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1Q1Q2 Alloantigen-specific CD4+ regulatory T cells induced in vivo by ultraviolet
2 irradiation after alloantigen immunization require interleukin-10 for
3 their induction and activation, and flexibly mediate bystander
4 immunosuppression of allograft rejection☆
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22Ultraviolet (UV) irradiation prior to antigen immunization is employed to induce antigen-specific regulatory T
23cells (Tregs). UV-induced Tregs demonstrate unique bystander suppression, although antigen-specific activation
24is required initially. We previously reported the phenotype of alloantigen-specific transferable Tregs induced by
25UV-B irradiation after immunization was the same as T regulatory type 1-like CD4+ T cells, with antigen-specific
26interleukin (IL)-10 production. Here, by using semi-allogeneic transplantation models in vivo, we investigated
27the role of IL-10 in the induction and activation of these Tregs, and the possibility of bystander suppression
28of third-party allograft rejection. Naïve mice (H-2b) were immunized with alloantigen (H-2b/d), and received
29UV-B irradiation (40 kJ/m2) 1 week later. Four weeks afterwards, splenic CD4+ T cells were purified from the
30UV-irradiated immunized mice, and were transferred into naïve mice (H-2b). Allografts expressing the same
31alloantigen as T-cell donors were immunized against (H-2b/d) or an irrelevant alloantigen (H-2b/k) were
32transplanted to CD4+ T-cell-transferred mice, and an alloantigen-specific prolongation of allograft survival
33observed. Experiments where IL-10 was neutralized by monoclonal antibody in the induction or effector phase
34revealed that IL-10 is critical, not only for induction but also for immunosuppressive function of CD4+ Tregs
35induced by UV irradiation after alloantigen immunization. Third-party allografts (H-2d/k) were transplanted to
36CD4+ T-cell-transferred mice, and graft survival was also prolonged. Even a graft only partially compatible
37with immunized alloantigen worked well in vivo to activate CD4+ Tregs induced by UV irradiation after
38alloantigen immunization, which resulted in the bystander suppression of third-party allograft rejection.

39 © 2015 Published by Elsevier B.V.
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44 1. Introduction

45 Ultraviolet (UV) light of the mid-wave range, UV-B, is an important
46 environmental factor that affects human health [1]. In addition to UV
47 irradiation representing one of the major environmental threats to

48human heath as a carcinogen [2], it also impairs immune responses to
49oncologic and infectious antigens [3,4]. Paradoxically, UV-induced im-
50munosuppression may have therapeutic potential [5–8]. UV-induced
51immunosuppression is mediated via antigen-specific regulatory T cells
52(Tregs) [9,10], which can exert immunosuppressive functions upon
53adoptive transfer [11]. Immunosuppressants have revolutionized
54clinical transplantation, but also cause pan-immunosuppression [12].
55Infectious complications are the highest cause of death owing to compli-
56cations for transplant recipients [13]. Thus, after organ transplantation,
57when deciding immunosuppressant dosage, clinicians face a dilemma
58between infectious morbidity and graft rejection. Therefore, alloantigen-
59specific immunosuppression is an ideal therapy for transplant recipients
60[14,15].
61UV irradiation alters antigen-presenting cell (APC) function [16],
62with UV-inducedDNAdamage being recognized as themajormolecular
63trigger for photoimmunosuppression [9,10,17]. Langerhans cells (LCs)

Transplant Immunology xxx (2015) xxx–xxx

☆ Authorship: T. Hori performed this research, and wrote this paper. K. Saito, L. Wang
and M. Torii helped to perform this research. T. Kato designed this research. K.
Kuribayashi and S. Uemoto supervised this research.
⁎ Correspondence to: Department of Hepato-pancreato-biliary and Transplant Surgery,

Kyoto University Hospital, 54 Shogoinkawara-cho, Sakyo-ku, Kyoto 606-8507, Japan.
Tel.: +81 75 7513651; fax: +81 75 7513106.
⁎⁎ Correspondence to: Department of Cellular and Molecular Immunology, Mie
University Graduate School of Medicine, 2-174 Edobashi, Tsu, Mie 514-8507, Japan.
Tel.: +81 59 232 1111; fax: +81 59 231 5225.

E-mail addresses: horit@kuhp.kyoto-u.ac.jp (T. Hori), katotaku@doc.medic.mie-u.ac.jp
(T. Kato).

TRIM-00972; No of Pages 8

http://dx.doi.org/10.1016/j.trim.2015.03.004
0966-3274/© 2015 Published by Elsevier B.V.

Contents lists available at ScienceDirect

Transplant Immunology

j ourna l homepage: www.e lsev ie r .com/ locate / t r im

http://dx.doi.org/10.1016/j.trim.2015.03.004
mailto:horit@kuhp.kyoto-u.ac.jp
mailto:katotaku@doc.medic.mie-u.ac.jp
Journal logo
http://dx.doi.org/10.1016/j.trim.2015.03.004
http://www.sciencedirect.com/science/journal/09663274
www.elsevier.com/locate/trim


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

64 are regarded as the most important APC in the epidermis [18–20], and
65 recently, the functional role of the LC was redefined. Damaged but still
66 viable LCs will present antigens in a nonprofessional manner, which
67 will induce not effector T cells, but Tregs [10]. Currently, the concept
68 that LCs, mast cells, and natural killer T (NKT) cells may serve in an un-
69 conventional manner is accepted in the photobiology and immunology
70 communities [9,10]. This phenomenon may explain the theory that an-
71 tigen immunization must follow UV-B irradiation and not vice versa
72 [21–23]. Therefore, almost all researchers focused on antigen-specific
73 Tregs induced by high-dose UV-B irradiation before antigen immuniza-
74 tion [21–23], because it was considered that functional modulation of
75 APCs by UV irradiation is required for the induction of antigen-specific
76 immunosuppression [16]. However, our previous studies demonstrated
77 that mice exposed to UV irradiation at 1 week after immunization
78 exhibited reduced Th1- and Th2-driven immune responses, and had
79 prolonged allograft survival in an antigen-specific manner [24–29]. UV
80 irradiation of the graft recipient several days before transplantation is
81 impractical, because predicting when a donor organ will be available
82 is impossible [21]. Therefore, a procedure of alloantigen immunization
83 prior to UV irradiation that induces an alloantigen-specific immunosup-
84 pressive status in patients receiving transplantation therapies repre-
85 sents a more practical approach [21].
86 Antigen-specific immunosuppression is mediated by regulatory T-
87 cell populations that included CD3+ DX5+ NKT cells, CD4+ CD25+ T
88 cells co-expressing cytotoxic T-lymphocyte-associated protein 4
89 (CTLA-4), glucocorticoid-induced tumor necrosis factor (TNF)-related
90 protein and neuropilin-1, and CD4+ Foxp3+ T cells [30–37]. We have
91 previously demonstrated that alloantigen-specific immunosuppression
92 induced by UV irradiation after immunization depends not on interleu-
93 kin (IL)-4, IL-5, IL-13, or transforming growth factor (TGF)-β, but on
94 IL-10 [25–29]. Furthermore, we have also demonstrated that the phe-
95 notype of transferable Tregs induced by UV irradiation after immuniza-
96 tion is a T regulatory type 1 (Tr1)-like CD4+ T-cell phenotype [25–29],
97 because these CD4+ Tregs had a cytokine profile with high IL-10 pro-
98 duction, low levels of IL-2 and no IL-4, resembling a Tr1 cytokinepattern
99 [38,39].
100 Whether IL-10 is crucial for the induction and effector phases of
101 UV-induced Tregs or not is controversial [33,40–43]. Additionally,
102 UV-induced Tregs demonstrate a unique behavior, so-called
103 ‘bystander suppression’. The antigen specificity thus appears to be
104 restricted to the activation of UV-induced Tregs [33,44]. However,
105 once activated suppression is nonspecific [45].

106 2. Hypothesis

107 Here, in our delayed-type hypersensitivity (DTH) model in vivo
108 accompanied by UV irradiation after alloantigen immunization, we
109 investigated the role of IL-10 in inducing and activating Tregs, and the
110 possibility of their immunosuppressive effects on third-party allografts
111 that are only partially compatible with the alloantigen used in
112 immunization.

113 3. Materials and methods

114 3.1. Animals

115 Female C57BL/6 (B6, H-2b), (BALB/c × C57BL/6)F1 (CBF1, H-2b/d),
116 (C57BL/6 × C3H/He)F1 (B6C3F1, H-2b/k), and (BALB/c × C3H/He)F1
117 (CC3F1, H-2d/k) mice were obtained from Japan SLC (Hamamatsu,
118 Japan). Mice were cared for in accordance with the institutional guide-
119 lines for animal welfare. The mice were 6 weeks old at the time of the
120 first experimental procedure. The study design is summarized in
121 Fig. 1. All experimental protocols were approved by the Ethics Review
122 Committee for Animal Experimentation of Mie University Graduate
123 School of Medicine (No. 3106).

1243.2. Immunization with alloantigen

125Spleens were removed from naïve CBF1 mice (H-2b/d). Splenocytes
126were rapidly isolated, and resuspended in phosphate buffered saline
127(PBS). Next, single-cell splenocytes at 2 × 107 cells in 0.5 mL were
128slowly injected intravenously into age- and sex-matched naïve B6
129mice (H-2b).

1303.3. UV-B irradiation after alloantigen immunization

131One week after alloantigen immunization, immunized B6 mice
132received UV-B irradiation at a dose of 40 kJ/m2. The UV source was a
133bank of three unfiltered UV lamps (UVP Inc., Upland, CA, USA) with
134an emission spectrum in the UV-B range (280–320 nm). The average
135UV-B irradiation dose was 2372 mJ/cm2/h. A 10-cm2 area of the ventral
136skin was carefully shaved. To prevent unevenness of UV-B irradiation,
137mice were anesthetized during UV exposure, and their feet were fixed
138to a metallic halftone plate by threads. Thus, the shaved abdominal
139wall was sufficiently extended and equally exposed to the UV lamps.

1403.4. Preparation of CD4+ T cells

141Single-cell splenocyte suspensions were incubated with CD4
142microbeads (CD4 [L3T4] MicroBeads; Miltenyi Biotec Inc., Auburn, CA,
143USA) and positively selected over separation columns according to the
144manufacturer's recommendations (AutoMACS program; Miltenyi
145Biotec Inc.). The purities of sorted CD4+ T-cell preparations were
146routinely N98% CD4+ T cells.

1473.5. Adoptive transfer of CD4+ T cells

148Splenocytes were isolated from UV-irradiated immunized mice.
149Four weeks after UV irradiation, splenic CD4+ T cells were purified
150and resuspended in PBS. A total of 5 × 106 enriched splenic CD4+

151T cells in 100 μL PBS were injected intravenously into age- and sex-
152matched naïve B6 mice. PBS-injected mice served as a control. In
153our previous studies, CD4+ T-cell transfers of greater than 5 × 106

154cells/mouse seemed to plateau for alloantigen-specific prolongation of
155allograft survival [25,28].

1563.6. Skin transplantation

157Skin graftswere transplanted onto graft beds on the backs of B6mice
158by microsurgery under ×4.5 magnification (Panoramic-XL; Keeler Ltd.,
159Windsor, UK). Full-thickness tail skin grafts were harvested from age-
160and sex-matched donor mice (B6, CBF1, B6C3F1, or CC3F1 mice). All
161grafts were adjusted to an area of 10 × 5 mm to allow a quantitative
162uniformity of alloantigen. Syngeneic and allogeneic grafts were bilater-
163ally engrafted, and surgical procedures and post-transplant care are
164described in detail elsewhere [25]. Graft rejection was defined as N90%
165necrosis of graft epithelium [46].

1663.7. Heart transplantation

167As the second model to confirm the immunosuppressive effects
168in vivo, heterotopic heart transplantation was performed. Cardiac grafts
169were harvested from age- and sex-matched donor mice (B6, CBF1,
170B6C3F1, or CC3F1 mice). Cardiac grafts were ectopically transplanted
171into recipient mice. Surgical procedures including ultra-microsurgery
172are described in detail elsewhere [47]. Ultra-microsurgical procedures
173were performed under ×20 magnification (Surgical Scope M680, Type
17410445496; Leica Microsystems Inc., Bannockburn, IL, USA). Graft rejec-
175tion was defined as no palpable pulsation of the heterotopic graft [48].
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