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UVB irradiation (290–320 nm) is used to treat skin diseases like psoriasis and atopic dermatitis, and is known to
suppress contact hypersensitivity (CHS) reactions in mouse models. Regulatory T cells (Treg cells) have been
shown to be responsible for this UVB-induced suppression of CHS. The epidermal growth factor (EGF)-like
growth factor amphiregulin (AREG) engages EGFR on Treg cells and, in different disease models, it was shown that
mast cell–derived AREG is essential for optimal Treg cell function in vivo. Here we determined whether AREG has a
role in UVB-induced, Treg cell–mediated suppression of CHS reactions in the skin. Our data show that AREG is
essential for UVB-induced CHS suppression. In contrast to the general assumption, however, mast cells were
dispensable for UVB-induced immune suppression, whereas basophil-derived AREG was essential. These data
reveal, to our knowledge, a previously unreported function for basophils in the homeostasis of immune
responses in the skin. Basophils thus fulfill a dual function: they contribute to the initiation of effective type 2
immune responses and, by enhancing the suppressive capacity of local Treg cell populations, also to local immune
regulation in the skin.

INTRODUCTION
UVB irradiation treatment is in wide clinical use for the
treatment of skin disorders, such as psoriasis (Almutawa et al.,
2013). Depending on the intensity and the wavelength, UVB
irradiation can induce a wide range of different physiological
responses. At low dose, UVB irradiation induces immune
suppression in mice (Toews et al., 1980; Schwarz and
Schwarz, 2011). FoxP3-expressing regulatory T cells (Treg

cells) have been shown before to have a central role in the
process of local resolution of inflammation and the induction
of peripheral tolerance (Cobbold et al., 2006), and it was
shown that this UVB irradiation–induced form of antigen-

specific immune tolerance is Treg cell–mediated and can
adoptively be transferred into naive mice (Elmets et al.,
1983; Schwarz et al., 2004). Although it is well established
that inflammatory conditions can influence Treg cell
function, the precise signals that enhance or dampen Treg

cell function during different forms of inflammation remain
poorly understood. We have recently shown that the
functionality of local Treg cells and their capacity to resolve
local inflammation is determined by signals received via the
EGFR (Zaiss et al., 2013). EGFR is highly expressed in Treg

cells (Zaiss et al., 2013), which is induced via STAT5 signaling
(Beier et al., 2012). The epidermal growth factor (EGF)-like
growth factor amphiregulin (AREG) enhances the suppressive
capacity of Treg cells in in vitro suppression assays, and mast
cell–derived AREG is essential for optimal Treg cell function
in vivo (Zaiss et al., 2013).

Here we tested whether UVB-mediated immune suppression
is dependent on AREG. Using UVB exposure–induced immune
suppression in either C57BL/6 wild type (wt) or AREG gene–
deficient mice, and transfer experiments, we show that UVB-
induced immune suppression is AREG-dependent. In contrast
to general assumption, however, we find that not mast cell–
derived AREG but basophil-derived AREG is essential for UVB-
induced suppression of contact hypersensitivity (CHS).

RESULTS
UVB exposure of 400 J m� 2 per day leads to optimal suppression 
of CHS in C57BL/6 mice
Exposure to UVB irradiation can induce a wide range of
different inflammatory reactions. Low levels of UVB irradia-
tion induce immune suppression in mice (Toews et al., 1980;
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Schwarz and Schwarz, 2011). To determine the precise
intensity at which UVB irradiation induces immune
suppression in C57BL/6 mice, mice were exposed to UVB
irradiation, ranging over different intensities, then sensitized
with the hapten DNFB and, 10 days later, challenged
with DNFB on the ear. In untreated mice, such a challenge
induces a CHS reaction that leads to ear swelling, which is a
typical form of delayed-type hypersensitivity. As shown in
Figure 1a, UVB irradiation within a specific window of
intensity induced immune suppression, reaching a maximum
at a range of 400 J m� 2 per day. UVB irradiation exposure
of a higher intensity diminished this suppression (Figure 1a).
Prior UVB irradiation treatment (400 J m�2 per day) enhanced
the portion of FoxP3-expressing T cells in the ear-draining
lymph nodes (EDLNs) of challenged mice (Figure 1b),
which directly correlated with diminished IFNg and IL-17
expression in the EDLNs (Figure 1c and d, respectively).
These data show that UVB irradiation exposure at 400 J m� 2

per day induces the most optimal suppression of CHS in
C57BL/6 mice.

Lack of UVB irradiation–induced immune suppression in AREG
gene-deficient mice

UVB-mediated suppression is transferrable and has been
shown to be Treg cell mediated (Elmets et al., 1983; Schwarz
et al., 2004). As we have shown that Treg cells, for optimal
function, are dependent on AREG-induced EGFR signaling,
we tested the role of AREG in UVB-induced immune
suppression. To this end, we exposed both C57BL/6 wt and
AREG gene–deficient mice to UVB irradiation, sensitized
them, and challenged them 10 days later on the ear. In
agreement with an earlier study that showed that AREG is not
essential for the induction of CHS in mice (Yagami et al.,
2010), both non-UVB-treated wt and AREG-deficient control
mice developed a clear CHS reaction upon challenge.
Challenge of non-sensitized mice led to minor ear swelling
only. UVB irradiation induced immune suppression of CHS in
wt mice, whereas UVB irradiation treatment had no immune
tolerizing effects in AREG gene–deficient mice (Figure 2a and
b). These data show that UVB-mediated immune suppression
is dependent on AREG expression.

Efficient suppression of CHS by Treg cells is dependent on AREG
expression

AREG enhances Treg function in vivo and in in vitro suppres-
sion assays (Zaiss et al., 2013). To determine whether this
UVB-induced and AREG-dependent form of immune
suppression is Treg cell mediated, we performed cell transfer
experiments from UVB-treated animals into animals that had
not been exposed to UVB. First, we transferred cells isolated
from the skin-draining lymph nodes (SDLNs, i.e., inguinal, axial,
and brachial lymph nodes) of UVB-exposed C57BL/6 animals
into wt C57BL/6 or AREG gene–deficient mice. Tracing of the
transferred cells in the spleen of recipient mice, based on the
expression of CD45.1 and CD45.2 congenic markers, showed
that similar amounts of cells had been transferred (Figure 3a).
These transferred cells conferred their suppressive capacity onto
wt but not onto AREG gene–deficient recipient mice (Figure 3b).
Because, after challenge, frequencies of transferred Treg cells in
the ear-draining lymph nodes of wt and AREG gene-deficient
recipient mice were similar (Figure 3c), we concluded that
AREG expression in recipient mice was essential for efficient
UVB-mediated immune suppression.

To verify that Treg cells mediated the observed immune
suppression, Treg cells were purified from UVB-exposed FoxP3-
GFP transgenic mice by FACS sorting and were transferred
into wt C57BL/6 or AREG gene–deficient mice. As shown
in Figure 4a, transfer of Treg cells was sufficient to induce
suppression of CHS in wt but not in AREG gene–deficient
mice. Thus, Treg cells contribute to UVB-induced immune
suppression.

To determine whether the requirement for AREG in this
model was mediated through a direct effect on Treg cells, we
transferred similar amounts of cells isolated from the SDLNs of
either UVB-exposed wt C57BL/6 or CD4cre� EGFRfl/fl mice (a
mouse strain that lacks EGFR expression specifically on T
cells) into wt C57BL/6 mice. Transferred cells derived from
UVB-treated wt mice suppressed CHS significantly (P¼ 0.007)
better in recipient mice compared with cells derived from
UVB-treated mice that lacked EGFR expression in T cells
(Figure 4b). These data show that AREG acts directly on Treg

cells and enhances their suppressive capacity in this hyper-
sensitivity model.

0

1

2

3

4

5

6

7

UVB +

***

0

1

2

3

4

5

UVB +

**

0

1

2

0.5

1.5

UVB – – –+

***

0 200 400 800
0

20

60

40

80

100

120
*

*

E
ar

 s
w

el
lin

g 
(μ

m
)

UVB, J m–2 per day

F
ox

P
3 

/ C
D

3 ε
 (2

–Δ
ΔC

t )

IN
F

y 
/ C

D
3 ε

 (2
–Δ

ΔC
t )

IL
-1

7 
/ C

D
3 ε

 (2
–Δ

ΔC
t )

Figure 1. UVB irradiation suppresses contact hypersensitivity-induced ear swelling in mice. C57BL/6 wt mice were exposed to different intensities of UVB 
irradiation and were then sensitized with DNFB. Ten days later mice were challenged on both ears, and (a) ear swelling was measured after 48 hours of challenge. 
Ear-draining lymph nodes (EDLNs) were extracted for quantitative PCR analysis of CD3e, FoxP3 (b), IFNg (c), and IL-17 (d) mRNA expression. Bars represent 
average þ SEM; n ¼ 4–7 mice per group, and dots represent individual mice. wt, wild type.*P ¼ 0.0286; **P ¼ 0.0012; ***P ¼ 0.0006.
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Suppression of CHS is dependent on basophil-derived AREG

To determine the physiologically relevant source of AREG that
enables Treg cells to suppress CHS, we induced UVB-induced
immune suppression in the mast cell–deficient mouse strain
c-kitw-sh. To our surprise, c-kitw-sh mice were perfectly capable
of suppressing CHS upon UVB exposure (Figure 5a). These
findings are in contrast to the findings of Hart et al. (1998), who
reported that mast cells were essential for UVB-induced
immune suppression. This group, however, used a mast cell–
deficient mouse strain with a mutation in the c-kit receptor (Wf/
Wf), which in addition to mast cell deficiency also displays
basophil deficiency (Mancardi et al., 2011). Not only mast

cells but also human basophils (Qi et al., 2010) as well as
murine (Monticelli et al., 2011) and human type-2 innate
lymphoid cells (ILC-2) have been reported to produce AREG
(Salimi et al., 2013). All these cell types are known to have an
important role in inflammatory conditions in the skin. We
therefore first tested whether murine basophils also express
AREG. To this end, we differentiated basophils in vitro and
labeled them with FITC-labeled IgE antibodies. Basophils were
then FACS sorted on the basis of IgE binding as well as CD49b
and c-kit expression. IgE-bound cells that expressed CD49b but
not c-kit (i.e., basophils) were then activated by antigen-
specific cross-linking or via phorbol 12-myristate 13-acetate/
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Figure 2. UVB irradiation suppresses ear swelling in wt but not in AREG� / � mice. C57BL/6 wt and AREG� / � mice were either irradiated or left untreated. All 
mice were sensitized with DNFB and challenged 10 days later. (a) Ear swelling was measured, and (b) the percentage of suppressed ear swelling in UVB-exposed 
versus unexposed control animals was determined. Bars represent average þ SEM; n ¼ 7 mice per group, and dots represent individual mice. AREG, amphiregulin; 
wt, wild type. ***P ¼ 0.0006.
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Figure 3. Transferred skin-draining lymph node cells confer the ability to suppress CHS onto wt but not AREG� / � mice. Naive CD45.1.2 BL/6 wt mice were 
irradiated and sensitized. Five days later cells from the skin-draining lymph nodes (SDLNs) were transferred into naive CD45.1 BL/6 wt or into naive AREG� / � 

mice (CD45.2). Recipient mice were sensitized and challenged 10 days later. (a) Frequency of transferred lymphocytes in the spleen of C57BL/6 and AREG gene-

deficient recipient mice was determined, (b) ear swelling was measured in recipient mice and in control mice that had not received SDLN, and (c) the frequency of 
Treg cells in the ear-draining lymph nodes of recipient mice was determined. Bars represent average þ SEM; n ¼ 7 mice per group, and dots represent individual 
mice. AREG, amphiregulin; CHS, contact hypersensitivity; wt, wild type. ***P ¼ 0.0006.
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ionomycin activation. Either way of activation induced
expression of AREG in basophils (Supplementary Figure S1
online). These data demonstrate that activated mouse baso-
phils express AREG.

To test whether basophils and/or ILC-2 are involved in the
suppression of CHS in mice that have been tolerized by UVB
exposure, we tested mice that either lack basophils, i.e.,
Mcpt8cre transgenic mice (Ohnmacht et al., 2010), or lack
ILC-2, i.e., RORa gene–deficient mice (Wong et al., 2012), for
their involvement in UVB irradiation–induced immune suppres-
sion. As both cell types also have a central role in the initiation

of immune responses and in the attraction of other leukocytes to
the site of inflammation, and as RORa gene–deficient mice
have a lethal phenotype that is not connected to the immune
system (so-called ‘‘staggerer’’), we established mixed bone
marrow chimeric (BMX) mice with a 1:1 mixture of bone
marrow (BM) derived from AREG gene–deficient mice and
either Mcpt8cre transgenic or RORa gene–deficient mice.
Because of homeostatic expansion, frequencies of basophils
and ILC-2 in these newly established BMX mice will be the
same at 8 weeks after reconstitution. However, in BMX mice
that received Mcpt8cre transgenic BM all basophils will be
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Figure 4. Suppression is transferred by Treg cells whose function is dependent on AREG. (a) Naive FoxP3-GFP transgenic mice were irradiated and sensitized. 
Five days later Treg cells were purified from the skin-draining lymph nodes (SDLNs) and spleen and transferred into naive C57BL/6 wt or AREG� / � mice. Recipient 
and control mice that had not received Treg cells were sensitized and challenged 10 days later. Ear swelling was measured. **P ¼ 0.0064. (b) C57BL/6 wt or 
CD4cre � EGFRfl/fl mice were irradiated and sensitized. Five days later lymphocytes derived from the skin-draining lymph nodes (SDLNs) were transferred into 
naive C57BL/6 wt mice. Recipient mice were sensitized and then challenged 10 days later, and ear swelling in recipient mice versus control mice was determined. 
Bars represent average þ SEM; n ¼ 7 mice per group, and dots represent individual mice. AREG, amphiregulin; Treg, regulatory T cells; wt, wild type. No SDLN vs. 
wt SDLN: ***P ¼ 0.0006; wt SDLN vs. EGFR� / � SDLN: **P ¼ 0.007.
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Figure 5. Basophil-derived AREG is essential for UVB irradiation–induced immune suppression. (a) Mast cell–deficient c-kitw-sh mice were irradiated and then 
sensitized with DNFB. Ten days later mice were challenged on both ears, and ear swelling was measured after 48 hours. (b and c) C57BL/6 mice were irradiated 
with 10 Gy gamma irradiation and reconstituted with a 1:1 mixture of bone marrow (BM) derived from AREG� / � and Mcpt8cre transgenic or derived from 
AREG� / � and RORa � / � mice. (b) Eight weeks after reconstitution, frequency of basophils in the spleen was measured by flow cytometry. (c) Reconstituted mice 
were irradiated with UVB light and then sensitized. Ten days later mice were challenged on both ears, and ear swelling was measured after 48 hours. Bars represent 
average þ SEM; n ¼ 5–6 mice per group, and dots represent individual mice. AREG, amphiregulin; ILC-2, type-2 innate lymphoid cells. *P ¼ 0.0303; **P ¼ 0.0065.
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derived from the AREG gene-deficient donor, whereas in mice
that received RORa gene–deficient BM all ILC-2 will be derived
from AREG gene-deficient donors. Eight weeks after reconstitu-
tion, we detected similar frequencies of basophils in the spleen
of all BMX mice (CD49bþ cells, Figure 5b), which demon-
strates that all basophils in the spleen of BMX mice that received
a mix of AREG gene-deficient and Mcpt8cre transgenic BM
were derived from the AREG gene–deficient BM donor.

Eight weeks after reconstitution, mice were tested for UVB-
induced suppression of CHS. BMX mice that lacked AREG
expression in ILC-2 showed a high variability of responses but
an overall significant suppression of CHS (Figure 5c). How-
ever, BMX mice that lacked AREG expression in basophils did
not show any substantial suppression of CHS (Figure 5c).

Taken together, these data show that, in the skin, basophil-
derived AREG is essential for Treg cell–mediated suppression of
CHS in mice.

DISCUSSION
In contrast to published data (Hart et al., 1998), our data
reveal that not mast cells but basophils have an essential role
in UVB-induced immune suppression in mice. These results
reveal a, to our knowledge, previously unreported function of
basophils in the regulation of immune responses in the skin.
So far, basophils have been best known for their early
production of IL-4 (Sokol et al., 2009), for their contribution
to Th2 cell differentiation (Perrigoue et al., 2009; Sokol et al.,
2009; Yoshimoto et al., 2009), for their association with the
pathogenesis of allergic (Dvorak and Mihm, 1972; Ohnmacht
et al., 2010) and atopic dermatitis (Ito et al., 2011), and with
the induction of anaphylaxis in specific mouse models
(Tsujimura et al., 2008). Also their unique contribution to
protective immunity against helminth infections (Ohnmacht
and Voehringer, 2010) and ticks (Wada et al., 2010) is well
established. Recently, however, it became apparent that
basophils are of high importance in the regulation of skin
homeostasis also (Egawa et al., 2013). For instance, basophils
mediate the differentiation of inflammatory monocytes into
alternatively activated, so-called M2 macrophages at the site
of inflammation. This differentiation of inflammatory
monocytes into M2 macrophages within allergic skin lesions
significantly contributes to the alleviation of allergic skin
inflammation (Egawa et al., 2013). Here we reveal a, to our
knowledge, previously unreported function of basophils
during skin inflammation—i.e., to enable local Treg cells to
suppress CHS. The unexpected discovery of this immune
regulatory function for basophils is in line with a number of
other findings that indicate a substantial contribution of type 2
immune responses to immune suppression and tissue repair
(Allen and Wynn, 2011; Gause et al., 2013).

Predominantly, mast cells have so far been associated with
immune suppressive functions in the skin. So is, for instance,
in a skin transplant model the collaboration between Treg cells
and mast cells essential for the induction of immune tolerance
(Lu et al., 2006). Also in a chronic UVB irradiation model, it
has been shown that mast cell–derived IL-10 has an important
role in the dampening of sunburn-associated inflammation in
the skin (Grimbaldeston et al., 2007). In addition, we have

shown that mast cell–derived AREG is essential for optimal
Treg cell function in BM transplantation–induced skin rejec-
tion, in T-cell–mediated colitis, and in a tumor vaccination
model (Zaiss et al., 2013). All these examples are forms of
slowly developing, chronic inflammation. Thus, it is tempting
to speculate that a chronic form of inflammation allows mast
cells to immigrate, proliferate, and differentiate at the site of
inflammation. In CHS, however, antigen-specific Treg cells are
induced by UVB exposure on the back of a mouse, whereas
acute inflammation is induced in the ear of a mouse.
Basophils are one of the first cells that infiltrate the site of
inflammation but, with a half-life of about 2 days, are also
relatively short-lived (Ohnmacht and Voehringer, 2009).
Remarkably, our data indicate that AREG derived from
ILC-2 appears to have a less strong influence on Treg cell
function in UVB-induced immune suppression of CHS than
that derived from basophils (Figure 4a). Substantial numbers of
ILC-2 can be found in non-inflamed skin (Roediger et al.,
2013), and it will be interesting to investigate in future
studies why basophils contribute significantly better to the
Treg cell–mediated suppression of CHS than do ILC-2.

Given these observed differences in the different types of
inflammation, it is tempting to speculate that mast cells and
basophils fulfill similar functions at different stages of inflam-
mation. Although mast cells carry type 2 responses during later
phases of inflammation, basophils may have a more important
role during early phases of local inflammatory responses. In this
regard it is interesting to note that mast cells can not only
enhance Treg cell function (Zaiss et al., 2013) but can also
suppress it. For instance, degranulation of mast cells
temporarily abolishes Treg cell function in vivo (de Vries
et al., 2009), a process possibly mediated via histamine-
mediated suppression of Treg cell function (Forward et al.,
2009). Similarly, exposure of basophils to T-cell–derived IL-3
induces AREG expression (Qi et al., 2010). The amounts of
AREG expressed by basophils are much higher when
stimulated by IL-3 than by IgE cross-linking, which was in
direct negative correlation to IL-4 expression and histamine
release by basophils (Qi et al., 2010). Thus, it is attractive to
speculate that, in the case of basophils as well, the type of
inflammation determines whether basophils enhance or
diminish the suppressive capacity of local Treg cell
populations. In this regard, it is also very interesting to note
that a developmental and functional heterogeneity within
basophil populations has been revealed recently (Siracusa
et al., 2011). One type of basophils, the so-called IL-3-
elicited basophils, is highly sensitive to IgE cross-linking and
degranulates and releases histamine upon IgE-mediated
activation. The other type of basophils, the so-called thymic
stromal lymphopoietin-elicited basophils, is less sensitive to
IgE-mediated cross-linking but readily produces cytokines upon
exposure to IL-3 or IL-33 (Siracusa et al., 2011). Thymic stromal
lymphopoietin is a predominant epithelial cell–derived cyto-
kine expressed in the skin. Therefore, it would be interesting to
see whether these two different basophil populations might
have opposing roles in Treg cell–mediated regulation of local
inflammation in the skin, which would further emphasize the
special role the skin has in immune regulation.
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MATERIALS AND METHODS 
Mice

C57BL/6 mice were purchased from Charles River and Harlan.

C57BL/6 FoxP3-GFP transgenic, c-kitw-sh, CD4cre� EGFRflox/flox,

AREG gene–deficient mice, C57BL/6.SJL (CD45.1), and CD45.1.2

mice (F1 of C57BL/6�C57BL/6.SJL) were bred in-house under

specific pathogen-free conditions. AREG gene–deficient mice had

been backcrossed at least 14 times onto C57BL/6 (Zaiss et al., 2006).

Mice were used between 7 and 17 weeks of age. All animal

experiments had been approved by the Committee on Animal

experiments of Utrecht University prior to their performance.

UVB irradiation and induction of CHS

TL20W/12 lamps (Philips, Eindhoven, The Netherlands) were used for

the UVB irradiation. This lamp has about 60% output in the UVB

range and an emission spectrum ranging from 280 to 350 nm

with a maximum of around 310 nm. Relative spectral distribution

measurement of the UVB source was ascertained with a calibrated

standard UV-visible spectrometer (model 752, Optronic Laboratories,

Gooch & Housego, Berlin, Germany). Throughout the experiments

irradiation of the mice was monitored with a UVB detector device of

Waldmann (Waldmann, Villingen-Schwenningen, Germany), which

was calibrated with the above-mentioned spectrometer. A 4� 2.5 cm

field on the backs of mice was shaved. Mice were then either

irradiated with the broadband UVB irradiation for 4 consecutive

days or left untreated. The UVB intensity was measured before

each experiment. Twenty-four hours after the last UVB irradiation,

all mice were sensitized to DNFB by painting 25ml 0.3% DNFB,

dissolved in a 4:1 acetone/olive oil mixture, onto their shaved backs.

Ten days after sensitization, mice were challenged on the ear with

20ml 0.1% DNFB, dissolved in a 4:1 acetone/olive oil mixture. The

challenge was repeated 24 hours later and ear thickness was mea-

sured 24 hours later, using a digital micrometer (‘‘Quick Mini’’,

Mitutoyo, Kawasaki, Japan). Ear swelling was calculated by subtract-

ing the thickness of the ear prior to the challenge from the thickness of

the ear 48 hours after challenge. Average swelling of both ears was

used for further analysis.

Adoptive transfer of immune response

Five days after UVB irradiation and DNFB sensitization, donor wt

C57BL/6 or FoxP3-GFP transgenic mice were sacrificed by cervical

dislocation, the skin-draining lymph nodes (inguinal, axillary, and

brachial lymph nodes) were excised, and 1� 107 SDLN cells or

4� 105 FACS sorted Treg cells were transferred into naive hosts

via intravenous injection. Induction of contact hypersensitivity

was performed as described above. FACS-based cell sorting was

performed on a BD Influx Cell sorter.

Antigen-specific activation of in vitro-differentiated basophils

BM was isolated from C57BL/6 mice and differentiated in the

presence of WEHI cell supernatant containing recombinant murine

IL-3 for 7 days. Cells were then incubated with anti-CD49-PE, anti-c-

kit-APC antibodies, and fluorescein isothiocyanate-conjugated IgE

antibody specific for dinitrophenol (H1 dinitrophenyl-epsilon 26.82)

(Liu et al. 1980). Fluorescein isothiocyanate-labeled cells (Fc-e-R
positive) were FACS sorted on the basis of CD45b expression

(basophils) and lack of c-kit expression (to exclude mast cells).

Purified basophils were activated in the presence of 100 ng ml� 1

dinitrophenyl-BSA or phorbol 12-myristate 13-acetate/ionomycin, or

were left untreated.

Generation of mixed BM chimeras

Mixed BMX mice were generated as previously described (Zaiss et al.

2008). In short, BM donor cells from C57BL/6 wt and RORa
gene–deficient or from C57BL/6 wt and Mcpt8cre transgenic mice

were mixed 1:1, and 107 cells were transferred intravenously. into

lethally irradiated (10 Gy) C57BL/6 wt acceptor mice. Eight weeks

after BM transfer, reconstituted mice were subjected to UVB-induced

immune suppression as described above.

Sample collection and flow cytometry

Cells were isolated from spleen and EDLNs, red blood cells were

removed, and cell surface staining of CD4 was performed. Staining

for CD45.1 and CD45.2 was performed for at least 20 mins at 4 1C in

the presence of Fc-block (2.4G2). Intercellular staining for FoxP3 was

performed according to the manufacturer’s specifications using a

FoxP3 intracellular staining kit (eBioscience, Vienna, Austria). Sam-

ples were measured using a FACS CantoII (BD Biosciences, Breda,

The Netherlands) and analyzed with FlowJo software (Tree star,

Ashland, OR).

Quantitative real-time reverse transcription-PCR

Total mRNA was extracted from the EDLNs after challenge using

TRIzol (Invitrogen, Paisley, UK) and further treated as previously

described (Meulenbroeks et al. 2013). reverse transcription-PCR for

IL-4, IFNy, FoxP3, CD3e, and 18 S was performed according to the

manufacturer’s instructions using TaqMan Gene Expression Assays

(Applied BioSystems, Paisley, UK) Mm00445259, Mm00801778,

Mm00475162, Mm00599684, and 4352930E, respectively.

Statistics

Statistical analysis between two groups was performed with a two-

tailed Mann–Whitney U-test using statistical software (GraphPad

Prism 6.0, La Jolla, CA). P-values o0.05 were considered significant.

In the Figures, * depicts a P-value o0.05, ** a P-value o0.01, and

*** a P-value o0.001.

CONFLICT OF INTEREST
The authors state no conflict of interest.

ACKNOWLEDGMENTS
We thank Fumio Takei for the donation of RORa � / � BM. This work was 
supported by a stimulation grant from the University of Utrecht and a grant 
from the Dutch Technology Foundation (STW-NWO).

REFERENCES

Allen JE, Wynn TA (2011) Evolution of Th2 immunity: a rapid repair response
to tissue destructive pathogens. PLoS Pathog 7:e1002003

Almutawa F, Thalib L, Hekman D et al. (2013) Efficacy of localized
phototherapy and photodynamic therapy for psoriasis: a systematic
review and meta-analysis. Photodermatol Photoimmunol Photomed;
e-pub ahead of print 28 November 2013; doi:10.1111/phpp12092

6



Beier UH, Wang L, Han R et al. (2012) Histone deacetylases 6 and 9 and
sirtuin-1 control Foxp3þ regulatory T cell function through shared and
isoform-specific mechanisms. Sci Signaling 5:ra45

Cobbold SP, Adams E, Graca L et al. (2006) Immune privilege induced
by regulatory T cells in transplantation tolerance. Immunol Rev 213:
239–55

de Vries VC, Wasiuk A, Bennett KA et al. (2009) Mast cell degranulation breaks
peripheral tolerance. Am J Transplant 9:2270–80

Dvorak HF, Mihm MC Jr (1972) Basophilic leukocytes in allergic contact
dermatitis. J Exp Med 135:235–54

Egawa M, Mukai K, Yoshikawa S et al. (2013) Inflammatory monocytes
recruited to allergic skin acquire an anti-inflammatory M2 phenotype
via basophil-derived interleukin-4. Immunity 38:570–80

Elmets CA, Bergstresser PR, Tigelaar RE et al. (1983) Analysis of the mechanism
of unresponsiveness produced by haptens painted on skin exposed to low
dose ultraviolet radiation. J Exp Med 158:781–94

Forward NA, Furlong SJ, Yang Y et al. (2009) Mast cells down-regulate CD4þ
CD25þ T regulatory cell suppressor function via histamine H1 receptor
interaction. J Immunol 183:3014–22

Gause WC, Wynn TA, Allen JE (2013) Type 2 immunity and wound healing:
evolutionary refinement of adaptive immunity by helminths. Nat Rev
Immunol 13:607–14

Grimbaldeston MA, Nakae S, Kalesnikoff J et al. (2007) Mast cell-derived
interleukin 10 limits skin pathology in contact dermatitis and chronic
irradiation with ultraviolet B. Nat Immunol 8:1095–104

Hart PH, Grimbaldeston MA, Swift GJ et al. (1998) Dermal mast cells
determine susceptibility to ultraviolet B-induced systemic suppression of
contact hypersensitivity responses in mice. J Exp Med 187:2045–53

Ito Y, Satoh T, Takayama K et al. (2011) Basophil recruitment and activation in
inflammatory skin diseases. Allergy 66:1107–13

Liu FT, Bohn JW, Ferry LE et al. (1980) Monoclonal dinitrophenyl-specific
murine IgE antibody: preparation, isolation, and characterization.
J Immunol 124:2728–37

Lu LF, Lind EF, Gondek DC et al. (2006) Mast cells are essential intermediaries
in regulatory T-cell tolerance. Nature 442:997–1002

Mancardi DA, Jönsson F, Iannascoli B et al. (2011) Cutting Edge: the murine
high-affinity IgG receptor FcgRIV is sufficient for autoantibody-induced
arthritis. J Immunol 186:1899–903

Meulenbroeks C, van der Meide NM, Zaiss DM et al. (2013) Seasonal
differences in cytokine expression in the skin of Shetland ponies suffering
from insect bite hypersensitivity. Vet Immunol Immunopathol 151:147–56

Monticelli LA, Sonnenberg GF, Abt MC et al. (2011) Innate lymphoid cells
promote lung-tissue homeostasis after infection with influenza virus. Nat
Immunol 12:1045–54

Ohnmacht C, Schwartz C, Panzer M et al. (2010) Basophils orchestrate chronic
allergic dermatitis and protective immunity against helminths. Immunity
33:364–74

Ohnmacht C, Voehringer D (2009) Basophil effector function and homeostasis
during helminth infection. Blood 113:2816–25

Ohnmacht C, Voehringer D (2010) Basophils protect against reinfection
with hookworms independently of mast cells and memory Th2 cells.
J Immunol 184:344–50

Perrigoue JG, Saenz SA, Siracusa MC et al. (2009) MHC class II-dependent
basophil-CD4þ T cell interactions promote T(H)2 cytokine-dependent
immunity. Nat Immunol 10:697–705

Qi Y, Operario DJ, Oberholzer CM et al. (2010) Human basophils express
amphiregulin in response to T cell-derived IL-3. J Allergy Clin Immunol
126:1260–6. e4

Roediger B, Kyle R, Yip KH et al. (2013) Cutaneous immunosurveillance and
regulation of inflammation by group 2 innate lymphoid cells. Nat
Immunol 14:564–73

Salimi M, Barlow JL, Saunders SP et al. (2013) A role for IL-25 and IL-33-driven
type-2 innate lymphoid cells in atopic dermatitis. J Exp Med 210:2939–50

Schwarz A, Maeda A, Wild MK et al. (2004) Ultraviolet radiation-induced
regulatory T cells not only inhibit the induction but can suppress the
effector phase of contact hypersensitivity. J Immunol 172:1036–43

Schwarz T, Schwarz A (2011) Molecular mechanisms of ultraviolet radiation-
induced immunosuppression. Eur J Cell Biol 90:560–4

Siracusa MC, Saenz SA, Hill DA et al. (2011) TSLP promotes interleukin-3-
independent basophil haematopoiesis and type 2 inflammation. Nature
477:229–33

Sokol CL, Chu NQ, Yu S et al. (2009) Basophils function as antigen-presenting
cells for an allergen-induced T helper type 2 response. Nat Immunol
10:713–20

Toews GB, Bergstresser PR, Streilein JW (1980) Epidermal Langerhans cell
density determines whether contact hypersensitivity or unresponsiveness
follows skin painting with DNFB. J Immunol 124:445–53

Tsujimura Y, Obata K, Mukai K et al. (2008) Basophils play a pivotal role in
immunoglobulin-G-mediated but not immunoglobulin-E-mediated sys-
temic anaphylaxis. Immunity 28:581–9

Wada T, Ishiwata K, Koseki H et al. (2010) Selective ablation of basophils in
mice reveals their nonredundant role in acquired immunity against ticks. J
Clin Invest 120:2867–75

Wong SH, Walker JA, Jolin HE et al. (2012) Transcription factor RORalpha is
critical for nuocyte development. Nat Immunol 13:229–36

Yagami A, Kajiwara N, Oboki K et al. (2010) Amphiregulin is not essential for
induction of contact hypersensitivity. Allergol Int 59:277–84

Yoshimoto T, Yasuda K, Tanaka H et al. (2009) Basophils contribute to T(H)2-
IgE responses in vivo via IL-4 production and presentation of peptide-
MHC class II complexes to CD4þ T cells. Nat Immunol 10:706–12

Zaiss DM, Yang L, Shah PR et al. (2006) Amphiregulin, a TH2 cytokine
enhancing resistance to nematodes. Science 314:1746

Zaiss DM, de Graaf N, Sijts AJ (2008) The proteasome immunosubunit
multicatalytic endopeptidase complex-like 1 is a T-cell-intrinsic factor
influencing homeostatic expansion. Infect Immun 76:1207–13

Zaiss DM, van Loosdregt J, Gorlani A et al. (2013) Amphiregulin enhances
regulatory T cell-suppressive function via the epidermal growth factor
receptor. Immunity 38:275–84

7



0 1hr 4hrs 1hr
cross-link P/I

100

10

1

0.1

A
R

EG
 / 

18
S  

(2
-

Ct
)

Meulenbroeks et al.
Supplementary Figure 1:

Fig. S1: Activated mouse basophils express Amphiregulin.

Basophils were in vitro di�erentiated from BM cells in the presence of recombinant IL3. 
Di�erentiated cells were stained with �uorescence labeled IgE antibodies and with antibodies to 
detect CD49b and c-kit expression, and IgE-positive, CD49b positive, c-kit negative cells 
(the basophil population) were puri�ed by FACS-sort. Cells were then activated by FcεR cross linking 
or with PMA/Ionomycin. AREG expression was measured by real time-PCR. 
scDNA levels were equalized to 18S expression.  
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