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1  |  INTRODUC TION

Cutaneous T-cell lymphoma (CTCL) is a subtype of primary cutaneous 
lymphoma. Most CTCL patients are categorized into two subtypes: 
mycosis fungoides (MF) and Sezary syndrome (SS); all other patients 
are diagnosed with various minor subtypes. MF induces patches and 

plaques on the surface of skin in the early stage (IA-IIA). Most patients 
show a favourable prognosis and clinical remission. However, some 
develop relapse and progress to the advanced stage. In the advanced 
stage (IIB-IV), cutaneous tumours spread to lymph node and other or-
gans.1 Patients with advanced-stage MF sometimes show resistance 
to current therapies and have a poor prognosis.2 Therefore, novel 
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Abstract
Mycosis fungoides (MF) is a subtype of cutaneous T-cell lymphoma (CTCL). Topical 
or systemic treatment with psoralen, such as 8-methoxypsoralen (8-MOP), followed 
by ultraviolet A (UVA) irradiation (PUVA therapy) is an effective phototherapy for 
early-stage MF. However, the efficacy of PUVA therapy for advanced-stage MF is not 
satisfactory, and the ideal combination partner for PUVA therapy has not yet been 
found. In this study, we developed a new mouse model of CTCL in which efficacy of 
PUVA was detected and further evaluated the efficacy of combination treatment of 
PUVA and mogamulizumab, an anti-CCR4 monoclonal antibody. Cytotoxicity of PUVA 
therapy against HH cells, a CTCL cell line, was observed in vitro. The cytotoxicity 
was dependent on both 8-MOP and UVA. Using HH cells, we developed a mouse 
model in which HH cells were subcutaneously inoculated in the ear. In this model, 
PUVA therapy suppressed tumour growth with statistical significance, while 8-MOP 
or UVA alone did not. Combination therapy of PUVA and mogamulizumab showed 
greater antitumor activity than either monotherapy with statistical significance. In 
the histological analysis of the tumour tissue, PUVA accelerated tumour necrosis and 
then induced the infiltration inflammatory cells in the necrotic area, suggesting that 
these cells served as effector cells for mogamulizumab. This combination therapy is 
expected to be a beneficial option for CTCL therapy.
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effective therapies are still required to prolong clinical remission in 
the early stage and improve therapeutic efficacy in the advanced 
stage.

Skin-directed therapy is the first-line treatment for the pa-
tients with skin-limited lesions. When the disease is refractory to 
multiple skin-directed therapies or spreads to the deep skin tis-
sue and other organs, patients are treated with a combination of 
skin-directed therapies and systemic therapies, such as psoralen 
and ultraviolet A (PUVA) therapy and interferon α.1 SS is an ad-
vanced leukaemic subtype of CTCL with atypical abnormal T cells 
in the erythema and blood. SS patients are usually treated with a 
combination of skin-directed therapies and systemic therapies as 
advanced-stage MF.

PUVA therapy is a common phototherapy for CTCL with patches 
and plaques. 8-methoxypsoralen (8-MOP), a psoralen derivative, 
is orally or topically administered, and patients are then irradiated 
with UVA. 8-MOP activated by UVA intercalates into DNA double 
strands, leading to cell death.3 Although early-stage CTCL patients 
treated with PUVA show a good prognosis, this approach is not suffi-
ciently effective for tumours in the deep skin tissue and other organs 
in the advanced stage.4

Mogamulizumab is a monoclonal antibody against CC chemokine 
receptor 4 (CCR4) with enhanced antibody-dependent cellular cyto-
toxicity (ADCC) by POTELLIGENT® technology.5 It was approved in 

Japan for the treatment of MF and SS in 2014, followed by Europe 
and the United States in 2018. The progression-free survival (PFS) of 
advanced-stage CTCL patients treated with mogamulizumab mono-
therapy was superior to that of patients treated with vorinostat, the 
current standard of care in the United States,1 according to a phase 
3 study.6 Thus, combination therapy of mogamulizumab with other 
drugs is expected to have promising therapeutic activity. However, 
the optimal immunosuppressive chemotherapy must be selected in 
order to maximize the efficacy, since NK cells that could be reduced 
by chemotherapy are essential effector cells for ADCC activity of 
mogamulizumab. Skin-directed therapy without any immunosuppres-
sive effects, such as PUVA, thus has the potential to be more suitable.

No previous studies have evaluated the antitumor effect of PUVA 
against CTCL using a nonclinical animal model. Although several com-
bination therapies with PUVA have been tested in the clinical setting, 
the efficacy is not satisfactory.7 One reason for the lack of any effec-
tive combination therapies is thought to be a lack of animal models in 
which the efficacy of PUVA can be appropriately evaluated.

The present study established the first mouse model of CTCL 
in which efficacy of PUVA was detected, and we investigated the 
effect of combination therapy of mogamulizumab with PUVA.

2  |  METHODS

2.1  |  Cells and reagents

HH, a human CTCL cell line expressing CCR4,8,9 was obtained 
from American Type Culture Collection. The cells were cultured 
in RPMI1640 medium (Thermo Fisher Scientific) supplemented 
with 10  vol% heat-inactivated fetal bovine serum (Thermo Fisher 
Scientific).

Mogamulizumab was obtained from Kyowa Kirin Co., Ltd. 8-MOP 
(Oxoralen tab.) was obtained from Taisho Pharmaceutical Holdings.

2.2  |  Cytotoxicity of PUVA

HH cells were seeded in 96-well flat plate (1 × 104 cells/well) and cul-
tured for 24 h at 37°C in 5 vol% CO2 condition. 8-MOP was added to 
each well, and the cells were incubated for 2 h at 37°C in 5 vol% CO2 
condition. Culture medium was replaced with phosphate-buffered 
saline (PBS), and the cells were irradiated with 1, 2 or 5 J/cm2 of UVA 
using Solar Simulator SOL500 (Dr. Hönle). PBS was then replaced 
with medium, and the cells were cultured for 72 h at 37°C in 5 vol% 
CO2. WST-8 reagent (Dojindo Laboratories) was added to each well, 
and the absorbance at 450 nm was measured.

The viability of HH was calculated as follows:

2.3  |  Animals

Five-week-old male BALB/cAJcl-nu/nu mice were purchased from 
Clea Japan and maintained in individually ventilated caging system 
with free access to solid diet (CL-2; Clea Japan) and tap water. The 
animal facility was kept at 20 to 26°C and a relative humidity of 30% 
to 70% with a 12-h light–dark cycle.

This study was approved by the Institutional Animal Care and 
Use Committee and was performed in accordance with the animal 
welfare rules of Kyowa Kirin, Fuji Research Park, which is accredited 
by AAALAC International.

2.4  |  Antitumor activity of UVA and 8-MOP 
monotherapy

HH cells suspended in PBS containing 50 vol% Matrigel Matrix base-
ment membrane (Corning) were subcutaneously inoculated in the 
ear of 60 mice (2 × 107 cells/0.1 ml/head). Seven days after the in-
oculation, 45 mice were divided into 3 groups (control, 8-MOP and 
UVA groups) so that the mean and standard deviation (SD) of the 

Viability (%) =
(Mean value of samples treatedwith PUVA)

(Mean value of untreated samples (without 8 −MOP in the absence of UVA))
× 100.

Relative viability (%) =
(Mean value of samples treatedwith PUVA)

(Mean value of samples treated only with UVA)
× 100
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tumour volume and body weight were comparable among groups. 
The day of grouping was designated as Day 0.

On Day 1, 100 mg/kg of 8-MOP suspended in 5% methylcellu-
lose was orally administered to mice in the 8-MOP group. The mice 
were kept in the dark for approximately 2 h. No administration was 
conducted for the control or UVA group. All mice were then anaes-
thetised. In the UVA group, the whole body of the mice was wrapped 
with aluminium foil except for the tumour region in the ear and ex-
posed to UVA at 5 J/cm2 (maximum dose in the cytotoxicity study 
described above) using a Solar Simulator SOL500. The tumour diam-
eter and body weight were measured on Days 7 and 14. The tumour 
volume was calculated as follows:

Tumour volume (mm3) = l × w2 × 0.5 (l: length; w: width)

2.5  |  Antitumor activity of mogamulizumab in 
combination with PUVA

HH cells were inoculated in the ear of 100 mice. Seven days after the 
inoculation, 60 mice were divided into 4 groups (control, mogamuli-
zumab, PUVA and their combination groups). Inoculation and group-
ing were conducted in the same way as described above.

On Days 1 and 8, mogamulizumab (20 mg/kg) was intrave-
nously administered. On Day 1, 8-MOP (100 mg/kg) was orally 
administered to mice in the PUVA and combination groups. 
Mice were kept in the dark for approximately 2 h. All mice were 
anaesthetised, and the mice in the PUVA and combination groups 
were irradiated with UVA in the same manner as described above. 
The tumour diameter and body weight were measured on Days 7 
and 14.

Statistical analyses were conducted using the JMP15 software 
program (SAS Institute). Differences in the tumour volume on Day 
14 between the control and each treatment group were assessed 
by Dunnet's test. When the tumour volumes in both the mogam-
ulizumab and PUVA groups were significantly smaller than in the 
control group, the differences in the tumour volume between the 
combination group and each monotherapy group were assessed 
by Dunnet's test. When the tumour volume in the combination 
group was significantly smaller than in either the mogamulizumab 
or PUVA group, the combination of mogamulizumab and PUVA 
was considered to exert superior antitumor activity to either 
monotherapy.

p-values <0.05 were considered statistically significant.

2.6  |  Histological analyses of tumour tissues

The 12 mice excluded from the antitumor study were divided into 
4 groups (control, mogamulizumab, PUVA and their combination 
groups) and treated with mogamulizumab and PUVA the day after 
grouping. Grouping and treatment were conducted in the same way 
as described above. Approximately 24 h after treatment, mice were 

euthanized, and the tumour tissues were collected and stored in 
10% formalin neutral buffered solution.

Samples were embedded in paraffin and sectioned. One sec-
tion was stained with haematoxylin and eosin (H&E) by a standard 
procedure, and the other two sections were stained with monkey-
absorbed anti-human IgG heavy and light chain antibody (Bethyl 
Laboratories) or anti-mouse F4/80 antibody (BioLegend) as the pri-
mary antibody, followed by staining with anti-goat IgG or anti-rat IgG 
as the secondary antibody, respectively, and 3,3′-diaminobenzidine 
(DAB). The sections were examined microscopically to observe any 
morphological changes or the distribution of mogamulizumab and 
F/80-positive monocytes and macrophages.

3  |  RESULTS

3.1  |  Cytotoxicity of PUVA

The viability of HH cells treated with 8-MOP and UVA is shown 
in Figure 1. Without UVA, 8-MOP showed only slight cytotoxicity 
against HH cells up to 100 μmol/L and showed clear cytotoxicity 
at 500 μmol/L. As shown in Figure  1A, the viability of HH cells 
treated with PUVA (combination of 8-MOP and UVA) was de-
creased in an 8-MOP concentration-dependent manner and was 
lower than that of cells treated with only 8-MOP. Viability was 
recalculated using the viability of HH cells treated with each dose 
of UVA alone as “100% viable” (relative viability, Figure 1B). The 
line graph of relative viability of HH cells was left-shifted with 
increasing dose of UVA, meaning that UVA enhanced the cyto-
toxicity of 8-MOP.

3.2  |  Establishment of a mouse CTCL model to 
evaluate the antitumor activity of PUVA

The antitumor activity of 8-MOP or UVA was examined using mice 
subcutaneously inoculated with HH cells in the ear. Tumour volumes 
in the 8-MOP and UVA groups were increased similarly to those in 
the control group (Figure  2A). In contrast, as shown in Figure  2B, 
the tumour growth in the PUVA group was suppressed compared to 
that in the control group (p = 0.0061), and the mean tumour volume 
in the PUVA group was significantly smaller than that in the control 
group on Day 14 (p = 0.0061).

3.3  |  Combination therapy of PUVA and 
mogamulizumab

The antitumor activity of PUVA, mogamulizumab and their combi-
nation was examined (Figure 2B). The mean tumour volume in both 
the PUVA and mogamulizumab groups was smaller than that in the 
control group on Day 14 with statistical significance (p = 0.0061 and 
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0.0062, respectively). The mean tumour volume in the combination 
group was significantly smaller than that in the mogamulizumab and 
PUVA groups on Day 14 (p = 0.030 and 0.040, respectively).

3.4  |  Results of histological analyses

Histopathology images of tumour tissues stained by H&E are 
shown in Figure  3A,C. Tumour tissues consisted of tumour cells, 
and mitosis was frequently found. A pale-coloured necrotic area 
was found in the tumour tissues of most animals, and the necrotic 
areas in the tumour in the PUVA and combination groups were 
wider than those in the control and mogamulizumab groups. Cell 
debris and infiltrated inflammatory cells were diffusely found in the 
area, which are typical characteristics of necrosis. The degree of 
necrosis was similar between the PUVA and combination groups.

Immunohistochemical images of tumour tissues stained by anti-
human IgG are shown in Figure 3B,D. Positive human IgG staining, 
indicating the distribution of mogamulizumab, was found diffusely in 
tumours treated with mogamulizumab and combination therapy. The 
degree of staining in the non-necrotic area was similar between the 
mogamulizumab and combination groups. The staining in the necrotic 
area appeared to be stronger than that in the non-necrotic area.

Immunohistochemical images of the tumour tissues stained by 
anti-F4/80 antibody are shown in Figures 3E. F4/80-positive cells 
were distributed diffusely in the non-necrotic area in all groups. 
These cells were observed more frequently in the necrotic area than 
in the surrounding non-necrotic area.

4  |  DISCUSSION

A lack of an appropriate preclinical mouse model to evaluate PUVA 
therapy has led to difficulties examining combinations with other 
therapies for CTCL. To overcome this problem, we developed a new 
mouse model of CTCL to determine the efficacy of PUVA.

First, we found that HH cells responded to PUVA treatment 
in vitro, indicating that they were appropriate for evaluating the 

F I G U R E  1  Viability of HH cells treated with 8-MOP and UVA 
in vitro. HH cells were treated with 8-MOP and irradiated with 1, 
2 or 5 J/cm2 of UVA. After incubation for 72 h, the absorbance at 
450 nm was measured, and the viability was calculated. Samples 
without treatment of 8-MOP in the absence (A) or presence (B) of 
each dose of UVA irradiation were regarded as 100% viable. Each 
plot represents the mean results of triplicate.

F I G U R E  2  Tumour growth in a nude mouse model with HH cells 
subcutaneously inoculated in the ear. Nude mice (n = 15/group) 
were inoculated with HH cells in subcutaneous tissue in the ear. 
On Day 1, 100 mg/kg of 8-MOP administration and 5 J/m2 of UVA 
irradiation were performed (A, B), and 20 mg/kg of mogamulizumab 
was administered on Days 1 and 7 (B). Two mice in the UVA 
group (A) and one in the PUVA group (B) died on Day 1. Each plot 
represents the mean ± SE.*p < 0.05.
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cytotoxicity of PUVA. The viability of HH cells treated with PUVA 
decreased in an 8-MOP concentration-dependent manner. Since the 
viability of HH cells treated with only UVA without 8-MOP also de-
creased in a UVA dose-dependent manner, the viability was recalcu-
lated as the relative viability in order to distinguish cytotoxicity due 
to PUVA from that due to UVA alone. The relative viability of HH 
cells treated with 8-MOP decreased with increasing dose of UVA, 
indicating that the cytotoxicity of 8-MOP was enhanced by UVA.

Next, we performed animal experiments using HH cells. Although 
PUVA treatment showed cytotoxicity against HH cells in vitro, we 
were unlikely to observe antitumor activity of PUVA using a con-
ventional model in which a tumour was subcutaneously inoculated 
into the flank, as UVA does not sufficiently penetrate subcutaneous 
tissue. Since we expected UVA to reach the tumour tissue when in-
oculated into thin skin with little subcutaneous tissue, we developed 
a mouse model with a tumour subcutaneously inoculated in the ear. 
In our mouse model, neither 8-MOP nor UVA alone showed anti-
tumour activity. However, PUVA suppressed tumour growth with 
statistical significance. These results clearly showed that we suc-
cessfully established an appropriate animal model of CTCL for eval-
uating the efficacy of PUVA. UVA monotherapy did not suppress 
tumour growth, although the same dose of UVA (5  J/m2) without 

8-MOP decreased the viability of HH cells in the cell viability assay 
in vitro. It was likely that UVA was attenuated through the skin in 
vivo, while HH cells were directly exposed to UVA in vitro.

We investigated the antitumor activity of combination therapy of 
mogamulizumab and PUVA using this model. Both mogamulizumab 
monotherapy and PUVA monotherapy significantly suppressed the 
tumour growth compared to control. Combination of mogamuli-
zumab and PUVA greatly suppressed the tumour growth compared 
to either monotherapy with statistical significance. In the histologi-
cal analysis of tumour tissue, mogamulizumab seemed to distribute 
more abundantly in the necrotic area than the non-necrotic area, 
possibly because in the necrotic area, the tissue structure was de-
stroyed, which otherwise would prevent macromolecule infiltration 
into the tissue.10 PUVA accelerated tumour necrosis and enhanced 
the infiltration of many inflammatory cells in the necrotic area. 
The result of immunohistochemistry of F4/80 revealed abundant 
monocytes and macrophages in the necrotic area adjacent to the 
non-necrotic area in the tumour tissue, suggesting that most of the 
infiltrated inflammatory cells were monocytes and macrophages. 
Since only a few cells were found in the centre of the necrotic area, 
the quantitative comparison of the number of F4/80-positive cells in 
the entire necrotic area among groups was not possible. However, 

F I G U R E  3  Results of a histological analysis of tumour tissue treated with PUVA and mogamulizumab. Nude mice with tumours in the 
ear were treated with PUVA and mogamulizumab (n = 3/group), and tumour tissues were collected 24 h after the treatment. Sections of 
tumour tissues were stained with H&E (A and C), anti-human IgG antibody (B and D) and anti-mouse F4/80 (E). Individual (A and B) and 
representative (C, D and E, combination group) results are shown. (C) The necrotic region can be seen in the left half of this image. Cell 
debris (blue arrows) and infiltrated inflammatory cells (yellow arrows) were diffusely found in the necrotic area. (D) Positive human IgG 
staining in the non-necrotic area. (E) mouse F4/80-positive cells in the necrotic area (left half of the image) observed more frequently than 
that in the surrounding non-necrotic area. Scale bar: 200 μm.
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PUVA is expected to have increased the number of macrophages 
and monocytes in tumour tissue as a whole with the expansion of 
necrotic area. Furthermore, mouse FcγRIV expressed on monocytes 
and macrophages mainly contributes to the antitumor effect of de-
fucosylated human IgG in mouse model.11 Therefore, it is likely that 
the increased monocytes and macrophages in the necrotic area by 
PUVA enhanced the cytotoxicity of mogamulizumab.

CCR4 is expressed on not only CTCL cells but also normal T cells 
such as regulatory T cells (Treg). The depletion of Treg is considered 
to be one of the most important immuno-oncological approaches.12 
Our model has the defect in the contexture; the effect of mogamuli-
zumab could not be evaluated because we used nude mice. However, 
because the primary mechanism of action of mogamulizumab is the 
direct killing of cancer cells by ADCC, the antitumor activity of mog-
amulizumab in this model is expected to be relevant to the efficacy 
in CTCL patients.

Whether side effects of mogamulizumab, such as skin rash,13 
are augmented or ameliorated by combination with PUVA is unclear. 
Given that one of the side effects of PUVA is dermatosis,14 this com-
bination may exacerbate skin disorders. However, since PUVA can 
reduce skin graft-versus-host disease,15 the combination may ame-
liorate mogamulizumab-induced skin rash. Careful attention should 
be paid when clinical application is considered.

5  |  CONCLUSION

To our knowledge, this is the first report describing the establish-
ment of a CTCL mouse model in which the efficacy of PUVA was 
able to be evaluated. In addition, the present results indicated that 
combination of mogamulizumab and PUVA was superior to either 
monotherapy alone with regard to efficacy. This combination ther-
apy is expected to be a beneficial option for CTCL therapy.
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