
ORIGINAL RESEARCH

IL-33 increases ST2+ Tregs and promotes metastatic tumour growth in the lungs in
an amphiregulin-dependent manner
E.C. Halvorsena,b, S.E. Franksa, B.J. Wadswortha,c, B.T. Harbourne a, R.A. Cederberga,c, C.A. Steerb,d, I. Martinez-
Gonzalezd, J. Caldera,c, W.W. Lockwooda,b,c, and K.L. Bennewitha,b,c

aIntegrative Oncology Department, BC Cancer, Vancouver, BC, Canada; bInterdisciplinary Oncology Program, University of British Columbia,
Vancouver, BC, Canada; cDepartment of Pathology and Laboratory Medicine, University of British Columbia, Vancouver, BC, Canada; dTerry Fox
Laboratory, BC Cancer, Vancouver, BC, Canada

ABSTRACT
Regulatory T cells (Tregs) facilitate primary and metastatic tumour growth through the suppression of
anti-tumour immunity. Emerging evidence suggests a distinct role for Tregs in mediating tissue repair
and barrier integrity in the lungs by IL-33 mediated production of the growth factor amphiregulin
(AREG). Dependent on the type of cancer and local microenvironment, AREG may induce tumour cell
proliferation, invasion, migration or resistance to apoptosis by signaling through the epidermal growth
factor receptor (EGFR). We have found that IL-33 is dramatically increased in and around metastatic
tumour foci in the lungs of mice bearing orthotopic murine mammary tumours. We observed that Tregs
express significantly more of the IL-33 receptor, ST2, relative to conventional T cells, that ST2+ Tregs
accumulate in the lungs of metastatic tumour-bearing mice, and that ST2+ Tregs produce significantly
more AREG than ST2− Tregs. The intranasal administration of recombinant IL-33 increased the propor-
tion of AREG producing ST2+ Tregs and enhanced the level of phosphorylated EGFR in the metastatic
lungs. While recombinant AREG did not impact mammary tumour cell proliferation in vitro despite
inducing a dose-dependent increase in phosphorylated EGFR, intranasal administration of AREG resulted
in a ten-fold increase in pulmonary metastatic tumour burden in vivo. Further, the intranasal adminis-
tration of recombinant IL-33 significantly increased metastatic tumour burden in the lungs in an
amphiregulin-dependent manner. These data identify ST2+ Tregs as a microenvironmental source of
AREG in the lungs of mice with orthotopic metastatic mammary tumours and highlight an important
role for AREG in promoting metastatic tumour growth in the lungs.
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Introduction

Tregs are an immune suppressive T cell population essential for
mediating peripheral tolerance toward innocuous antigens, pre-
venting autoimmunity,1 and limiting inflammation-induced tis-
sue damage.2 Tregs may suppress the activity of effector T cells
through contact-dependent mechanisms such as expression of
the cell surface receptors cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) and programmed cell death protein or
ligand 1 (PD-1/PD-L1), through the sequestration of IL-2, or
by production of soluble suppressive molecules such as inter-
leukin-10 (IL-10), TGF-β, and adenosine.3 The immune sup-
pressive function of Tregs may be co-opted by tumours as a
mechanism to evade immune detection and Tregs may actively
contribute to cancer progression by suppressing anti-tumour
immunity.4 Elevated proportions of tumour-infiltrating
CD4+CD25+Foxp3+ Tregs are associated with the growth and
metastasis of many types of solid tumours including those of the
lung5 and breast.6,7 While the function of Tregs in promoting
primary tumour growth has been well characterized across a
variety of malignancies, the role of Tregs in promoting meta-
static development is an area of active investigation.4 Innovative

therapeutic strategies are needed for the treatment of metastases,
which account for more than 90% of cancer-associated deaths.8

There is currently great interest in targeting Tregs to promote
the activity of anti-tumour effector cells. Indeed, we and others
have shown that inhibition of Treg homing,9 targeting of Treg
function,10 or systemic Treg ablation11 can reduce primary and/
or metastatic tumour growth. In addition to promoting tumour
growth by immune suppression, Tregs may exert a tissue pro-
tective effect in an “innate” manner by producing the growth
factor amphiregulin (AREG), perhaps in response to stimulation
with the IL-1 family cytokine, IL-33.12 IL-33 demonstrates pleio-
tropic activity as a damage-associated molecular pattern
(DAMP), a regulator of pro-inflammatory gene expression,
and a cytokine that drives Th2 immunity in the context of
allergy,13 fibrosis,14 maintenance of tissue barrier integrity, and
wound repair.15 Under homeostatic conditions, IL-33 is princi-
pally expressed in the nucleus of epithelial and endothelial cells
bound to chromatin. In response to cell stress or necrosis-asso-
ciated tissue damage, full length IL-33 is released extracellularly
to serve as an alarm signal that recruits immunemodulatory cells
such as neutrophils, which produce proteases (cathepsin G and
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elastase) that cleave IL-33 to an enhanced bioactive form to
subsequently promote Th2 cytokine production (IL-4, IL-5, IL-
13).16 Activated myeloid cells may also produce IL-33 as a
danger signal in response to toll-like receptor (TLR) stimulation
during infection.17 The pro-inflammatory function of IL-33 may
promote immune suppression by recruitment of suppressive
immune cell populations expressing the cognate receptor ST2
(IL1RL1).18 The membrane-bound variant of ST2 functions as
the only known receptor for IL-33 and initiates MyD88/NF-κB
signaling upon ligand binding, whereas the soluble form of ST2
(sST2) acts as a decoy to bind extracellular IL-33 and inhibit
downstream signaling.19,20 ST2 can be expressed on mast cells,
Th2 cells, Tregs, type 2 innate lymphoid cells (ILC2s), and is
weakly expressed by several myeloid cell subsets including M2
macrophages.21

AREG is a downstream product of IL-33/ST2 signaling in
ILC2 cells in the gut and lungs,22,23 and AREG can be pro-
duced by epithelial cells, endothelial cells, and several leuko-
cyte populations including Tregs.24,25 AREG production can
also be stimulated by interaction of IL-18 with the IL-18R
expressed by Tregs and several other cell types.12 Secretion of
AREG by Tregs is important for mediating skeletal muscle
repair26 and for the repair of infection-induced tissue damage
in the lungs,12 with Treg specific deficiency in AREG asso-
ciated with lung tissue damage and decreased oxygenation
during challenge with influenza virus.12 AREG is a ligand of
the epidermal growth factor receptor (EGFR) and, in the
context of epithelial malignancies, AREG may promote
tumour cell proliferation, invasion, migration or resistance
to apoptosis depending on the type of cancer and local
microenvironment.24 AREG functions as a growth factor for
mammary epithelial cells by signaling through EGFR,27 and in
breast cancer patients AREG expression has been associated
with the presence of invasive disease.28 It was recently shown
that AREG expression is increased by intra-tumoural Tregs
after intravenous injection of EO771 mammary tumour cells
or Lewis lung carcinoma (LLC) cells, and that CD4+ T cell-
specific knockout of AREG reduced the development of
EO771 and LLC foci in the lungs after i.v. injection.29

However, the role of AREG in IL-33-stimulated growth of
spontaneously metastasizing mammary tumours in the lungs
and the viability of AREG as a therapeutic target to treat
mammary tumour metastases are unknown.

Using orthotopically implanted models of metastatic mur-
ine mammary carcinoma, we found robust IL-33 staining in
and around metastatic tumour foci that develop in the lungs.
We identified that Tregs express significantly more ST2 rela-
tive to conventional T cells in the lungs and that AREG-
producing ST2+ and IL-18R+ Tregs were more abundant in
the lungs of mice bearing metastatic mammary tumours
compared to tumour-free mice. Although exogenous IL-33
did not stimulate the production of AREG from ST2+ Tregs
ex vivo, intranasal administration of IL-33 increased the pro-
portion of AREG producing ST2+ Tregs, EGFR activation,
and metastatic tumour growth in the lungs. While we
observed that AREG is dispensable for the growth and viabi-
lity of 4T1 and 4T07 mammary tumour cells in vitro, we
found that intranasal administration of recombinant AREG
induced a ten-fold increase in lung metastatic burden.

Further, using a combination of IL-33 administration and
immunological inhibition of AREG, we found that IL-33
increases metastatic tumour burden in the lungs in an
AREG dependent manner. These data identify ST2+ Tregs as
a microenvironmental source of AREG in the lungs of mice
bearing orthotopic metastatic mammary tumours and indicate
active roles for IL-33 and AREG in promoting metastatic
tumour growth in the lungs.

Results

IL-33 is increased in the lungs of mice bearing metastatic
mammary carcinomas

We have previously shown that MDSCs and immune suppres-
sive macrophages accumulate in the lungs of mice bearing meta-
static mammary tumours,30 and that inflammatory myeloid cells
in the lungs of tumour-bearing mice can induce lung tissue
damage.31 In our hands, 4T1 tumour-bearing mice have
~ 1.6x107 CD11b+Gr1+ cells30,31 and several thousandmetastatic
tumour cells9,30,31 in the lungs 3 weeks after orthotopic implant
of 4T1 tumour cells (with primary tumours of 700-750mg). We
postulated that IL-33may be produced by inflammatorymyeloid
cells and/or tumour cells in the lungs during metastatic tumour
growth and observed a 5-fold increase in IL-33 in the lungs of
mice three weeks after orthotopic implant of 4T1 tumours
relative to the lungs of naïve mice (Figure 1a). We also observed
significantly increased IL-33 in the lungs of mice bearing ortho-
topic mammary tumours such as 4T07, EO771, and the EO771-
LMB lung metastatic variant of the parental EO771 cells.
Analysis of IL-33 production by IHC showed a prominent
increase in cytoplasmic IL-33 staining in lung metastases formed
from 4T1 or LMB tumour-bearing mice relative to the predo-
minantly nuclear localization of IL-33 in the naïve lung tissue of
BALB/c and C57BL/6 mice (Figure 1b). Lung tissue from naïve
mice intranasally administered the protease allergen papain and
lungs from IL-33 knockout mice were used as positive and
negative controls, respectively.32 Additional controls for the
assessment of IL-33 by IHC are shown in Supplemental
Figure 1. The morphology of the IL-33+ cells detected by IHC
was consistent with neutrophils, macrophages, and tumour cells.
Indeed, we observed IL-33 expression by CD11b+ myeloid cells
in the lungs by immunofluorescence (Figure 1c), and both
neutrophils and macrophages are known to express CD11b.
Taken together, these data show a marked increase of IL-33
expression in the lungs of both BALB/c and C57BL/6 mice
bearing orthotopic mammary tumours and suggest that
CD11b+ myeloid cells and tumour cells are sources of IL-33 in
the metastatic lungs.

ST2+ Tregs accumulate in the metastatic lungs

To determine whether Tregs express the IL-33 receptor ST2,
we performed flow cytometry analyses of lung, primary
tumour, and spleen tissue from tumour-bearing mice
3 weeks after orthotopic implant of the indicated tumour
cell lines. Representative flow cytometry plots of Tregs from
the lungs of a 4T07 tumour-bearing mouse are shown in
Figure 2a. We found that Balb/c mice bearing metastatic
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4T1 or 4T07 tumours had increased ST2+ Tregs relative to
naïve lung tissue or mice bearing non-metastatic 67NR
tumours (Figure 2b). In contrast, we did not observe a sig-
nificant change in ST2+ Tregs in the lungs of C57BL/6 mice
bearing orthotopic EO771-LMB mammary tumours or sub-
cutaneous LLC tumours (Figure 2b). Pulmonary Tregs from
all naïve or tumour-bearing mice had a greater proportion of
ST2+ cells relative to ST2 expression by conventional CD4+ T
cells (Tconvs; CD4+CD25lo/-Foxp3−) or by CD4− cells repre-
senting the overall lung tissue (Figure 2c). The proportions of
Tregs expressing ST2 in the lungs of mice with 4T1 or 4T07
tumours were particularly elevated relative to the lungs of
naïve mice. We previously reported that Treg recruitment to
the lungs of 4T1 or 4T07 tumour-bearing mice is regulated by
CCR5,9 and we found that ST2 was highly co-expressed with
CCR5 in the lungs of 4T1 or 4T07 bearing mice

(Supplemental Figure 2). The percentage of ST2+ Tregs was
also increased in the primary tumours (Figure 2d) and spleens
(Figure 2e) of tumour-bearing mice. Collectively, these data
indicate that ST2+ Tregs accumulate in mice bearing meta-
static primary mammary tumours and that Tregs preferen-
tially express ST2 relative to CD4+ Tconvs.

Tregs and Tconvs in the metastatic lungs express IL-18R

The expression of IL-18R by Tregs may promote the release of
AREG in response to IL-18.12 We therefore assessed if Tregs
isolated from the lungs of tumour-bearing mice 3 weeks post
orthotopic implant express IL-18R. Representative flow cyto-
metry plots of Tregs from the lungs of a 4T07 tumour-bearing
mouse are shown in Figure 3a. We observed a significant

Figure 1. IL-33 levels are increased in the lungs of mice bearing mammary carcinomas 3 weeks after orthotopic implant. (a) IL-33 levels were quantified by ELISA of
lung lysates from naïve or tumour-bearing BALB/c or C57BL/6 mice. Data are n = 5–6 mice per group from two independent experiments analyzed using a Student’s
two-tailed t-test *p < 0.05, ***p ≤ 0.001. (b) IL-33 is located in the nucleus of naïve lung tissue cells from BALB/c and C57BL/6 mice in comparison to the strong
cytoplasmic staining observed in the lung metastases of tumour-bearing mice. Lungs from mice given intranasal papain or lungs from IL-33 knockout mice were used
as positive and negative controls, respectively. Scale bars = 50µm; inset = 10µm. (c) CD11b+ cells express IL-33 in the lungs of 4T1 tumour-bearing mice (scale
bar = 125µm).
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increase in IL-18R+ Tregs in the lungs and spleens of mice with
4T07 (Figure 3b) or EO771-LMB (Figure 3c) tumours. In
contrast to the high proportion of ST2+ Tregs relative to
ST2+ Tconvs in Figure 2, IL-18R+ Tconvs were significantly
greater than IL-18R+ Tregs in the lungs and spleens of 4T07
tumour-bearing BALB/c (Figure 3d–e) and EO771-LMB-bear-
ing C57BL/6 (Figure 3f–g) mice. The overall lung tissue of
4T07 tumour-bearing mice had increased IL-18R+ cells relative
to naïve mice, suggesting that other cell population(s) express
IL-18R and accumulate in the lungs of BALB/c mice in the
presence of a metastatic primary tumour (Figure 3d). Thus,
although both ST2+ and IL-18R+ Tregs may contribute to the
production of AREG, ST2 is predominantly expressed by Tregs
while IL-18R is highly expressed by CD4+ Tconvs and CD4−

cells in the lungs of mammary tumour-bearing BALB/c and
C57BL/6 mice.

Tregs produce high levels of AREG in the metastatic lungs

AREG derived from Tregs expressing ST2 and IL-18R were
recently found to mediate lung tissue repair following influ-
enza infection,12 and CD4+ T cell-derived AREG can increase
lung colonization by i.v. injected tumour cells.29 We found an
increase in the percentage of Tregs expressing AREG in the
metastatic lungs of mice bearing 4T1 tumours, but not 4T07
tumours, relative to naïve control lungs (Figure 4a). AREG
expressing Tregs were approximately 2.5-fold more abundant
than AREG expressing Tconvs in the lungs of 4T1-bearing
mice, and there was no significant difference evident in the
proportion of AREG+ Tconvs between naïve mice and mice
with 4T1 or 4T07 tumours (Figure 4a). Tregs isolated from
tumour-bearing mice secreted significantly more AREG ex
vivo on a per cell basis than Tregs isolated from naïve control

Figure 2. ST2+ Tregs accumulate in the lungs of mice bearing metastatic tumours 3 weeks post orthotopic implant. (a) Representative flow plots of lungs from a
4T07-bearing mouse; ST2 isotype fluorescence minus one (FMO) used for ST2 gating. (b) ST2+ Tregs, represented as a percentage of CD4+ T cells, are elevated in
BALB/c mice bearing orthotopic 4T1 or 4T07 mammary carcinomas. Pulmonary ST2+ Tregs were not different in naïve vs EO771-LMB or LLC tumour-bearing C57BL/6
mice. (c) Elevated ST2+ Tregs in the lungs of 4T1 and 4T07 tumour-bearing mice. The percentage of Tregs expressing ST2 in the lungs was increased relative to ST2
expressing conventional CD4+ T cells (Tconv, CD4+CD25low/-Foxp3−). ST2+ Tregs were also increased in (d) primary tumour and (e) spleen of 4T07 tumour-bearing
mice relative to naïve control tissue (mammary fat pads for tumours). Data are n = 4–6 mice per group from two independent experiments analyzed using Student’s
two-tailed t-test, ** p ≤ 0.01, *** p ≤ 0.001.
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mice (Figure 4b). AREG secretion was dependant on TCR
stimulation of the Tregs and, somewhat surprisingly, the
addition of recombinant murine IL-33 (rmIL-33) did not
increase AREG production by Tregs ex vivo (Figure 4b). By
sorting Tregs based on ST2 expression prior to ex vivo culture,
we found that AREG secretion was significantly higher in
ST2+ Tregs relative to ST2− Tregs, but we again did not

observe elevated AREG production with addition of rmIL-33
(Figure 4c). Interestingly, the level of phosphorylated EGFR
and phosphorylated Akt were modestly increased in Tregs
cultured with IL-33 relative to untreated Tregs (Figure 4d),
and ST2+ Tregs had higher total EGFR, AKT, and ERK levels
compared to ST2− Tregs. These data indicate that ST2+ Tregs
are enriched for AREG production, that Tregs from the lungs

Figure 3. IL-18R expression is abundant in the lungs of naïve and tumour-bearing mice. (a) Representative flow cytometry plots for gating. (b-c) IL-18R+ Tregs are
increased in the lungs and spleens of 4T07 and EO771-LMB bearing mice relative to naïve control tissues. IL-18R+CD4+ Tconvs are more abundant than IL-18R+ Tregs
in the lungs and spleens of naïve and tumour-bearing 4T07 (d-e) or LMB (f-g) mice. Data are n = 5–6 mice per group from two independent experiments analyzed
using Student’s two-tailed t-test * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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of 4T1 tumour-bearing mice express significantly more AREG
than CD4+ Tconvs, and that IL-33 slightly increases EGFR
signaling in Tregs without increasing AREG production ex
vivo.

Recombinant IL-33 increases AREG producing ST2+ Tregs

After finding that IL-33 is increased in lung metastases and
that Tregs express a high level of AREG in the metastatic
lungs, we tested whether administration of rmIL-33 could

increase AREG production by ST2+ Tregs in vivo. Tumour-
bearing mice were given intranasal rmIL-33 (0.25µg/40μL) or
PBS for 3 days according to a previously published protocol to
assess pulmonary IL-33 activity in naïve mice.33 4T1 tumour
cells colonize the lungs as early as 9 days after orthotopic
implantation in our hands (data not shown), and therefore
rmIL-33 treatment was initiated after metastatic foci had
developed (Figure 5a). IL-33 levels were maintained in the
lungs of rmIL-33 treated mice at the experimental endpoint
(Figure 5b). We found that rmIL-33 increased total Treg levels
in the lungs (Figure 5c) by expanding the proportion of

Figure 4. AREG expressing Tregs are increased in the lungs of 4T1 tumour-bearing mice relative to naïve mice. (a) Flow cytometry-based quantification of AREG+

Tregs and Tconvs from naïve and tumour-bearing mice show an increased percentage of AREG+ Tregs in the lungs of 4T1-bearing mice. Data are n = 7–10 mice per
group. (b) Tregs were isolated from 4T1 tumour-bearing mice and stimulated with 10µg/mL αCD3, 2.5µg/mL αCD28 and 100U/mL rIL-2 (TCR) in the presence or
absence of rmIL-33 (100ng/mL). AREG secretion was quantified by ELISA and shows the influence of TCR stimulation on AREG production. Data are from n = 6 mice
per group. (c) Measurement of AREG secreted by ST2+ or ST2− Tregs cultured ± rmIL-33. Data are from three independent experiments performed in duplicate. All
data analyzed using Student’s two-tailed t-test * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001. (d) Western blots showing the levels of total and phosphorylated EGFR, AKT, and
ERK in ST2+ and ST2− Tregs cultured in the presence or absence of rmIL-33.
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ST2+IL-18R− Tregs (Figure 5d). The total number of CD4+ T
cells did not increase with IL-33 treatment (data not shown),
suggesting that rather than inducing an influx of Tregs to the
lungs, IL-33 may promote the differentiation of CD4+ T cells

into ST2+IL-18R− and ST2+IL-18R+ Tregs. We found that IL-
33 increased the number of AREG-expressing Tregs in the
lungs of tumour-bearing mice (Figure 5e), and that nearly
50% of the AREG+ Tregs were derived from the ST2+IL-18R−

Figure 5. Recombinant IL-33 increases ST2+ AREG-expressing Tregs in the lungs of mice bearing 4T1 mammary tumours. (a) Schematic depicting the treatment time
course for intranasal administration of rmIL-33 (0.25µg/40μL) or PBS (40μL) to 4T1 tumour-bearing mice. (b) Pulmonary IL-33 levels are elevated at experimental
endpoint. (c) rmIL-33 increases total Tregs in the lungs, and (d) the majority of these Tregs are ST2+IL-18R+ Tregs. (e) The percentage of total Tregs expressing AREG
is increased with rmIL-33 treatment. (f) The majority of AREG-expressing Tregs in the lungs of mice bearing 4T1 mammary tumours and treated with IL-33 is derived
from ST2+IL-18R− Tregs. Data are from three independent experiments (n = 12) analyzed using a Student’s two-tailed t-test, * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001. (g)
pEGFR staining of lungs from 4T1 tumour-bearing mice treated with intranasal PBS (left) or rmIL-33 (middle) with quantification of pEGFR+ lung area from n = 3 mice
per group. Scale bars: 2x = 1000µm; 10x = 200µm.
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Treg subpopulation (Figure 5f). We also found that rmIL-33
treatment induced a marked increase in phospho-EGFR levels
in the lungs relative to PBS treated tumour-bearing mice
(Figure 5g, Supplemental Figure 3). Positive control lung
tissue for phospho-EGFR staining (Supplemental Figure 3)
was obtained from CCSP-rtTA;TetO-EGFRL858R transgenic
mice with doxycycline-inducible expression of the activated
EGFRL858R mutant in type II airway epithelial cells.34 Taken
together, our data indicate that in the lungs of mice bearing
metastatic 4T1 tumours IL-33 can increase the proportion of
ST2+IL-18R− Tregs, which are a major source of AREG under
these conditions, and that IL-33 can increase phospho-EGFR
levels in and around metastatic tumour foci.

Murine mammary carcinomas secrete AREG in vitro but
are not sensitive to EGFR or AREG inhibition

We next examined if the tumour cell lines used in this study
express AREG or EGFR, and are sensitive to AREG or EGFR
inhibition in vitro. AREG was produced by all cell lines except
67NR cells (Figure 6a), although none of the five cell lines
expressed detectable levels of ST2 or IL-18R (Supplemental
Figure 4). All five cell lines expressed EGFR, although only
4T1 cells had detectable levels of phosphorylated EGFR in
culture (Figure 6b). The second-generation tyrosine kinase
inhibitor afatinib inhibits autophosphorylation of human
EGFR, HER2 (ErbB2), and HER4 (ErbB4).35 We found that
the half maximal inhibitory concentration (IC50) of afatinib
over a 72 hour treatment timeframe was > 10µM for 4T1 and
4T07 murine cell lines, which is over 1,000-fold higher than
the afatinib sensitive H1975 (EGFRL858R/T790) and 4-fold
higher than the afatinib resistant H23 (KRASG12C) human
lung adenocarcinoma cell lines (Supplemental Figure 5).
These data suggest 4T1 and 4T07 cells are resistant to EGFR
inhibition, although afatinib is an inhibitor of human EGFR
and is not ideal for inhibiting murine EGFR (an antagonist of
murine EGFR is not commercially available). Treatment of
4T1 cells with afatinib at 50% of the IC50 in reduced serum
conditions decreased phospho-EGFR and phospho-ERK
levels, although immunological inhibition of AREG did not
affect EGFR or phospo-ERK (Figure 6c). Recombinant mur-
ine AREG (rmAREG) induced a dose-dependent increase in
pEGFR in 4T1 cells, but pEGFR was not detected in 4T07 cells
with AREG treatment (Figure 6d). The survival of 4T1 and
4T07 cells after 8 days in culture was decreased with increas-
ing concentrations of afatinib (Figure 6e–f). However, the
proliferation and survival of 4T1 and 4T07 cells in vitro was
unaffected by AREG inhibition (Figure 6g–h) or by addition
of rmAREG under low serum conditions (Figure 6i–j) or
serum free conditions (data not shown). Collectively, our
findings indicate that while rmAREG can stimulate phosphor-
ylation of EGFR in 4T1 cells, AREG does not promote the
proliferation or survival of 4T1 or 4T07 tumour cells under
low serum conditions in vitro.

Recombinant AREG increases lung metastases and AREG
inhibition blocks the pro-metastatic activity of IL-33

While AREG did not influence tumour cell survival or
proliferation in vitro, AREG can exert a variety of pro-
tumourigenic functions depending on the tumour type and

local microenvironment. We intranasally administered
recombinant murine AREG (rmAREG) twice per week start-
ing four days after orthotopic 4T1 tumour implantation
(Figure 7a) and despite a reduction in primary tumour
volume (Figure 7b), rmAREG induced a nearly 10-fold
increase in the number of 4T1 tumour cells in the lungs
(Figure 7c). We then tested whether the increase in AREG
expression in the lungs induced by intranasal rmIL-33
(Figure 5) affected lung metastases. We found that intranasal
rmIL-33 given 15–17 days after 4T1 tumour implant
(Figure 7d) increased the growth of 4T1 lung metastases,
and that the pro-metastatic effect of rmIL-33 could be blocked
by immunological inhibition of AREG (Figure 7e). Neither
rmIL-33 nor anti-AREG affected primary tumour growth
(Figure 7f). Taken together, these data indicate that AREG
in the lungs promotes 4T1 metastases, and that IL-33 induces
4T1 metastatic growth in the lungs in an AREG dependent
manner.

Discussion

The immune suppressive activity of Tregs is thought to play a
central role in promoting the growth of a variety of malig-
nancies, including cancers of the breast, lung, head and neck,
ovary, and colon.4 Increased intra-tumoural infiltration of
Tregs is associated with poor prognosis and reduced disease-
free survival, particularly when coupled with reduced levels of
anti-tumour effector T cells. As such, the systemic inhibition
of Tregs, or targeting of their intra-tumoural homing or
suppressive function, has become an active area of
investigation.36 In addition to immune suppression, Tregs
may also facilitate tumour progression through the produc-
tion of RANKL to suppress the EMT inhibitor maspin,7 or by
secretion of pro-angiogenic VEGFA.37 Emerging literature
indicates Tregs also promote tissue repair in the lungs by
producing the growth factor AREG in response to IL-33 or
IL-18.12 AREG is associated with a variety of tumour promot-
ing effects by autocrine or paracrine signaling through the
cognate receptor EGFR.24 We show herein that IL-33 is
increased in the lungs of mice bearing primary orthotopic
mammary tumours, and that IL-33 increases AREG within
the metastatic lungs at least partially through increased num-
bers of ST2+ Tregs. Further, we demonstrate that IL-33
increases metastatic tumour burden in the lungs in an
AREG dependent manner, highlighting an active role for
AREG in the development and growth of mammary tumour
metastases.

IL-33 is an alarmin that is principally expressed by epithe-
lial and endothelial cells, as well as activated innate immune
cells.38 Under homeostatic conditions, IL-33 localizes to the
nucleus and is exported to the cytoplasm for subsequent
release following cell damage induced by infection or tissue
injury.39 To propagate the inflammatory response and facil-
itate tissue repair, innate immune cells may produce IL-33 to
drive Th2 immunity.40 We have found increased IL-33 in the
lungs of mice bearing five different orthotopic mammary
tumours relative to naïve C57BL/6 or BALB/c control mice
(Figure 1). Our histological data indicate prominent cytoplas-
mic and extracellular IL-33 staining in and around metastatic
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Figure 6. Murine mammary carcinoma cells secrete AREG in vitro but are not sensitive to EGFR or AREG inhibition. (a) AREG is secreted by several murine tumour cell
lines in vitro. Data are from three independent experiments performed in triplicate analyzed using a Student’s two-tailed t-test ** p ≤ 0.01. (b) Expression of EGFR,
phospho-EGFR, and ErbB2 by cell lines in vitro. (c) EGFR signaling is reduced in 4T1 cells (1% FBS) treated with high doses of afatinib, but not in cells treated with
0.75µg/mL αAREG. (d) pEGFR expression is increased by 4T1 cells in a dose dependent manner after 2 hours of culture with 0.1µg or 0.27µg rmAREG. The survival of
4T1 (d) and 4T07 (e) cells was decreased in a dose dependent manner by treatment with afatinib, but use of a neutralizing antibody against AREG did not impact 4T1
(f) or 4T07 (g) viability. Culture of 4T1 (h) and 4T07 (i) cells with 5-fold increasing concentrations of rmAREG did not impact cell proliferation in vitro. The lowest
concentration of rmAREG (0.431ng/mL) used in culture was selected as an average of the AREG produced by the 4T1 and 4T07 cell lines, as measured by ELISA.
Clonogenic data are from three independent experiments analyzed using Student’s two-tailed t-test * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001.
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tumour foci in the lungs of mice with 4T1 or EO771-LMB
tumours derived from inflammatory myeloid cells and
tumour cells. IL-33 content in the lungs correlated with the
metastatic propensity of the primary tumours;41 mice with
macrometastatic 4T1 tumours had the most pulmonary IL-
33, followed by mice with micrometastatic 4T07 tumours, and
then mice with non-metastatic 67NR tumours. We also found

IL-33 expression in CD11b+ myeloid cells, which is consistent
with the accumulation of CD11b+Gr1+ myeloid-derived sup-
pressor cells and CD11b+F4/80+ macrophages in the lungs of
mice bearing 4T1 or 4T07 tumours.30 Our data suggest IL-33
levels in the lungs of mice with metastatic mammary tumours
are associated with myeloid cell infiltration in the lungs and
metastatic tumour burden, although the proportion of

Figure 7. AREG and IL-33 increase 4T1 metastatic burden in the lungs, and the pro-metastatic effect of IL-33 is AREG dependent. (a) Experimental schematic
depicting the timing of rmAREG (0.1µg/40µL) or PBS (40µL) administration after orthotopic 4T1 tumour implantation. (b) Intranasal rmAREG decreased primary
mammary tumour growth and (c) increased 4T1 metastatic growth in the lungs. (d) Experimental schematic depicting the treatment time course for administration of
rmIL-33 (0.25µg) or PBS alone or in combination with αAREG (5µg) or IgG (5µg). (e) Intranasal rmIL-33 increased 4T1 metastatic growth that was inhibited by αAREG.
(f) Primary mammary tumour volume was not impacted by rmIL-33 in the presence or absence of αAREG. Data are from two independent experiments with n = 7–8
mice per group analyzed using a Student’s two-tailed t-test * p < 0.05.
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pulmonary IL-33 derived from metastatic tumour cells or
myeloid cells is the subject of further study.

Ligation of IL-33 with the heterodimeric ST2/IL-1RAP
receptor complex in Tregs has been reported to increase
Foxp3 and Gata3 expression while expanding Treg numbers
and enhancing Treg function through a TFG-β dependent
mechanism.42 While IL-33 can directly promote the expan-
sion of Tregs, expression of IL-2 by IL-33 stimulated ST2+

dendritic cells (DCs) may also augment this process.43 The
lungs of mice with 4T1 or 4T07 mammary tumours contained
increased numbers of Tregs expressing the IL-33 receptor ST2
(Figure 2). The majority of these ST2+ Tregs also expressed
CCR5 (Supplemental Figure 2), consistent with our previous
work showing CCL8-mediated recruitment of CCR5+ Tregs to
the lungs of mice with 4T1 or 4T07 tumours.9 The proportion
of ST2+ Tregs in the lungs of mice bearing 67NR, EO771, or
EO771-LMB tumours was not significantly different from
naïve mice despite increased IL-33 in the lungs (Figure 1),
suggesting IL-33 does not influence ST2+ Treg numbers in
these three models. IL-33 has been reported to induce AREG
production by lung-resident Tregs during periods of cell stress
due to infection,12 and we observed increased AREG-produ-
cing Tregs in the lungs of mice with 4T1 tumours relative to
Tregs in naïve lungs (Figure 4). However, while ST2+ Tregs
secreted significantly more AREG than ST2− Tregs, we did
not observe increased AREG secretion by Tregs after IL-33
treatment ex vivo. This discrepancy may result from ex vivo
Treg culture and activation conditions, the origin of the iso-
lated cells, or the context of infection compared to metastasis.
We found that ST2+ Tregs expressed higher levels of EGFR,
AKT, and ERK when compared to ST2− Tregs, and that the
addition of IL-33 increased phosphorylated AKT levels in the
Tregs. Consistent with the role of AKT in promoting cell
survival and proliferation, the intranasal administration of
recombinant IL-33 significantly increased the proportion of
AREG producing ST2+IL-18R− Tregs in the lungs of 4T1
tumour-bearing mice (Figure 5). While ~ 50% of AREG+

Tregs were ST2+IL-18R−, we also observed AREG production
by Tregs after rmIL-33 treatment regardless of ST2 or IL-18
receptor status, suggesting intranasal IL-33 can promote
AREG production in Tregs through direct or indirect
mechanisms. Taken together, our data support a role for IL-
33 in promoting expansion of AREG-producing ST2+ Tregs
and increasing AREG production by Tregs in the lungs.

Previous studies have shown that administration of
recombinant IL-33 to 4T1 tumour-bearing mice led to
the recruitment of immune suppressive cells to the pri-
mary tumour, a corresponding reduction in natural killer
(NK) cell cytotoxicity and increased metastasis.44

Correspondingly, ablation of ST2 abrogated the tumour-
promoting effects of IL-33 and enhanced anti-tumour
immunity reflected by an activated phenotype of CD4+

and CD8+ T cells and increased NK cell cytotoxicity.45

We found that in addition to increasing the proportion of
AREG-producing ST2+ Tregs in the lungs, IL-33 increased
phosphorylated EGFR in and around metastatic foci in
the lungs of 4T1 tumour-bearing mice (Figure 5g).
Activation of EGFR signaling by AREG may induce a

variety of biological effects including cell proliferation,
survival, migration, invasion, angiogenesis or resistance
to apoptosis.24 In addition to AREG derived from ST2+

Tregs, we found that 4T1, 4T07, EO771-LMB, and LLC
tumour cells produce AREG in vitro (Figure 6), suggest-
ing tumour cells present in the lungs may represent an
additional source of pulmonary AREG. It is worth noting
that the level of AREG produced by ST2+ Tregs
(Figure 4c) was 2-fold greater than the level of AREG
produced by 4T1 tumour cells in vitro. Interestingly,
while all tumour cell lines expressed EGFR in vitro, only
4T1 cells had detectable levels of pEGFR in vitro which
could be increased by treatment with AREG. Neither 4T1
nor 4T07 cells were sensitive to EGFR inhibition in low
serum conditions, and AREG was dispensable for the
survival and proliferation of both cell lines in vitro.
However, intranasal administration of AREG to 4T1
tumour-bearing mice increased metastatic burden in the
lungs (Figure 7). The difference between in vitro and in
vivo effects of AREG on 4T1 metastatic growth may be
due to activity of the transmembrane metalloproteinase
ADAM-17 and/or effects of AREG on the activity of other
cell types in the lungs. Enzymatic cleavage of AREG by
ADAM-17 is necessary to process AREG to an active
form for binding and downstream phosphorylation of
EGFR in the context of mammary ductal development.46

The expression of ADAM-17 in the local tissue microen-
vironment may therefore dictate the pro-tumourigenic
role of AREG, and the expression of both AREG and
ADAM-17 may vary dependent on the tumour type and
local microenvironment. While AREG may directly
induce tumour cell survival and proliferation in some
contexts,47 it may also indirectly promote tumour growth
by acting on normal cells in the lungs. AREG derived
from CD4+ T cells was recently shown to affect lung
colonization of i.v. injected EO771 cells independent of
EGFR signaling on tumour cells or endothelial cells.29

AREG has also been reported to increase the suppressive
function of EGFR+ Tregs mediated by EGFR/GSK3β sig-
naling through the post-translational regulation of Foxp3
expression.48

We found that in addition to increasing ST2+ Tregs and
AREG in the lungs, IL-33 also promotes metastatic 4T1
tumour growth in the lungs. Importantly, the IL-33-
induced increase in metastatic growth could be prevented
by immunological inhibition of AREG (Figure 7), identify-
ing AREG as a mediator of the metastasis-promoting effects
of IL-33. While we have identified ST2+ Tregs as a source
of AREG production, AREG can be produced by several
other cell types including mast cells, basophils, and ILC2
cells.25 More work is needed to evaluate the relative con-
tribution of AREG derived from different immune cells
and/or tumour cells to metastatic tumour growth in the
lungs. Nevertheless, our data suggest that targeting AREG
either as a monotherapy or in conjunction with EGFR
tyrosine kinase inhibitors may represent viable therapeutic
strategies to inhibit the development and growth of tumour
metastases in the lungs.
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While principally thought to promote tumour develop-
ment through the suppression of anti-tumour immunity, a
new role has emerged for Tregs in mediating tumour growth
through AREG expression. Collectively, our findings indicate
that IL-33 increases AREG-producing ST2+ Tregs in the lungs
and emphasize the significance of IL-33 and AREG in pro-
moting metastatic tumour growth in the lungs. Improved
understanding of the crosstalk between the local immune
microenvironment and tumour cells is essential to the gen-
eration of innovative therapeutic strategies for the treatment
of metastatic disease.

Materials and methods

Mouse and tumour models

Female BALB/c mice (12–16 weeks of age; Simonsen
Laboratories) were housed under specific-pathogen free con-
ditions in the Animal Resource Centre at the BC Cancer
Agency Research Centre in micro-isolator cages with venti-
lated racks. Animal experiments were performed in accor-
dance with the Canadian Council on Animal Care and the
University of British Columbia Committee on Animal Ethics.

Murine mammary carcinoma cell lines syngeneic to BALB/
c mice, including 4T1, 4T07, and 67NR, were gifted by Dr.
Fred Miller (Karmanos Cancer Institute, Detroit, MI). These
cell lines originated from a spontaneous mammary tumour in
BALB/cfC3H and are heterogeneous in their metastatic poten-
tial as previously described,41 with 4T1 and 4T07 forming
macro- and micro-metastases in the lungs, respectively, and
67NR unable to disseminate from the primary tumour. Cell
lines syngeneic to C57BL/6 mice include LLC (ATCC®
CRL1642), EO771 (CH3 Biosystems, Amherst, NY, USA),
and EO771-LMB (an enhanced pulmonary metastatic variant
of the parental EO771 line49) gifted by Dr. Robin Anderson
(Peter MacCallum Cancer Centre, Melbourne, Australia).

Mammary tumour cell lines were implanted orthotopically
into the mammary fat pad as previously described9 at 105, 106,
and 2 × 105 cells for 4T1, 4T07, and 67NR cell lines, respec-
tively, and 5 × 105 cells for EO771 or EO771-LMB in 50µL
PBS. The primary lung cancer line LLC, was injected intrave-
nously at 2 × 105 cells in 200µL. The implanted cell numbers
were optimized to generate tumour volumes that approach
ethical restrictions 3–3.5 weeks after implantation. Cell lines
were maintained for no more than 20 passages in Roswell
Park Memorial Institute (RPMI) 1640 medium supplemented
with D-glucose, sodium pyruvate, HEPES and 10% fetal
bovine serum as previously described.9

Tissue processing

Lung, tumour, and mammary fat pad tissue were mechani-
cally disaggregated following excision and then agitated for
40mins at 37°C with 1mg/mL type II collagenase (Gibco® Life
Technologies) in PBS. Spleen tissue was homogenized and
lysed with ammonium chloride (NH4Cl, 1:9 ratio, 9mins on
ice according to manufacturer’s recommendation, StemCell
Technologies, Vancouver, BC, Canada) prior to flow cytome-
try as previously described.9

Flow cytometry

Single-cell suspensions from the lungs, tumour, mammary fat
pad, and spleen were resuspended in PBS and stained with
viability dye (eFluor® 780, eBioscience, San Diego, CA, USA)
according to the manufacturer’s instructions. Cells were
washed and resuspended in Hank’s balanced salt solution
supplemented with 10mM HEPES (StemCell Technologies),
2% FBS, and 0.05% NaN3 and stained for 1 hour at 4°C in the
dark with surface antibodies to CD4 (BV605, Biolegend, San
Diego, CA, USA), CD25 (BV421, Biolegend), ST2 (PE,
eBioscience) or IL-18Rα (PE, eBioscience), and CCR5 (APC,
Biolegend). Intracellular staining was performed as described9

using Foxp3 (PE Cy7, eBioscience), primary AREG (biotin
conjugated, R&D systems, Minneapolis, MN, USA), second-
ary streptavidin (FITC, eBioscience), or IL-33 (FITC, R&D
systems). Myeloid cell expression of IL-33 was assessed using
CD11b (FITC, eBioscience). Anti-murine CD16/32 (0.5μg/
100μL, clone 2.4G2) was used to block non-specific Fc recep-
tor binding by antibodies. Samples were assayed using an LSR
Fortessa and analyzed with FACSDiva software (BD,
Mississauga, ON, Canada). Treg proportions are expressed
as a percentage of total CD4+ cells. Sorting of ST2+ Tregs
from a CD4 enriched population isolated from 4T1 tumour-
bearing mice was performed using a BD FACSAria III or BD
FACSAria Fusion using the fluorochrome combinations listed
above for CD4, CD25, and ST2.

Treg isolation and culture

For ex vivo analysis of AREG secretion, Tregs were isolated
from single cell suspensions by magnetic bead separation for
CD25+ cells following the manufacturer’s instructions (Mouse
Regulatory T Cell Positive Selection kit; Stemcell
Technologies). The Foxp3 expression of isolated cells was
> 90% as validated by flow cytometry analysis (Supplemental
Figure 6). For analysis of AREG secretion by Tregs stimulated
with recombinant IL-33, a CD4 negative selection kit
(EasySep mouse CD4+ T cell isolation kit, Stemcell
Technologies) was used to enrich for lymphocytes prior to
sorting for ST2+ or ST2− Tregs by FACS. Immediately post
isolation, cells were resuspended to 106 cells/mL in expansion
buffer (RPMI + 10% FBS, 50μM 2-ME (Gibco® Thermo
Scientific, Waltham, MA, USA)), 2.5μg/mL αCD28
(eBioscience), 100U/mL IL-2 (eBioscience), plated into
αCD3 (eBioscience) coated wells (10μg/mL), and cultured
for 40 hours at 37°C with 5% CO2. Recombinant IL-33
(eBioscience) was added to ex vivo Treg cultures as indicated
at a concentration of 100ng/mL as previously reported.12

ELISA

IL-33 and AREG concentrations were assessed in the lung
tissue, Treg supernates, and tumour cell line supernates
using murine DuoSet® ELISA development systems (R&D
Systems). Lung tissue was homogenized in PBS containing
protease inhibitor cocktail (1X, Sigma Aldrich, Oakville,
Ontario, Canada) and centrifuged at 330xg to pellet cells.
The pelleted cell fraction was processed in lysis buffer as
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reported previously.9 Blood was collected by cardiac puncture
in heparinized syringes, centrifuged at 3,000rpm for 10mins,
and the plasma stored at −80°C. Supernates were collected
from tumour cell lines at 80% confluency and from Tregs
following 40 hours of ex vivo culture as described above.
Protease inhibitor cocktail (1X, Sigma Aldrich) was added to
supernates immediately following collection and samples were
frozen in aliquots at −80°C. ELISA samples were assayed in
duplicate according to the manufacturer’s protocol and the
results analyzed using ELISA Analysis software (ElisaAnalysis.
com; Leading Technology Group, Australia).

Immunohistochemistry and immunofluorescence

For immunofluorescence staining of IL-33, lung tissue was har-
vested from BALB/c and C57BL/6 tumour-bearing mice 3 weeks
post orthotopic implant and frozen in Optimal Cutting
Temperature (OCT) medium (Sakura Finetek, Torrance, CA,
USA). Serial sections of 8-10μm were cut and stained in PBS
+ 4% FBS with CD11b-biotin (eBioscience) and IL-33 (R&D
Systems) using streptavidin-FITC (eBioscience) and Alexa
Fluor® 594 (Thermo Scientific) as secondary antibodies, respec-
tively. Images were captured with a Zeiss Imager Z1 using a
cooled, monochrome CCD camera (Retiga 4000R, QImaging)
and Northern Eclipse software.

Lung tissue for immunohistochemistry was harvested
3 weeks post orthotopic implant of BALB/c and C57BL/6
mice and inflated with 10% neutral buffered formalin.
Samples were fixed for 24 hours in formalin and then paraffin
embedded and sectioned (4-5μm thickness) by the CTAG
histopathology core (BC Cancer, Vancouver, BC, Canada).
Following overnight incubation at 55°C, sections were depar-
affinised with xylene, followed by a succession of ethanol
washes (100%, 95%, and 70%). Antigen retrieval was per-
formed in boiling citrate solution and cells were permeabi-
lized with Triton X-100 in 1x TBS. Blocking and chromogenic
detection were performed using a VECTASTAIN Elite ABC
HRP kit (Vector Laboratories) according to the manufac-
turer’s instructions. Primary IL-33 was purchased from R&D
systems and substrate was purchased from Vector
Laboratories (ImmPACT DAB Peroxidase). Detection of
pEGFR by IHC was performed with a Discovery XT auto-
mated slide staining system (Ventana Medical Systems Inc.)
and extended antigen retrieval using Cell Conditioning 1
(CC1, Ventana). Phospho-EGFR (Tyr1068, Cell Signaling)
was diluted 1:10 in SignalStain® Antibody Diluent (New
England Biolabs) and incubated for 2hrs. Following IHC,
sections were dehydrated and mounted (Permount, Fisher
Scientific) for subsequent imaging at 20x magnification
using a 3D Histotech Pannoramic MIDI whole slide scanner
(3DHISTECH, Budapest, Hungary) and Pannoramic Viewer
for visualization.

Clonogenic assay

In vitro clonogenic assays were performed by seeding 4T1 and
4T07 cells into 48 well plates in RPMI + 1% FBS + 1x pen/
strep (Gibco, Thermo Scientific) at 1,000 cells/mL and incu-
bating overnight at 37°C with 5% CO2. The following day,

media was exchanged for RPMI with 1% or 10% FBS (as
indicated) containing DMSO (0.1%), afatinib (10%, 50%, or
IC50, Selleck Chemicals, Houston, TX, USA) anti-AREG
(0.75-3µg/mL) or control IgG (0.75-3µg/mL). For recombi-
nant AREG experiments, rmAREG (R&D Systems) was added
five-fold above 431pg/mL (the average secreted concentration
by 4T1 and 4T07 cell lines) to a maximum concentration of
270ng/mL. Cells were incubated for 8 days (37°C, 5% CO2)
and media was changed at day 4. To determine cell viability
post culture, cells were incubated with AlamarBlue® (1x,
Thermo Fisher) for 2.5 hours at 37°C prior to reading fluor-
escence with a BioTek™ Cytation™ 3 Cell Imaging Multi-Mode
Reader (BioTek™, Winooski, VT, USA, 540nm excitation,
emission 585nm) using Gen5™ Version 2.06 Microplate
Reader software (BioTek™, Winooski, VT, USA). Cells were
then washed with PBS and stained with crystal violet for
imaging. For the analysis of pEGFR following administration
of recombinant AREG, 4T1 and 4T07 cells were stimulated
with 100ng/mL or 270ng/mL of rmAREG for 2hrs followed by
western blotting, as described below.

To assess metastatic tumour burden in vivo, lung tissue was
processed and erythrocytes lysed with NH4Cl as previously
described.9 Cells were plated in aliquots of 104, 105 and 106 in
triplicate for clonogenic assays with medium containing 60µM
6-thioguanine to allow for selective growth of 4T1 cells.
Following incubation for 10 days (37°C, 5% CO2), colonies
were stained with malachite green for enumeration. The total
number of clonogenic tumour cells in the lungs was calculated
as described.9

Western blotting

Cultured tumour cells were lysed for 30mins on ice in RIPA
Lysis and Extraction buffer (Thermo Fisher Scientific) con-
taining 1x Halt™ Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific). Cultured Tregs were lysed in 0.1%
Triton-X (Sigma-Aldrich) in PBS containing 1x Halt™
Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific) and by freeze-thaw at −80°C. Lysed cells were
centrifuged for 20 minutes at 14000xg at 4°C, and then the
protein fraction was removed and quantified using DCTM

Protein Assay (Bio-Rad Laboratories). Samples were dena-
tured by boiling for 5 minutes with 3x loading buffer (Bio-
Rad Laboratories). For all samples, 20-25µg of protein was
loaded into precast NuPAGE™ 4–12% Bis-Tris Gel
(Invitrogen™ Thermo Fisher Scientific). Gels were run at
200V for 50mins in NuPAGE™ MOPS SDS Running Buffer
(Thermo Fisher Scientific) and subsequently transferred at
100V for 1 hour onto Immobilon-P PVDF membranes
(Millipore). Membranes were blocked for 1 hour at room
temperature in 5% skim milk in TBST or 5% BSA (Sigma-
Aldrich) in TBST. The following primary antibodies (Cell
Signalling Technology, Danvers, MA, USA) were incubated
overnight at 4°C in 5% BSA in TBST: anti-EGFR (1:1000),
anti-phospho-EGFR [Tyr1068] (1:500), anti-AKT (1:1000),
anti-phospho-AKT [Ser473] (1:1000), anti-ERK 1/2 (1:1000),
anti-phospho-ERK 1/2 [Thr202/Tyr204] (1:1000) and anti-β-
actin (1:5000) or anti-β-actin HRP conjugate (1:10000).
Secondary goat anti-rabbit IgG HRP conjugate (1:2000)
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(Bio-Rad Laboratories) was added for 1 hour at room tem-
perature in 5% skim milk or 5% BSA in TBST. Bands were
visualized using Western LightningTM chemiluminescent
substrate (Perkin Elmer) or SuperSignalTM West Pico or
Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific) at a 1/10 dilution (phosphor-EGFR) and developed
on X-ray film (Mandel Scientific).

Recombinant protein and antibody treatment in vivo

Mice implanted orthotopically with 4T1 tumour cells were
anesthetized with isofluorane and intranasally administered
rmIL-33 (0.25μg, eBioscience), rmAREG (0.1µg, R&D
Systems), PBS, or a combination of rmIL-33 and IgG or
αAREG (5ug, R&D Systems) in 40μL of PBS. Intranasal
administration of rmIL-33 at the indicated dose was per-
formed once daily for three days as reported previously in
naïve mice,33 three days prior to tissue harvest. Mice were
sacrificed three weeks after tumour implant with tissues col-
lected as described above.

Statistics

Student’s t-tests were used for comparison of data with
p < 0.05 designated by (*), p < 0.01 as (**) and p < 0.001 as
(***). One-tailed and two-tailed t-tests were used as indicated.
GraphPad Prism software version 6 was used to analyze data
and perform statistical comparisons. Unless otherwise stated,
all data are reported as mean ± standard error of the
mean (SEM).
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