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migration to the lymph nodes to control Th2 adaptive
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Type 2 immunity in the lung is promoted through the release of innate cytokines, includ-
ing TSLP, from lung structural cells. These cytokines drive Type 2 immunity in part
through upregulation of OX40L on dendritic cells (DCs). DCs expressing OX40L are potent
inducers of Th2 differentiation. We have shown previously that STAT6 inhibitory pep-
tide (STAT6-IP), a cell penetrating peptide designed to inhibit the STAT6 transcription
factor, reduces the induction of Th2 adaptive immunity in murine models of respiratory
syncytial virus infection. Here we show that intranasal administration of STAT6-IP at
the time of antigen priming with ovalbumin (OVA), in conjunction with the Nod2 ago-
nist, MDP, reduced frequencies of CD11b* lung DCs expressing OX40L. Consistent with
these reductions, fewer activated DCs were localized to the lung draining lymph nodes in
STAT6-IP-treated mice. Upon OVA challenge four weeks later, mice treated with STAT6-
IP at the time of OVA/MDP priming did not develop airway hyperresponsiveness (AHR)
and had reduced influx of eosinophils into the airways, mucus production, and serum
OVA-specific IgE levels. Our findings provide evidence that the long-lasting inhibitory
effects of STAT6-IP are due in part to inhibition of DC responses that drive maladaptive
Th2 adaptive immunity and allergic airways disease.

Keywords: Airway hyperresponsiveness - Asthma - Dendritic cells - STAT6-IP - Type 2 adaptive
immunity

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Allergic asthma is a chronic inflammatory disease of the airways
caused by maladaptive Type 2-biased immune responses to envi-
ronmental allergens [1, 2]. Key features of allergic asthma are
airway hyperresponsiveness (AHR), mucus production, airway
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remodeling and obstruction associated with increases in lung
and circulating eosinophils, IgE, and Type 2 cytokines, including
IL-4, IL-5, and IL-13 [3-5]. Corticosteroids and B-agonists are
the most effective drugs for the treatment of asthma in both
children and adults [6]. However, they target only the symptoms,
but not the cause of disease. Moreover, up to 60% of asthmatics
respond poorly to corticosteroids, highlighting the need for more
effective therapies [7-9]. There is renewed interest in developing
therapeutic strategies that target airway inflammatory responses,
including Type 2 cytokines and their receptors, following
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positive outcomes from a number of human studies and clinical
trials [10-12]. Understanding mechanisms that initiate airway
inflammatory responses prior to symptom onset could provide
targets for development of additional therapeutics with the ability
to diminish asthma incidence.

At mucosal surfaces, structural cells, including epithelial cells,
promote Type 2 inflammatory responses through the release of
innate cytokines, including IL-25, thymic stromal lymphopoietin
(TSLP), and IL-33 [13, 14]. Data from murine asthma mod-
els indicate that TSLP and IL-33, released after activation of
pattern recognition receptors, including TLR4 and nucleotide-
binding oligomerization domain-containing protein (NOD) recep-
tors, induce responses in a variety of innate cells in the airways to
promote Type 2 immunity. While recent interest has focused on
the ability of these cytokines (in particular IL-33) to induce produc-
tion of IL-13 (and IL-5) from lung group 2 innate lymphoid cells
(ILC2s) [15, 16], TSLP and/or IL-33 induce responses in a number
of innate lung cells with the ability to promote Type 2 immunity,
including macrophages [17-19], NKT cells [20], eosinophils [21],
and dendritic cells (DCs) [13, 22].

TSLP, IL-33, and IL-25 all have the ability to upregulate expres-
sion of the costimulatory molecule, 0X40 ligand (OX40L; CD252),
on B cells and DCs [22, 23], and OX40L-expressing DCs are potent
inducers of Th2 differentiation [24-29]. The ability of OX40L-
expressing DCs to induce Th2 adaptive immunity is likely medi-
ated, at least in part, through induction of IL-4 production from
target CD4" T cells, coupled with suppression of IL-10 [26, 30].
Activation of the OX40L target (OX40) on CD4* T cells promotes
cell survival through increased expression of the anti-apoptotic
protein, B-cell lymphoma 2 (Bcl2) [31], and has been linked to
Th2 effector memory responses in the lung [32].

Accumulating evidence suggests that STAT6 activation in DCs
may promote Type 2 inflammation in the lung. DCs express STAT6
as well as receptors for IL-4 and IL-13 and thus have the ability
to respond directly to these cytokines [33-36]. Data from Liu and
colleagues provided evidence that TSLP could induce STAT6 acti-
vation in a manner independent of IL-4 receptor signaling in human
myeloid DCs, suggesting that TSLP could directly induce STAT6
activation in DCs to promote Type 2 immunity [33]. Luster and col-
leagues highlighted the importance of STAT6 in CD11b* murine
myeloid DCs in promoting Th2 cell and eosinophil recruitment into
the airways via production of CCL17, CCL22, and CCL24 [37].
Moreover, compelling data from Takei and colleagues provided
evidence that IL-33-induced IL-13 production from ILC2s pro-
motes DC migration to the mediastinal lymph node and Th2 prim-
ing, though a precise role for DC-specific STAT6 activation was
not assessed in this study [16]. Together, these data suggest that
STAT6 activation, specifically in DCs, has the ability to promote
both the induction of Th2 differentiation in the lymph node as
well as the subsequent recruitment of Th2 cells (and eosinophils)
to the airways upon allergen challenge.

We have developed and characterized a cell penetrating STAT6
inhibitory peptide, STAT6-IP [38-40]. This peptide is comprised
of a protein transduction domain (PTD4), for cellular uptake, cou-
pled to 8 amino acids surrounding phosphotyrosine (*Y) 641 of
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murine STAT6, and was designed to bind to the SH2 domain of
STAT®6, acting in a dominant negative manner to prevent dimeriza-
tion of STAT6. A negative control, STAT6 control peptide (STAT6-
CP), in which the *Y was replaced with phenylalanine (F), has
also been used [38-40]. Intranasal delivery of STAT6-IP to sensi-
tized mice at the time of antigen/allergen challenge reduces air-
way inflammatory responses (AHR, bronchoalveolar lavage [BAL]
fluid eosinophil numbers, mucus production) in both acute and
chronic models of allergic airways disease [38, 41]. Intranasal
STAT6-IP delivery also reduces Type 2-biased airway inflamma-
tory responses in respiratory syncytial virus (RSV) infection mod-
els [39, 40].

Here we examined the ability of STAT6-IP to reduce Th2 prim-
ing in the lung induced by local delivery of the model antigen, oval-
bumin (OVA), and the Th2 skewing Nod2 agonist, muramyl dipep-
tide (MDP) [23, 27]. We show that STAT6-IP reduced frequencies
of OX40L-expressing DCs in the lung; in addition, fewer activated
DCs were present in the lung draining mediastinal lymph nodes
(MLN) in OVA/MDP-primed mice exposed to STAT6-IP. Inhibition
of DC responses in these mice had long-lasting effects: STAT6-IP
treated mice challenged with OVA 28 days later did not develop
AHR and had reduced airway inflammatory responses, including
eosinophil recruitment, mucus production and OVA-specific IgE
production. Collectively, our data show that STAT6-IP delivery to
the lung effectively disrupts DC migration to the MLN and reduces
Th2 adaptive immunity responsible for pathogenesis in allergic
airways disease.

Results

STAT6-IP reduces OVA/MDP-induced
OX40L-expressing DCs in the lungs

Croft and coworkers previously showed that C57Bl/6 mice treated
intranasally with OVA in the presence of MDP, a Nod2 agonist, had
increased TSLP and OX40L mRNA and protein levels in the lungs,
compared to mice treated with OVA alone [23]. We examined
if OVA/MDP increased OX40L in OVA/MDP-treated Balb/c mice
and whether STAT6-IP had the ability to modulate this response.
Mice were treated intranasally with OVA only (OVA group), or in
the presence of MDP (OVA/MDP group), alone or with STAT6-
IP or STAT6-CP as shown in Fig. 1A. OX40L mRNA levels were
increased in the lungs of mice treated with OVA/MDP and this
increase was significantly reduced by STAT6-IP (Fig. 1B); STAT6-
CP moderately reduced OX40L mRNA levels but this difference
was not significant (Fig. 1B). Levels of TSLP mRNA in OVA/MDP-
treated mice were not affected by STAT6-IP or STAT6-CP treat-
ment (data not shown). We next examined how STAT6-IP affected
OX40L expressing CD11b* lung DCs in OVA/MDP-treated mice
following the gating strategy presented in Fig. 1C. We also exam-
ined effects of STAT6-IP (and STAT6-CP) on CD86- and MHCII-
expressing lung DCs; in the case of MHCII, we focused primarily
on DGCs expressing the highest levels of MHCII (MHCII™ - Sup-
porting Information Fig. 1A). Frequencies of lung DCs expressing
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Figure 1. STAT6-IP decreases OX40L mRNA levels and surface expression on DCs in OVA/MDP treated mice. (A) Mice were treated intranasally
with OVA each day for three consecutive days, either alone or with MDP on the first day. Mice were treated intranasally with saline, STAT6-IP,
or STAT6-CP one day before and 1h before the first OVA/MDP priming. Mice were sacrificed 3h after the last exposure. (B) OX40L mRNA levels,
normalized to GAPDH, and relative to levels in OVA-treated mice. (C, D) Total lung cells were stained as indicated in the Materials and Methods and
analyzed by flow cytometry. Cells were gated first for viability and singlets (as in Supporting Information Fig. S1), and then as CD11c*CD11b*F4/80-
DCs, followed by gating for expression of OX40L. Representative log-scale flow cytometry plots are shown in C and frequencies of CD11b* OX40L*
DCs in the lung (left-hand panel) or frequencies of OX40L* DCs within the CD11b* DC population (right-hand panel) are shown in D. (B and D)
Data are presented as the mean +SEM pooled from three independent experiments with three mice per group in each experiment in B and from
six independent experiments, with three to five mice per group in each experiment in D. Outcomes were assessed by one-way ANOVA, followed
by Newman-Keuls multiple comparison test. *p<0.05, *p<0.01.

OX40L were significantly increased in mice treated with OVA/MDP  DCs, though these differences did not reach significance. Neither
either alone or in the presence of STAT6-CP. STAT6-IP effec-  MDP nor STAT6-IP modulated CD86-expressing DC populations
tively reduced these increases (Fig. 1D, left-hand panel). There in the lung (Supporting Information Fig. 1C). Together, these data
was also a trend for STAT6-IP to reduce the frequency of both  demonstrate that STAT6-IP, but not STAT6-CP, reduced CD11b™
OX40L (Fig. 1D, right-hand panel) and MHCII™ (Supporting Infor- ~ DCs expressing OX40L and, possibly, MHCII in OVA/MDP-treated
mation Fig. 1B, right-hand panel) specifically on lung CD11b*  mice.
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Figure 2. STAT6-IP treatment at OVA/MDP priming reduces airway infla

mmatory responses. (A) Mice were treated with OVA, MDP and STAT6-IP

or STAT6-CP as described in Fig. 1. After a minimum of 28 days, mice were challenged with OVA once per day for each of 4 days and sacrificed

48 h later. (B) Lung function was assessed with the flexiVent small ani

mal ventilator and is presented as lung resistance: dose response (left)

and 50 mg/mL dose (right). BAL fluid was collected for quantification of (C) total cell numbers, (D) eosinophils, (E) CCL17 and CCL22. (B-E) Data
are presented as the mean +SEM pooled from three independent experiments with three to four mice per group in each experiment for B and

from five independent experiments with three to five mice per group in
followed by Newman-Keuls multiple comparison test. *p<0.05, *p<0.01,

STAT6-IP reduces allergic airway inflammatory
responses induced upon OVA challenge

Neutralizing OX40L at the time of antigen priming reduces
Th2 adaptive immunity in allergy and RSV infection mod-
els [23, 42-45]. We hypothesized that the early modulation
of DCs by STAT6-IP would reduce Th2-dependent responses
following OVA challenge. Thus, we examined airway inflamma-
tory responses following OVA challenge in mice treated with
OVA or OVA/MDP, alone or in the presence of STAT6-IP or
STAT6-CP (Fig. 2A). Total lung resistance (Fig. 2B) and elastance

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

each experiment for C-E. Outcomes were assessed by one-way ANOVA,
**p<0.001.

(Supporting Information Fig. 2A) were significantly reduced in
mice treated with STAT6-IP at the time of OVA/MDP priming.
Total cell numbers as well as eosinophils were increased in
the BAL fluid of OVA/MDP treated mice and these were also
significantly decreased in mice treated with STAT6-IP at the time
of OVA/MDP priming (Fig. 2C, D). OVA/MDP induction and
effects of STAT6-IP and STAT6-CP were more variable for other
cells in the BAL fluid - macrophages, neutrophils and lymphocytes
(Supporting Information Fig. 2B). STAT6-IP delivery at the time of
OVA/MDP priming reduced BAL fluid levels of the Th2 chemokine
CCL17 (TARC) (Fig. 2E). Another Th2 chemokine, CCL22 (MDC)
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showed a similar profile of induction by OVA/MDP and inhibition
by STAT6-IP though the differences did not reach statistical
significance (Fig. 2E). Levels of CCL11, an eosinophil chemokine,
were below the limit of detection (data not shown). Altogether,
these data demonstrate that STAT6-IP delivery, selectively at the
time of OVA/MDP-induced Th2 priming, reduced allergic airways
disease induced upon OVA challenge 4 weeks later.

STAT6-IP reduces airway inflammation and goblet
cell hypertrophy/metaplasia following OVA challenge

Consistent with the induction of AHR and eosinophil influx into the
airways in OVA/MDP-primed mice following OVA challenge, these
mice also had increased inflammatory cell infiltration (Fig. 3A)
and mucus production (Fig. 3B) in the airways compared to
OVA-treated control mice. These responses were reduced in mice
treated with STAT6-IP but not STAT6-CP (Fig. 3A, B). Thus,
STATG6-IP delivery at priming inhibited OVA/MDP-induced airway
inflammation and goblet cell metaplasia upon OVA challenge.

STAT6-IP reduces OVA-specific IgE and CD4*
T cell-specific IL-4 production

The reductions in Th2-biased airway inflammatory responses in
OVA-challenged mice treated with STAT6-IP at the time of priming
suggested that STAT6-IP targeting of lung DCs to reduce OX40L
could result in diminished Th2 differentiation [32]. Thus, we
assessed if STAT6-IP modulated serum OVA-specific IgE levels as
well as IL-4-producing CD4" T cells in BAL fluid. OVA-specific IgE
levels were increased in OVA/MDP-treated mice and this induc-
tion was significantly inhibited by STAT6-IP, but not by STAT6-
CP, delivery at priming (Fig. 4A). To examine how STAT6-IP and
STAT6-CP affected IL-4-producing BAL fluid CD4™ T cells, we used
the gating strategy presented in Fig. 4B. While the total number
of BAL fluid CD4" T cells did not differ significantly between
groups (Fig. 4C, left-hand panel), the number of IL-4-expressing
CD4™ T cells was significantly reduced by STAT6-IP, compared to
mice treated with OVA/MDP (Fig. 4C, right-hand panel). STAT6-
CP-treated mice tended to have lower numbers of IL-4-producing
T cells, though this difference was not significant. IL-13-expressing
CD4™ T cells were very few in number, though each cell expressing
IL-13 also expressed IL-4 (data not shown).

STAT6-IP reduces OVA/MDP-induced DC migration to
the mediastinal lymph nodes

In order to more directly address DC-specific effects of STAT6-
IP, bone marrow derived DCs (BMDCs) were cultured overnight
with saline or TSLP, either alone or in the presence of STAT6-IP
or STAT6-CP. We chose TSLP in these experiments (in place of
MDP) based on data demonstrating that MDP upregulates OX40L
on target DCs indirectly via TSLP production from stromal cells
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[23, 27]. BMDCs were washed to remove TSLP and then loaded
with OVA peptide and the ability of these cells to induce cytokine
production from co-cultured naive CD4" T cells was assessed.
While IL-4 producing CD4* T cells were few in number and did not
differ between groups (data not shown), the frequency of IL-13-
expressing CD4" T cells was modestly reduced by STAT6-IP, but
not STAT6-CP (Supporting Information Fig. 3A&B). Though these
data do not rule out indirect effects of STAT6-IP on DCs to control
CD4" T cell cytokine production in vivo, they do suggest that
STAT6-IP could directly target DCs to reduce Th2 differentiation.

Recently, the ability of IL-13 to induce migration of DCs to
the lung draining MLN has been implicated in Th2 differenti-
ation in house dust mite and papain allergy models [15, 16].
Because IL-13 is a potent inducer of STAT6 activity, these data
suggest that DC-specific STAT6 activity could be required for this
response. Thus, we examined the ability of STAT6-IP to modulate
OVA/MDP-induced DC migration to the lung MLN. The gating
strategy to identify MHCII- and CD86-expressing DCs in the MLN
is shown in Fig. 5A. As expected, the total number of cells in the
MLN was increased in mice exposed to OVA/MDP (Fig. 5B). This
increase was significantly reduced by STAT6-IP and unaffected by
STAT6-CP (Fig. 5B). Moreover, the OVA/MDP-induced increases
in the number of MHCII™ DCs (Fig. 5C), as well as those express-
ing CD86 (Fig. 5D), in the MLN were also reduced by STAT6-IP
and unaffected by STAT6-CP. The frequency of OX40L expressing
DCs in the MLN was very low; these cells were subtly increased
in OVA/MDP- (and OVA/MDP plus STAT6-CP) exposed mice and
decreased in mice treated with STAT6-IP, though these changes
did not reach statistical significance (data not shown). Together,
these data suggest that STAT6-IP inhibits OVA/MDP-induced DC
activation and migration to the MLN, the outcome of which is
diminished Th2 priming and reduced allergic airway inflamma-
tory responses following OVA challenge.

Discussion

A large literature describes activities of STAT6 in CD4* T cells
regulating gene expression and chromatin remodeling in Th2
differentiation [46]. STAT6 also regulates responses in a number
of cells in the lung that participate in asthma pathogenesis [47].
That STAT6 signaling in structural cells of the airways is required
for Th2 cell and eosinophil recruitment into the lungs was
originally shown by Luster and colleagues who demonstrated
that differentiated Th2 cells, when adoptively transferred into
STAT6 knockout mice, were unable to migrate to the airways
and unable to induce recruitment of host eosinophils [37, 48].
While epithelial cells were originally considered the main source
of chemokines that promoted Th2-biased inflammation in this
model [48], these authors subsequently showed that the cel-
lular source of chemokines was actually a CD11b-expressing
myeloid cell [37]. In our original STAT6-IP studies [38, 41],
STAT6-IP delivered to sensitized mice at the time of OVA
or ragweed challenge, reduced a number of allergic inflam-
matory outcomes in the lung. The target cells through which
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STAT6-IP mediated its inhibitory activity were poorly defined. Our
subsequent studies [39, 40] and those of Michael et al. [49] impli-
cated DCs and macrophages in STAT6-IP-dependent inhibitory
responses.

To more precisely examine effects of STAT6-IP in DCs in the
lung, we developed a new model, related to a lung tolerance
model originally described by Duan, et al., [23] where mice are
treated with a purified preparation of OVA in the presence of
a Nod2 agonist, MDP. These authors had shown that activation
of Nod2 in the lung promotes Th2 differentiation and reduces
Treg differentiation, thereby blocking the ability of OVA to induce
tolerance. Induction of Th2 immunity was linked to TSLP pro-
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Figure 3. STAT6-IP treatment at
OVA/MDP priming reduces lung
inflammation and mucus production
following OVA challenge. Mice were
treated with OVA, MDP and STAT6-IP
or STAT6-CP and challenged with
OVA as described in Fig. 2. (A)
H&E staining and (B) PAS staining
on lung airways. Magnification x
10. Images shown are from one
experiment representative of 3
independent experiments (n = 2 mice
per experiment).

duction, possibly from airway stromal cells that induced OX40L
expression on DCs and B cells. While their model relied upon
subsequent intraperitoneal OVA/alum sensitization to assess the
effect of MDP delivery to the lung, we reasoned that OVA/MDP
would be sufficient for Th2 priming, the outcome of which could
be assessed simply by subsequent OVA challenge. Our model is
also related to that of Lei et al., who showed that lung delivery of
OVA with recombinant TSLP (bypassing induction by MDP) effec-
tively promotes allergic airways disease upon subsequent OVA
challenge [50].

Our data show that STAT6-IP effectively reduced OX40L
upregulation at the mRNA level in the lung, and reduced OX40L

www.eji-journal.eu
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Figure 4. STAT6-IP treatment at OVA/MDP priming reduces OVA-specific IgE and CD4" T cell-specific IL-4 production. (A) OVA-specific IgE levels
in serum, normalized to OVA/MDP group, set at 100%. (B) Total BAL fluid cells were stained as indicated in the Materials and Methods and analyzed
by flow cytometry. Cells were gated first for viability and singlets (as in Supporting Information Fig. 1), and then as CD4* T cells, followed by gating
for expression of IL-4. Representative log-scale flow cytometry plots are presented for IL-4 expressing CD4* T cells. (C) Total number of BAL fluid
CD4" T cells (left-hand panel) or IL-4-expressing CD4" T cells (right-hand panel). (A and C) Data are presented as the mean +SEM pooled from
three independent experiments, with three to five mice per group in each experiment. Outcomes were assessed by one-way ANOVA, followed by

Newman-Keuls multiple comparison test. “p<0.05.

(and possibly MHCII) expressing lung CD11b" DCs. STAT6-IP
also reduced the ability of these DCs to migrate to the lung
draining MLN where they would promote Th2 differentiation.
While no differences were found in the lung, significant reduc-
tions in CD86-expressing DCs in the MLN in STAT6-IP-treated
mice were found. Upon OVA challenge 4-5 weeks later, allergic
airway inflammatory responses in STAT6-IP treated mice were
diminished. AHR was not induced and mucus production, influx
of eosinophils into the airways and OVA-specific IgE levels were
all significantly reduced in mice that had been treated with
STAT6-IP at the time of OVA priming. Our data agree with others
showing reductions in the same parameters of allergic airways
disease in mice lacking either 0X40 [51] or OX40L [52, 53].

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The precise mechanism by which STAT6-IP interfered with
DC responses in the lung and MLN in OVA/MDP-treated mice
is not clear. TSLP is a potent inducer of OX40L upregulation on
DCs [22, 26] but any link between STAT®6 activation by TSLP and
subsequent OX40L upregulation does not appear to have been
addressed. Data from Arima et al. showed that TSLP induced
activation of STAT6 in human myeloid DCs in a manner that was
independent of the IL-4 receptor [33]; however, we have been
unable to replicate these data in murine cells (data not shown).
While TSLP may not activate STAT6 directly, it does have the abil-
ity to induce production of both IL-4 and IL-13 [42, 54, 55], both
of which could then activate STAT6 in DCs. In addition, the ability
of STAT6 to promote DC activation is implicated in the work of
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Figure 5. STAT6-IP reduces OVA/MDP-induced DC migration to the mediastinal lymph nodes. (A) Total LN cells were stained as indicated in the
Materials and Methods and analyzed by flow cytometry. The cells were gated first on live cells and singlets (as in Supporting Information Fig. 1), and
then gated on CD45"CD11c*F4/80~ DC population. Then, MHCII* or CD86" cells were gated from the DC population. (B) Total LN cells. (C) Total
number of CD11c*MHCII* cells. (D) Total number of CD11c*CD86" cells. Representative log-scale flow cytometry plots are shown in A. (B-D) Data
are presented as the mean + SEM from four to six mice per group (except for OVA, where n = 3) from one experiment, representative of three
independent experiments. Outcomes were assessed by one-way ANOVA, followed by Newman-Keuls multiple comparison test. *p<0.05. *p<0.01.

Halim et al., who showed that IL-13 produced by ILC2s promoted
DC migration to the MLN, though these authors did not present
changes in OX40L in this model. A role for IL-13 in upregulation
of costimulatory molecules is, however, provided by data from
Padilla et al., who showed that administration of recombinant
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IL-13 to the lung increases MHCII and CD40 on lung CD11c* cells
in a manner that is completely dependent upon expression of the
IL-4Ra, one subunit of the cognate IL-13 receptor [56]. While
STAT6-IP-dependent changes in MHCII™- or CD86-expressing
DCs in the lung were quite modest (or absent) in mice treated
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with OVA/MDP, these DCs (as well as those expressing CD40
[data not shown]) were significantly reduced in the MLN of
STAT6-IP-treated mice. Unfortunately, it was not possible to
reliably quantify OX40L-expressing DCs due to the small number
of these cells in the MLN. Our data thus implicate MDP-induced
IL-13 production in these increases in markers of DC activation.
The precise molecular mechanism by which IL-13, STAT6, and
STAT6-IP regulate DCs expressing OX40L and other co-stimulatory
molecules in both the lung and MLN is an ongoing area of our
research.

We also found that OVA-specific IgE levels were significantly
reduced in STAT6-IP treated mice, suggesting that follicular helper
T (Tfh) cells, which promote IgE production in response to aller-
gen administration [57, 58], were reduced. These decreases could
be due to STAT6-IP-dependent reductions in OX40L-expression,
which promote Tth responses and IgE production [59-61]. How-
ever, recent data from Kita and colleagues showed that OX40L
was essential for Th2-dependent eosinophilic airway inflamma-
tion but dispensable for IgE production in an Alternaria alter-
nata model [57], suggesting that these responses might be uncou-
pled. Whether the STAT6-IP-dependent reductions in OX40L (and
MHCII) expression on DCs was responsible for diminished IgE
levels in OVA/MDP-sensitized mice following OVA challenge war-
rants further investigation.

Lung DC subsets are categorized largely as ¢cDCs (conventional
DCs), moDCs (monocyte derived DCs), and pDCs (plasmacytoid
DCs). Lung cDCs are further divided into ¢DC1 (CD103" c¢DCs)
and cDC2 (CD11b* ¢DCs) subsets. Medoff et al. have shown that
CD11b™ myeloid cells promote Th2 and eosinophil recruitment to
the lung in a STAT6-dependent manner [37]. Moreover, similar
to our data, and that of others [23] showing OX40L on CD11b*
DCs in the lungs of OVA/MDP treated mice, OX40L may be pref-
erentially expressed on CD11b* DCs, whether they are ¢cDC2 or
moDCs [15, 44]. Our in vitro data from BMDCs showed only
subtle changes in OX40L expression induced by various media-
tors (e.g. OVA/TSLP), and its inhibition by STAT6-IP (data not
shown). Moreover, while we found that STAT6-IP inhibited the
ability of OVA/TSLP-stimulated BMDCs to increase IL-13 expres-
sion in co-cultured naive CD4" T cells, these in vitro responses
were quite modest. The difference between our in vivo and in
vitro findings may be due in part to the fact that the in vivo
responses are selectively mediated by CD11b* ¢DC, while GM-
CSF-derived BMDCs, which we used in our in vitro studies, are a
more heterogeneous population, the majority of which appear to
be most closely related to CD11b* moDC [62]. Of course, the in
vitro BMDC:CD4™ T cell co-culture system is static and cannot be
used to study DC migration. In addition, OX40L is also expressed
by macrophages [63] and B cells [64] and these cells may also
promote allergic inflammatory responses in the lung and they may
also be targets of STAT6-IP. In fact, an ongoing area of our research
is to characterize STAT6-IP effects in macrophages, based on our
published data [39, 40]. STAT6-IP targeting of multiple cell types
may contribute to the more robust inhibitory responses found in
vivo compared to the more reductionist in vitro BMDC:CD4" T cell
co-culture experiments.
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Our data suggest that STAT6-IP inhibited OVA/MDP-induced
DC migration to the lung MLN. Total MLN cell numbers increased
in OVA/MDP treated mice compared to control OVA-treated mice
and this increase was selectively reduced by STAT6-IP. Consistent
with effects on lung DCs, STAT6-IP, but not STAT6-CP, inhibited
the increase in total number of DCs in the MLN of OVA/MDP
treated mice. We have also assessed expression of co-stimulatory
molecules on DCs localized to the MLN and, as discussed above,
found modest decreases in OX40L as well as other co-stimulatory
molecules, in those from STAT6-IP treated mice. Our data showing
STAT6-IP disrupts the ability of OVA/MDP to induce DC migra-
tion to the MLN support findings from Halim et al., who showed
that IL-13 induced migration DCs to the MLN to promote Th2
differentiation [16].

Overall, our data demonstrate that inhibitory activity of STAT6-
IP is mediated at least in part by reduced activation and migration
of lung DCs to the lung draining lymph nodes, effectively reduc-
ing Th2 priming and subsequent allergic airways disease upon
secondary exposure to antigen, even many weeks later.

Materials and methods

Animals

Wild type Balb/c mice originating from Charles River Laboratories
(Montréal, QC, Canada) were bred in house and used at ages 6—
10 weeks. Animal studies were approved by the McGill University
Animal Care Committee and performed following the Canadian
Council on Animal Care guidelines. Both males and females were
used in all experiments. In conducting research using animals, the
investigators adhere to the laws of the United States and regula-
tions of the Department of Agriculture.

In vivo antigen and peptide delivery

To investigate DC activation and migration to the MLN, mice
were briefly anaesthetized with isoflurane and treated intranasally
with 100 pg purified OVA (Worthington Biochemical Corporation,
Lakewood NJ) each day for three consecutive days or with a mix-
ture of 100 g OVA and 50 g MDP (Peprotech, Montréal QC)
(OVA/MDP) on the first day and then OVA alone 24 and 48 h later.
Mice were treated with STAT6-IP or STAT6-CP (or saline as a con-
trol) twice, 24 and 1 h prior to delivery of OVA/MDP. Mice were
sacrificed three hours after the last treatment and lungs collected
for flow cytometry or RNA analysis (see below).

Alternatively, mice were sacrificed 48h following the last OVA
treatment for collection of MLN for flow cytometry analysis (see
below). Other similarly treated mice were allowed to rest for a
minimum of 28 days, after which they were briefly anaesthetized
as above for intranasal delivery of 100j.g OVA (Sigma-Aldrich,
Inc., Oakville ON) daily for each of four consecutive days.
Lung function was assessed 48 h later, after which mice were
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sacrificed to collect lungs, BAL fluid, and blood for further
analyses.

Analysis of AHR and airway inflammation

To assess lung function after OVA challenge, mice were anes-
thetized using xylazine and sodium pentobarbital and paralyzed
with pancuronium bromide and total lung resistance and elastance
in response to increasing doses of methacholine were measured
as previously described [40, 65]. Briefly, anesthetized and para-
lyzed mice were attached to a computer-controlled small-animal
ventilator (flexiVent; Scireq, Montréal, QC, Canada). Baseline res-
piratory system resistance and maximal resistance to increasing
doses of nebulized methacholine were recorded. Afterward, BAL
fluid was collected following lavage of the lungs twice with 1ml
PBS. Cells were pooled and the supernatant was collected after
centrifugation and stored at —80°C for cytokine-chemokine anal-
ysis by multiplex ELISA (Quansys Biosciences, Logan, UT). Total
BAL fluid cells were counted before a portion was spun onto micro-
scope slides for staining with Diff-Quick (Fisher Scientific, Ottawa,
ON, Canada). Differential cell counts were obtained by counting
three to six fields comprising 300 cells per field. Another portion
was restimulated ex vivo for intracellular cytokine staining (see
below). Following BAL fluid collection, blood was collected by
cardiac puncture and serum stored at -80°C for analysis of OVA-
specific IgE levels.

Lung histology

After BAL fluid collection, lungs were perfused with PBS and
inflated with 10% formalin through the trachea. Then, the entire
lungs were isolated and placed in formalin. The specimens were
embedded in paraffin, cut in 0.5-pm sections, and mounted on
glass slides. Slides were stained with haematoxylin and eosin
(H&E) or periodic acid-Schiff and examined under a microscope
(Olympus BX 51).

Flow cytometry

To characterize lung DC populations, lung tissues were minced
and digested for one hour at 37°C in serum-free DMEM (Life Tech-
nologies, Carlsbad, CA) containing collagenase XI (250png/mL;
Life Technologies); Liberase™ (100 wg/mL; Roche, Indianapolis,
IN); hyaluronidase 1a (1 mg/mL; Life Technologies) and DNase
I (200 pg/mL; Sigma-Aldrich) as described previously [65]. The
reaction was stopped with EDTA (final concentration 20 mM), and
red blood cells were lysed. The remaining cells were washed in
PBS twice and resuspended in PBS containing 2% FBS. Then, total
cells were counted and extracellular-stained for flow cytometry.
All cells for flow cytometry analysis were pre-stained with Fix-
able Viability Dye eFluor780 (eBioscience) and then treated with
anti-mouse CD16/CD32 (Fc block) (BD Biosciences, San Jose CA).
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Flow cytometry was done according to the guidelines in Cossarizza
et al. [66]

To examine the expression of co-stimulatory molecules on lung
and MLN DCs, cells were stained with Pacific Blue-anti-CD45
(BioLegend, San Diego CA), APC-anti-CD11lc (BioLegend), PE-
Cy7-anti-CD11b (eBioscience, San Diego CA), Alexa Fluor® 488-
anti-F4/80 (eBioscience), BV510-anti-MHCII (BioLegend), PerCP-
anti-CD86 (BioLegend), and PE-anti-OX40L (eBioscience).

To quantify IL-4 production from CD4" T cells by flow cytome-
try, BAL fluid cells (10%/mL) were incubated in RPMI 1640 media
(Life Technologies) containing 1% penicillin/streptomycin, 10%
heat-inactivated feral bovine serum (Life Technologies) with PMA
(50 ng/mL) and ionomycin (500 ng/mL) and GolgiStop™ (0.65
pL/mL) from BD Cytofix/Cytoperm™ kit (BD Biosciences) for 4
h prior to staining with Pacific Blue-anti-CD4 (BD Biosciences),
APC-anti-CD25 (BD Biosciences), and intracellular staining
with PE-anti-IL-4 (BioLegend). The same preparation was used
to quantify IL-13 production by CD4% T cells from co-culture
(see below).

For in vitro co-culture experiments, purity of naive CD4* T cells
harvested from spleens of DO11.10 mice (see below) was verified
by staining with Pacific-Blue-anti-CD4 (BD Biosciences), FITC-
anti-CD62L (eBioscience), and PE-Cy7-anti-CD44 (eBioscience).
Following co-culture with naive CD4" T cells, T cells were stained
with Pacific Blue-anti-CD4 (BD Biosciences) and PE-Cy7-anti-IL-13
(eBioscience). The intracellular staining was performed with the
BD Cytofix/Cytoperm™ kit (BD Biosciences). For all flow cytome-
try analysis, fluorescence minus one (FMO) controls were used to
define positive populations. Acquisition was performed on either
BD LSRII™, BD FACSCanto™ (Meakins-Christie Laboratories), or
BD LSRFortessa™ (Immunophenotyping Core Facility, RI-MUHC)
flow cytometers. Analyses were completed with FlowJo™ soft-
ware (FlowJo LLC, Ashland OR).

Quansys

The levels of chemokines in BAL fluid were assayed by mouse
custom Q-Plex array (Quansys Biosciences, Logan UT). The plates
were read with Q-View Imager LS and analyzed with Q-View Soft-
ware (Quansys Bioscience)

Measurement of OVA-specific IgE

OVA-specific IgE levels were assessed using mouse IgE ELISA
set with modifications (BD OptEIA™). Briefly, ELISA plates
were coated with 20 pwg/mlL OVA in 0.1M bicarbonate buffer
(NaHCO3) and serum samples were incubated with Protein A/G
sepharose beads in PBS overnight at 4°C. On the second day,
plates were washed with PBS-Tween 20 (0.05%) and blocked
with assay diluent after which serum samples were added and
incubated overnight at 4°C. The next day, plates were washed
with PBS-Tween 20 (0.05%) 5 times, and incubated for 1 h
with working detector mix (detection antibody and SAv-HRP
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reagent from the same IgE ELISA set). Afterward, the plate was
washed 7 times, and the reaction stopped with1M H3POy, prior to
detection.

RNA purification and quantification by real time qPCR

Collected lung tissues from each mouse were homogenized in
1 mL of TRIzol® reagent in micro-centrifuge tubes. Then 0.2
mL chloroform (Life Technologies) was added to each tube and
incubated at room temperature for 2-3 min. After centrifuga-
tion, the upper aqueous phase was collected into new tubes,
0.5 mL of isopropanol was added, and the tubes were incu-
bated at room temperature for 10 min. Pellets were recov-
ered after centrifugation and washed with 75% ethanol and
air-dried. The pellets were suspended in 50l of DNase/RNase
free water (Life Technologies). RNA was quantified with Nan-
oDrop 1000 (Thermo Scientific) and then reverse-transcribed into
cDNA with RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, MA) using Oligo(dT)g. Afterward,
OX40L and GAPDH as the housekeeping gene were PCR amplified
with StepOnePlus™ Real-Time PCR system (Applied Biosystems)
using the following primer pairs: OX40L 5-GGGAAGGGGTTCAA
CCCCT-3' & 5-GAAGAGAGTTGCAGGCAGACA-3' [67] and
GAPDH 5-AACTTTGGCATTGTGGAAGG-3' & 5'-ATGCAGGGATG
ATGTTCTGG-3'. The analysis was completed in StepOnePlus™
software. Cycle threshold (Ct) values of OX40L were first normal-
ized to Ct values of GAPDH before quantification by the compar-
ative threshold cycle method to obtain the mRNA levels of OX40L
from OVA/MDP- (and peptide-) treated mice relative to the OVA
control group.

In vitro BMDC:CD4+ T cell co-cultures

BMDCs from wild type Balb/c mice were generated as described
previously [68]. Briefly, the tips of both femurs and tibias were
carefully cut off and bone marrow cells collected by flushing once
from each end with 3 mL of BMDC media (10% FBS, 1% peni-
cillin/streptomycin, 50 pM 2-mercaptoethanol, 1% MEM (mini-
mum essential medium) non-essential amino acids solution, 1%
sodium pyruvate in L-glutamine containing RPMI 1640 medium).
The isolated cells (0.75 x 10°) were plated in 6-well plates in
3ml of BMDC media containing 20 pg/mL GM-CSF (PeproTech,
Montreal, QC) in each well (Day 0). Another 3 mL of fresh BMDC
media containing GM-CSF was added to the culture on day 3. On
days 6 and 9, 3 mL of the total 6 mL was again replaced with fresh
media containing GM-CSF. On day 10, BMDCs were harvested for
co-cultures. BMIDCs were incubated overnight with saline or with
TSLP (100 ng/mL), either alone or with STAT6-IP or STAT6-CP
(100 nM). Cells were washed in PBS twice, and then pulsed with
OVA peptide (323-339) (100 ng/mL) for 2 h. Naive CD4" T cells
(CD4*CD62LMCD44°") were isolated from spleens of DO11.10
OVA-TCR transgenic mouse by Naive CD4" T cell selection kit
(Miltenyi Biotech, Auburn CA). BMDCs were cultured with the
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isolated naive CD4" T cells in ratio of 1:2 and 48 h later, cells
were harvested for flow cytometry analysis as described above.

Statistical analysis

Data were analyzed using Prism 6 (GraphPad software, La Jolla
CA) by one-way ANOVA with Newman-Keuls multiple comparison
tests. Data are presented as means + SEMs and p-values less than
0.05 were considered statistically significant. Some data (serum
IgE levels, in vitro IL-13 producing CD4" T cells) were normalized
to OVA/MDP (100%) prior to the statistical tests, as indicated in
the figure legends.
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First Editorial Decision
12-Mar-2018

First Revision — authors’ response

Reviewer: 1

Comments to the Author

The study by Lee et al. investigates the use of a STAT6-inhibitory peptide (IP) in a Nod2 agonist driven
mouse model of allergic asthma and aims to dissect the immunology behind observed reductions in
airway inflammation induced by STAT6-IP. Research from the same group has previously demonstrated
the effectiveness of STAT6-IP in reducing airway inflammatory responses in models of allergy and RSV
infection and here they investigate how this peptide affects Th2 priming in response to OVA and the
Nod2 agonist MDP.



urnal of

unology

Overall, | found this study to be interesting and well thought as a concept but unfortunately has
experimental and analytical flaws that have resulted in the over-selling of the results. Indeed, the
message revolves around the impact of STAT6-IP on dendritic cell (DC) populations that are induced by
local immunization with OVA/MDP. However, | found the DC-specific data to be unreliable in its current
form and the study needs reworking to be suitable for publication. Furthermore, there is also no
satisfactory extension on the work already published by the group on STAT6-IP efficacy and allergic

airway disease.
My major comments are as follows:

1. The authors state that STAT6-IP reduces OVA/MDP-induced DC activation, based on data on OX40L
and MHCII only (Fig. 1D). However, OVA/MDP produced no increase in OX40L+ or MHCIl+ DCs compared
to OVA itself, which would suggest that MDP has no contributing effect. Furthermore, CD86 expression
(should be MFI here not %) was unaffected and other DC activation markers were not assessed (e.g.
CD80, CD40). This lack of change (in OX40L) did not correlate with the induction of OX40L mRNA seen in
lung tissue in OVA/MDP treated mice (Fig 1B) which itself is modest compared to that seen with other
Nod2 agonists (e.g. Duan et al. J Allergy Clin Immunol 2010; 126:1284-93) in similar allergy models. This
would suggest that the effect of OVA/MDP on OX40L is actually DC-independent. Unless the authors can
prove otherwise, the stated conclusion is inaccurate, as all presented evidence does not correlate

together.

REPLY:

In our original analysis, we quantified expression of 0X40L, MHCII, and CD86 within the CD11b+ DC
population only. We have now included further analyses of these data, quantifying the frequency of total
lung CD11b+ DCs expressing OX40L - as well as MHCII & CD86. With this new analysis we show that there
is a significant increase in OX40L-expressing DCs in the lungs of mice treated with OVA/MDP vs. OVA (Fig
1D). Moreover, this new analysis is quite similar to our findings from the mRNA analysis of OX40L
presented in Fig 1B. The revised data for MHCII+ and CD86-expressing CD11b+ DCs has been moved to

Supplemental Fig 1B, C, and the gating strategy is presented in Supplemental Fig 1A.

2. | felt that the flow gating strategy for identification of DCs (Fig 1C) and analysis on OX40L expression
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needs reworking. CD11c hi DCs should be assessed only (rather than CD11c mid to hi). For OX40L, the
main population of cells is skewed and misshaped (likely to due to compensation issues between
fluorochromes) and the positive gate needs resetting to reflect CD11chi events and true OX40L+ events.
There appears to significant number of OX40L+ events (notably CD11c mid) that look like outliers
because contour plots have been selected and outliers shown. This is usually when overall cell numbers
are low. Here, the quality of the flow plots need improving. Thus, the OX40L data in Fig. 1D is inaccurate

and unreliable, as a result.

REPLY:

We have re-checked our analysis to ensure there are no issues with compensation between
fluorochromes affecting the OX40L signal and we have now presented the data as CD11b+ vs. OX40L in
the revised figure. We would like to emphasize that it is rare to find abundant OX40L-expressing DCs in
the lung - independent of the model used. Our data, showing few OX40L-positive cells are in agreement
with data from a number of different groups (using varied allergic stimuli) — including Duan et al J Allergy
Clin Immunol 2010; 126:1284 [OVA/MDP]; Plantinga et al, Immunity 2013; 38:322 [HDM]; Chu et al J
Allergy Clin Immunol 2013; 131:187 [HDM]. We are thus confident that the OX40L signal we have

quantified is real and biologically meaningful.

3. In secondary OVA challenge experiments (Fig. 2), OVA/MDP treatment during priming induced higher
numbers of BAL-resident total cells (Fig. 2C; max number 60x1074), This effect was ablated by STAT6-IP.
The increase in cells was shown to be, in part, eosinophils (Fig 2D) and lymphocytes (no reference to
whether T or B lymphocytes?) but not macrophages or neutrophils (Fig S1B). However, the numbers do
not add up as, for example, the number of macrophages in OVA treated mice (Fig S1B) are higher than
the total cell number (Fig 2C) in experiments of the same design. Can this be explained? If these

“lymphocytes” are not CD4 T cells then surely it weakens the proposed message on Th2 immunity?

REPLY:

In our original manuscript we mistakenly included frequencies (and not numbers) of some of the BAL
fluid cells, including macrophages - thus leading to this confusion. The revised figures now represent BAL
fluid numbers throughout. We did this quantification by counting cells manually after Diff-Quick staining
and thus cannot discriminate between T and B cells. However, we have now included quantification by

flow cytometry of CD4+ T cells - in the revised Fig 4. While no significant changes were found in total
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CD4+ T cells (Fig 4C, left-hand panel) there were clear trends for induction by MDP (and MDP +
STAT6-CP) and reductions by STAT6-IP. See also below, our reply to comments 4 and 5 from this

reviewer.

4. Additionally in Figures 2E and 2F, there is nice data showing how induction of CCL17 and CCL22
production by OVA/MDP is inhibited by STAT6-IP. However, STAT6-CP reduced CCL17 and CCL22
production. This is unexpected. Can the authors explain why? Also, one would assume that such release
of T cell chemoattractants (and subsequent inhibition by STAT6-IP) would affect T cell recruitment into
the BAL fluid. However, there is no T cell data shown (only “lymphocyte” data). Can the authors provide

T cell data here, specifically CD4+ T cells in the BAL?

REPLY:

Throughout our studies with STAT6-IP and STAT6-CP, we have sometimes observed inhibition of
STAT6-CP that is intermediate between the saline controls and STAT6-IP. We have commented on this in
each of our papers. We have long considered that this could be due to modest inhibition of STAT6 by
STAT6-CP, because this peptide has a single amino acid change compared to STAT6-IP. We have recently
initiated a line of investigation dedicated to more clearly defining mechanisms by which STAT6-CP
sometimes exhibits inhibitory activity and we are assessing the possibility that STAT6-CP might also have
activity as a host defense peptide. Please see our reply to Comment 3 (above) for our description of BAL

fluid CD4+ T cells — now shown in Fig 4C.

5. The authors suggest that STAT6-IP delivery at OVA/MDP priming reduces CD4+ T cells specific IL-4
production and Th2 differentiation (Figure 4). | have a number of issues with this figure. Firstly, no flow
plots are shown for the CD4+IL-4+ data (Fig.4B) and instead data is represented as normalized bar charts.
It would be ideal to see flow plots (to see the gating strategy) and absolute numbers of these cells.
Furthermore, it would be nice to see IL-4 production measured in the BAL by ELISA or equivalent.
Secondly, the gating strategy used to identify Th2 cells is limited to just CD4 and the IL-33 receptor ST2.
The authors justify that ST2 marks Th2 cells from other CD4 T cells. However, this assumption is flawed
as it has been proven that ST2 exists on Th1 cells (Baumann et al. PNAS 2015; 112: 4056-4066) along with

other T cell subsets. Therefore, this strategy is unreliable and Th2 cells should be identified with further
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phenotypic markers (e.g. CXCR4). Furthermore, the gating strategy does not include CD3 and the ST2+
gate requires setting with data from FMOs or better ST2-/- cells. Different types of flow plots are shown
as well and these should be consistent. This needs readdressing. Thirdly, the data on CD4+ TCM and TEM
cells showed by represented by absolute numbers rather than percentages. As the effect appears
modest by % alone, the defining statement that STAT6-IP reduces Th2 differentiation and possibly TEM

survival (no data to prove this) is exaggerated and not believable.

REPLY:

In the revised version we have made several changes to Fig 4. We have kept the OVA-specific IgE data
(Fig 4A). We have now added flow panels showing gating of CD4+ T cells in the BAL fluid and then, from
this, 3 representative plots for IL-4 producing CD4+ T cells in mice treated with OVA/MDP alone or with
STAT6-IP or STAT6-CP (Fig 4B). Quantification of these data is in Fig 4C (without normalizing the data). All
of our flow cytometry gates are defined using fluorescence minus one (FMO) controls, which is now
stated on page 22, lines 506-507. Unfortunately, due to the mild nature of this model, we have been
unable to reliably detect IL-4 (or other cytokines) in the BAL fluid by ELISA.

We also quantified IL-13-expressing CD4+ T cells in the BAL fluid. These were very few in number, and
thus we have not included these data. However, we have added the following statement to the
manuscript, to address this (page 11, lines 224-225): “IL-13-expressing CD4+ T cells were very few in
number, though each cell expressing IL-13 also expressed IL-4 (data not shown).”

The modest changes to TEM and TCM, with suggested gating changes (including removal of ST2 for

reasons the reviewer stated), are now presented in Supplemental Fig 3C.

6. Data is presented on IL-13 production by naive CD4 T cells in vitro upon stimulation by OVA and TSLP
treated BMDCs (Fig S2). However, no IL-13 data is presented from in vivo experiments, which | feel is
important here given that Th2 cells produce IL-13. A conclusion is then presented that STAT6-IP could
directly target DCs to reduce Th2 differentiation. | find this very overstated without some accompanying
in vivo evidence much like that presented earlier for IL-4 in T cells and DC markers. The only way to truly
show this is to use the same allergy model in DC-depleted BALB/c mice and to then assess the effect of
STAT6-IP in vivo on Th2 responses (i.e. IL-13) and cell differentiation. Whilst this may be beyond the

scope of this study, it would certainly answer whether STAT6-IP was acting directly on DC population.
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REPLY:

We have been careful to not specifically conclude from the data in this manuscript that STAT6-IP directly
targets DCs. This is one of the goals of our ongoing experiments. However, the data in Supplemental Fig
3A&B do provide evidence that STAT6-IP could potentially target DCs directly. We have modified the text
describing these data to clarify our findings and conclusions. It now reads (pages 11&12, lines 243-259):
“While IL-4 producing T cells were few in number and did not differ between groups (data not shown),
the frequency of IL-13-expressing T cells was modestly reduced by STAT6-IP, but not STAT6-CP
(Supplemental Fig 3A&B). Though these data do not rule out indirect effects of STAT6-IP on DCs to
control T cell cytokine production, they do suggest that STAT6-IP could directly target DCs to reduce Th2

differentiation.” Please see also our reply to comment 5 from this reviewer.

With regard to assessing responses in DC-depleted Balb/c mice, we believe this line of investigation is
likely to be problematic, because, in the absence of DCs, there will be little to no induction of Th2

responses and allergic airway inflammation.

7. In Figure 5, the authors provide data from lung draining MLNs, which aims to look at DC migration into
the MLN upon OVA/MDP treatment and the impact of STAT6-IP intervention. In this experiment, the
gating strategy for identifying DCs is flawed as they gate on MHCII+ cells that are CD11c low to high. Also,
the zebra flow plots should be changed to show actual events. Finally, the total numbers of certain DC
populations are represented as normalized data. Absolute numbers need to be shown as a normalized
difference can look bigger when cell number is low. Also, why was no statistical significance achieved in
Fig 5D? It would also be good to know if Th2 cells migrated into the MLN upon OVA/MDP treatment and

the effect of STAT6-IP on this recruitment?

REPLY:

We have modified Fig 5A to include representative gating from a new experiment. Our gating strategy
for DCs in the MLN focuses specifically on MHCIIhi DCs rather than CD11chi DCs. We have found (in other
experiments in my laboratory) that MLN resident DCs express higher levels of CD11c and lower levels of
MHCII. Our gating strategy is in agreement with others (i.e. Gerner et al. Immunity 2012; 37:364) and is
discussed in a review article by Liu and Nussenzweig, Immunol Rev 2010. 234:45. While we have tried to

detect OX40L-expressing DCs in the MLN, these cells are remarkably few in number, making
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quantification difficult. Thus, we now show data for MHCIIhi and CD86-expressing DCs in the MLN only.
We have addressed this limitation in the results section (page 12, lines 271-274): “The frequency of
OX40L expressing DCs in the MLN was very low; these cells were subtly increased in OVA/MDP- and
OVA/MDP plus STAT6-CP-exposed mice and decreased in mice treated with STAT6-IP, though these
changes did not reach statistical significance (data not shown).” We have also added one sentence to the
discussion (page 15, lines 349-350) “Unfortunately, it was not possible to reliably quantify

OX40L-expressing DCs due to the small number of these cells in the MLN.”

8. Given that the paper proposes a link between DC activation (through OX40L) and Th2 cell priming, it is
important to know how OX40 expression is affected on Th2 cells in this allergy model. Can the authors
provide data on this?

REPLY:

We, too, are interested in regulation of 0X40 on CD4+ T cells in this (and other models) in my laboratory
and we have some evidence that OX40 is, indeed, upregulated on CD4+ T cells in the MLN of
OVA/MDP-treated mice. However, these data are preliminary and the experiments still ongoing in my

laboratory and are thus not included in the current manuscript.

9. Some of the key data in this paper appears to not really extend on data already published by the group
using OVA as a local antigen (e.g. McCusker et al. J. Immunol 2007; 179:2556-2564). This published study
demonstrates that STAT6-IP reduces OVA-induced BAL fluid inflammation and mucus production. Whilst
this study adds MDP to the antigenic stimuli, similar results by STAT6-IP on immune cell recruitment and
mucus production are seen in this study. Therefore, | feel this study repeats some elements of that work

and thus lacks a degree of novelty.

REPLY:

While some of the experimental outcomes are similar to those in our first STAT6-IP paper, we emphasize
that in our other publications investigating allergic airway disease (McCusker et al. J Immunol. 2007 and
Wang et al. Clin Exp Allergy 2011), STAT6-IP was delivered at the time of OVA (or ragweed) challenge.
The novelty in our current work is that we now show that STAT6-IP, when given at the time of antigen
priming, effectively inhibits the induction of type-2 responses in the lung. The differences in these two
models are described in the discussion, on pages 13&14, lines 297-323 as follows: “In our original

STATG6-IP studies [38, 41], STAT6-IP delivered to sensitized mice at the time of OVA or ragweed challenge,



urnal of

unology

reduced a number of allergic inflammatory outcomes in the lung... To more precisely examine effects of
STAT6-IP in DCs in the lung, we developed a new model, related to a lung tolerance model originally
described by Duan, et al., [23] where mice are treated with a purified preparation of OVA in the presence
of a Nod2 agonist, MDP... Our model is also related to that of Lei et al., who showed that lung delivery of
OVA with recombinant TSLP (bypassing induction by MDP) effectively promotes allergic airways disease
upon subsequent OVA challenge [50]. Our data show that STAT6-IP effectively reduced OX40L
upregulation at the mRNA level in the lung, and reduced OX40L (and possibly MHCII) expressing lung
CD11b+ DCs. STAT6-IP also reduced the ability of these DCs to migrate to the lung draining MLN where
they would promote Th2 differentiation... Upon OVA challenge 4-5 weeks later, allergic airway

inflammatory responses in STAT6-IP treated mice were diminished.”
Reviewer: 2

Comments to the Author

The manuscript by Lee and colleagues states that an inhibitory peptide targeting STAT6 reduces allergic
lung inflammation by downregulating dendritic cell activation, DC-migration to the lymph nodes, and
DC-mediated Th2 development. The work addresses an interesting issue and is generally in line with
previous observations in the field. Although it is known for 20 years that STAT6 is involved in
Th2-mediated inflammation (Kaplan MH, et al. Immunity. 1996; Akimoto T, et al, J Exp Med. 1998), this
work provides new insight into mechanisms behind this observation. Experiments are performed on a
valid standard and are well described. Yet, information about age and gender of mice used in the

experiments is not provided.

Specific comments:

¢ The authors have already used STAT6-IP in an earlier study to inhibit experimental allergic airways
disease (McCusker et al. JI 2007). However, in the latter study a different animal model was used. Could
the authors please comment on the different models and specify the advantage of using the OVA/MDP
model in this study. Moreover, the OVA/MDP model described by Duan and colleagues (Innate Signals
from Nod2 Block Respiratory Tolerance and Program Th2 Driven Allergic Inflammation Duan, JACI 2010)
involves alum to generate a Th2 response. Did the authors compare their model with the OVA/MDP

model used by Duan et al?
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REPLY:

For the first comment, please refer to our reply to comment 9 of the first reviewer.

For the 2nd comment, we have described our reasoning for modifying the protocol originally used by
Duan et al. This is presented in the Discussion on page 14, lines 304-315: “To more precisely examine
effects of STAT6-IP in DCs in the lung, we developed a new model, related to a lung tolerance model
originally described by Duan, et al., [23] where mice are treated with a purified preparation of OVA in the
presence of a Nod2 agonist, MDP... While their model relied upon subsequent intraperitoneal OVA/alum
sensitization to assess the affect of MDP delivery to the lung, we reasoned that OVA/MDP would be
sufficient for Th2 priming, the outcome of which could be assessed simply by subsequent OVA challenge.
Our model is also related to that of Lei et al., who showed that lung delivery of OVA with recombinant
TSLP (bypassing induction by MDP) effectively promotes allergic airways disease upon subsequent OVA
challenge [50].”

* The fact that STAT6-IP inhibits OX40L expression induced by OVA/MDP in lungs suggests that OVA
and/or MDP would induce OX40L in a STAT6 dependent way. Can the authors comment on this? Which
factor might activate STAT6? Does OX40L depend on STAT6? Can one expect a similar role of STAT6 in an

MDP-independent model?

REPLY:

We have described this issue in the discussion on Pages 14,15, lines 329-354: “The precise mechanism by
which STAT6-IP interfered with DC responses in the lung and MLN in OVA/MDP-treated mice is not clear.
TSLP is a potent inducer of OX40L upregulation on DCs [22, 27] but any link between STAT6 activation by
TSLP and subsequent OX40L upregulation does not appear to have been addressed. Data from Arima et
al. showed that TSLP induced activation of STAT6 in human myeloid DCs in a manner that was
independent of the IL-4 receptor [33]; however, we have been unable to replicate these data in murine
cells (data not shown). While TSLP may not activate STAT6 directly, it does have the ability to induce
production of both IL-4 and IL-13 [22, 54, 55], both of which could then activate STAT6 in DCs. In
addition, the ability of STAT6 to promote DC activation is implicated in the work of Halim et al., who
showed that IL-13 produced by ILC2s promoted DC migration to the MLN, though these authors did not
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present changes in OX40L in this model. A role for IL-13 in upregulation of costimulatory molecules is,
however, provided by data from Padilla et al., who showed that administration of recombinant IL-13 to
the lung increases MHCIl and CD40 on lung CD11c+ cells in a manner that is completely dependent upon
expression of the IL-4Ra, one subunit of the cognate IL-13 receptor [56]. While changes in MHCllhi- or
CD86-expressing DCs in the lung were quite modest (or absent) in mice treated with OVA/MDP, these
DCs (as well as those expressing CD40 [data not shown]) were significantly reduced in the MLN of
STAT6-IP-treated mice. Our data thus implicate MDP-induced IL-13 production in these increases in
markers of DC activation. The precise molecular mechanism by which IL-13, STAT6, and STAT6-IP
regulate DCs expressing OX40L and other co-stimulatory molecules in both the lung and MLN is an

ongoing area of our research.”

¢ In figure 2D the authors show that, compared to OVA only, OVA/MDP induced eosinophil infiltration is
completely blocked by STAT6-IP. This is somewhat surprising, since one would not expect that MDP
induced eosinophil infiltration is only mediated by STAT6. Since it has been shown earlier, that IL-4 and
IL-13 contribute to eosinophil migration by inducing eotaxin (CCL11) in a STAT6-dependent way (Hoeck
et al, JI 2011), it would be interesting to analyse IL-4, IL-5 or CCL11 in the BAL as well.

REPLY:

We agree completely with this reviewer - that eosinophil influx into the BAL fluid is likely mediated by a
combination of eosinophil chemokines and IL-5. Unfortunately, due to the mild nature of the OVA/MDP
model we were unable to reliably detect any cytokines in the BAL fluid. In addition, while CCL17 and
CCL22 were detectable in the BAL fluid, CCL11 was not. This has now been added to the results section

on Page 9, lines 183-184.

e Figure 4B. Since the authors speculate that the reduced activation of DCs (due to limited OX40L
expression and reduced migratory capacities) results in a block of Th2 development, the resulting CD4+
population should be characterized in more detail. Does STAT6-IP treatment also lead to a reduction of

IL-5 and IL-13 producing CD4+ T cells. What about GATA3 expression? Is there a general shift in the T cell
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population? Because MDP was shown to block tolerance by suppressing the generation of Treg (Duan et
al, JACI 2010), and because STAT6-IP seems to have strong effects in the OVA/MDP model, the question
arises: does STAT6-IP allow for recovery of the Treg cell population, thus repressing the Th2 response in

the OVA/MDP model?

REPLY:

We, too, are interested in these same questions and they are also part of our ongoing studies using
OVA/MDP as well as a 2nd model where mice are treated with OVA + IL-33. Our early data suggest that
STAT6-IP does not promote IL-10 and/or IFNg production, either from BAL fluid CD4+ T cells (similar to
data shown in Fig 4) or from BMDC-T cell co-cultures (similar to data shown in Supplemental Fig 3). As
discussed above (comment 8, Reviewer 1) we have preliminary data quantifying OX40 expression on
CD4+ T cells in our models, and quantifying GATA-3 is obviously of interest as well. However, these data
are not yet definitive and comprise ongoing research in my laboratory. In addition, while we have not
quantified IL-5 in this model, we did quantify IL-13, as well as IL-4, in the BAL fluid CD4+ T cells. Our reply
to Reviewer 1, comment 5, is also applicable here: We also quantified IL-13 expressing CD4+ T cells in the
BAL fluid. These were very few in number, and thus we have not included these data. However, we have
added the following statement to the manuscript, to address this (page 11, lines 224-225):
“IL-13-expressing CD4+ T cells were very few in number, though each cell expressing IL-13 also expressed

IL-4 (data not shown).”

e Figure 4C: please verify citation 45. This paper refers to yoT cells.

REPLY:
Based on comments from Reviewer 1 (see Comment 5 above), we have removed this section of the

manuscript, which includes this reference.

Second Editorial Decision

23-Auq-2018

Dear Dr. Fixman,

Thank you for submitting your revised manuscript ID €ji.201847534.R1 entitled "STAT®6 inhibitory peptide
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reduces dendritic cell activation and migration to the lymph nodes to control Th2 adaptive immunity in the
lung" to the European Journal of Immunology. Your manuscript has been re-reviewed and the comments

of the referees are included at the bottom of this letter.

Although the referees have recommended publication, some revisions to your manuscript have been
requested. Therefore, | invite you to respond to the comments of the referee and revise your manuscript

accordingly.

You should also pay close attention to the editorial comments included below. **In particular, please edit
your figure legends to follow Journal standards as outlined in the editorial comments. Please show the
fluorochrome axis labels and the scaling for all the flow cytometry dot plots. Failure to do this will result in

delays in the re-review process.**

If the revision of the paper is expected to take more than three months, please inform the editorial office.
Revisions taking longer than six months may be assessed by new referee(s) to ensure the relevance and

timeliness of the data.

Once again, thank you for submitting your manuscript to European Journal of Immunology. We look

forward to receiving your revision.

Yours sincerely,

Laura Soto Vazquez

on behalf of

Prof. Kenneth Murphy

Mrs. Laura Soto Vazquez
Editorial Office

European Journal of Immunology
e-mail: ejied@wiley.com

www.eji-journal.eu

Reviewer: 1
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Comments to the Author

The revised manuscript by Lee et al. has appeased a large number of my concerns, especially with regard
to data presentation and interpretation and its new form is improved from its original version. They have
adequately altered the wording of certain sections of the manuscript and other details have been removed
(i.e. ST2 data) which improve the manuscript. However, a few minor concerns remain which are detailed

below:

1) The reworked data by the authors indicates that there is a significant increase in OX40L-expressing
CD11b+ DCs in the lungs of mice treated with OVA/MDP vs. OVA (Fig. 1C). This data is based on %
frequency of live cells, which is usually quantified by a flow cytometer. The authors ideally need to show
the total cell numbers of OX40L-expressing CD11b+ DCs per lung, which can be easily calculated from
organ cell counts. This is important, as changes in frequencies can appear statistically different whilst
changes in total cell numbers can sometimes not. Can authors alter the data in Figure 1C to show total

cell numbers replaced figure?

2) Also, the title of the paragraph (page 8, line 120) is stated as &€0eSTAT6-IP reduces
OVA/MDP-induced DC activation in the lungs&€01. This is misleading given that there was no effect of
STATG6-IP on CD86+ DCs and that no other activation markers were assessed in the revised manuscript.

Can this be changed to reflect the results accurately ie. OX40L-related only?

3) The authors have addressed my comment regarding IL-4 producing CD4+ T cells and flow plots are
nice and illustrate the point compellingly. However, | do have a minor concern with the gating strategy as
it appears that cells were not identified as CD3+ T cells before being gated as CD4+ T cells. Whilst most
CD4+ cells are CD3+, CD4+ CD3- cells do exist (e.g. NK cells - Bernstein et al 2006 J. Immunol) including
those capable of producing IL-4 (Brugnoni et al 1997 Leukemia). | think it4€™s important here to
determine that the IL-4 producing CD4+ T cells are mainly CD3+ T cells. Can the authors provide
evidence that these IL-4 producing CD4+ cells are CD3+ or perhaps demonstrate CD3 identification in

their gating strategy from Fig 47?

4) One other point, the authors state (on p11, lines 205-206) that &€cethese data suggest that STAT6-IP
delivery at OVA/MDP priming reduces OVA-specific IgE production, Th2 differentiation and possibly,
survival of TEM cells&€11. The conclusion regarding the survival of TEM cells is too overreaching and not

accurate without any survival data to back it up so should be removed.

5) The authors have not indicated whether Th2 cells were detected in the MLN upon OVA/MDP treatment
(Fig. 5) and the effect of STAT6-IP on this. Are the authors able to provide any evidence as reduced Th2
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cell migration to the MLN by STATG6-IP would be a nice result?

6) The overall effects of STAT6-IP are more on DC migration rather than activation. | would suggest the
title of the manuscript be altered to not mention DC activation

Reviewer: 2

Comments to the Author

The authors have thoroughly addressed all concerns.

Second Revision — authors’ response

Reviewer 1: Comments to the Author

The revised manuscript by Lee et al. has appeased a large number of my concerns, especially with
regard to data presentation and interpretation and its new form is improved from its original version.
They have adequately altered the wording of certain sections of the manuscript and other details
have been removed (i.e. ST2 data) which improve the manuscript. However, a few minor concerns
remain which are detailed below:

Comment 1: The reworked data by the authors indicates that there is a significant increase in
OX40Lexpressing

CD11b+ DCs in the lungs of mice treated with OVA/MDP vs. OVA (Fig. 1C). This data is

based on % frequency of live cells, which is usually quantified by a flow cytometer. The authors ideally
need to show the total cell numbers of OX40L-expressing CD11b+ DCs per lung, which can be easily
calculated from organ cell counts. This is important, as changes in frequencies can appear statistically
different whilst changes in total cell numbers can sometimes not. Can authors alter the data in Figure
1C to show total cell numbers replaced figure?

REPLY: We agree with this reviewer that this is the most informative way to present this type of data
and we always do this in our work now with other similar models. Unfortunately, at the time we were
doing the OVA/MDP experiments, we were counting cells only to stain equal numbers for flow
cytometry and thus we do not have the total counts. However, we are confident in our conclusion

that OX40L-expressing DC increase in the lungs and that they are reduced by STAT6-IP. In our new
models, the changes in both the frequency and number of lung DC are quite similar- whether they
increase or decrease. In addition, the OVA/MDP model used in the studies in this manuscript was
much more ‘mild’ compared to our newer models, and thus differences in total lung numbers were

quite unlikely, making the frequency data quite reliable, especially given the very small numbers of DC
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in the lung. In summary, while we agree that converting frequencies to numbers is the best way to
present this type of data, we remain confident that the frequency data we have included in our
manuscript is a reliable indicator of what was happening with the DCs in the lung.

Comment 2: Also, the title of the paragraph (page 8, line 120) is stated as “STAT6-IP reduces
OVA/MDP-induced DC activation in the lungs”. This is misleading given that there was no effect of
STATG6-IP on CD86+ DCs and that no other activation markers were assessed in the revised manuscript.
Can this be changed to reflect the results accurately ie. OX40L-related only?

REPLY: We have changed the title of the first paragraph as suggested - replacing “activation” with
“OX40L-expressing” — on page 8 line 126.

Comment 3: The authors have addressed my comment regarding IL-4 producing CD4+ T cells and flow
plots are nice and illustrate the point compellingly. However, | do have a minor concern with the

gating strategy as it appears that cells were not identified as CD3+ T cells before being gated as CD4+
T cells. Whilst most CD4+ cells are CD3+, CD4+ CD3- cells do exist (e.g. NK cells - Bernstein et al 2006
J.

Immunol) including those capable of producing IL-4 (Brugnoni et al 1997 Leukemia). | think it's
important here to determine that the IL-4 producing CD4+ T cells are mainly CD3+ T cells. Can the
authors provide evidence that these IL-4 producing CD4+ cells are CD3+ or perhaps demonstrate CD3
identification in their gating strategy from Fig 4?

REPLY: Unfortunately, we did not include CD3 antibodies in our gating strategy of BALF CD4+ T cells.
There is a large body of literature linking OX40L with differentiation of CD4+ Th2 cells. In addition, the
majority of studies in the asthma literature emphasize IL-4 production from Th2 differentiation.

While it is certainly possible that the CD4+IL4+ cells could be cell types other than Th2, we are quite
confident that the majority of them are, in fact, Th2 cells (express CD3). We do agree that it could be
interesting to identify other IL-4 expressing cells in the BALF (such as NK or NK-T cells) as suggested by
this reviewer, but feel this is beyond the scope of our current study.

Comment 4: One other point, the authors state (on p11, lines 205-206) that “these data suggest that
STATG6-IP delivery at OVA/MDP priming reduces OVA-specific IgE production, Th2 differentiation and
possibly, survival of TEM cells”. The conclusion regarding the survival of TEM cells is too overreaching
and not accurate without any survival data to back it up so should be removed.

REPLY: We have changed this sentence so that we no longer implicate TEM cells. This is shown now
on page 11, line 210.

Comment 5: The authors have not indicated whether Th2 cells were detected in the MLN upon
OVA/MDP treatment (Fig. 5) and the effect of STAT6-IP on this. Are the authors able to provide any
evidence as reduced Th2 cell migration to the MLN by STAT6-IP would be a nice result?

REPLY: These important studies are ongoing in my laboratory and form the basis for a new manuscript
further defining mechanisms by which STAT6-IP regulates MLN T cell responses in both allergy and

virus infection models. Thus, they have not been included in this manuscript.
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Comment 6: The overall effects of STAT6-IP are more on DC migration rather than activation. | would
suggest the title of the manuscript be altered to not mention DC activation

REPLY: As suggested we have changed the title of the manuscript to remove dendritic cell “activation”.
We have also emphasized that our studies have been done in mice by adding “mouse lung” to the

title.

Reviewer 2: Comments to the Author

The authors have thoroughly addressed all concerns.

Third Editorial Decision

29-Oct-2018

Dear Dr. Fixman,

It is a pleasure to provisionally accept your manuscript entitled "STAT6 inhibitory peptide reduces dendritic
cell migration to the lymph nodes to control Th2 adaptive immunity in the mouse lung" for publication in
the European Journal of Immunology. For final acceptance, please follow the instructions below and return
the requested items as soon as possible as we cannot process your manuscript further until all items listed
below are dealt with.

Please note that EJI articles are now published online a few days after final acceptance (see Accepted
Articles: https://onlinelibrary.wiley.com/toc/15214141/0/ja). The files used for the Accepted Articles are the
final files and information supplied by you in Manuscript Central. You should therefore check that all the

information (including author names) is correct as changes will NOT be permitted until the proofs stage.

We look forward to hearing from you and thank you for submitting your manuscript to the European

Journal of Immunology.

Yours sincerely,

Ivan Shevchenko

on behalf of

Prof. Kenneth Murphy

Dr. Ivan Shevchenko

Editorial Office

European Journal of Immunology
e-mail: ejied@wiley.com

www.eji-journal.eu



These are not the final page numbers

European Journal of
Immunology

Supporting Information
for
DOI 10.1002/eji.201847534

Soojin Lee, Jichuan Shan, Haya Aldossary, Véronique Gaudreault, Mark Bazett
and Elizabeth D. Fixman

STAT6 inhibitory peptide reduces dendritic cell migration to the lymph nodes to
control Th2 adaptive immunity in the mouse lung

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Www.eji-journal.eu



n
>

PE-Cy7-CD11b

0 50K 100K 150K 200K 250K

— FSC-A

]O}

—10; o

—» eF780-Viability

10

](JS

—> PE-Cy7-CD11b

96.4

—_

30 10°

10*

APC-CD11c

T T T
10° 10* 10

—> AF488-F4/80

—» PE-Cy7-CD11b

s

]0S 3 ]05- 105 3 105 3
4
104- D 104- 104' 10 1
3 3
103' 103' 107 o 100 o
o 4 o3 LR | o 3 |
E| E 33 3 3 34
103 '103 -10° 10 -10°
T oy T T T T T T T T v T T v
3 3 4 5 3 3 4
10° 0 10 10 10 -10° 0 10 10 10 10 0 10 0t w0’ c10* 0 10° 10t 10’ c10° 0 10° o s
»
» BV510-MHCII
10° 4 105 4
"
10* 4 10% 4
103 - 103- 103 - 107 o
L o4 o 4 o d o d
10° 4 10° 4 10° 4 -10° F10® 4
Lk T T T T T e T T T . et T T T
103 0 103 104 lUS 103 103 104 10 —103 o 103 104 lﬂs 103 o 103 104 lﬂs —103 ]O4 ]US

MHCII" DCs (% of live cells)

CD86+ DCs (% of live cells)

1.0

0.0

MHCIIM (%) of DCs

CD86 (%) of DCs

> PerCP-CDS6



Supporting Figure S1.

A. Mice were treated with OVA, MDP and STAT6-IP or STAT6-CP as described in Fig 1. A.
Total lung cells were stained as indicated in Materials and Methods and analyzed by flow
cytometry. Cells were gated first for viability and singlets (presented on a linear scale), and then
as CD11¢'CD11b"F4/80- DCs as shown in Fig 1, followed by gating for expression of MHCIIhi
or CD86. Representative flow cytometry plots are presented in B and C and frequencies of
CD11b"MHCIIhi (B) or CD11b"CD86" (C) DCs in the lung (left-hand panels) or frequencies of
MHCIIhi or CD86" DCs within the CD11b" DC population (right-hand panels) are shown. Data
are presented as the mean +SEM from the combination of 3 independent experiments, with 3
mice per group in each experiment. Outcomes were assessed by one-way ANOVA. No

significant differences were found.
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Supporting Figure S2.

A. Mice were treated with OVA, MDP and STAT6-IP or STAT6-CP as described in Figure 2.
After a minimum of 28 days, mice were challenged with OV A once per day for each of 4 days
and sacrificed 48h later. Lung function was assessed with the flexiVent small animal ventilator
and is presented as total lung elastance: dose response (left) and 50mg/ml dose (right). BAL fluid
was collected for quantification of B. macrophages, C. neutrophils, and D. lymphocytes. A-E.
Data are presented as the mean +SEM pooled from 3 independent experiments with 3-4 mice per
group in each experiment for A and from 5 independent experiments with 3-5 mice per group in
each experiment for B-D. Outcomes were assessed by one-way ANOVA, followed by Newman-

Keuls multiple comparison test. *p<0.05.
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Supporting Figure S3.

A. Phenotype of CD4" T cells purified by magnetic selection: >95% were CD62L " 'CD44- (FITC-
CD62L and PE-Cy7-CD44) after selection. B. Following co-culture with BMDCs treated with
saline, OVA, TSLP or OVA/TSLP in the presence of STAT6-IP or STAT6-CP, IL-13 expression
in the T cells was quantified by flow cytometry as described in the Materials and Methods.
Frequencies of IL-13 expressing T cells are presented after first normalizing to the OVA/TSLP
group as 100%. Data are presented as the mean +SEM from the combination of 3 independent
experiments. Outcomes were assessed by one-way ANOVA, followed by Newman-Keuls

multiple comparison test. **p<0.01.
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