Activated regulatory T cells are the major

T cell type emigrating from the skin during
a cutaneous immune response in mice
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Tregs play an important role in protecting the skin from autoimmune attack. However, the extent of Treg traf-
ficking between the skin and draining lymph nodes (DLNSs) is unknown. We set out to investigate this using
mice engineered to express the photoconvertible fluorescence protein Kaede, which changes from green to red
when exposed to violet light. By exposing the skin of Kaede-transgenic mice to violet light, we were able to label
T cells in the periphery under physiological conditions with Kaede-red and demonstrated that both memory
phenotype CD4'Foxp3- non-Tregs and CD4'Foxp3* Tregs migrated from the skin to DLNs in the steady state.
During cutaneous immune responses, Tregs constituted the major emigrants and inhibited immmune responses
more robustly than did LN-resident Tregs. We consistently observed that cutaneous immune responses were
prolonged by depletion of endogenous Tregs in vivo. In addition, the circulating Tregs specifically included
activated CD25" Tregs that demonstrated a strong inhibitory function. Together, our results suggest that Tregs
in circulation infiltrate the periphery, traffic to DLNs, and then recirculate back to the skin, contributing to
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the downregulation of cutaneous immune responses.

Introduction

Lymphocytes travel throughout the body to conduct immune sur-
veillance. CD4* helper T cells are central organizers in immune
responses. Upon stimulation, naive CD4' T cells differentiate
into effector Th cells (1). Foxp3* Tregs represent a unique sub-
population of CD4' T cells that are important for maintenance of
immunological homeostasis and self tolerance (2, 3). Naive T cells
circulate between blood and secondary lymphoid tissues (2-7).
However, it is debatable whether T cells travel through uninflamed
peripheral crissues as part of their recirculation route. One type of
peripheral tissue with the active afferent limb of the lymphatic sys-
tem is, for example, the skin, and memory/cffector T cells migrare
to inflamed skin using CCR4 and CCR10 (8-10). Classic studies
employing cannulation of afferent lymph vessels have shown that
CD4* memory/effector cells make up nearly all cells in the afferent
lymph of sheep (6, 11-13). On the other hand, Debes et al. have
reported that CD4" cells, especially naive subsets, migrate from
the skin in a CCR7-dependent manner using subcurancous injec-
tion of fluorescent-labeled lymphocytes (14). However, the above
experiments require traumatic or artificial procedures to follow
or label T cells. Therefore, it is of interest to clarify whether T cells
in the peripheral organs such as the skin migrate to draining LNs
(DLNs) and to identify the T cell subsets of migration and their
roles under physiological conditions.
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To directly assess cells migrating from the peripheral tissue, we
have devised a new experimental system that involves labeling
resident cells using Tg mice expressing the Kaede protein. Kaede
is a photoconvertible green fluorescence protein cloned from
stony coral (15, 16) that changes its color from green to red when
exposed to violet light (16). Therefore, the Kaede-Tg mouse system
is an ideal tool for monitoring precise cellular movements in vivo
at different stages of the immune response (17).

Here, we used the skin as a representative of cthe peripheral
organs and observed the movement of cells from the skin using
Kaede-Tg mice {17). A high proportion of the migrating cells into
the DLNs were Tregs thac had a stronger capacity to suppress
acquired immune responses than LN-resident Tregs. Moreover,
these migraring T cells recirculated into the skin upon elicitation
to terminate immune responses.

Resuits

Detection of cell migration from the skin in the steady state nsing Kaede-Tg
mice. To monitor cell migration from the skin in vivo, the abdomi-
nal skin of Kaede-Tg mice was photoconverted by exposure to vio-
let light for 10 minutes (see Methods). Before photoconversion,
all the cells in the skin of Kaede-Tg mice expressed only Kaede-
green fluorescence (Kaede-green) (Figure 1, A and B), Immedi-
ately after violet light exposure to the skin, the whole skin tissue
(Supplemental Figure 1; supplemental material available online
with this article; doi: 10.1172/JC140926DS1) and the skin cells of
the photoconverted area showed red signal (Kaede-red), whereas
virtually no draining axillary LN cells (Figure 1, A and B, and
Supplemental Figure 2) or blood cells (Supplemental Figure 2)
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were photoconverted. Although we found that Kaede-red proteins
could be detected in the extracellular fluids when incubated for
24 hours after photoconversion of the LN cells (Supplemental
Figure 3), we confirmed that the extracellular photoconverted
Kaede proteins could not be transferred into T cells in vitro (Sup-
plemental Figure 4).

To evaluate cell migration from the skin in cthe steady state, the
clipped abdominal skin of Kaede-Tg mice was exposed to violet
light as in Figure 1A, and 24 hours lacer, the draining axillary
and nondraining cervical and popliteal LN cells were subjected
to flow cytometry. We found that 0.36% of the DLN cells showed
the Kaede-red phenotype (Figure 1C), suggesting a fraction of
cells in the skin migrate to the DLNs. It is generally thought
that dendriric cells are the major migrants from the skin in che
steady state, and in fact 6.2% of CD11c' dendritic cells were of
the Kaede-red phenotype in the DLNs (Figure 1C). In contrast,
almost no Kaede-red CD11¢" dendritic cells were detected in the
non-DLNs (Figure 1C). We next evaluated CD4" T cell migration
from the skin and found that 0.49% of CD3°CD4' T cells in the
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Figure 1

Cell migration from the skin to the DLN in the steady state. (A) Kaede-Tg
mice were photoconverted on the clipped abdominal skin as described
in Methods and observed with a fluorescence stereoscopic micro-
scope. Nonphotoconverted clipped skin is shown as a control (middle).
Note: nonclipped area remains black since light cannot reach. (B) Skin
and draining axillary LN cells resected immediately after violet light
exposure of the abdominal skin and resected skin cells not exposed to
violet light were subjected to flow cytometric analysis to evaluate the
photoconversion. (C and D) Twenty-four hours after photoconversion
of the abdominal skin, cells from the draining axillary and other nond-
raining cervical and popliteal peripheral LNs were stained with CD11c
and CD4 mAbs (C) and CD4 and CD44 mAbs (D) and subjected to
flow cytometry. These data are representative of at least 5 experi-
ments. Numbers within plots or histograms (B-D) indicate percentage
of cells in the respective areas.

DLNs had the Kaede-red phenotype (Figure 1C). Although the
frequencies of the Kaede-red positivicy among dendpritic cells and
CD3'CD4" T cells differed, the absolute numbers of Kaede-red
dendritic cells and CD4"' T cells were comparable (CD4' T cells vs.
CD11¢' dendritic cells: 11621 + 2716 cells per LN vs. 9063 £ 2333
cells per LN, n = § each, average = SD). Moreover, the ratio of
Kaede-red cells was higher in CD44" memory T cells than in
CD44m naive T cells (Figure 1D). Consistently, the majority of
Kaede-red migracory cells were of the CD44™ memory phenotype
(Figure 1D). These results suggest that predominantly T cells
with the memory surface phenotype migrate from the skin into
DLNs, even in the steady stare.

Migration of Tregs from the skin to the DLNs. Immune responses and
homeostasis are regulated by the functions of memory/effector T
cells and Tregs. To determine the behaviors of cthese populations,
we intercrossed Kaede-Tg mice with Foxp3 reporter mice express-
ing human CD2 and human CDS52 chimeric protein, which are
designared as Kaede/Foxp3heP2/hP32 mice. Since Foxp3' cells coex-
press hCD2 on the cell surface, live Foxp3* Tregs could be labeled
and sorted with anti-hCD2 monoclonal Ab. The DLN cells from
Kaede/Foxp3hCD¥hCDs2 mice in cthe steady state were analyzed by
flow cytometry. A majority of CD25" cells were hCD2 positive,
but a substantial number of hCD2"' cells were detected even in
CD25 cells (18) (Figure 2A), which is consistent with the previous
findings by the other group (19). Therefore, the following stud-
ies were performed using Kaede/Foxp3tcPhehs2 mice, and hCD2'
cells were considered ro be Tregs.

To evaluate T cell migration from the skin in the steady state,
the clipped abdominal skin of Kaede/Foxp3btP/htPs2 mice was
exposed to violet light as in Figure 1A, and 24 hours later, the
draining axillary LN cells were subjected to flow cycomerry. Consis-
tent with the previous resules (Figure 1D), a substancial percentage
(0.83%) of photoconverted CD4' T cells were observed in the DLNs
(Figure 2B). Among hCD2 non-Tregsand hCD2" Tregs, the frequen-
cy of Kaede-red cells was comparable (0.79% vs. 0.98%) (Figure 2C),
and the frequency of Kaede-red cells was higher in the CD44"
memory subset than in the CD44™¢ naive subset (Figure 2C).
In addition, Kaede-red CD4' cells included a higher percentage of
Tregs (22.7%) than total CD4* cells (14.1%) (Figure 2D). In total
CD4' populations, the number of CD44" memory cells was lower
than that of CD44mid naive cells in both non-Tregs and Tregs
(Figure 2E). In contrast, consistent with Figures 2C and 2D,
CD44% memory cells were the major Kaede-red migrants from the
skin among non-Tregs and Tregs (Figure 2E).
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Figure 2

Migration of Tregs from the skin to DLNs. (A-E) The DLN cells of Kaede/Foxp3"c02hc0s2 mice photoconverted on the abdomen 24 hours prior
were stained with CD4, CD25, and hCD2 mAbs. Shown here are the flow cytometric plots for hCD2/Foxp3 and CD25 staining among CD4+ cells
(A) and Kaede-red and Kaede-green expression on hCD2+CD4- cells among skin DLN cells (B). (C) The DLNs and non-DLNs from the mice
24 hours after pholoconversion were stained with CD4, hCD2, and CD44 mAbs and subjected to flow cytometry. (D) hCD2/Foxp3 expression in
total (Kaede-red plus Kaede-green), Kaede-red, and Kaede-green CD4 cells was compared by flow cytometry. (E) The numbers of CD44™ naive
(M), CD44M memory (H), and naive plus memory (H/M) phenotypes of hCD2-CD4* non-Tregs (), hCD2*CD4* Tregs (+), and total (hCD2- and
hCD2*; +/=) CD4* T cells in total CD4- (Kaede-red plus Kaede-green) cells and Kaede-red cells in the DLNs were counted. Data are presented
as means = SD and are representative of 3 independent experiments. Student's ¢ test was performed between the indicated groups. *P < 0.05.
Numbers within plots or histograms indicate percentage of cells in the respective areas (A-D).

Treg migration from the skin during a cutaneous immune reaction.
We tracked the extenc of CD4*' T cell migration from the skin
during an immune response and sought to evaluate the role of
CD4* T cells migrating from the skin. The dorsal skin of Kaede/
Foxp3hCPa/achs2 mice was sensitized with 2,4-dinitro-1-fluoro-
benzene (DNFB), and 5 days later, the abdominal skin was chal-
lenged with DNFB. Two days after challenge, the abdominal skin
was exposed to violet light for photoconversion, and another
24 hours later, the draining axillary LN cells were analyzed
by flow cytometry (Figure 3A). The frequency of Kaede-red
cells among CD4" T cells in the DLNs was increased up to 3%
(Figure 3B) from chat in the steady state (0.83%; Figure 2B). In
addition, although 21% of rotal CD4"* cells were Tregs, the num-
ber of hCD2" Tregs became comparable to that of non-Tregs in
Kaede-red phenotype (49%; Figure 3, C and D). Again, the CD44%
memory cells were major migrants from the challenged skin sim-
ilarly to the steady state (Figure 3D and Figure 2E). The number
of total CD4* T cells in DLN increased by 3-fold during contact
hypersensitivity (CHS) compared with that in the steady state.
However, the number of Kaede-red migratory non-Tregs and
Tregs during CHS increased more drastically, by abour 10- and
20-fold, respectively (Figure 2E and Figure 3D).

Consistent with increase of CD4' T cells migrating from the
challenged skin into DLN, the numbers of both CD4* Tregs and
CD4' non-Tregs were elevated when mice were sensitized and
challenged compared with the steady state, and the ratio of Tregs
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to CD4* T cells during the immune response became higher than
that in che steady state (Figure 3E). These results suggest that
more Tregs than non-Tregs accumulate in the skin during the
cutaneous immune response.

It is known chart cutaneous dendritic cells migrate into the
DLNs in a CCR7-dependent manner (20) and that in humans,
most circulating Tregs express skin-homing receptors and CCR7
(21). To address whether skin T cells have the potential to migrace
into the regional LNs, skin cell suspensions were obtained from
the ears of mice sensirized on the abdomen and challenged on
the ear with DNFB and applied to a cranswell assay. The Tregs
showed good chemotactic responses to CCL21 comparable to that
of MHC class 1I' cutaneous dendritic cells (Figure 3F). Similar
chemotactic activity to CCL21 was seen in CD4* non-Tregs (data
not shown). Since the ratio of Tregs and non-Tregs in Kaede-red
CD4' T cells in LNs was comparable to that in the skin at the
time of photoconversion, Tregs and non-Tregs in the skin seem
to have equivalent propensity to migrate to the DLN. In addition,
we evaluated the CCR7 expression of Tregs in the skin before and
after challenge and found that Tregs in the skin expressed CCR7
both before and after challenge and that che expression level of
CCR7 of Tregs after challenge was slightly lower than that before
challenge (Supplemental Figure 5).

Role of Tregs in the elicitation phase of CHS. As shown above, Tregs
accumulate in the skin and they have the capacity to migrate to
DLNs during the CHS response. These results prompred us to
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evaluate che role of Tregs in the cutaneous immune response. Ina
murine CHS model, we found that administration of Campach-1G
Ab (a depleting Ab for the human CD52 antigen; ref. 22) resulted
in a marked decrease in the number of Tregs in the DLNs and the
skin, 1-3 days after injection (Figure 4A and data not shown).
Kaede/Foxp3hth2/CPs2 mice were sensitized with DNFB on the
abdomen and treated in the presence or absence of Campath-1G
Ab. The ear thickness changes after che challenge on the ears
were significantly prolonged by the treatment with Campath-1G
Ab at each time point compared with in control mice (Figure 4B).
This enhancement of CHS response by Campath-1G Ab was not
observed when C57BL/6 (B6) wild-type mice were used, which
excluded the possibility of the nonspecific effect of Campath-1G
Ab (Supplemental Figure 6). In addition, the ear thickness chang-
es of mice treated with control rat [gG were comparable to those
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treated without Campach-1G Ab (data not shown). These results
demonstrate that Tregs play an important role in the challenge
phase in terminating the CHS response.

Suppressive activity of Kaede-red and Kaede-green Tregs on T cell prolif-
eration. To further determine the suppressive function of the Tregs
migrating from che skin during the cutaneous immune response,
Kaede-red and Kaede-green CD4* Tregs in the skin DLN were
prepared as in Figure 3A and cocultured with regional LN cells
from DNFB-sensitized mice. Antigen-specific T cell proliferation
induced by 2,4-dinitrobenzene sulfonic acid (DNBS), a water-sol-
uble compound with the same antigenicity as DNFB, was signifi-
cantly inhibited by addition of 6 x 10° Kaede-red Tregs (Figure 4C).
On the other hand, 8 times the number of Kaede-green Tregs was
required to achieve a similar magnitude of inhibitory effect of the
Kaede-red Tregs (Figure 4C). These data indicate that the skin-
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Figure 4

Enhanced ear swelling response by Treg depletion and immunosuppressive activity of Treg subsets on T cell proliferation in vitro. (A) The
number of Tregs in the LNs after administration of Campath-1G Ab. (B) CHS: the Kaede/Foxp3"cP2htds2 mice were sensitized, and injected with
vehicle or Campath-1G Ab before challenge (n = 8 for each group). (C-F) Immunosuppressive activity of Tregs. Kaede-red and Kaede-green
Tregs were sorted from the Kaede/Foxp3"c02hCDs2 mice, sensitized, challenged, and photoconverted. (C) Skin DLN cells of mice sensitized with
DNFB were stimulated with DNBS in the presence or absence of Kaede-red Tregs or Kaede-green Tregs in vitro (n = 3). (D) Suppressive effect
of Tregs in vitro. Kaede-red and Kaede-green Tregs were prepared as above and added to T cells stimulated with plate-bound anti-CD3 Ab.
(E) Antigen specificity of Treg functions. LN cells from DNFB-sensitized or TNCB-sensitized mice were stimulated with DNBS or TNBS in vitro.
Kaede-red and Kaede-green Tregs were added, and percentage inhibition of cell proliferation was evaluated as follows: (cell proliferation with
DNBS or TNBS) — (cell proliferation with DNBS or TNBS in the presence of Tregs)/(cell proliferation with DNBS or TNBS) — (cell proliferation with
vehicle) x 100. (F) Quantitative RT-PCR analysis on mRNA for /10 (IL-10), Tgfb1 (TGF-3), and Gtla4 (CTLA-4) of Kaede-red Tregs and Kaede-
green Tregs. The expression of each gene was normalized by the expression of Gapdh, and those in Kaede-green non-Tregs were normalized
to 1 (n = 3). Data are representative of 3 independent experiments and presented as means = SD (A-F). *P < 0.05 between the indicated groups
(Student's t test, A, B, E, and F; 1-way ANOVA followed by Dunnett multiple comparison test, C and D).
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Figure 5

Immunosuppressive effect of Kaede-red Tregs
in the skin. (A) Suppression of CHS response
by Kaede-red Tregs. Kaede-red or Kaede-green
Tregs (4 x 10° cells/ear) of Kaede/Foxp3!c02hcbs:
mice sensitized, challenged, and photoconver-
ted as in Figure 3A were injected into ear skin of
mice sensitized with DNFB 5 days prior. Imme-
diately after injection, the mice were challenged,
and the ear thickness change was measured at
48, 72, and 96 hours after challenge. (B-D) The
mice were sensitized, challenged, and photo-
converted as in Figure 3A. Twenty-four hours
after photoconversion, 20 ul of 0.3% DNFB
(challenge; +) or vehicle (challenge; —) (B) or
20 pl of 0.3% DNFB or 20 pl of 1% TNCB (C)

Bland was painted onto the ear. Twenty-four hours

1.85%

later, the ear skin and blood (D) were collected
and dissociated for flow cytometry. The number
of Kaede-red Tregs in the skin and the frequen-
cy of Kaede-red Tregs in CD4' T cell subset of
the blood were evaluated (n = 3, each group).
Data are presented as means + SD and repre-
sentative of 3 independent experiments (A-C).
Student’s t test was performed between the
indicated groups. *P < 0.05. Numbers within
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derived Tregs have a stronger inhibitory effect on hapten-specific
T cell proliferation than LN-resident Tregs. [t should be noted that
we might underestimate the inhibitory capacity of skin-migratory
T cells relative to resident Tregs, since Kaede-green cells should
have included the cells migrated from the skin before photocon-
version and the cells that infiltrated to the skin after photoconver-
sion and migrated to DLN.

We tested the effect of the Tregs on antigen-nonspecific T cell
proliferation stimulated with membrane-bound anti-CD3 Ab.
Kaede-red Tregs inhibited T cell proliferation more potently than
did Kaede-green Tregs, and again a higher number of Tregs were
required (Figure 4D) to obtain an extent of inhibition similar to
that seen in Figure 4C.

To furcher evaluate che antigen specificity of Tregs in T cell prolif-
eration, we isolated the DLN cells 5 days after DNFB or 2,4,6-trini-
tro-l-chlorobenzene (TNCB) sensitization and restimulated them
with DNBS or trinitrobenzene sulfonic acid (TNBS), respectively,
and added Kaede-red Tregs or Kaede-green Tregs prepared from the
DLNs as in Figure 3A. Kaede-red Tregs inhibited DNBS-induced
T cell proliferation more than Kaede-green Tregs (Figure 4E),
as shown in Figure 4C. However, this antiproliferative effect was
not seen when these Kaede-red or Kaede-green Tregs were added
to TNBS-stimulated LN cells from the mice sensitized wich TNCB
(Figure 4E). In addition, in the criss-cross comparison, similar anti-
gen-specificity was observed on TNCB-immunized Kaede-red Tregs
(data not shown). We also analyzed mRNA expressions of inhibi-
tory cytokines and surface molecules by quantitative RT-PCR.
Kaede-red Tregs expressed higher mRNA levels of 1110 and Tgfb1
than Kaede-green Tregs (2, 3, 23) (Figure 4F). On the other hand,
although there was no significant difference, Kacde-red Tregs
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Kaede-green

plots indicate percentage of cells in the respec-
tive areas (D).

tended to express higher mRNA levels of cytotoxic T lymphocyte-
associated molecule-4 (Ctla4) than did Kaede-green Tregs (2, 3, 23)
(Figure 4F). These results suggest that Tregs migrating from the
skin have a more efficient suppressive potency on T cell prolifera-
tion wich abundant inhibitory mediators and thac this antiprolif-
crative effect shows some antigen specificity.

Tregs recirculating from the skin inhibit local cutaneous immune
response i sitn. The strong ability of Kaede-red Tregs to suppress
in vitro T cell proliferation prompted us to determine whether
Kaede-red Tregs can inhibit a local cutaneous immune response
in situ. Kaede-red or Kaede-green Tregs prepared as described
(Figure 3A) were injected subcutaneously into the ears of mice
sensitized with DNEB 5 days before, and the ears were challenged
with DNFB. The DNFB-induced ear thickness change was sup-
pressed by the injection of Kaede-red and Kaede-green Tregs at
all time points (Figure SA). It was noted, however, thar Kaede-red
Tregs suppressed CHS more than Kaede-green Tregs at 72 and
96 hours after challenge (Figure SA).

Considering that Tregs function as a regulator for primed T cells,
they should serve as suppressors at the challenged site. The above
late-phase inhibitory action of Kaede-red Tregs raised the possibil-
ity that Tregs migrating from the skin can return to the skin and
exert suppressive activity. Kaede/Foxp3h¢D2/heDs2 mice were sensi-
tized, challenged, and photoconverted as in Figure 3A. Twenty-four
hours after photoconversion, the left and right ears were rechal-
lenged with DNFB and vehicle (Figure 5B) or TNCB (Figure 5C),
respectively. Another 24 hours later, Kaede-red Tregs were observed
in the ears challenged with DNFB, but not in those challenged with
vehicle (Figure SB). The ear rechallenged wich a different hapten,
TNCB, contained Kaede-red Tregs, but its number was lower than

huep://www.jcrorg



A Isotype — Kaede-red — Kaede-green
o
z )
o {
o
@
2
ke
5 \
CCR4 CCR5 CCR7
B [ Kaede-red Tregs  [Jl] Kaede-green Tregs
*
7 ccLi7 80 ccL21
60
H
2 401
b *
20 1 r
D -
cCcL17: 0 100 1000 CCL21: 0 100 1000 (ng/ml)
Figure 6

research article

(¢}

Isotype — Kaede-red — Kaede-green

Relative cell No.

Relative cell No.

GITR

Relative cell No.

CD11a CD54 CD45RB

Surface molecule expressions on Kaede-red and Kaede-green cells. (A) Chemokine receptor expression. Skin DLN cells were prepared from
the mice sensitized, challenged, and photoconverted as in Figure 3A. These LN cells were stained with isotype-matched control, CCR4, CCRS5,
and CCR7 mAbs, and the expression levels of Kaede-red and Kaede-green Tregs were evaluated by flow cytometry. (B) Transwell assay. DLN
cells were transferred to the upper chamber of the transwell, and CCL17 or CCL21 was added to the lower chamber. The cells were incubated
for 3 hours, and the numbers of Kaede-red and Kaede-green cells that migrated to lower chamber were analyzed by flow cytometry. Data are
presented as means + SD and representative of 2 independent experiments. Student's ( test was performed between the indicated groups.
‘P < 0.05. (C) Surface molecule expression. LN cells were stained with isotype-matched control, CD62L, CD44, CD69, CD25, and CD103 mAbs,
and the expression levels were evaluated by flow cytometry. These data are representative of 3 independent experiments.

that of the ear rechallenged with DNFB (Figure SC). In addition,
Kaede-red Tregs were detected in CD4* cells of the blood 24 hours
after rechallenge (1.79% + 0.07%, average + SEM, n = 3) (Figure 5D).
Moreover, a previous report has suggested that LN cells migrate to
the skin (24). We conducted an evaluation of this report by photo-
converting DLNs. We sensitized the dorsal skin of mice with DNFB
and challenged the abdominal skin with DNFB 4 days later. Two
days after challenge, the DLNSs of the mice were photoconverted and
the ears were rechallenged with DNFB. Twenty-four hours later, the
ears of the skin were analyzed by flow cyrometric analysis. We found
that a substantial fraction of CD4* hCD2" non-Tregs and CD4
hCD2* Tregs were Kaede-red positive (Supplemental Figure 7).
These results suggest that the Tregs that egressed from the skin had
a capacity to remigrate to the skin upon challenge.

It has been reported chat the representative chemokine receprors
essential for migration of lymphocytes into the skin and LNs are
CCR4and CCR7, respectively (9, 14, 25). In addition, CCRS may be
an important chemokine receptor for Tregs to migrate into the skin
(26). Kaede-red Tregs expressed higher levels of CCR4 and CCRS
and a lower level of CCR7 than Kaede-green Tregs (Figure 6A).
When the skin DLN cells prepared as in Figure 3A were applied
to a transwell assay, Kaede-red Tregs showed good chemotactic
responses to both CCL17, a ligand for CCR4, and CCL21, a ligand
for CCR7, but the chemoraxis of Kaede-red Tregs to CCL21 was
weaker than that of Kaede-green Tregs (Figure 6B).

The Journal of Clinical Investigation

We further analyzed the surface molecules of Kaede-red Tregs in
the DLNs of Kaede/Foxp3hCP/hCDs2 mice treated as in Figure 3A.
Kaede-red Tregs expressed a lower level of CD62L but higher levels
of CD44 and CD69 than Kaede-green Tregs (Figure 6C), suggest-
ing thar the skin-derived Tregs show a more memory-relaced T cell
phenotype. Interestingly, Kaede-red Tregs contained a CD25" frac-
tion, which was barely perceprible in Kaede-green Tregs. In addi-
tion, Kaede-red Tregs expressed higher levels of CD103, an integ-
rin important for T cell migration into the skin as well as CD11a
and CD54, integrins induced upon activation, and a glucocorti-
coid-induced TNFR family-related gene/protein (GITR), another
marker of Tregs (2, 27, 28) (2). However, the expression level of
CD45RB was comparable between the Kaede-red and Kaede-green
Tregs. These results suggest that Kaede-red Tregs are of the mem-
ory/effector phenotype (29) and have a higher potential to migrate
to the skin than LN-resident Tregs.

Kinetics and surface phenotype of CD25" Kaede-red Tregs. The above
daca (Figure 5A) suggest that Tregs migrating from the skin have
a highly potent immunosuppressive capacity even in situ. One of
the features of these skin-derived Tregs is the presence of a CD25M
subset (Figure 6C) that has not, to our knowledge, been thorough-
ly described before. Initially, we sought to characterize the localiza-
tion of CD25" Tregs and found that CD25" cells were substan-
tially detecred in Kaede-red Tregs of the DLNs of mice pretreated
as in Figure 3A bur were only somewhat or marginally detected in
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Figure 7

Kinetics and suppression activity of CD25" Kaede-red migratory Tregs. (A—C) Characlerization of CD25" subset. Kaede/Foxp3"“07hc052 mice
were treated as in Figure 3A, and the expression levels of hCD2/Foxp3 and CD25 on CD4*hCD2/Foxp3* Tregs in total, Kaede-red, and Kaede-
green DLN cells and in non-DLN cells (A), the frequency of Kaede-red populations in each population (B), and the expression levels of surface
markers on Kaede-red or Kaede-green Tregs in the DLNs (C) were analyzed. (D) Kinetics of T cell migration. Kaede/Foxp3"¢P2hC052 mice were
sensitized and challenged as in Figure 3A and photoconverted immediately (day 0), 1 (day 1), 2 (day 2), or 3 (day 3) days after challenge. The
number of each subset migrating for 24 hours after photoconversion and the frequency of Kaede-red cells among each subsel were measured.
(E) Foxp3hcb2hcbs2 mice were sensitized with DNFB (S+) and challenged with DNFB (C+) or vehicle (C-). Skin suspensions were evaluated for
the expression of hCD2/Foxp3 and CD25. (F) Skin DLNs cells of sensitized B6 mice were stimulated in the absence or presence of Kaede-red
total hCD2* Tregs (25Mn), CD25" Tregs (25"), or CD25" Tregs (25™). (G) mMRNAs for 110 (IL-10), Tgfb1 (TGF-B), and Ctla4 (CTLA-4) of Kaede-
green CD25" or CD25" Tregs, Kaede-red CD25™ or CD25" Tregs, or Kaede-green CD25™ Tregs in DLNs (D) or non-DLNs (N) were evaluated.
The expression level in Kaede-green CD25™ Tregs was normalized to 1. Data are presented as means = SD (n = 3) (D, F, and G). "P < 0.05
between indicated groups. (F and G). Numbers within plots or histograms indicate percentage of cells (A, B, and E).

Kaede-green Tregs of the DLNs or in non-DLNs (Figure 7A). Con- We then examined the kinetics of T cell migration from rhe
sistently, the frequency of the Kaede-red population in the CD25"  skin. Kaede/Foxp3htP2/hePs2 mice were sensitized and chal-
population was greater than that in the CD25™9 population  lenged as in Figure 3A and photoconverted immediately, 1, 2,
(Figure 7B). These CD25 Tregs showed higher levels of CCR4,  or 3 days after challenge. The DLN cells were collected 24 hours
CCRS, CCR7, CD44, CD103, CD11a, and CDS4 than CD25"  after each photoconversion, and the number of Kaede-red CD4,
Tregs in the Kaede-red subset (Figure 7C). On the other hand, the  CD4'hCD2", CD4'hCD2°CD25", and CD4'hCD2'CD25™4 cells
expression levels of CCRS and CD103 of the CD25" subset in the  migrating for 24 hours after photoconversion was determined
Kaede-green cells tended to be lower than that in the Kaede-red (Figure 7D). The peak response of cell migration from the skin
cells, and the expression of CCR7 in Kaede-green Tregs was similar  occurred on day 2 (between 48 and 72 hours after challenge)
between CD25™ and CD25™ subsets (Figure 7C). when the frequency of Tregs among CD4* T cells migrating from
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the skin was high (Figure 7D). In addition, CD4*hCD2'CD25"
cells were detected only at this time point (Figure 7D) and
showed a high frequency of Kaede-red positivity, especially on
day 2 (Figure 7D), suggesting that this subset is replaced by the
skin-derived cells more readily than ocher subsets.

Strong immunosuppressive activity of CD25" Kaede-red migratory Tregs.
To evaluate whether CD25% Tregs are localized in the skin during
immune responses, Kaede/Foxp3htP¥hCDs2 mice were sensitized
and challenged as in Figure 3A. We detected a significant num-
ber of CD25™ Tregs in the challenged local skin, but few in the
nonchallenged skin 48 hours after the challenge (Figure 7E), sug-
gesting that CD4*hCD2*CD25% eells are induced in the skin and
migrate into the DLNs.

To determine the role of skin-derived CD25% Tregs, Treg subsets
were isolated from the DLNs of mice pretreated as in Figure 3A
and cocultured with DLN cells from DNFB-sensitized mice. The
CD25M Tregs showed much stronger suppressive activity on T cell
proliferation than the CD25™ subset (Figure 7F).

We further examined the mRNA expression profiles of cytokines
in the CD25" Treg subsets. In agreement with the above in vitro
result, Kaede-red CD25" Tregs contained significantly higher
amounts of 1110, Tgfb1, and Ctla4 than Kaede-red CD235"™ Tregs in
the DLNs, Kaede-green CD25% or CD25% Tregs in the DLNSs, or
Kaede-green CD25™ Tregs in the non-DLNs, except in the case of
Tgfb1 expression level between Kaede-red CD23% Tregs and Kaede-
green CD25% Tregs in DLNs (Figure 7G). These results suggest
that CD25" Tregs migrating from the skin play a major suppres-
sive role in cutaneous immune response.

Discussion
In this seudy, we found that memory/effector phenotype Foxp3'
Tregs as well as Foxp3- non-Tregs migrated from the skin to DLNs
in the steady state. The number of CD4* T cells in the skin and
their migration to DLNs were prominently increased during a
cutaneous immune response. Among the migrating T cells, Foxp3*
Tregs constituted one of the major populations. Notably, the Tregs
that migrated from the skin returned ro the skin upon exposure to
an antigen. The migrating Tregs held strong immunosuppressive
effectand expressed high levels of mRNA for inhibitory mediarors
compared with LN-resident Tregs. Morcover, depletion of endog-
enous Tregs in vivo prolonged the CHS response. Finally, chese cir-
culating Tregs specifically included the CD25% subset that showed
an activated phenotype and a very strong inhibitory functionon T
cell proliferation, with high levels of mRNA for inhibitory media-
tors. These data suggest that Tregs circulate between blood, skin,
and lymphoid tissues to regulate peripheral immune responses.
There have been a few studies chat sought to address che possibil-
ity of T cell migration from the periphery to LNs. In their experi-
ments, one report suggested chat the memory/effector subser of
CD4" T cells is che major constituent in the afferent lymph by
cannulation of sheep (6, 11-13), and the other suggested the naive
subset is dominant using subcutaneous injection of fluorescent-
labeled lymphocytes (14). Recently, effector/memory phenotype of
Tregs has been reported to migrate from blood to islet and to DLNs
sequentially using an islet allograft medel with transfer of in vitro-
induced Tregs (30). However, since all the above experiments require
traumatic or artificial procedures to label T cells in the periphery,
it remains unknown whether endogenous T cells egress from che
periphery into DLNs under pathophysiological conditions. In this
study, using the Kaede-Tg system, we have clearly demonstrated
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that a subset of T cells with memory/effector phenotype migrates to
DLNs in the steady state and during a cutaneous immune response.
During the immune response, Tregs are the major constituents and
they return 1o the skin upon exposure 1o an antigen. Therefore, as
naive T cells circulate becween blood and LN, cells of the memory/
effector T cell phenotype, especially Tregs, seem ro circulate between
blood and che skin. In this study, we used the skin as a representative
of the peripheral tissues, but it would be of interest to explore ¢his
issue in other peripheral tissues, such as lungs and intestines.

To date, the roles of extemally transferred Tregs in CHS have been
reported (31); however, the regulatory activity of endogenous Tregs
has not been fully assessed. In chis study, we found that depletion
of Tregs during the elicitation phase prolonged the CHS response.
In addition, CHS-induced migratory Tregs suppressed the prolif-
eration of DNFB-sensitized LN cells i a ratio as low as 1:100 (Tregs
to LN cells), but such an inhibitory effect was nor observed in non-
antigen-specific mitogen-induced T cell proliferation systems.
Therefore, Tregs circulating between che skin and LNs may inhibit
notonly T cells, but also antigen-presenting cells, such as dendritic
cells, or antigen-presenting cell-T cell interactions. Moreover, sub-
cutaneous injection of migrarory Tregs into the skin suppressed
CHS more markedly than thar of LN-resident Tregs. Similar find-
ings were observed when these Tregs were transferred intravenously
(dara not shown), suggesting that Tregs migrating from the skin
hold a high immunosuppressive potential.

The CD25M subset that migraced from the skin seems to have
an activated phenotype, indicated by the positivity of CD2S
and CD103. It has been reported that transfer of preactivated
CD25'CD103° cells strongly suppressed T cell proliferation (32)
and CD25'C 103 cells are the main producer of IL-10 after TCR
stimulation (29). The CD25% subset in our finding expresses
high levels of CI2103 and IL-10 and strong suppressive capac-
ity and phenotype, consistent with an activated effector/memory
Treg subset (28, 33). It should be noted that we demonstrate thar
the CD25" subset was localized in the skin and only transiently
migrated from the skin after CHS elicitation. Thus, the role of skin
in generation, educarion, and spatiotemporal regulation of this
CD25M subset during immune responses needs to be elucidated in
the future, which may lead us to understand the role of peripheral
tissues in regulation of immune responses.

Notably, Treg cell circulation was remarkably induced during
cutaneous immune responses. Therefore, we have focused on the
roles of Tregs instead of effector/memory T cells migracing from the
skin. [n fact, the administration of migratory Tregs strongly sup-
pressed CHS response at the later phase after a challenge (Figure SA),
and in vivo depletion of Tregs prolonged the CHS response, par-
ticularly during the later phase (Figure 4B). These results suggest
thar these circulating Tregs might be involved in the termination of
tmmune responses. However, immune responses and homeostasis
are regulared and maintained by the balance between Tregs and
effector/memory T cells, and it has been thoughc that CHS oceurs
by the dominance of effector/memory T cells over Tregs. Hence, it
is intriguing chat the elicitation of CHS induces Tregs despite their
possible antagonistic role for the development of acquired immune
response. In this sense, it will be of interest to explore more the
roles of effector/memory T cells and Tregs migrating from the skin
in regulating immune response. Clarification of these issues will
lead not only to understanding of the novel mechanism of cura-
neous immune responses but also to control of systemic immune
responses through modulating cutancous immunity.
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Methods

Mice and photoconversion. Tg mice cartying Kaede cDNA under the CAG
promoter were established previously (17). These mice with B6 genetic
background expressed photoconvertible Kaede in all of their cell rypes. It
should be noted that the use of violer light {436 nm) rather than harm-
ful UVA (320-400 nm) or UVB (290-320 nm) allowed us 1o photoconverr
Kaede in the cells with no derectable damage (17).

Because of the moiety of its wavelength, violet light exposure pen-
etrates through the skin to subcutaneous tissue, but not further (dara
not shown). Although the exposure of Kaede to violet light permanently
changes its structure and photoconverted Kaede has a very long bio-
logical half-life in lymphocytes, cell proliferation dilures photoconver-
red Kaede with newly synthesized nonphotoconverted Kaede, and after
several cell divisions, the detection of red fluorescence becomes difficult
(17). Moreover, exposure of the cells to violet light for 10 minures has
no ceffect on T and B cell proliferation (17). To exclude the immuno-
modulatory effect of photoconversion in vivo, we used the CHS model.
Photaconversion of the abdeminal skin immediately after sensitiza-
tion on the abdomen did not affect CHS response (data not shown),
When mRNA levels of H1b were examined 6 hours after photoconversion
{436 nm) or low-dose {3 k]/m?) UVB exposurc, a signiticant increase of
mRNA levels of /11 was observed by UVB but not by photoconversion
(Supplemental Figure 8). Therefore, we assume that photoconversion
of the skin does nor provoke significant inflammation in the skin or
inflammatory stimuli in keratinocyees.

B6 Foxp3hCL/hchsi mice were generated by homologous recombination
in a B6-derived ES cell line using a targeting construct in which ¢cDNA
encoding a human CD2 and human CDS2 fusion protein along with an
intraribosomal entry site was inserted into the 3" untranslared region of
the endogenous Foxp3 locus (18). All CD4Foxpd’ cells expressed hCD2,
but CD4* Foxp3 cells did not (data not showny), indicating that the expres-
sion of the human CD2 reporter faichfully reflects the inrracellular expres-
sion of Foxp3 in Foxp3hPahit mice, Faxp3heh2henst mice (18) were
intercrossed wich Kaede-Tg mice to generate Kaede/Foxp3htO2hCs mice
for further evaluarion. These mice were bred in specific pathogen-free
facilities at Kyoto University or RIKEN. All experimental procedures were
approved by the Institutional Animal Care and Use Committer of Kyato
University Faculty of Medicine and RIKEN.

Antibodies and flow cytometry. Fluorochrome-conjugared or bionnyl-
‘ated anti-human CD2, anti-mouse CD4, CD11a, CD1lc, CD23, CD44,
CD45RB, CDG62L, CDG69, CD103, GITR, CCR4, CCRS, and CCR7 mAbs
were obrained from BD Biosciences, eBioscience, or Biolegend. Data were
acquired using the JSAN system {Bay bioscience) or FACSCanto IT Flow
cytometry systemn (BD Biosciences} and analyzed wich FlowJo (TreeStar).

Cell preparation from the skin and cell sorting. Briefly, the ears were removed
and split into dorsal and ventral halves, and carrilage was removed. The
skin of the ears was floated on 0.25% trypsin/EDTA for 30 minutes at
37°C. Then the epidermis was peeled from the dermis, and both epidermis
and dermis were minced with forceps. The minced tissues were incubated
for 1 hours in collagenase II (Worthington Biochemical) containing hyal-
uronidase and DNasel (Sigma-Aldrich). The cell suspensions were filtered
with 40 um of cell strainer.

For cell sorting, Kaede-red Fregs or Kaede-green Tregs were purified
from inguinal and axillary LN of Kaede/Foxp3hi/heost mice, Briefly, the
mice were sensitized and challenged with DNFB in the same way as the B6
mice for DNBS-induced cell proliferation. Two days after the challenge,
cells of abdominal skin were photoconveried, and single-cell suspensions
were prepared from inguinal and axillary LNs 24 hours after photocon-
version, The cells of each population were sorted by the FACSAria If flow
cytometry system (BD Bioscience).
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Photoconversion, CHS model, in vivo Treg depletion. and cell proliferation
assay. Photoconversion of the skin was performed as described previ-
ously (17). Briefly, mice were anesthetized, shaved, and exposed ro violet
light at 95 m\W/cm? with a 436-nm bandpass filter using Spot UV curing
equipment (SP500; USHIO).

For the CHS model, mice were immunized by application of 25 pl ot 0.5%
DNEFB (Nacalai Tesque) in 4:1 (wt/vol) acetone/olive oil ro their shaved
abdomens on day 0 and challenged on the right ear on day § wich 20 !
of 1,3% (wr/vol) DNFB (34). Ear thickness was measured before and after
challenge, and ear-thickness change was calculared.

For Treg depletion in vivo, mice were injected with Campath-1G Ab through
the tail vein (0.5 mg/body) 1 day before the CHS challenge (22). The injection
was repeated every 4 days throughout the experiment. The same amount of
vehicle o rat IgG (0.5 mg/body; Sigina-Aldrich) was used as a control.

For DNBS- or TNBS-dependent cell proliferation, mice were sensitized
with 30 pl of 0.5% [DNFB (wt/vol) or 50 pl of 5% TNCB (Tokyo Kasei)
(wt/vol) in acetone/olive oil (4/1; vol/vol) on the dorsal skin, and § days
larer, single-cell suspensions were prepared from inguinal and axillary LNs.
C125-positive cells were depleted from the cells by Auro-MACS (Miltenyi
Biotec) using PE-labeled anti-mouse CD2S antibody (¢Bioscience) and
magnetic microbeads coated wich anti-PE (Miltenyi Biotec). Less chan 1%
of Foxpd- cells were presentin the remaining LN cells. 7 x 105 LN cells/well
ina 96-well plate were cultured in RPMI 1640 containing 10% FBS with
or without 50 pg/ml DNBS (Alfa Aesar) for 3 days, For TNBS stimula-
tion, the LN cells were incubaced in 2.5 mM TNBS (Tokyo Kasei) in PBS
for 20 minutes ar 37°C and subsequently washed 3 times in PBS, and
7 x 105 cellsfwell in a 96-well place were cultured in RPMI 1640 containing
10% FBS for 3 days. Cells were pulsed with 0.5 pCi *H-thymidine for the
last 24 hours of culture and subjected ro liquid scinrillation counring,.

For the proliferation assay of anui-C1)3 stimulation, spleen CDH" cells
deprived of CD25" cells were sorted by auro-MACS. Then, 5 x 107 cells/well
were cultured in a 96-well plare coated with 1 pg/ml of anti-CD3 anribody for
72 hours. For the last 24 hours, cells were pulsed with 0.5 nCi*H-thymidine,
and its incorporation was measured.

Quantitative RT-PCR analysis. Total RNA frony purified cells was isolated
with the RNeasy Mini Kit (QIAGEN). Quantitative RT-PCR with the Light
Cycler real-time PCR apparatus was performed according to the instruc-
tions of the manufacturer (Roche) by monitoring the synthesis of double-
stranded DNA during the various PCR cycles using SYBR Green [ (Roche).
For each sample, duplicare test reactions were analyzed for expression of the
gene of interest, and results were normalized to those of the Gapdh mRNA.

In vito immanosuppression assay. A total of 4 x 10 eells of isolated Kaede-red
Tregs or Kaede-green Tregs in 20 p PBS were subcutancously injected into
the ventral surface of each ear. Ear thickness was measured for each mouse
betore and at the indicated time point afer elicitation with a micrometer,
and the difference was expressed as car swelling (# - 4~6 in each group).

Chemotaxis assay. Skin cell suspensions of Foxpa-P2 1€ D32 mice were tested
for rransmigration across uncoated 5-pm transwell fileers (Corning Costar
Corp.) for 3 hours to CCL21 (R&D Systems) or medium in the lower cham-
ber, and the numbers of cells thar migrated to the lower chamber were deter-
mined by flow cytometry (35). The migration index was shown as a percent-
age of input by dividing with roral input cells in upper chamber.

Statistics, Data were analyzed with the unpaired Student’s 2-tailed ¢
test unless otherwise stated. A P value of less than 0.05 was considered
to be significant.
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TCLs from subjects with allergy tended to produce higher lcvels of
IL-5 than those from subjects without allergy, although this did not
reach a slatistical significance. Interestingly, the highest levels of
IL-4 and IL-5 production were observed in the higher-avidity
TCLs (ECsg < 2 wg/mL) from subjects with allergy (see this arti-
cle’s Fig E3 in the Online Repository at www.jacionlinc.org). No
differences in the production of IL-10 could be observed between
the TCLs from subjects with and without allergy, and only a few
TCLs produced IFN-y or IL-17. Collectively, thesc results
demonstrate that some of the TCLs from subjects with allergy, in
particular those with a higher functional TCR avidity, are clearly
T,2-biased, whereas the TCLs from subjects without allergy ex-
hibit mostly an undifferentiated T,,0 phenotype.

Taken together, we have demonstrated in this study that subtle
differences in the frequency, functional TCR avidity, and pheno-
type of Can [ 1-specific memory CD4" T cells exist between
subjects with dog allergy and subjects without allergy. However,
the mechanisms leading to these differences remain to be eluci-
dated. Importantly, we found no evidence for differences in either
the frequency or function of CD4*CD25 Foxp3™ Treg cells or
IL-10-producing Tr1 cells between the subject groups with and
without allergy. This finding is in line with the emerging evidence
that immune tolerance to allergens in healthy individuals without
allergy cannot be explained solely by Treg ccll function.'® Onc in-
triguing possibility that has not been examined so far in detail is
that the nature of the nonallergic response may depend on the type
of allergen: for some allergens, active suppression by regulatory T
cells may be important for maintaining tolerance, whercas for
other allergens, T, 1 deviation or immune ignorance may be the
prevalent mechanism. Moreover, it is possible that the mecha-
nisms conferring protection against a particular allergen may be
different in truly nonatopic individuals than in those sensitized
to other allergens. Obviously, studies comparing CD4" T-cell
responses to different allergens in different subject groups are
nceded to investigate these hypotheses further.
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Fluctuation of blood and skin plasmacytoid
dendritic cells in drug-induced hypersensitiv-
ity syndrome

To the Editor:

Drug-induced hypersensitivity syndrome (DIHS), also known
as drug reaction with cosinophilia and systemic symptoms, is a
severe adverse systemic reaction that usually occurs about several

Latency wBec Eos Atypical Serum 1gG Viral reactivation
Case Agely) Sex Drugs period(d) Fever LA (/ul) {/pl) lymph (/pl) ALT {(U/L)  (mg/dL) {d)
| 49 F PB 27 + + 18,700 5423 935 338 ND HHV-6 (T.30)
2 67 F CBZ 24 + + 21,500 645 1.505 166 648 HHV-6 (T,32)
3 33 M CBZ 34 + + 14,600 146 1,314 147 498 HHV-6 (T.25)
4 62 M CBZ 28 + + 22900 3,893 3435 159 680 HHV-6 (T.29)
5 46 M CBZ 24 + + 10,600 307 106 79 766 HHV-6 (T.21)
6 65 M CBZ 58 + + 10,300 ND ND ki 857 HHV-6 (D.14)
7 48 ¥ PB,CBZ 449 + + 17,200 4,128 ND 43 ND HHV-6 (T,28XD, 14}, CMV, EBY
8 39 M CBZ 37 + + 31,500 2,205 6,615 263 ND HHV-6 (T, 19)(D,11)

Clinical characteristics of the 8 patients, including age, sex, causative drugs (us determined by a drug-induced lymphocyte stimulation test), latency period, fever, and lymph
adenopathy, are shown. Laboratory data were gathered at the peak of illness. Viral reactivation was confirmed serologicatly, based on increased antibody titers (T) from the buseline
or high DNA levels (D). and the date (days after the onset of skin rash) of reactivation is included.

1

i CBZ, carb

MmN

pine; CMV, cytomegalovirus; Drags, causative drugs; Eos, eosinophil comt;

Anypical fymph. Atypical lymphocyte count; ALT,

F. female; LA, lymph adenopathy; M, male; ND. not done; PB, phenobarbitul: WAC, white blood cell count.
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weeks after exposure to certain drugs such as anticonvulsants.'
It is characterized by multiorgan involvement, high fever, hypo-
gammaglobulinemia,” and sequential reactivation of various
latent herpesviruses, such as human herpesvirus (HHV)-6,
HHV-7, ' cytomegalovirus, or EBV. However, the mechanism un-
derlying the rcactivation of these herpesviruses remains
unknown.

Human plasmacytoid dendritic cells (pDCs) are a subset of
leukocytes capable of producing large amounts of TFN-q/p,
which enables neighboring cells to differentiate into mature
dendritic cells or mature IgG-producing B cells, thereby resisting
viral infection.” pDCs have been identified by using the lincage
(CD3, CDI14, CDI15, CD16, CD19, and CD56) CD123" pheno-
type” in the blood and inflamed secondary lymphoid organs,”
It has been hypothesized that pDCs are specialized for viral
recognition and antiviral responses and that activated pDCs arc
involved in psoriasiform and lichenoid drug reactions.”” In this
study, we sought to determine the distribution of pDCs in the
blood and skin of paticnts with DIHS and to discuss the possibility
that pDCs are involved in the reactivation of viruses in DIHS.

The diagnosis of all patients enrolled in this study was
confirmed according to the criteria for DIHS proposed by a
Japanese consensus group.' Clinical characteristics and labora-
tory data of the 8 patients are shown in Table 1. After diagnosis
was made, the causative drugs were withdrawn, and treatment
with prednisolone (0.5-1 mg/kg daily) was initiated. As controls,
age-matched and sex-matched healthy donors and patients with
generalized maculopapular drug eruption (MPE) were enrolled.

After informed consent was obtained, PBMCs were obtained
from the subjects at the indicated time points. Frequencies of
lineage™ CDI123" pDCs were evaluated by flow cytometry.
Patients with DIHS showed low percentages and numbers of cir-
culating pDCs, especially on viral reactivation at 3 to 4 weeks af-
ter the onset of DIHS (Fig 1, A and B). These values were
significantly lower than those in healthy subjects and patients
with MPE (Fig 1, B). We considered a possibility that pDC counts
were affected by treatment with oral corticosteroids, but patients
with MPE who were treated with 0.5 to 1 mg/kg prednisolone did
not show decreased circulating pDC levels (Fig 1, B).

We obtained biopsy specimens from patients with DIHS or
MPE and healthy donors. These frozen specimens were stained
with rat antihuman CD123, CD16, and isotype-matched control
antibodies (BD Biosciences, San Jose. Calif). Significantly high
numbers of CD1237CDI16™ pDCs were detected in the dermis
of patients with DIHS (Fig 1, C): the infiltration occurred to a
much lesser extent in patients with MPE (Fig 1, D), and only
rarely in healthy donors (Fig 1, D).

Recently, pDCs have been revealed to play a defensive role
against viruses.® In this study, we focused on the distribution of
pDCs in DIHS and found that pDCs accumulate in the skin of
DIHS, and that the number of pDCs in circulation decreases sig-
nificantly around the time point of viral reactivation. These find-
ings suggest that the numerical reduction of circulating pDCs
might be caused by their accumulation to the skin. Because we
could not define the exact date of viral reactivation, it is difficult
for us to state whether the decrease of pDCs precedes or follows
viral reactivation. However, we speculate that the paucity of cir-
culating pDCs could depress the antiviral activity in patients
with DIHS. This hypothesis is supported by the observation that
circulating IgG levels are low in DIHS, because pDCs induce
B-cell maturation to produce IgG.” As to pDC dynamics, it still
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FIG 1. pDC distribution in the blood and in the skin. A and B, Fluorescence-
activated cell sorting plots of PBMCs in a healthy donor and a patient (case
1) with DIHS 2, 16, and 72 days after the onset (A). The percentages (upper
panel) and the numbers (lower panel) of lineage™ (Lin’) CD123° pDCs in
healthy donors, patients with MPE, and patients with DIHS at viral reactiva-
tion and at other indicated time points. C, Immunohistochemistry of the
skin from a patient with DIHS. Arrowheads indicate pDCs. Skin materials
were obtained around the peak of illness. D, Numbers of pDCs in the skin
of healthy donors, patients with MPE, and patients with DIHS per high
power fields (HPF). Data are presented as means + SDs. *P < .05 (Student
ttest). PE, Phycoerythrin.
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remains unknown how pDCs accumulate in the skin preferentially

in patients with DIHS. Because HHV-6 transcripts were detected

in the skin of patients with DIHS,” pDCs may accumulate to

attack the herpesviruses. In addition, the causative drugs such

as anticonvuisants might stimulate fibroblasts and/or endothelial
cells to release chemoattractants for pDCs in the skin.

pDCs are known to induce autoimmune diseases. The rapid

increase in the frequency of pDCs in the blood after treatment

for DIHS (Fig 1, B) may be associated with the occurrence of cer-

tain autoimmune discases, such as type | diabetes mellitus, which

are more likely to occur after DIHS."! It has been reported that the

reduced number of circulating pDCs in paticnts with SLE can be

caused by their accelerated migration to the sites of inflammation

including skin lesions.'> It would be ol interest to cxamine

whether administration of type 1 IFN prevents viral reactivation

of DIHS and whether blockade of type 1 IFN suppresses the occur-

rence of autoimmune diseases after DIHS. Although we still have

much (o learn, our studies on pDCs may shed light on the mech-

anisms underlying DIHS.
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Man’s best friend? The effect of pet ownership
on house dust microbial communities

To the Editor:

The prevalence ol asthma among children has been steadily
increasing in westernized nations. Although host genotype likely
plays a role in predisposition (o allergic discase, the rate al which
asthma has increased and the geographically distinet location of
this phenomenon implicatc environmental factors as being
important. Epidemiologic studies have suggested that contact
with animals provides protection against allergic disease devel-
opment'; childhood farm exposure, specifically to livestock, is as-
sociated with a significant decrease in the risk of atopic
sensitization, a prolective effect that persists into early adulthood.
More recently, in our own birth cobort, maternal prenatal expo-
sure 10 household pets, particularly dogs, has been suggested o
affect fetal immune response development.” Higher concentra-
tions ol cord blood IgE were associated with mothers unexposed
to pets,” a notable finding given that previous studies have demon-
strated a link between inereased cord blood IgE levels and the risk
for subsequent development of allergic disorders.”

In this study we examined whether the presence of dogs or cats
or the absence of a furred pet affected the microbial composition
of house dust. Using a high-density phylogenetic microarray. the
16S rRNA PhyloChip,* and fungal automated rRNA intergenic
spacer analysis, we examined 16 dust samples collected from
houscholds with [ or more dogs (D houscholds; n = 6), | or
more cats (C houscholds; n = 5). or no furred pets (NP house-
holds: n = 5). Five (83.3%), 5 (100%), and 3 (60%) samples
from D, C. and NP households, respectively, had sufficient
material for microbial analysis. Bacterial community richness
(number of bacterial taxa detected). evenness {(relative distribu-
tion of taxa in communities), and diversity (calculated by using
richness and evenness indices) were notably increased in all
dog-owning and a subset of cat-owning households. Dust from
households with dogs was significantly richer (P = .04) and
more diverse (P = .04) compared with dust from houscholds
without pets (Fig 1, A and B): community cvenness was not
significantly different between these 2 groups (P = 145 Fig |,
C. and sce Table El in this article’s Online Repository al www,
jacionline.org). These data suggest that dog ownership increases
house dust diversity, driven largely by introduction of additional
types ol bacleria.

Significant dillerences in taxon relative abundance between the
D and NP groups identified 337 taxa significantly increased in
abundance in dog-owning houscs (sce Table E2 and the Methods
section in this article’s Online Repository al www.jacionline.org).
They primarily belonged to the Proteobacteria (112 taxa), Actino-
bacteria (63 taxa), Firmicutes (47 taxa), Verrucomicrobia (7 taxa),
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The Role of Regulatory T Cells in Contact Hypersensitivity
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Abstract: Regulatory T cells (Tregs) are one of the T cell subsets that have strong immune-suppressive activity, Contact
hypersensitivity (CHS), clinically manifested as contact dermatitis, is one of the most frequently used mouse models to
address cutaneous immune responses, and is composed of two phases: sensitization and elicitation. Recently the role of
Tregs in CHS has been investigated using newly generated genetically engineered mice. In this review, we will provide an
overview of recent patents and the mechanism of’ Treg-mediated immunosuppression especially in terms of IL-10, CD39,
CTLA-4, and RANKL, and discuss the role of Tregs in CHS during the sensitization and elicitation phases

Keywords: Foxp3, regulatory T Cells, Contact Hypersensitivity.

INTRODUCTION

Regulatory T cells (Tregs) are one of the T cell subsets
which have strong immune-suppressive activity, Tregs were
originally identified as CD4" CD25™ T cells [1, 2]. When
mice were depleted of CD4" CD25" cells, they sponta-
neously developed autoimmune diseases and allergies [1, 2],
indicating that CD4+ CD25+ T cells are essential for the
maintenance of self-tolerance. Later on, the fork head box p3
(FOXP3) gene was identified as the master transcriptional
factor of Tregs [3]. As the regulation of Tregs function are
potential target for the regulation of various kinds of immune
diseases, many patents have been carried out to generate
Tregs [4. 5]. For example, Cheroutre er al. [4]). have
intimated a method for stimulating regulatory T cells to
increase or decrease immune responses. They reporied that
addition of TGF-beta or a TGF-beta analogue and a retinoic
acid receptor agonist, or an amount of a retinoid X recepotor
or peroxisome proliferator activated receptor-gamma agonist
were sufficient to stimulate or increase differentiation of
Tregs.

There are at least two kinds of FOXP3+ Treps: naturally
occurring Tregs (nTregs) and inducible Tregs (iTregs) [6]
nTregs develop in the thymus, and play an important role in
the maintenance of self tolerance and immune homeostasis.
Scurfy mice, that possess a defective FOXP3 gene, exhibit
hyperactivation of CD4+ T cells and overproduction of
proinflammatory cytokines, and typically die within a month
after birth {7]. Patients with IPEX syndrome {immune dys-
regulation polyendocrinopathy, enteropathy, X-linked syn-
drome} have 2 mutation in the human FOXP3 gene, and are
therefore regarded as the human counterpart of the Scurfy
mice {8]. On the other hand, iTregs are induced from naive T
cells in the presence of transforming growth factor
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(TGF)-}, and develop in the periphery. Retinoic acid
facilitates the differentiation of naive T cells to FOXP3+ cell
[9, 10] and may be related to the establishment of oral
tolerance, although it remains to be determined whether
iTregs are functionally stable and to what extent they contri-
bute under physiological conditions. On the other hand, type
Tregulatory T (Trl) cells, which can be induced by antigenic
stimulation of naive T cells in the presence of IL-10 in vitro,
possess suppressive activity in virro by inducing large
amounts of [L-10 and TGF-B, but intriguingly they are
Foxp3 and CD25 negative [1 1, 12].

Besides sell~lolerance, evidence has accumulated regar-
ding the regulatory roles of Tregs in a variety of pathophyi-
siological immune responses, such as gastritis, arthritis,
encephalomyelitis, nflammatory bowel disease (IBD) and
insulin-dependent diabetes, all of which were improved by
the administration of Tregs and accelerated by the dysfunc-
tion of Tregs (6, 13-16]. On the other hand, Tregs can play
negative role for host defense, such as anti-tumor immunity
or host defense for bacteria during septic shock [6, 17].
Therefore, many patents have been published for the regu-
lation of Tregs function, such as blocking antibody for
CTLA-4, or production of sCTLA4[18-20}.

Contacl hypersensitivity (CHS), clinically manifested as
contact dermatitis, is one of the most frequently used mouse
models to address cutaneous immune responses. Contacl
dermatitis is a common skin disorder caused by many agents
such as metals and plants. CHS is mediated by type 1 helper
T (Th1) cells and cytotoxic T (Tcl) cells [21, 22] . Recently
the role of Tregs in CHS has been investigaled using newly
gencrated genetically engineered mice [23].

In this review, we will provide an overview of the
mechanism  of Treg-mediated immunosuppression, and
discuss the role of Tregs in CHS.

Suppression Mcchanism by Tregs
Tregs potently suppress proliferation of T cells. When
Tregs are co-cultured with responder cells that have been

© 2010 Bentham Science Publishers Ltd.
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stimulated with a specific antigen or a polyclonal T cell
receptor stimulator in the presence of antigen presenting
cells (APCs) s in vitro, Tregs suppress proliferation of res-
ponder T cells. Using these in vitro assays, multiple suppres-
sion mechanisms have been proposed. For example, IL-10
[16], TGF-f [24]. indoleamine 2,3-dioxygenase (IDO) [25,
26]. IL-35 [27]. and CD39 [28], have been considered as
soluble suppressive factors of T cell proliferation. Absorp-
tion of IL-2, ane of the most important cytokine for T cell
proliferation, by Tregs may also be involved in inhibiting T
cell proliferation [29].

It has recently been reported that Tregs inhibited the T
cell stimulatory capacity of APCs by down-regulating CD80
and CD86 expression through cytotoxic T-lymphocyle anti-
gen (CTLA)-4 and lymphocyte function-associated antigen
(LFA)-1 [30-32]. Using two-photon microscopic analysis.
Tadokoro er al. [33] and Tang et al. [14] have revealed that
Tregs inhibit the stable contact and interaction between
APCs and effector T cells. However, it has yet to be
determined how these in vitro findings correlate with in vivo
suppression, because the suppressive [unctions ol Tregs may
differ depending ou the disease model. For example, 1L-10
plays an important role in the suppression of Tregs in IBD
[16], since IL-10 deficient mice or Tregs that cannot produce
IL-10 did not suppress IBD. On the contrary, both wild-type
(WT) and IL-10 deficient Tregs are able to suppress aulo-
immune gastritis [15] . suggesting that suppressive mecha-
nisms other than [L-10 are present in the gastritis model.

Development of CHS

CHS is composed of wwo phases: sensitization and
elicitation [21]. In the sensitization phase, low molecular
weight compounds called hapten are cross-linked 1o epider-
mal proteins and taken up by resident dendritic cells such as
Langerhans cells (LC) and dermal dendritic cells. Subse-
quently, these cells are matured by proinflammatory cyto-
kines such as TNF-a, IL-1B. and prostaglandin E,, and
migrate to the draining lymph nodes to present antigens in a
CCR7 and CXCR4-dependent manner (34-36]. After antigen
presentation, naive T cells are activated and differentiated
into antigen-specific Thl and Tcl cells under the influence
of polarizing signals such as IL-12 and other chemical
mediators [37]. After the establishment of this sensitization,
when the skin is re-exposed 1o the same hapten, an antigen-
specific T cell-mediated inflammation is provoked, which
represents the beginning of the elicitation phase. By re-
exposure to the same hapten, keratinocytes and masl cells
produce chemokines or pro-inflammalory cytokines such as
TNF-u and IL-1f, which activate endothelial cells and
induce the expression of E- or P-selecting [38-40]. Then,
neutrophils and antigen specific T cells enter the dermis and
release IFN-y, which further stimulate keratinocyles, leading
to massive leukocyte infiltration [41].

Effect of Tregs on the CHS Response

The effect of Tregs on CHS has mainly been investigated
in the elicitation phase. Ring ef af. purified CD4+ CD25+
Tregs from naive mice and administered them into trini-
trochlorbenzene (TNCB) -sensitized recipient mice intra-

venously one day before elicitation [42]. Administration of

Kabushima et al,

Tregs significantly suppressed the ear swelling response and
inNammatory cell infiltration into the skin compared to those
ol vehicle-treated mice. They reported that these suppressive
effects are mediated by soluble factors, especially 11-10,
because administration of a culture supernatant of Treg
suppressed the CHS response, which was reversed by an
anti-IL-10 antibody. Furthermore. Tregs from IL-10-defi-
cient mice failed to suppress the CHS response by inhibition
of leukocyte influx into inflamed skin. The same group has
recently reported that adenosine produced by Tregs in a
CD3Y-dependent manner was critically involved in the
influx of leukocytes through endothelial cells (EC) and the
suppression mechanism of Tregs in CHS [43]. Adenosine
triphosphate (ATP) is first degraded by CD39 to adenosine
diphosphate (ADP) and then to adenosine monophosphate
(AMP). The AMP is serially dephosphorylated by CD73 to
adenosine. Tregs are strongly positive for CD39 and CD73
expression. They also reported that both adenosine and Tregs
negated the adherence of effector T cells to ECs by
downregulating E- and P- selectins on ECs, and injection of
adenosine and Tregs abrogated the ear-swelling response in
CHS, which was not seen using Tregs from CD39 deficient
mice, Conventional T cells have only a low basal expression
ol D39, and differ greatly from Tregs which are strongly
positive for cell surface expression of CD39 and CD73.
Moreover, Tregs further upregulate CD39 expression after
activation, with this activation being a prerequisite for Tregs
acquiring their suppressive capicily.

On the other hand. the effect of Tregs in the sensitization
phase has only rarely been investigated. Dubois et al. [44]
reported the involvement of Tregs in the induction of oral
tolerance and inhibition of dinitrofluorobenzene (DNFB) -
induced CIH1S. Oral tolerance was induced by feeding DNFB
prior o DNFB-sensitization, which was not seen in CD4+ T
cell-deficient mice. However, transfer of naive CD4+
CD25+ T cells restores oral tolerance in those mice inde-
pendent of 1L-10. They also reported that administration of
anti-CD25 mAb impairs oral tolerance in WT mice [44].
Intriguingly. administration of anti-CD25 mAb before sensi-
tization had no affect on the ear swelling response, sugges-
ting that CD4+ CD25+ T cells are responsible for oral
tolerance induction at a time other than during the sensiti-
zation phase. However, the role of CD4+ CD25+ Tregs in
sensitization of CHS remains not fully elucidated, and
should be investigated in the future.

On the contrary, most of the studies on ultraviolet (UV)-
induced Tregs have been focused on the sensitization phase.
UV-irradiation before sensitization leads to immunosup-
pression, one of the mechanisms of which is induction of
Tregs by UV. Schwartz et al. reported that administration of
CD4+ CD25+ cells from UV-irradiated DNFB-sensitized
mice impaired sensitization [45, 46]. Those UV-induced
Tregs did not suppress the CHS response when administered
before elicitation, which is in contrast to the effect of natural
CD4+ CD25+ Tregs. However, direct injection of UV-
induced Tregs into elicitation sites suppressed the CHS
response. They concluded that UV-induced Tregs did not
express skin-homing receptors for E- and P-selectins, which
lead 1o the failure of inhibition of the elicitation phase.
nTregs and UV-induced Tregs scem to have different
phenotype and suppression mechanisms [47]. As for the
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mechanism of Treg induction by UV, Loser er al. [48]
reported that the receptor activator of NF-kappaB ligand
(RANKL) was induced in keratinocyte by UV exposure, and
RANKL-activated Langerhans cells (LCs) were responsible
for the development of UV-induced Tregs. Similar findings
were observed during skin grafting. Yoshiki et al. reported
that the development of CHS is suppressed when mice are
sensitized with a hapten through full-thickness grafted skin.
CD4+ CD25+ but not CD4+ CD25- T cells in the draining
LNs were responsible for this suppression [49]. In addition, a
high expression of RANKL was observed in the grafted skin,
and recombinant RANKL stimulated LCs to produce 1L-10.
These findings suggest that the hyposensitization of CHS
through the grafied skin is attributable to Tregs induced by
[L-10-producing LCs.

The Role of Endogenous Tregs in CHS

As described above, exogenously added Tregs have the
ability to inhibit CHS. However, it remains unclear whether
intrinsic  Tregs play such suppressive roles under
physiological conditions. To this end, specific depletion of
Tregs in vivo is required. Although CD4+ CD25+ has been
used as a marker for Tregs, CD25 is expressed in activated
CD4 cells as well as in Tregs. Therefore, FOXP3 is the more
definitive marker of Tregs, but Foxp3 is a transcriptional
factor and exists intracellularly; therefore, purification of live
Tregs has been technically difficult. To solve these
problems, Dr Hori's group recently generated FOXP3 repor-
ter mice expressing human CD2 and human CD32 chimeric
protein, which have been designated as FOXP3"¢P¥heDs2
mice. Since FOXP3+ cells co-express hCD2 on the cellular

Inhibition of effector T cell activation and
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surface, live FOXP3+ Tregs are sorted with anti-hCD2
monoclonal Ab, and depleted with neutralizing anti-hCD352
Ab (manuscript in preparation). Using these mice, we
investigated the role of endogenous Tregs in CHS, especially
focusing on Tregs in skin. Depletion of Tregs in elicitation
phase caused a much more enhanced and prolonged ear
swelling response compared with that of the control,
indicating that Tregs play important roles in the termination
of inflammation [23]. In addition, using Kaede-transgenic
mice we have further examined the role of Tregs in CHS,
especially focusing on skin Tregs. Kaede-transgenic mice are
genetically engineered to ubiquitously express Kaede
protein, which is a photoconvertible protein that changes its
fluorescence from green to red under exposure to violet light
[50]. Therefore, we can analyze the migration of cells from
the skin under physiological conditions. Using these mice,
we found that Tregs existed abundantly in the inflamed skin
of CHS, and those skin Tregs further migrated back to
draining LNs. Tregs from the skin showed significantly
higher mRNA expression of Treg-associated molecules, such
as IL-10, TGF-p and CTLA4. Consistently, Tregs from the
skin showed significantly stronger suppressive activity both
in vivo and in vitro [23] Fig. (1).

[t has been reported that Tregs in the skin contribute to its
homeostasis, because chronic depletion of skin Tregs leads
to the development of spontaneous dermatitis [51, 52]. Our
results suggest that Tregs in the skin also play important
roles in the termination of dermatitis and possibly in the
control of systemic immune responses. Schneider et al. [53].
Reported that, CCR7-deficient mice showed a reduced num-
ber of Tregs in draining LNs and an enhanced inflammatory

proliferation in LNs and skin through circulation
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Fig. (1), Possible suppression mechanism of Tregs in cutaneous immune responses.
Tregs suppress effector T cells in the lymphnodes (LN) and inhibit leukocyte influx into the periphery. In addition, Tregs migrating into the

skin could suppress the effector T cell functions in the skin, and a fract

ion of Tregs in the skin migrate back to the draining LNs (dLNs)

through afferent lymphatic vessels and to circulation. Skin derived Tregs produce high amount of IL-10 and TGF-beta, which are supposed

to be involved in the strong suppressive activity of the skin derived Tregs.
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response in CHS after repeated hapten application, sugges-
ting that Tregs homing to draining LNs through CCR7 is of
significance in the function of Tregs.

CURRENT & FUTURE DEVELOPMENTS

We have reviewed the roles of Tregs in cutaneous
immune responses based on recent studies Table 1. Aithough
a considerable amount of knowledge on Tregs has been
accumnulated, several critical issues still remain to be solved.
It is important lo further clarify the molecular mechanism
involved in suppressing immune responses by exogenously
added Tregs or intrinsic Tregs in vivo. From a clinical
perspective, the precise mechanism by which Tregs function
in the elicitation phase is an important issue to be addressed.
However the details of its suppressive mechanisms are still
unclear as is the role of intrinsic Tregs in sensitization. As
described previously, multiple mechanisms and various
molecules are involved in Treg-mediated immunosuppres-
sion. Further analysis using Fong&-dlphlhcrm loxin receptor
knockin mice [54] or Foxp3 hCD mice, which enable to
deplete Tregs conditionally and specifically, could be useful
1o better investigate the molecular mechanism and phy-
siological function of Tregs in cutangous immune responses.

Table 1. An Overview of Recently Published Papers About
Tregs and CHS

Major Findings Reference

Attenuated sensitization by Tregs induced [44]
by orally administered antigen in an oral
tolerance model

Attenuated sensitization by Tregs induced [48]
by RANKL activated LC in a UV-
nnmunosupprnhsum modd

Sensitization

Ancnualul sensitization by Tregs mdm.cd [49]
by IL-10 from RANKL activated LC in a
skin graft-intmunosuppression model

Enhanced and profonged car swelling 123
response by the depletion ot endogenous
Tregs

Reduced car swelling response by 1421
inhibiting leukocyte influx through IL-10

Elicitation from Tregs

Reduced car swelling response by [43}
inhilviting leukocyte intlux through
adenosine from Tregs via CDIW/CDT3
(inhibition of E- and P-selectin expression
in cadothelial cells)
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