Crosstalk of regulatory T cells and tolerogenic dendritic
cells prevents contact allergy in subjects with low zone

tolerance
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Background: Allergic contact dermatitis is one of the most
common occupational diseases. A main protective mechanism in
those who do not develop allergic contact dermatitis is tolerance
induction by repeated exposure to low doses of contact allergen,
which is termed low zone tolerance (LZT). The mechanisms that
determine the tolerance induction in subjects with LZT are still
elusive.

Objective: We performed analysis of the role of CD4*CD25*
forkhead box protein 3 (FOXP3)—positive regulatory T (Treg)
cells and dendritic cells (DCs) in mice with LZT.

Methods: Mechanisms of tolerance induction were analyzed in a
murine model of LZT by using FOXP3 and IL-10 reporter mice,
as well as mice that allow the selective depletion of Treg cells or
DCs.

Results: Depletion of CD4"CD25*FOXP3* Treg cells during
tolerance induction completely abolishes the development of
LZT, resulting in a pronounced contact hypersensitivity
response. Adoptive transfer experiments, depletion studies, and
use of cell type—specific deficient mice revealed that IL-10
production is critical for the suppressor function of Treg cells in
mice with LZT and that tolerogenic CD8*CD11c* DCs located
in the skin-draining lymph nodes are essential for LZT. In the
absence of Treg cells, DCs did not develop tolerogenic functions,
indicating that activated IL-10" Treg cells might imprint the
tolerogenic DC phenotype. Cell communication analysis
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revealed that the education of tolerogenic DCs might involve a
direct interaction with Treg cells mediated by gap junctions.
Subsequently, induction of tolerogenic CD11c™ DCs leads to the
generation of hapten-specific CD8* Treg cells, which protect
against contact hypersensitivity.

Conclusions: Our data demonstrate critical interactions
between CD4*CD25*FOXP3* Treg cells and tolerogenic
CD8*CD11c* DCs during the induction of LZT. (J Allergy Clin
Immunol 2012;130:781-97.)
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Allergic contact dermatitis, also referred to as contact hyper-
sensitivity (CHS), is a major health issue and one of the most
common occupational diseases in Western countries, with great
socioeconomic effect.' CHS is an allergic cutaneous inflammation
mediated by CD8™ effector T (Tc1) cells and regulated by CD4 ™"
T cells.>? Allergy prevention through induction of specific toler-
ance to allergens might be an approach to improve patient out-
comes. Induction of specific tolerance to contact allergens has
been studied extensively in various animal models, including
low zone tolerance (LZT), in which repeated epicutaneous appli-
cations of low doses of contact allergens prevent the development
of CHS.*® LZT is regarded as a relevant model of naturally occur-
ring tolerance to contact allergens because LZT is achieved by the
physiologic uptake of very small amounts of allergens through the
skin.>" """ It was reported that LZT is mediated by a population of
CD8™" regulatory T (Treg) cells in a hapten-specific manner.>®
However, the precise immune mechanisms and signals involved
in the generation of CD8* Treg cells of subjects with LZT remain
unknown. CD4"CD25" forkhead box protein 3 (FOXP3)—posi-
tive Treg cells are naturally present in the immune system. Their
dysfunction causes fatal autoimmune diseases, immunopathol-
ogy, and allergy.'""'? Furthermore, mutations in human FOXP3
are responsible for the immunodysregulation, polyendocrinop-
athy, enteropathy, X-linked syndrome, providing unequivocal ev-
idence that developmental or functional anomalies of natural Treg
cells cause autoimmune diseases and allergies in human sub-
jects.'? In addition to thymic generation of natural Treg cells, na-
ive T cells in the periphery can upregulate FOXP3 expression and
consequently acquire a Treg cell phenotype and function to control
aberrant or excessive immune responses, such as allergies.'*'”

In our study we demonstrate that IL-10—producing
CD4"CD25*FOXP3 ™ Treg cells are critically involved in the de-
velopment of LZT. In the absence of Treg cells, lymph node (LN)
CD11c™ dendritic cells (DCs) do not become tolerogenic and do
not induce hapten-specific CD8* Treg cells of subjects with LZT.
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Abbreviations used
AOO: Acetone/olive oil
CD62L: CD62 ligand
CHS: Contact hypersensitivity
CTLA-4: Cytotoxic T lymphocyte—associated antigen 4
DC: Dendritic cell
DNEFB: 1-Fluoro-2,4-dinitrobenzene
DT: Diphtheria toxin
FOXP3: Forkhead box protein 3
GFP: Green fluorescent protein
GITR: Glucocorticoid-induced TNF receptor family-related gene
ICOS: Inducible costimulator
LN: Lymph node
LZT: Low zone tolerance
TNCB: 2,4,6-Trinitro-1-chlorobenzene
Treg: Regulatory T
WT: Wild-type

METHODS

Tolerance induction

Groups of transgenic mice, wild-type (WT) mice, or both were painted up
to 10 times with tolerizing doses (0.01% of 1-fluoro-2,4-dinitrobenzene
[DNFB] and 0.45 or 4.5 pg of 2,4,6-trinitro-1-chlorobenzene [TNCB] in 15
L of acetone/olive oil [AOO; 3:1 vol/vol]) or AOO alone as a control onto
shaved areas. Subsequently, CHS was induced by sensitizing mice with an
epicutaneous application (1% DNFB or 450 p.g of TNCB in 15 pL of AOO) on
the abdomen. Challenge was performed by painting 0.1% DNFB or 45 g of
TNCB onto the dorsal side of the right ear at day 16 or as indicated. In Treg
cell-depletion experiments modified protocols were used as indicated (PC61
mice, see Fig E1, A, in this article’s Online Repository at www.jacionline.org;
DEREG mice, see Fig E2, A, in this article’s Online Repository at www.
jacionline.org) with respect to recovery of Treg cell numbers. The increase
in ear thickness was measured after 24 hours with an engineer’s micrometer
(Oditest; Kroeplin, Schiichtern, Germany).

Depletion of CD11¢* DCs and tolerance induction in
CD11¢-DTR mice

Transgenic CD11c-DTR mice were injected intraperitoneally with 4 ng of
diphtheria toxin (DT)/g of body weight at days 0 and 1. PBS-treated groups
served as controls. At days 1 and 2, the mice were tolerized twice a day with
4.5 ng TNCB. At day 8, mice were sensitized by epicutaneous application of
450 pg of TNCB in 15 pL AOO. Challenge was performed by painting 45 pg
of TNCB onto the dorsal side of the right ear at day 12.

Depletion of CD25" T cells with anti-CD25 antibody

WT mice were depleted of CD25" T cells by using an anti-CD25 mAb
(clone PC61; 75 wg per mouse) administered through intraperitoneal injection
at days —1 and 0 followed by tolerization. Control mice were injected intra-
peritoneally with equivalent amounts of control antibody (IgG 72137; Jackson
ImmunoResearch Laboratories, Suffolk, United Kingdom). Sensitization was
performed after recovery of Treg cells (detected by using flow cytometry), and
5 days later, a challenge reaction was elicited (see Fig E1).

Depletion of FOXP3™ Treg cells and tolerance
induction in DEREG mice

Foxp3-DTR-enhanced green fluorescent protein (GFP) bac transgenic
mice (DEREG mice) were injected intraperitoneally with DT (1 wg) on day 0.
At days 1 and 2, mice were tolerized twice a day with 4.5 ug TNCB. At day 7,
after recovery of Treg cells, mice were sensitized by epicutaneous application of
450 pg TNCB in 15 pL AOO. Challenge was performed by painting 45 g of
TNCB onto the dorsal side of the ear at day 12 (see Fig E2).
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Statistical significance

The statistical significance of differences between experimental groups was
evaluated by applying the Wilcox-Mann-Whitney 2-sample test or the
student ¢ test with the Statview 5.0 software package (SAS Institute, Cary,
NC). Differences in P values of less than .05 were considered significant.

All animal studies were approved by the Animal Care Committee of
Rhineland-Palatinate and the Regierungsprasidium Freiburg and supervised
by the Animal Protection Representatives of the University Medical Center
Mainz and the University Freiburg Medical Center.

For description of mice, reagents, and antibodies; isolation of LN-related
CD8" T cells, CD4" T cells, CD4"CD25" T cells, and CD11c* DCs; and
adoptive transfer, cell culture, haptenation, ELISA, ELISpot, and IL-10 tran-
scription in vivo, see the Methods section in this article’s Online Repository at
www.jacionline.org.

RESULTS
CD4*CD25*FOXP3* Treg cells are pivotal for LZT
induction

CD4"CD25"FOXP3 ™" Treg cells play a critical role in multiple
immune responses, including allergic reactions.'® Therefore we
analyzed the potential role of Treg cells in LZT induction. For
this purpose, we depleted Treg cells in the induction phase of
LZT using an anti-CD25 mAb (PC61; see Fig E1, A).17 The effi-
cacy of depletion and the recovery of Treg cells before sensitiza-
tion were assessed by means of flow cytometry (see Fig E1, B).
Control tolerized mice exhibited typical properties of LZT, in-
cluding an inhibited ear-swelling response and a reduced
TNCB-specific Tcl T-cell activation compared with those seen
in sensitized mice (Fig 1, A-C). In contrast, in Treg cell-depleted
tolerized mice the development of LZT was completely abrogated
(Fig 1, A-C). Here we observed a pronounced allergic skin reac-
tion (Fig 1, A), an enhanced T-cell proliferation, and CD8*
T cell-related IFN-y and IL-2 release after hapten-specific
restimulation (Fig 1, B and C).

The fact that CD25 is also upregulated on activated T cells and
that CD25~ subsets of Treg cells exist'®>° prompted us to addi-
tionally analyze the role of Treg cells in mice with LZT by using
DEREG mice, which allow the selective depletion of FOXP3™"
Treg cells (see Fig E2).?! In line with our experiments with
anti-CD25, depletion of FOXP3™ Treg cells during induction of
tolerance in DEREG mice resulted in the complete abrogation
of LZT, as demonstrated by a significant increase in the allergic
response in vivo, enhanced hapten-specific T-cell proliferation,
and significantly enhanced T¢1 cytokine production (IFN-y and
IL-2; Fig 1, D-F).

Treg cells are activated by low doses of contact
allergen but operate in an allergen-nonspecific
manner

Next we evaluated the potential of Treg cells to transfer LZT
and the allergen specificity of their suppressor function. For this
purpose, CD47CD25™ T cells from TNCB-tolerized mice were
adoptively transferred into naive mice before sensitization. The
recipients were either sensitized and challenged with TNCB or
a second unrelated hapten, DNFB, respectively. Notably, regard-
less of the allergen (TNCB or DNFB) used for sensitization/chal-
lenge, Treg cells generated by exposure to low-dose TNCB
induced typical features of LZT in recipient mice (Fig 2, A-C), in-
dicating antigen-nonspecific activity of Treg cells in mice with
LZT. Transfer of nonactivated Treg cells did not induce tolerance
but resulted in typical features of CHS, indicating that activation
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FIG 1. Pivotal role of CD4*CD25"FOXP3* Treg cells for the development of LZT. A-C, Mice were treated with
the anti-CD25 mAb (PC61) or a control antibody. Solvent (CHS) or TNCB (LZT) was applied epicutaneously
10 times. After recovery of CD4*CD25"FOXP3" Treg cells (see Fig E1), animals were sensitized and chal-
lenged as described. D-F, DEREG mice were treated with DT for Treg cell depletion. Solvent (CHS) or toler-
izing doses (LZT) of the hapten TNCB were applied epicutaneously, and subsequently, mice were sensitized
and challenged (see Fig E2). Fig 1, A and D, The ear-swelling response was assessed after challenge (mean
+ SD). Fig 1, B, C, E, and F, Skin-draining LNs were obtained for T-cell analysis. Fig 1, B and E, T-cell prolif-
eration was depicted (mean value of triplicates in counts per minute) after restimulation. Data represent one
of 4 (Fig 1, A-C) and one of 3 (Fig 1, D-E) independent experiments with similar results. Pooled data of re-
lease of IFN-y and IL-2 by T cells of 4 (Fig 1, C) or 3 (Fig 1, F) independent experiments are shown (means

+ SDs). ¥*P < .05, **P < .01, and ***P < .001.

of Treg cells by low doses of allergens is critical for their suppres-
sor function (Fig 2, D and E).

As previously shown, LZT is a hapten-specific immune reac-
tion mediated by CD8" Treg cells.”® Adoptive transfer experi-
ments of CD8" Treg cells and subsequent sensitization with

TNCB or a second unrelated hapten revealed that, in contrast to
CD4"CD25" T cells, CD8™" Treg cells of mice with LZT were al-
lergen specific (Fig 2, F). Phenotypic analysis (cytotoxic T lym-
phocyte—associated antigen 4 [CTLA-4], glucocorticoid-induced
TNF receptor family-related gene [GITR], inducible costimulator
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FIG 1. (Continued)

control DT

[ICOS], CD25, CD28, CD38, CD44, CD62 ligand [CD62L],
CD69, CD103, CD127, CD134, and CD162) of CD8 ™ T cells ob-
tained after LZT demonstrated no differences compared with con-
trol (solvent treatment) CD8 " T cells (data not shown). Moreover,
we did not observe an induction of FOXP3 expression in CD8™
T cells after tolerization compared with that seen in control cells
(data not shown).

Induction of a CCR7* Treg cell subset during
induction of tolerance

Analysis of the numbers of CD4 " CD25 FOXP3™ Treg cells in
draining LNs revealed no changes in the percentages at any phase
of LZT (after tolerization, sensitization, and challenge) compared
with percentages seen in control mice (see Fig E3 in this article’s
Online Repository at www.jacionline.org).
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To identify an activated subpopulation of Treg cells
induced by the LZT protocol, we analyzed the expression of
a panel of molecules considered to be involved in T-cell/Treg
cell activation (CD25, CD44, CD62L, CD69, CDI103,
CD127, CD154, CCR7, CTLA-4, ICOS, programmed death
1 [PD-1], and GITR).'"'>222% Enphanced numbers of
CCR7"CD4"CD25 "FOXP3™" Treg cells and an increased sur-
face expression of CCR7 and CD103 were found on
CD4"CD25"&" FOXP3 Treg cells of draining LN after toler-
ization and sensitization compared with solvent-treated control
animals (Fig 3, A and B).

To evaluate the function of CCR7" Treg cells in mice with
LZT, we performed adoptive transfer experiments with
CD47CD25™ Treg cells from CCR7 '~ mice after tolerization.
Compared with injection of WT CD4"CD25" Treg cells (Fig
2) and LZT control mice, transfer of CCR7™'~ Treg cells did
not induce an LZT response in the recipients, but the mice showed
arobust CHS reaction (as demonstrated by increased ear swelling
[Fig 3, C] and hapten-specific T cell activation [data not shown]).

CD4"CD25* Treg cells are critical for the generation
of CD8" Treg cells in mice with LZT

In previous transfer experiments it was shown that tolerance
can be transferred by regulatory CD8™ T cells as important medi-
ators of LZT>78 However, CD8™" T cells obtained after tolerance
induction in the absence of Treg cells failed to transfer the toler-
ance, as demonstrated by the development of a strong CHS im-
mune response (increased ear swelling, T-cell activation, and
Tc1 cytokine pattern; Fig 4).

Pivotal role for tolerogenic CD11¢™ DCs during
induction of LZT

In former studies we showed that epidermal Langerhans cells,
dermal DCs, and B cells are dispensable for tolerance induc-
tion.””? To further address the role of DCs in mice with LZT, we
used a model of CD11¢c-DTR mice in which DT treatment al-
lowed a significant reduction in CD11¢™ DC numbers limited
to the phase of tolerance induction (see Fig E4, A and B, in this
article’s Online Repository at www.jacionline.org). No alteration
in the numbers of Treg cells was found after DC depletion (see Fig
E4, C). Transient depletion of CD11c™ DCs during tolerance in-
duction resulted in a complete inhibition of tolerance, whereas
CHS development was normal (Fig 5). Notably, we observed a
complete restoration of LZT after reconstitution of the mice
with CD11c* DCs after injection of DT but before tolerization
(Fig 5).

Analysis of LN CD11c¢™ DCs did not reveal any differences in
the number of CD11c™ MHC class I DCs during LZT or Treg
cell depletion (see Fig E5, A, in this article’s Online Repository at
www.jacionline.org). However, analysis of a panel of surface
markers considered to contribute to DC/T-cell interactions
(CCR7, CD103, CD80, CD86, CD273, CD274, CD275,
CD276, B7-H4, and DEC-205) demonstrated a significantly re-
duced expression of the costimulatory molecule CD80 (see Fig
ES, B) but did not reveal any alteration of other parameters, in-
cluding CCR7 on CD1lc¢™ MHC class II"&" DCs (data not
shown). Notably, Treg cell depletion restored CD80 expression
levels, suggesting the induction of a tolerogenic phenotype of
DCs by Treg cells (see Fig ES, B).
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FIG 2. CD4*'CD25" Treg cells activated by low amounts of contact allergen operate in an allergen-
nonspecific manner in contrast to regulatory CD8" T cells. A-C, After tolerization with TNCB, CD4"CD25"
T cells were purified from LN cells and adoptively transferred (AT) into naive WT mice. Tolerized mice
(LZT) and mice with CHS without cell transfer served as control animals. Subsequently, recipients and
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We confirmed our results using adoptive transfer experiments
with CD11c* DCs obtained from LNs of tolerized mice that re-
sulted in tolerance induction in the recipients (Fig 6, A and B).
To better characterize the role and subset of the relevant
CDIl1c™ DC population, we performed experiments using
Batf3 ™'~ mice that lack CD8*CD11c¢™ DCs of lymphoid tissues
known to be involved in peripheral tolerance.***> In our hands
Batf3™'~ mice displayed a normal CHS response, as demon-
strated previously,”® indicating that CD8*CD11c" DCs are dis-
pensable for this skin inflammatory immune response.
However, these mice completely failed to have LZT, as shown
by a conspicuous CHS reaction (enhanced ear swelling and in-
creased T-cell response), demonstrating that CD8 CDI11c”
DCs are critically involved in tolerance to contact allergens
(Fig 6, C-E).

CD4*CD25" Treg cells are required for imprinting
the tolerogenic phenotype of CD11¢* DCs

It was previously shown that crosstalk between DCs and Treg
cells contribute to the initiation and maintenance of tolerance.”’
Therefore we analyzed the interplay between Treg cells and
CDI11c™ DCs in mice with LZT. In these experiments CD11c™
DCs were obtained after tolerization in the absence of Treg cells
and transferred into naive mice. Under these conditions, the recip-
ients did not have LZT demonstrated by a strong allergic skin re-
action in vivo and enhanced T-cell proliferation (Fig 7, A and B).

As demonstrated, CD4"CD25" Treg cells are critical for the
generation of the CD8" Treg cells of mice with LZT (Fig 4),
and LZT can be transferred by CD8" Treg cells.”® On the basis
of these results, we addressed the question of whether tolerogenic
DCs are the link between CD4"CD25" Treg cells and hapten-
specific CD8™ T cells. Transfer of CD8* T cells, which were ob-
tained from tolerized and CD11c-depleted mice, did not induce a
tolerance reaction in subsequently sensitized recipients (Fig 7, C
and D).

These results suggest that interactions between activated Treg
cells and LN CD11c* DCs imprinted a tolerogenic phenotype of
the antigen-presenting cell, which in turn exhibit the capacity to
induce the development of CD8™" Treg cells of mice with LZT. To
formally prove a direct crosstalk between CD4"CD25" Treg
cells and CD11c™ DCs, we took advantage of the knowledge
that Treg cells and DCs interact through gap junctions.28 Thus
we used the dye calcein, which spreads from donor to host cells
through gap junctions.”*>° Adoptive transfer experiments of
calcein-labeled CD47CD25" Treg cells and subsequent flow

J ALLERGY CLIN IMMUNOL
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cytometric analysis of LN-related immune cells revealed a higher
percentage of calcein-positive CD11c™ DCs after tolerization
compared with that seen in control cells (Fig 7, E), demonstrating
a direct interaction between CD4"CD25" Treg cells and
CDl1c™ DCs. Other immune cell populations (B cells and
CD4" and CD8 " T cells) in the skin-draining LNs did not exhibit
any difference in the calcein uptake between tolerized and control
animals (see Fig E6, B-D, in this article’s Online Repository at
www.jacionline.org). Transferred calcein-high CD4*CD25%
Treg cells are depicted in the right gates (see Fig E6, A).

In addition, we performed transfer experiments of CD45.2
CD11c™ DCs after tolerization (or solvent treatment as controls)
into naive CD45.1 WT mice. After sensitization, LNs were ob-
tained, and immunohistochemistry of tissue sections was per-
formed to analyze the crosstalk between tolerogenic DCs and
FOXP3" Treg cells. Here we found Treg cell/DC clusters with
significantly higher numbers of recipient FOXP3™ T cells in con-
tact with transferred tolerogenic DCs obtained after tolerization
compared with those seen in DCs injected after solvent control
(Fig 7, F).

IL-10 is critical for the tolerogenic function of
CD4*CD25* Treg cells

Several mechanisms, including the release of IL-10, were
reported to contribute to the regulatory activity of Treg cells.®! 531
ELISpot analysis clearly demonstrated that CD4 *CD25™ T cells
obtained after tolerance induction released significant amounts of
IL-10 in vitro after restimulation (Fig 8, A).

To evaluate whether these results were reflected by IL-10
production of Treg cells in vivo, we used IL-10 transcriptional re-
porter mice (Vert-X) in which IL-10—producing cells are identi-
fied by means of GFP expression.’>** Tolerized mice (LZT)
displayed significantly enhanced numbers of CD4"CD25" IL-
10—producing T cells after induction of tolerance and subsequent
sensitization (Fig 8, B).

To formally prove the functional relevance of IL-10-producing
CD47CD25™ T cells during LZT, T cell-deficient Ragl '~ mice
were reconstituted with CD4 " and CD8™ T cells from naive WT
and IL-107/" mice before tolerance induction. As previously
shown, in contrast to WT mice IL-10~"" mice did not have a tol-
erance reaction (Fig 8, C).® By using crossover transfer experi-
ments of CD4" T cells and CD8" T cells obtained from
IL-107"~ and WT mice, respectively, CD4™" T cell-derived IL-
10 was determined to be critical for LZT. However, reconstitution
of Ragl ™'~ mice with CD4" T cells depleted of CD25" Treg
cells did not induce LZT in the recipients, clearly indicating the

<

control groups were sensitized and challenged with either TNCB or DNFB, respectively. Fig 2, A, The ear-
swelling response was assessed after challenge (mean = SD). Fig 2, B, T-cell proliferation is detected after
restimulation (mean value of triplicates in counts per minute). One representative of 4 experiments is shown
in Fig 2, Aand B. Fig 2, C, Release of IFN-y and IL-2 by T cells was assessed (means + SD). Pooled data of 4
experiments are depicted. D and E, CD4"CD25" T cells were purified from LN cells from solvent-treated
(naive) or tolerized (activated) mice and adoptively transferred into naive animals. Tolerized (LZT) and
solvent-treated (CHS) mice without cell transfer served as control animals. Recipients and control groups
were sensitized and challenged. Fig 2, D, Ear thickness (mean = SD) was assessed. E, T-cell proliferation
is depicted as the mean counts per minute of triplicates after hapten-specific restimulation. One represen-
tative experiment of 3 is demonstrated in Fig 3, D and E. F, After tolerization with TNCB, CD8" T cells were
purified from LN cells and adoptively transferred (AT) into naive WT mice. Tolerized (LZT) mice and mice
with CHS without cell transfer served as control animals. Subsequently, recipients and control groups
were sensitized and challenged with either TNCB or DNFB, respectively. Increase in ear thickness (mean
+ SD) is detected. One representative of 3 experiments is shown. *P < .05, **P < .01, and ***P < .001.
n.s., Not significant. tol, Tolerized; sens/chall, sensitized/challenged.
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CD4*CD25"FOXP3™ Treg cells of LN cells was performed. Percentages + SD (left panel) and mean fluores-
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T cells) were analyzed after induction of tolerance or solvent treatment (24 hours after the last application of
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resentative experiment after tolerization are shown. C, After tolerization (LZT) or solvent treatment (CHS),
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functional relevance of IL-10—producing CD4"CD25" Treg cells
during the induction of LZT.

To exclude a general deficiency in the suppressor function of
Treg cells in IL-10—deficient mice, we additionally inhibited the
effect of IL-10 during the induction of tolerance through the use
of an IL-10 receptor blocking antibody. As depicted in Fig 8, D,
the development of LZT was significantly prevented by blocking
IL-10 activity in vivo, indicating a pivotal role for IL-10 during
the induction of LZT.

DISCUSSION

In this study we demonstrated the pivotal role for
CD4"CD25"FOXP3 " Treg cells, which protect against allergic
skin reactions in mice with LZT. Activation of Treg cells with
low amounts of contact allergen results in IL-10 production, inter-
action with LN-related CD11c* DCs, and induction of a tolero-
genic DC phenotype (Fig 9). This process was followed by the
induction of CD8" Treg cells that inhibit the development of
Tc1-mediated CHS (Fig 9).

In human subjects it has been shown that CD4"CD25™ T cells
of healthy nonallergic subjects regulate the activation of both na-
ive and nickel-specific T cells.*** In comparison, CD4*CD25*
T cells obtained from subjects with nickel allergy exhibited a lim-
ited or absent capacity to control CD4" or CD8™ nickel-specific
T cells. These data indicate that CD4"CD25 " cells are critically
involved in the regulation of hapten-specific immune responses in
human subjects as well and therefore are in line with our results in
the murine model of LZT.>*** In addition, LZT was not only
effective in a preventive setting but also when the induction of tol-
erance was performed after sensitization, indicating a therapeutic
potential of LZT and emphasizing the importance of this model
(see Fig E7, A-C, in this article’s Online Repository at www.
jacionline.org).
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The critical role for CD4"CD25" Treg cells in hapten-
specific immune responses was previously shown in the murine
model of CHS. After depletion of Treg cells, a significant in-
crease in skin inflammation and the CD8" T¢1 immune reaction
of CHS was observed.’®?’ Similarly, the absence of
CD4*CD25" Treg cells during tolerance induction resulted in
a markedly enhanced allergic skin reaction compared with that
seen in control CHS mice. These results suggest that the thresh-
old for sensitization was reduced under these conditions and that
repeated applications of low amounts of allergens in combina-
tion with the subsequent sensitization induced an exaggerated al-
lergic immune response.

It has been shown that Treg cells require activation to function
as suppressor T cells. In mice with LZT, Treg cells were activated
by low subimmunogenic doses of allergens. The induction of
tolerance by low doses of antigens has been known for a long
time, and one mechanism might be the extrathymic conversion of
conventional CD4™" T cells into FOXP3™ Treg cells by minute
amounts of antigens.*®*® In our hands suppression by activated
Treg cells is allergen nonspecific, a mode of action that is reported
for several models analyzing the function of Treg cells in vivo.*’
In contrast, regulatory CD8 " T cells of subjects with LZT act in a
hapten-specific manner.” Recently, it was reported that these
CD8™ Treg cells interacted with killer DCs during the effector
phase of LZT, resulting in DC-derived TNF production, apoptosis
of effector CD8 " T cells of CHS, and prevention of the allergic
skin response.41

ICOS-expressing, suppressive, antigen-specific FOXP3™
T cells were identified that control the generation of CD8™ effec-
tor T cells of patients with CHS.** In subjects with LZT, we did
not observe an increase in the number of ICOS™ Treg cells but
found the induction of a CCR7 ™" Treg cell subset known to be crit-
ically involved in the suppressor function of Treg cells in vivo and
in cutaneous skin inflammation.?® Because direct analysis of LZT
in CCR7~'~ mice was no viable approach because CCR7™~
mice are known to exhibit an altered CHS reaction dependent
on the protocol and hapten used, we performed transfer experi-
ments.”*** Injection of CCR7 ™/~ Treg cells after tolerization
did not induce LZT in the recipients, suggesting a pivotal role
for this Treg cell subpopulation in tolerance to contact allergens.
This failure might be due to the absence of regulatory properties
of CCR7* Treg cells, which are functionally relevant for LZT, or
might simply reflect the reduced capacity of CCR7 '~ Treg cells
for LN homing. Future studies will address this issue in more
detail.

FOXP3™ Treg cells exert suppression by contact-dependent
mechanisms and mechanisms mediated by soluble factors, such
as IL-10."%?**% In mice with LZT, an increase in IL-
107CD47CD25™ Treg cell numbers was observed in vitro and
in vivo. We highlighted the importance of Treg cell-derived IL-
10 in mice with LZT by showing that reconstitution of T cell-de-
ficient mice with CD4 "IL-10" T cells but not with CD4 " IL-10" T
cells depleted of CD25™ Treg cells allows for the development of
LZT. Additional mechanisms, such as adenosine-dependent egress
of Treg cells or gap junction—mediated communication between
Treg cells and DCs have been demonstrated to be of relevance

CD4%CD25™ T cells were purified from LN cells of CCR7 '~ mice and adoptively transferred (AT) into naive
WT mice. Tolerized (LZT) mice and mice with CHS without cell transfer served as control animals. Subse-
quently, recipients and control groups were sensitized and challenged. The ear-swelling response was as-
sessed after challenge (mean + SD). *P < .05 and **P < .01. n.s., Not significant.
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tolerized (LZT) or treated with solvent (CHS), and after recovery of CD11c* DCs, sensitization and challenge
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was detected (mean *= SD). Pooled data of 3 independent experiments are depicted. *P < .05 and **P <
.01. n.s., Not significant.
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for Treg cell function in hapten-specific cutaneous immune re- One key mechanism of Treg cell-mediated suppression seems
sponses.z&48 In line with these former reports, we found a direct  to be the control of DC function.**>* In our study the induction of
crosstalk between Treg cells and tolerogenic DCs mediated  a tolerogenic DC phenotype by Treg cells is finally supported by
through gap junctions in the skin-draining LNs after tolerization. adoptive transfer experiments of DCs obtained from mice that
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sue sections of skin-draining LNs were stained for FOXP3 (red nuclear staining) and CD45.2 DCs (depicted in
green). Interactions of FOXP3™ Treg cells and CD45.2 DCs in mice with LZT or with CHS of representative
tissue sections (/eft panels) and expressed as the mean number of Treg cells per DC in 20 high-power fields
(right panel) are demonstrated. Bar scale = 50 um. *P < .05, **P < .01, and ***P < .001 or as indicated. n.s.,
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FIG 7. (Continued)

were tolerized in the absence of Treg cells (anti-CD25 treatment or
DT in DEREG mice) and had lost entirely their capacity to transfer
tolerance. CD8"CD11c* DCs are capable of cross-presenting to
CD8™ T cells, and many studies strongly implied CD8" DCs as
contributors to the maintenance of peripheral tolerance.>>33-%
These data concur with our results identifying CD8*CD11c™
DC:s as the tolerogenic subpopulation in mice with LZT.

Thus crosstalk between CD4"CD25 FOXP3™ Treg cells and
CDl11c™ DCs after epicutaneous exposure to low amounts of al-
lergens is likely to shift the quality of the hapten-specific im-
mune response toward a tolerance reaction protecting against
allergy (Fig 9). Subsequently, tolerogenic DCs induce CD8"
Treg cells of mice with LZT, preventing the development of an
allergic cutaneous inflammation (Fig 9). This improved
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understanding of the involved mechanisms can be used to iden-
tify novel therapeutic targets to modulate and/or prevent allergic
immune responses.
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Karp (Childrens Hospital Medical Center, University of Cincinnati) for
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Clinical implications: LZT is a main protective mechanism for
prevention of allergic contact dermatitis, and crosstalk between

Treg cells and tolerogenic DC cells can be used as a target for
novel therapeutic approaches.
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METHODS
Mice

T and B cell-deficient (Ragl /), IL-10—deficient (IL-107/7), CD11c-
DTR, Ly5.1, and CD45.1 mice on a C57BL/6 background and WT C57BL/6
mice were purchased from the Jackson Laboratories (Bar Harbor, Me).
C57BL/6 DEREG mice (FOXP3-DTR-GFP) were kindly provided by Tim
Sparwasser (Twincore), C57BL/6 Vert-X mice (IL-10 transcriptional reporter
mice) by Christopher Karp (University of Cincinnati College of Medicine, Cin-
cinnati, Ohio), CCR7 /= by M. Lipp (Max Delbriick Center, Berlin,
Germany)™' and Batf3 ™/~ and control 129SvEv mice by K. Murphy (Depart-
ment of Pathology and Immunology, Washington University School of Medi-
cine, St Louis, Mo, and Howard Hughes Medical Institute, Washington
University School of Medicine, St Louis, Mo) and H. C. Probst (Institute of Im-
munology, University Medical Center Mainz, Germany).F> All murine strains
were bred in the Animal Care Facility of the University of Mainz, the University
Medical Center Freiburg, or both. All animal studies were approved by the An-
imal Care Committee of Rhineland-Palatinate and the Regierungsprasidium
Freiburg and supervised by the Animal Protection Representatives of the Uni-
versity Medical Center Mainz and the University Freiburg Medical Center.

Reagents and antibodies

TNCB (2,4,6-trinitro-1-chlorobenzene) was purchased from VeZerf La-
borsynthesen (Idar-Oberstein, Germany). 2,4-Dinitrobenzenesulfonate
(DNBS), 2.4,6-trinitro-benzenesulfonic acid (TNBS), and DNFB (fluoro-
2,4-dinitrobenzene) were purchased from Sigma (Taufkirchen, Germany).
Antibodies against CD4, CDS8, and Thyl.2 were from BD Biosciences,
Heidelberg, Germany). Foxp3 and antibodies against FOXP3 (FJK-16s),
CD25, CD28, CD38, CCR7, CD80, CD86, MHC class 1I, CD44, CD154,
CD127, CD134, CD162, CTLA-4, ICOS, PD-1, CD103, CD62L, GITR,
CD69, CD273-CD276, B7-H4, and 1gG,, (eBR2s) were from eBioscience
(San Diego, Calif).

Flow cytometry and intracellular FOXP3 detection

Antibody staining and intracellular FOXP3 staining were performed
according to the manufacturer’s protocol. The detection of antibody was
done by using flow cytometry with the BD LSR2 or BD Canto (BD
Biosciences) and analyzed with DIVA6.0 software.

Preparation of LN cells, enriched CD8* T cells, CD4™
T cells, CD4*CD25" T cells, and CD11c* DCs for cell

culture and adoptive transfer

Twenty-four hours after challenge, LZT induction, or solvent treatment,
auricular, cervical, and inguinal LNs were taken. LN cells (106 cells/200 pL)
were resuspended in RPMI-1640 (BioWhittaker, Verviers, Belgium) supple-
mented with 2% heat-inactivated syngeneic normal murine serum. CD8™,
CD4", CD47CD257, and CD4"CD25 T cells were purified (>95% and
>85% for CD4"CD25" T cells) with CD8a (Ly-2) or CD4 (L3T4)
antibody-coated magnetic beads, respectively, or the CD4"CD25" Regula-
tory T Cell Isolation Kit (MACS System; Miltenyi Biotec, Bergisch Gladbach,
Germany) or anti-CD4-biotinylated/SA-beads, anti-CD25-biotinylated/SA-
PE beads, and anti-PE beads (MACS System, Miltenyi Biotec). The enriched
CD4™ or CD4CD25~ (2 X 107 cells), CD8" (1 X 107 cells), or
CD4"CD25" Treg cells (1.5 X 10° cells) were injected intravenously into un-
treated Ragl ~'~ or WT mice. CD11c™ cells were purified (>85% purity) with
anti-CD11c—coated beads (MACS System, Miltenyi Biotec). After tolerance
induction or solvent treatment as controls, CD11¢* DCs were isolated and in-
jected intravenously (1-2 X 10°), or in some experiments CD45.2 DCs were
injected subcutaneously as indicated into untreated CD45.1 recipients.

Haptenation of LN or spleen cells

LN or spleen cells (107 cells/mL) were incubated in 10 mmol/L 2,4,6-
trinitro-benzenesulfonic acid or 1000 pg 2,4-dinitrobenzenesulfonate in
HBSS (without Ca* ™, Mg+ *, and Phenol Red; BioWhittaker) for 10 minutes,
subsequently washed 3 times in RPMI-1640, and resuspended in RPMI-1640
supplemented with 2% heat-inactivated syngeneic murine serum.
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Cell culture and proliferation assay

LN cells (105200 wL per well) were resuspended after haptenation in
RPMI-1640 supplemented with 2% heat-inactivated syngeneic normal mu-
rine serum and incubated in 96-well U-bottom microtiter plates at 37°C/5%
CO,. LN cells without hapten-specific restimulation served as controls
(data are not shown because nonspecific proliferation was consistently low
in all experiments). After 24 hours, cultured cells were pulsed with 1 pnCi
of tritiated thymidine (PerkinElmer, Rodgau, Germany) for 18 hours. Incor-
porated radioactivity was determined by using a liquid scintillation counter
(1205 Betaplate; LKB Wallac, Bromma, United Kingdom). Results are ex-
pressed as mean counts per minute of triplicate wells. For T-cell experiments,
CD4"/CD8™ T cells or CD4"CD25" T cells were finally resuspended in
RPMI-1640 complete (1 X 103 cells/100 L) stimulated with 1 X 10% (in
100 pL) hapten-modified and irradiated (3000 rad) spleen cells (highest
T-cell/spleen cell ratio, 1:10), and cells were pulsed after 24 or 48 hours, as
described above.

Cytokine ELISAs

Supernatants of LN cells were harvested after 24, 48, and 72 hours and
kept frozen at —80°C until further use. Cytokine ELISAs for IL-2 (BD
Biosciences) and IFN-y (R&D Systems Europe, Wiesbaden, Germany)
were performed according to the manufacturer’s protocol.

ELISpot for IL-10 production

An ELISpot was performed according to the manufacturer’s instructions
(BD Biosciences) and as previously described™ by using CD4* CD8", and
CD4"CD25" T cells separated by means of positive selection with magneto-
beads, as described above.

Analysis of IL-10 transcription in vivo

In vivo IL-10 transcription of T cells from skin-draining LNs was ana-
lyzed at different time points by using IL-10 transcriptional reporter mice
(VertX). Solvent or tolerizing doses of TNCB were applied epicutaneously
10 times, and mice were sensitized and challenged as described above.
IL-10 signal (GFP) was analyzed by using flow cytometry in CD4",
CD47CD25", and CD8™ T cells of skin-draining LNs obtained directly af-
ter tolerization (day 11), after sensitization (day 16), and 24 hours after chal-
lenge (day 17).

Blocking of IL-10 in vivo

For blocking IL-10 in vivo, mice were injected intraperitoneally with 500
g of anti-mouse IL-10 receptor (clone 1B1.3a; Becton Dickinson, Heidel-
berg, Germany) 1 day before LZT induction. Injection of equivalent amounts
of rat IgG; (Jackson ImmunoResearch Laoratories, Suffolk, United Kingdom)
served as a control.

Calcein staining and gap junction interactions

CD47CD25" Treg cells were obtained from skin-draining LN cells of
C57BL/6 Ly5.2 WT mice after application of solvent or tolerizing doses
of the hapten TNCB and purified as previously described. Treg cells (1 X
107) were incubated with 1 wmol/L calcein AM (Invitrogen, Darmstadt, Ger-
many) at 37°C in 5% CO, for 30 minutes.®* After intensive washing, 2 to 3
X 10° Treg cells were injected intravenously into Ly5.1 recipients, which
were sensitized after 24 hours. Twenty-four hours after injection and 72
hours after sensitization, skin-draining LNs were harvested, and calcein
transfer was detected with BD LSR2 (BD Bioscience) and analyzed with
DIVAG6.0 software.

Immunofluorescence staining and analysis of Treg
cell/DC interactions

Immunofluorescence of cryosections was performed with the TSA Cy3,
TSA Cy5, TSA Fluorescein system (PerkinElmer) and a fluorescence
microscope (Olympus IX81; Olympus, Center Valley, Pa). Tissue sections
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of popliteal LNs were cut, air-dried, fixed with 4% paraformaldehyde, and
stained overnight at 4°C in humidified chamber with primary antibody. The
following primary antibodies were used: CD4, CDI1c (both from BD
Biosciences), FOXP3, and CD45.2 (both from eBioscence). Then slides
were incubated at room temperature for 30 minutes with biotinylated
secondary antibody (anti-Armenian hamster: Dianova, Hamburg, Ger-
many; anti-rat: BD PharMingen). We evaluated the number of FOXP3™
Treg cells, which tightly interact with (injected) CD45.2 DCs in 20
high-power fields of representative histologic sections, and the mean num-
ber of Treg cells per DC was calculated for mice with LZT and mice with
CHS.
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A, Treatment of mice was performed as depicted. B, Flow cytometric analysis was conducted to analyze per-
centages of CD4"FOXP3™ (upper panel) and FOXP3"CD25" (gated on CD4™" T cells, lower panel) Treg cells
at day 0 (before treatment), days 3 and 12 (phase of tolerization), and day 27 (before sensitization) after ap-
plication of the anti-CD25 mAb (PC61). Representative data of 6 individual experiments are depicted.
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performed. Percentages of CD4"FOXP3™ Treg cells (lymphocyte gate, upper panels) and FOXP3*CD25"
Treg cells (gated on CD4™" T cells, lower panels) were analyzed before treatment at days 0, 1, and 3 (phase
of tolerization) and days 5 and day 7 (before sensitization) after application of DT.
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FIG E3. Percentages of CD4*CD25"FOXP3* Treg cells are equivalent in tolerized versus control mice. An-
imals were painted with either TNCB or solvent during tolerization and subsequently sensitized and chal-
lenged. LNs were obtained after tolerization, sensitization, and challenge. Analyses were performed for
CD25" (A-C) and CD25"9" (D-F) T cells. Expression of CD4 and CD25 (Fig E3, A and D) and FOXP3 (gated
on CD47CD25™ T cells; Fig E3, B and F) was analyzed by means of flow cytometry. One representative ex-
periment (Fig E3, A, B, D, and E) and pooled data of 4 experiments (Fig E3, C and F) are demonstrated.
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FIG E4. Evaluation of CD11c™ DC depletion. A, CD11¢c-DTR mice were injected with DT at days —1 and 0.
Subsequently, mice were tolerized by means of 4 tolerizing doses every 12 hours. B, Numbers of CD11c*
DCs in skin-draining LNs were assessed by using flow cytometry at days 0, 1, 2, and 7 after treatment
with DT. For the experiments, mice were tolerized by application of low amounts of TNCB or treated with
solvent in the absence of CD11c* DCs. After recovery of CD11¢c* DCs, sensitization and challenge were per-
formed. C, Percentages of CD4"CD25*FOXP3™ Treg cells in draining LNs after DT treatment are
demonstrated.
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FIG ES5. Increased CD80 expression on LN DCs after depletion of Treg cells. Depletion of
CD4"CD25"FOXP3" Treg cells was induced by means of injection of PC61 (anti-CD25 mAb). Mice were to-
lerized (LZT) or treated with solvent (controls). The phenotype of LN DCs was assessed by means of flow
cytometry after tolerance induction. A and B, Percentages of CD11c* MHC class I"9" DCs in LN cells
were demonstrated as mean * SD (Fig E5, A), and mean fluorescence intensity (MFI) of CD80 expression
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FIG E6. Identical percentages of calcein-positive CD4" and CD8" T cells and B cells in mice with LZT and
mice with CHS after transfer of calcein-labeled CD4*CD25" Treg cells. CD4"CD25" Treg cells were obtained
from skin-draining LN cells of Ly5.2 C57BL/6 WT mice after application of solvent (CHS) or tolerizing doses
(LZT) of the hapten TNCB, labeled with calcein, and injected intravenously into Ly5.1 WT animals. The re-
cipients were sensitized after 24 hours, and 72 hours after sensitization, skin-draining LNs were harvested
and calcein-positive Ly5.2. Treg cells (A) and the calcein transfer in Ly5.1 CD4" T cells (B), CD8" T cells (C),
and B220* B cells (D) were detected by using flow cytometry.
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FIG E7. LZT is also efficiently induced after sensitization. A, Mice were sen-
sitized and subsequently treated with solvent (CHS) or tolerizing doses
(0.45 pg) of TNCB (LZT after sensitization). B and C, After challenge, the
ear-swelling response was assessed (mean of absolute values = SDs; Fig
E7, B) and T-cell proliferation was detected (mean values of triplicates in
counts per minute; Fig E7, C) after restimulation. D, Release of IFN-y and
IL-2 by T cells is shown. Data represent one of 3 independent experiments
with similar results. **P < .01.
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