this study, 120 ATLL cases were examined by immunohistochemistry for CD28 and 
its ligands CD80 and CD86, and their expression on tumor cells was semiquantita-
tively evaluated. CD28 was overexpressed in 55 (46%) cases, and CD80 or CD86 
(CD80/CD86) was infrequently overexpressed in 12 (11%). Compared with non- 
overexpressers, CD28 overexpressers showed a higher frequency of CD28 genetic 
alterations and had an increased number of CD80/CD86- positive non- neoplastic 
cells infiltrating tumor microenvironment. In the entire ATLL patient cohort, CD28 
overexpressers showed a significantly poorer overall survival (OS) compared with 
non- overexpressers (P = .001). The same was true for a subgroup who were treated 
with multidrug regimens with or without mogamulizumab. CD28 overexpression had 
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1  | INTRODUC TION

CD28 is a costimulatory molecule expressed on T cells which has 
a pivotal role in T- cell biology. In normal T cells, CD28 is expressed 
on the cell surface, providing an essential costimulatory signal for 
T- cell activation upon ligation by CD80 (B7- 1) and CD86 (B7- 2) on 
antigen- presenting cells (APCs). After ligation, the accessory mol-
ecule cytotoxic T- lymphocyte– associated antigen 4 (CTLA4) is up-
regulated. Normally, CTLA4 transmits negative signals to T cells. 
Because CTLA4 binds to CD80 and CD86 with significantly higher 
affinity than to CD28, when CTLA4 is upregulated, CD28 is immedi-
ately downregulated through a mechanism of competitive inhibition 
of the ligands to CD28 by CTLA4.1- 4 The importance and influence 
of CD28 signaling in T- cell activation was dramatically demonstrated 
in a clinical trial. After receiving injections of the humanized mono-
clonal CD28 agonist antibody TGN1412, the six volunteers became 
desperately ill, had multiple- organ failure, and were transferred to 
an intensive care unit with what has been described as a form of 
cytokine release syndrome.5,6

In this context, T- cell– activating alterations to the CD28 gene 
have been reported in some types of peripheral T- cell malignancies 
such as adult T- cell leukemia/lymphoma (ATLL), angioimmunoblastic 
T- cell lymphoma, peripheral T- cell lymphoma (PTCL), not otherwise 
specified, and cutaneous T- cell lymphoma.7- 14 ATLL is a peripheral 
T- cell neoplasm caused by human T- cell lymphotropic virus type- 1 
(HTLV- 1) and has a poor prognosis.15- 18 We previously reported that 
CD28 gene– related alterations were more frequent in this tumor, 
compared with other types of peripheral T- cell neoplasms, and that 
these alterations were associated with a worse prognosis in ATLL 
patients.19 Genetic alterations involving CD28 include gene fusions 
such as CTLA4– CD28 and inducible T- cell costimulator (ICOS)– CD28, 
activating single- nucleotide variants (SNVs) such as F51I/V, D124V/E, 
or T195I/L/P, and copy number variations (CNVs) such as gain and 
amplification. Of these abnormalities, CD28 gene fusions and CNVs 
may not only confer continuous, prolonged, and enhanced CD28 
signaling to the downstream pathways7- 11,20 but also are most likely 
to induce overexpression of the CD28 molecule. In fact, in other 
PTCL tumors, it has been reported that gene fusions related to CD28 

were associated with CD28 overexpression,8,21 probably because 
the expression of CD28 transcripts may be driven by ICOS or CTLA4 
promoters.

In addition, there have been recent reports of ectopic expres-
sion of CD80 and CD86 on tumor cells in some ATLL cases, although 
these molecules were originally expressed on APCs and not on T 
cells.22,23 These observations suggest that intracellular and intercel-
lular interactions via the CD80/CD86- CD28 pathway may exist and 
contribute to ATLL pathogenesis.

The aims of this study were to clarify the clinicopathological and 
prognostic significance of overexpression of CD28, CD80, and CD86 
in ATLL and to examine the association between the expression of 
these molecules and the genetic status of CD28.

2  | MATERIAL S AND METHODS

2.1 | ATLL patients

From the 144 ATLL patients enrolled in our previous study,19 we se-
lected 120 patients whose affected tissues were available for im-
munohistochemical analysis. The organ tissues consisted of lymph 
node (n = 63), skin (n = 34), and bone marrow (n = 6), and other 
tissues included stomach (n = 6), pharynx (n = 5), and other tissue 
types (n = 6). Details are available in the supporting information 
file.16,18,24- 32

2.2 | Immunohistochemistry for CD28, 
CD80, and CD86

Immunohistochemistry for CD28 was performed on formalin- 
fixed paraffin- embedded (FFPE) sections of the affected tissues 
of ATLL patients, using a BOND- III fully automated IHC and ISH 
staining system (Leica Biosystems) and a BOND polymer refine 
detection kit (Leica Biosystems). The rabbit anti- human CD28 
monoclonal antibody (clone, EPR22076; Abcam) used was diluted 
to 1:50 in BOND primary antibody diluent (Leica Biosystems), 

no prognostic impact in the group who received allogeneic hematopoietic stem cell 
transplantation. In the multivariate analysis for OS, CD28 overexpression was se-
lected as an independent risk factor. These results suggest ATLL patients with CD28 
overexpression have more aggressive clinical course and are more refractory to treat-
ment with multidrug chemotherapy. CD28 overexpression appears to be a novel un-
favorable prognostic marker in ATLL patients, and further prospective studies are 
warranted to establish its prognostic significance.
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and BOND epitope retrieval solution 2 (Leica Biosystems) was 
employed for heat- induced antigen retrieval. Areas showing 
representative immunohistochemical CD28 expression on the 
cytomembrane in each section were chosen, and the expression 
was evaluated semiquantitatively by the signal intensity on the 
tumor cells. Using a scoring scale of 0, 1+, 2+, and 3+, as de-
scribed in a previous study,33 we conducted CD28 immunostain-
ing scoring as follows: 0, no staining; 1+, complete or incomplete 
membrane staining that is weak or only faintly perceptible; 2+, 
complete membrane staining of moderate intensity; and 3+, com-
plete membrane staining of strong intensity. Scoring of CD28 
expression was performed by experienced hematopathologists 
(A.M. and H.I.), and when the scoring was discordant, a consen-
sus score was reached. The cutoff point was set between 0/1+ 
and 2+/3+ for CD28 expression, as this cutoff point allowed for 
the best segregation into prognostic groups. Based on these ob-
servations, we defined ATLL cases that were scored as 0 or 1+ as 
lower CD28 expressers and those that were scored as 2+ or 3+ 
as CD28 overexpressers.

We also performed immunohistochemistry for CD80 and CD86 
and evaluated their expression on tumor cells in the same manner. 
In addition, non- neoplastic cells expressing CD80 or CD86 (CD80/
CD86) in the tumor microenvironment were counted in three rep-
resentative high- powered fields, and the average number for each 
sample was calculated, respectively. Microenvironmental expres-
sion was defined as positive if 10 or more non- neoplastic cells 
expressing CD80/CD86 were observed per high- powered field.23 
CD80/CD86 expression on microenvironmental cells was distin-
guished from that on tumor cells by cytomorphology using such 
parameters as a low nuclear/cytoplasmic ratio and the presence 
of nuclei without atypia. All types of microenvironmental cells, 
including macrophages, dendritic cells, and others, were counted. 
These analyses were carried out using a rabbit anti- human CD80 
monoclonal antibody (clone, EPR1157(2); Abcam) and a rabbit anti- 
human CD86 monoclonal antibody (clone, E2G8P; Cell Signaling 
Technology INC.), respectively.

2.3 | RNA extraction and quantitative RT- PCR 
for CD28

A real- time quantitative reverse- transcription polymerase chain 
reaction (RT- PCR) assay for CD28 mRNA was carried out with a 
QuantStudio™ 12K Flex real- time PCR system (Thermo Fisher 
Scientific) using GeneAce SYBR® qPCR Mix α (NIPPON GENE Co., 
Ltd.) according to the manufacturer’s instructions. Details are avail-
able in the supporting information file.34,35

2.4 | Detection of CD28 gene– related activating 
alterations

Details are available in the supporting information file.19

2.5 | Detection of CCR4 protein expression and 
CCR4 gene mutations

Details are available in the supporting information file.33,36

2.6 | Statistical analysis

Details are available in the supporting information file.

3  | RESULTS

3.1 | Clinical and genetic features of ATLL patients

The cohort of the present study consisted of 120 ATLL patients, 
whose clinical characteristics are summarized in Table S1. There 
were 53 female patients (44%) and 67 male patients (56%), and 
their median age at the time of tumor sampling was 65 (range, 41- 90 
years). Patient subtypes were classified as acute (n = 65), lymphoma 
(n = 40), unfavorable chronic (n = 3), and smoldering (n = 12). No 
patient was assigned to a favorable chronic subtype.

CD28- related fusions were detected in eight cases (7%), of which 
all eight had ICOS (ex1)- CD28 (ex2) and one had the dual fusions 
ICOS (ex1)- CD28 (ex2) and CTLA4 (ex3)- CD28 (ex4). CD28- activating 
SNVs were present in two cases (2%), one with p.F51I and one with 
p.D124V. CD28 CNV was observed in 28 cases (23%), including 18 
gains and 10 amplifications. Among these cases, one also had ge-
netic alterations of an ICOS (ex1)- CD28 (ex2) fusion and a CNV gain. 
Collectively, alterations of a type involving the CD28 gene were 
found in 37 cases (31%) (data not shown).

CCR4 mutations were found in 39 cases (33%), comprising 
p.R323fs in two, p.F326fs in two, p.C329fs in one, p.C329* in nine, 
p.Q330fs in one, p.Q330* in three, p.Y331fs in two, p.Y331* in 10, 
p.Q336* in five, p.I337fs in one, and p.S345fs in three (data not 
shown).

3.2 | Characteristics of ATLL patients stratified by 
CD28 or CD80/CD86 protein expression

On immunohistochemistry for CD28, 20 cases were scored as having 
no or faint expression, 45 were scored as 1+, 31 as 2+, and 24 were 
scored as 3+ (Figure S1). Eventually, 55 (46%) cases with scores of 2+ 
or 3+ were considered to be CD28 overexpressers. Representative 
immunohistochemical CD28 expression is shown in Figure 1A- D. We 
examined the association between CD28 overexpression and the fol-
lowing clinical factors: sex, age, clinical variant, Eastern Cooperative 
Oncology Group (ECOG) performance status (PS), Ann Arbor stage, 
serum soluble interleukin- 2 receptor (sIL- 2R) level, serum- adjusted 
calcium (Ca), serum albumin (Alb), white blood cell count, hemoglobin, 
and platelet count and found no clinical feature showing a significant 
association with CD28 overexpression (Table 1).
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Figure 2 depicts the expression of CD80/CD86 on tumor cells or 
microenvironmental cells, CD28 gene– related alterations, CCR4 ex-
pression, and CCR4 mutations in ATLL cases according to the CD28 
protein expression status. CD28 overexpressers had CD28 genetic 
abnormalities of any type more frequently than non- overexpressers 
(30/55 [55%] vs 7/65 [11%], P < .0001). On the other hand, neither CCR4 
mutations (CD28 overexpression vs its absence, 22/55 [40%] vs 17/65 
[26%], P = .121) nor CCR4 protein expression (CD28 overexpression 
vs its absence, 50/55 [91%] vs 61/65 [94%], P = .731) was significantly 
different on stratification according to CD28 overexpression (Figure 2).

Overexpression of CD80/CD86 protein on tumor cells was not fre-
quent in the ATLL cases (12/107, 11%; Figure 2 and Figure S2A- D). CD28 
overexpression and CD28 genetic alterations were not significantly differ-
ent on stratification according to the CD80/CD86 expression status of the 
tumor cells. No significant association was found between CD80/CD86 
overexpression and the clinical features analyzed in this study (Table S2).

On the other hand, CD80 and CD86 expression on microenvi-
ronmental cells was observed in 24 (22%) and 41 (38%) of 107 ATLL 
cases, respectively (Figure S2E- H). Collectively, 54 (50%) cases were 
positive for microenvironmental CD80/CD86 expression. CD80/
CD86 expression on microenvironmental cells was significantly as-
sociated with the presence of CD28 overexpression (33/54 [61%] vs 
18/53 [34%], P = .007) and CD28 gene– related alterations (26/54 
[48%] vs 10/53 [19%], P = .002) (Figure 2).

3.3 | CD28 mRNA levels in ATLL cases

To assess CD28 mRNA levels, real- time quantitative RT- PCR anal-
ysis was performed in quantifiable cases (n = 112). As shown in 

Figure 3A, relative CD28 mRNA levels were significantly higher in 
CD28 protein overexpressers than in non- overexpressers (median, 
149 vs 40, respectively, P < .0001). Furthermore, relative CD28 
mRNA levels were positively associated with the degree of the 
CD28 protein expression score (Figure S3). Relative CD28 mRNA 
levels were significantly higher in ATLL cases with CD28 gene– 
related alterations than in those without (median, 144 vs 47, re-
spectively, P = .007; Figure 3B).

3.4 | OS of ATLL patients stratified by CD28 or 
CD80/CD86 protein expression

The 5- year OS of the ATLL patients was 42.3% (95% confi-
dence interval [CI], 32.3%- 53.1%, Figure 4A). The 5- year OS of 
the CD28 overexpressers was 24.2% (n = 55, 95% CI, 13.0%- 
40.6%), which was significantly poorer than that (57.8%) of the 
non- overexpressers (n = 65, 95% CI, 43.9%- 70.6%, P = .001; 
Figure 4B). As shown in Figure 4C, the 5- year OS (37.2%) 
was significantly worse in patients with an aggressive variant 
(n = 108, 95% CI, 27.1%- 48.6%), compared with those (90.9%) 
with an indolent variant (n = 12, 95% CI, 56.1- 98.7%, P = .027). 
Therefore, we performed survival analysis according to the clini-
cal subtype. Among the ATLL patients with an aggressive vari-
ant, the 5- year OS for CD28 overexpressers was 22.0% (n = 51, 
95% CI, 11.1%- 38.8%), which was significantly less than that 
(51.4%) for non- overexpressers (n = 57, 95% CI, 36.8%- 65.8%, 
P = .008; Figure 4D). The same was true in the analysis of pa-
tients with an indolent variant, whose 5- year OS for CD28 over-
expressers and non- overexpressers was 66.7% (n = 4, 95% CI, 

F I G U R E  1   CD28 expression 
scores of adult T- cell leukemia/
lymphoma (ATLL) cases. Representative 
immunohistochemical CD28 expression 
of four individual ATLL cases with 
intensities scored as 0 (negative, A), 1+ 
(faint or weak, B), 2+ (moderate, C), and 
3+ (strong, D), respectively. The scale bars 
represent 25 µm

(A) (B)

(C) (D)
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Characteristics

CD28 overexpression

P- valueAbsence Presence

Number (%) 65 (54) 55 (46)

Sex

Females 35 (54) 32 (58) .713

Males 30 (46) 23 (42)

Clinical variant

Indolent 8 (12) 4 (7) .543

Aggressive 57 (88) 51 (93)

ECOG PSa

0, 1 51 (78) 39 (72) .521

2, 3, 4 14 (22) 15 (28)

Ann Arbor stage

I, II 11 (17) 8 (15) .805

III, IV 54 (83) 47 (85)

Age (years)

≤70 44 (68) 42 (76) .317

>70 21 (32) 13 (24)

Serum sIL- 2R (U/mL)b

≤20 000 41 (68) 31 (57) .249

>20 000 19 (32) 23 (43)

Serum Ca (mg/dL)c,e

≤11 54 (90) 47 (85) .572

>11 6 (10) 8 (15)

Serum albumin (g/dL)d

≥3.5 46 (75) 35 (64) .224

<3.5 15 (35) 20 (36)

WBC (/μL)d

Mean 12,129 16,928 .355

Median 7,240 8,400

Range 3,430- 68,400 2,500- 232,100

Hb (g/dL)d

Mean 12.7 13 .349

Median 12.8 13.2

Range 8.9- 16 7.9- 17.1

Plt (×103/μL)d

Mean 231 218 .853

Median 214 212

Range 15- 622 29- 444

Abbreviations: Alb, albumin; ATLL, adult T- cell leukemia/lymphoma; Ca, calcium; ECOG, Eastern 
Cooperative Oncology Group; Hb, hemoglobin; Plt, platelet count.; PS, performance status; sIL- 2R, 
soluble interleukin- 2 receptor; WBC, white blood cell count.
aOne patient's data were missing.
bSix patients' data were missing.
cFive patients' data were missing.
dFour patients' data were missing.
eWhen the 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)].

TA B L E  1   Clinical characteristics 
of ATLL patients according to CD28 
expression
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15.4%- 95.7%) and 100% (n=8, 95% CI, not reached), respectively 
(P = .032; Figure 4E). As for CD80/CD86 expression on tumor 
cells, the 5- year OS for overexpressers was 71.4% (n = 12, 95% 
CI, 32.7%- 92.8%), not significantly different from that (36.8%) 
for non- overexpressers (n = 95, 95% CI, 26.3%- 48.7%, P = .077; 
Figure S4A).

3.5 | OS of ATLL patients not receiving allogeneic 
HSCT, stratified by CD28 or CD80/CD86 
protein expression

Because it is generally accepted that allogeneic hematopoi-
etic stem cell transplantation (HSCT) is still the only curative 

F I G U R E  2   Landscape of protein expression of CD28, CD80 (B7- 1), CD86 (B7- 2), and CCR4 and genetic alterations of CD28 and CCR4 in 
adult T- cell leukemia/lymphoma (ATLL) cases. Each column in the panel represents an individual ATLL case. Each row shows, from above, 
scores of CD28, CD80, and CD86 protein expression on tumor cells, CD80 and CD86 expression on microenvironmental cells, genetic 
alterations of CD28 (fusions, single- nucleotide variants, and copy number variations), CCR4 mutations, and CCR4 protein expression
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treatment for ATLL patients,18,26- 28 we evaluated the impact 
of CD28 overexpression on patients not receiving allogeneic 
HSCT.

The 5- year OS for the 92 patients not receiving allogeneic 
HSCT was 41.5% (95% CI, 29.9%- 54.2%; Figure 5A). In this co-
hort, the 5- year OS (21.7%) for CD28 overexpressers (n = 42, 95% 

F I G U R E  3   Correlations of CD28 messenger RNA (mRNA) levels, CD28 protein expression, and CD28 genetic alterations. Relative CD28 
mRNA levels stratified according to CD28 protein expression (A) or CD28 genetic alterations (B). Relative CD28 mRNA levels are plotted 
on the y- axis. Each dot plot in the panels represents an individual adult T- cell leukemia/lymphoma (ATLL) case. The significance of the 
differences in CD28 mRNA levels was assessed by the Mann- Whitney U test, and P- values are indicated in each panel. CNV, copy number 
variation; SNV, single- nucleotide variant

F I G U R E  4   Overall survival (OS) 
of the entire adult T- cell leukemia/
lymphoma (ATLL) patient cohort stratified 
by CD28 protein expression. A, OS of 
all ATLL patients enrolled in this study 
(n = 120). B, OS of the 55 patients with 
CD28 overexpression and the 65 with 
non- overexpression. C, OS of the 108 
ATLL patients with an aggressive variant 
and the 12 with an indolent variant. 
D, Among the ATLL patients with an 
aggressive variant, OS of the 51 patients 
with CD28 overexpression and the 57 
with non- overexpression. E, Among 
the ATLL patients with an indolent 
variant, OS of the four patients with 
CD28 overexpression and the eight with 
non- overexpression. OS curves were 
compared using the log- rank test, and the 
P- value is indicated in each panel. No., 
number
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F I G U R E  5   Survival of adult T- cell leukemia/lymphoma (ATLL) patients according to treatment modalities, stratified by CD28 protein 
expression. A, Overall survival (OS) of the ATLL patients who did not receive allogeneic hematopoietic stem cell transplantation (HSCT) 
(n = 92). B, OS of the 42 patients with CD28 overexpression and the 50 with non- overexpression. C, Among the nontransplanted ATLL 
patients with an aggressive variant, OS of the 38 patients with CD28 overexpression and the 44 with non- overexpression. D, Among 
the nontransplanted ATLL patients with an indolent variant, OS of the four patients with CD28 overexpression and the six with non- 
overexpression. E, Among the ATLL patients who received allogeneic HSCT, survival from the day of HSCT in the 13 patients with CD28 
overexpression and the 15 with non- overexpression. F, Among the ATLL patients who received mogamulizumab- containing treatment, but 
not allogeneic HSCT, survival from the day of the first dose of mogamulizumab in the 22 patients with CD28 overexpression and the 25 
with non- overexpression. G, For patients who received mogamulizumab- containing treatment but not allogeneic HSCT and who had CCR4 
mutations, survival from the day of the first dose of mogamulizumab in the seven patients with CD28 overexpression and the five with non- 
overexpression is shown. H, For patients who received mogamulizumab- containing treatment but not allogeneic HSCT and who lacked CCR4 
mutations, survival from the day of the first dose of mogamulizumab in the 15 patients with CD28 overexpression and the 20 with non- 
overexpression is shown. Survival curves were compared using the log- rank test, and the P- value is indicated in each panel. No., number
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CI, 9.6%- 42.1%) was significantly less than that (57.2%) for non- 
overexpressers (n = 50, 95% CI, 41.3%- 71.7%, P = .004; Figure 5B). 
In this non- HSCT cohort, in ATLL patients with an aggressive vari-
ant, the 5- year OS (18.3%) for CD28 overexpressers (n = 38, 95% 
CI, 7.0%- 39.9%) was significantly worse than that (51.3%) for non- 
overexpressers (n = 44, 95% CI, 34.9%- 67.4%, P = .017; Figure 5C). 
Among the non- HSCT patients with an indolent variant, the 5- year 
OS for CD28 overexpressers and non- overexpressers was 66.7% 
(n = 6, 95% CI, 15.4%- 95.7%) and 100% (n = 4, 95% CI, not reached), 
respectively. Despite the small numbers analyzed, this difference 
was statistically significant (P = .046; Figure 5D). As for CD80/CD86 
expression on tumor cells, the 5- year OS for overexpressers (n = 10) 
and non- overexpressers (n = 75) was 80.0% (95% CI, 30.9%- 97.3%) 
and 36.3% (95% CI, 24.5%- 50.1%), respectively (not significantly dif-
ferent, P = .087; Figure S4B).

3.6 | Survival of ATLL patients who received 
allogeneic HSCT, stratified by CD28 or CD80/CD86 
protein expression

The 5- year survival of the 28 patients from the day of allogeneic 
HSCT was 44.4% (95% CI, 26.4%- 64.0%; data not shown), and 
that of CD28 overexpressers and non- overexpressers was 30.8% 
(n = 13, 95% CI, 12.0%- 59.1%) and 56.1% (n = 15, 95% CI, 27.5%- 
81.2%), respectively. This difference was not statistically significant 
(Figure 5E). As for tumor cell CD80/CD86 expression, the 5- year 
survival from the day of allogeneic HSCT was not attained by any of 
the overexpressers, also not significantly different from that (40.6%) 
of non- overexpressers (n = 20, 95% CI, 21.0%- 63.8%, P = .549; 
Figure S4C).

3.7 | Survival of ATLL patients who received 
mogamulizumab- containing treatment but not 
allogeneic HSCT, stratified by CD28 or CD80/CD86 
protein expression

We next investigated the survival of patients who received 
mogamulizumab- containing regimens but not allogeneic HSCT. The 
5- year survival of the 47 patients from the first dose of mogamuli-
zumab was 39.3% (95% CI, 24.5%- 56.3%; data not shown). In this 
cohort, the 5- year survival from the first dose of antibody for the 
subgroup of the CD28 overexpressers and non- overexpressers was 
18.9% (n = 22, 95% CI, 5.5%- 48.4%) and 54.3% (n = 25, 95% CI, 
33.4%- 73.8%), respectively, and the difference between the two 
groups was significant (P = .026; Figure 5F). In this non- HSCT and 
mogamulizumab cohort, ATLL cases with an aggressive variant re-
vealed a 5- year survival from the day of the first antibody dose of 
24.2% (n = 19, 95% CI, 8.3%- 52.9%) and 54.3% (n = 25, 95% CI, 
33.4%- 73.8%) for CD28 overexpressers and non- overexpressers, re-
spectively, and the difference was statistically significant (P = .036; 
data not shown). The 5- year survival from the day of antibody 

administration to the three patients with an indolent variant could 
not be estimated. All three patients were assigned to the CD28 over-
expresser group, and two died within 3.5 years after the initiation 
of mogamulizumab treatment. As a close association between CCR4 
gene mutations and a superior responsiveness of mogamulizumab 
was reported in ATLL patients,36 we also performed survival analy-
ses for the patients receiving mogamulizumab independent of their 
CCR4 gene status. As a result, we found that among patients with 
CCR4 mutations who received mogamulizumab- containing regimens 
but not allogeneic HSCT (n = 12), the 5- year survival from the day 
of the first dose of antibody for CD28 overexpressers and non- 
overexpressers was 28.6% (95% CI, 30.9%- 97.3%) and 80.0% (95% 
CI, 24.4%- 75.6%), respectively (not significantly different, P = .101; 
Figure 5G). Among patients without CCR4 mutations who received 
a mogamulizumab- containing regimen but not allogeneic HSCT 
(n = 35), the 5- year survival from the day of the first dose of anti-
body for CD28 overexpressers and non- overexpressers was 0.00% 
(95% CI, not reached) and 45.5% (95% CI, 23.3%- 69.7%), respectively 
(also not significantly different, P = .113; Figure 5H). As for CD80/
CD86 expression on tumor cells, the 5- year survival from the first 
dose of antibody in the overexpressers was 75.0% (n = 5, 95% CI, 
23.8%- 96.6%), again not significantly different from that (33.0%) 
of the non- overexpressers (n = 39, 95% CI, 18.4%- 51.8%, P = .186; 
Figure S4D).

3.8 | Prognostic significance of CD28 
overexpression in ATLL patients

Multivariate analysis of the OS of the entire ATLL patient cohort 
(n = 113, seven patients were excluded because of missing data) 
was performed and included the following variables: ECOG PS (0- 1 
or 2- 4), ATLL clinical variant (indolent or aggressive), age (≤ 70 or 
> 70 years), serum sIL- 2R (≤ 20 000 or >20 000 U/mL), serum Alb 
(≥ 3.5 or <3.5 g/dL), and CD28 expression (overexpression or non- 
overexpression). Of these six variables, a poor PS (HR, 3.369, 95% CI, 
1.492- 7.612) and CD28 overexpression (HR, 2.149, 95% CI, 1.207- 
3.827) were selected as independent risk factors for a worse OS 
(Table 2).

Multivariate analysis of OS in the nontransplanted patient cohort 
(n = 92, six patients were excluded because of missing data) was also 
performed using the same variables. Of these, a poor PS (HR, 4.540, 
95% CI, 1.495- 13.791) and CD28 overexpression (HR, 2.137, 95% CI, 
1.118- 4.084) were selected as independent risk factors for a worse 
OS (Table 3).

Finally, multivariate analyses of the OS in the cohort with an ag-
gressive variant (n = 108; five patients were excluded because of 
missing data) and in the nontransplanted cohort with an aggressive 
variant (n = 82; four patients were excluded because of missing data) 
were performed using the five variables: ECOG PS (0- 1 or 2- 4), age 
(≤ 70 or > 70 years), serum sIL- 2R (≤ 20 000 or > 20 000 U/mL), 
serum Alb (≥3.5 or <3.5 g/dL), and CD28 expression (overexpression 
or non- overexpression). In both cohorts, the prognostic significance 
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of CD28 overexpression was again retained (HR, 1.973, 95% CI, 
1.099- 3.539; Table S3, and HR, 1.964, 95% CI, 1.014- 3.801; Table 
S4, respectively).

4  | DISCUSSION

In the current study, we examined CD28 and CD80/CD86 expres-
sion in 120 ATLL cases and correlated the expression with the clini-
cal and genetic features and prognosis of these patients. The cases 
were divided into overexpressers and non- overexpressers based on 
immunohistochemistry for CD28, and the protein expression was 
quite consistent with CD28 mRNA expression obtained by real- time 
quantitative RT- PCR analysis. Overexpression of CD80/CD86 on 
tumor cells was not frequent in our ATLL cohort. On the other hand, 
CD80/CD86- positive microenvironmental cells were frequent, and 
were significantly associated with the presence of CD28 overex-
pression and CD28 gene– related alterations. We found that, in the 
entire ATLL cohort, CD28 overexpressers showed a worse OS rela-
tive to non- overexpressers. The same was true of the patient cohort 
not receiving allogeneic HSCT and of those receiving mogamuli-
zumab but not HSCT. These results suggest that ATLL with CD28 
overexpression has a more aggressive clinical course and is more 
refractory to treatment with multidrug chemotherapy and regimens 
that include mogamulizumab. On the other hand, among the ATLL 

cohort receiving allogeneic HSCT, the survival impact of CD28 over-
expression was not significant. This observation is not very surpris-
ing because HSCT is a drastic strategy by which hematopoietic and 
immune systems are completely replaced by healthy donor– derived 
cells.

We demonstrated that CD28 overexpression is an indepen-
dent prognostic factor for a worse prognosis in ATLL patients. 
The importance of aberrant CD28 overexpression has been well 
recognized in multiple myeloma (MM). In this tumor, CD28 overex-
pression is one of the major prognostic predictors for a poor clini-
cal outcome following high- dose chemotherapy.37- 39 Furthermore, 
CD28 overexpression highly correlates with disease progression 
and relapse40 and has been shown to deliver a prosurvival signal 
to MM cells, in conjunction with CD86 overexpression on tumor 
cells, not only through enhanced activation of multiple down-
stream effectors, such as nuclear factor- kB (NF- kB) and phos-
phatidyl inositol 3- kinase (PI3K)/Akt, but also via suppression of 
transcription factors including FoxO3a.40- 43 In ATLL, multistep on-
cogenic events are involved in the development of the full malig-
nant phenotype in HTLV- 1– infected cells after a long latency. The 
cumulative incidence of ATLL development is estimated to be 2%- 
7% among HTLV- 1 carriers in Japan,17,18 and half of patients with 
an indolent variant go on to develop a more aggressive form.44 
Interestingly, CD28 overexpression was not significantly associ-
ated with any of the clinical characteristics analyzed in this study, 

TA B L E  2   Prognostic factors affecting OS in the entire ATLL patient cohort

Variables Numbera

Univariate Multivariate

HR (95% CI) P- value HR (95% CI) P- value

ECOG PS

0, 1 87 1.000 Reference 1.000 Reference

2, 3, 4 26 3.272 (1.789- 5.985) .0001 3.369 (1.492- 7.612) .004

Clinical variant

Indolent 10 1.000 Reference 1.000 Reference

Aggressive 103 2.997 (0.729- 12.319) .128 2.207 (0.523- 9.314) .281

Age (years)

≤70 80 1.000 Reference 1.000 Reference

>70 33 1.138 (0.627- 2.068) .671 1.363 (0.717- 2.593) .345

Serum sIL- 2R (U/mL)

≤20 000 71 1.000 Reference 1.000 Reference

>20 000 42 1.908 (1.099- 3.309) .022 1.194 (0.632- 2.255) .585

Serum Alb (g/dL)

≥3.5 80 1.000 Reference 1.000 Reference

<3.5 33 1.807 (1.033- 3.162) .038 1.502 (0.669- 3.373) .324

CD28 protein overexpression

Absence 60 1.000 Reference 1.000 Reference

Presence 53 2.371 (1.368- 4.109) .002 2.149 (1.207- 3.827) .009

Abbreviations: Alb, albumin; ATLL, adult T- cell leukemia/lymphoma; CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; HR, hazard 
ratio; OS, overall survival; PS, performance status; sIL- 2R, soluble interleukin- 2 receptor.
aOf the 120 patients, seven were excluded because of missing data.
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suggesting that no obvious clinical features would help distinguish 
CD28 overexpressers from non- overexpressers. In addition, the 
incidence of CD28 overexpression in aggressive and indolent vari-
ants was not significantly different. These results suggest that 
CD28 overexpression may represent biological behavior rather 
than evident clinical progression.

Although the underlying mechanisms responsible for CD28 
expression in ATLL remain to be elucidated, we demonstrated 
that CD28 overexpression showed a significant correlation with 
genetic alterations involving CD28. Of these alterations, all of the 
cases harboring CD28- related fusions were categorized immuno-
histochemically as CD28 overexpressers. With regard to CD28 
CNV, all of the cases showing CD28 amplification were assigned to 
the CD28 overexpressers, but some cases with a CD28 gain were 
not. Another factor contributing to CD28 overexpression may be 
microenvironmental cells expressing CD80/CD86, as these cells 
were significantly associated with CD28 overexpression on tumor 
cells in this study. The reason why CD28 overexpression contrib-
uted to a poorer prognosis in ATLL remains unclear at present. Its 
overexpression likely reflects aberrant activation of CD28 signal-
ing, resulting in more aggressive behavior and an extremely poor 
prognosis. Unlike in the case of MM, however, we failed to show 
an association between CD86 overexpression on ATLL tumor cells 
and patient survival. In addition, microenvironmental cells ex-
pressing CD80/CD86 had no impact on the prognosis (data not 

shown). Further studies are warranted to clarify molecular mecha-
nisms that could account for the association between CD28 over-
expression in ATLL tumor cells and an unfavorable prognosis in the 
ATLL patients.

The present study offers significant observations regarding how 
CD28 expression affects the outcome and clinicopathological fea-
tures of ATLL patients, but some limitations should be recognized 
other than the matter mentioned above. First, the significance of 
CD28 overexpression, especially in some cohorts stratified by treat-
ment strategies and clinical variants, was not fully examined due to 
an insufficient number of patients. Second, it was difficult to esti-
mate which of the CD28 genes, the altered type or wild type, con-
tributed more to the CD28 overexpression. Third, consistent with 
earlier reports,22,23 we definitively detected the presence of tumor 
cells ectopically overexpressing CD80/CD86 in some ATLL cases. 
Unfortunately, we failed to clarify the significance, as the number of 
such cases was small.

In conclusion, we showed that CD28 protein overexpression is a 
novel unfavorable prognostic marker in ATLL patients. In addition, we 
assessed the correlation between CD28 overexpression, CD80/CD86 
expression on tumor cells and on microenvironment cells, as well as 
CD28 gene status, and CCR4 status and found that CD28 overexpress-
ers harbored more frequent CD28 genetic abnormalities and had an 
increased number of CD80/CD86- positive non- neoplastic cells infil-
trating the tumor microenvironment. Further studies are needed to 

TA B L E  3   Prognostic factors affecting OS in the nontransplanted ATLL patient cohort

Variables Numbera

Univariate Multivariate

HR (95% CI) P- value HR (95% CI) P- value

ECOG PS

0, 1 63 1.000 Reference 1.000 Reference

2, 3, 4 23 3.981 (2.004- 7.906) <.0001 4.540 (1.495- 13.791) .008

Clinical variant

Indolent 8 1.000 Reference 1.000 Reference

Aggressive 78 2.235 (0.539- 9.273) .268 1.601 (0.371- 6.911) .528

Age (years)

≤70 53 1.000 Reference 1.000 Reference

>70 33 1.046 (0.552- 1.979) .891 1.333 (0.668- 2.662) .415

Serum sIL- 2R (U/mL)

≤20 000 53 1.000 Reference 1.000 Reference

>20 000 33 2.142 (1.139- 4.031) .018 1.241 (0.606- 2.540) .555

Serum Alb (g/dL)

≥3.5 63 1.000 Reference 1.000 Reference

<3.5 23 2.322 (1.184- 4.557) .014 1.402 (0.478- 4.115) .538

CD28 protein overexpression

Absence 46 1.000 Reference 1.000 Reference

Presence 40 2.323 (1.184- 4.557) .014 2.137 (1.118- 4.084) .022

Abbreviations: Alb, albumin; ATLL, adult T- cell leukemia/lymphoma; CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; HR, hazard 
ratio; OS, overall survival; PS, performance status; sIL- 2R, soluble interleukin- 2 receptor.
aOf the 92 patients, six were excluded because of missing data.
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clarify the overall mechanisms responsible for CD28 overexpression 
and its association with an unfavorable ATLL prognosis.
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