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The Canonical but Not the Noncanonical Wnt Pathway
Inhibits the Development of Allergic Airway Disease

Hendrik Beckert,* Helen Meyer-Martin,” Roland Buhl,” Christian Taube,* and
Sebastian Reuter*

Asthma is a syndrome with multifactorial causes, resulting in a variety of different phenotypes. Current treatment options are not
curative and are sometimes ineffective in certain disease phenotypes. Therefore, novel therapeutic approaches are required. Recent
findings have shown that activation of the canonical Wnt signaling pathway suppresses the development of allergic airway disease.
In contrast, the effect of the noncanonical Wnt signaling pathway activation on allergic airway disease is not well described. The aim
of this study was to validate the therapeutic effectiveness of Wnt-1-driven canonical Wnt signaling compared with Wnt-5a—driven
noncanonical signaling in murine models. In vitro, both ligands were capable of attenuating allergen-specific T cell activation in a
dendritic cell-dependent manner. In addition, the therapeutic effects of Wnt ligands were assessed in two different models of
allergic airway disease. Application of Wnt-1 resulted in suppression of airway inflammation as well as airway hyperresponsive-
ness and mucus production. In contrast, administration of Wnt-5a was less effective in reducing airway inflammation or goblet
cell metaplasia. These results suggest an immune modulating function for canonical as well as noncanonical Wnt signaling, but
canonical Wnt pathway activation appears to be more effective in suppressing allergic airway disease than noncanonical Wnt

activation. The Journal of Immunology, 2018, 201: 000-000.

nt signaling pathways represent a complex family
s}s/ of glycoproteins, their receptors, coreceptors, and
downstream signaling molecules. They are involved in
a variety of cellular responses, which can be categorized in
B-catenin—dependent canonical signaling and (3-catenin—indepen-
dent noncanonical pathways. The canonical Wnt signaling path-
way is well described. Binding of Wnt ligands to their receptors
leads to the congregation with coreceptors like LRP5/6, and this
induces intracellular signaling via suppression of cytoplasmatic
degradation of (3-catenin by the inhibition of its degradation
complex. As a result, B-catenin accumulates in the cytoplasm and
translocates into the nucleus and induces gene expression.

The noncanonical signaling pathways are less well described and
more variable in their intermediate signaling molecules and bio-
logical responses. The best described pathways are the planar cell
polarity and the calcium-dependent pathway. Induction of planar
cell polarity activates in a commonly LRP5/6-independent manner
a signaling cascade, including JNK and the small GTPases Rac-1
and RhoA. Activation of the calcium-dependent pathway promotes
NFAT-mediated gene transcription (1).
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Wnt signaling is well known for its involvement in organ devel-
opment in embryogenesis (2, 3) and also for the regulation of several
mechanisms in later life, such as stem cell self-renewal and
cell-migration, -fate, or -polarization (4-7). Recently, it has become
apparent that Wnt signaling is also involved in the modulation of
immune responses (8). Thus, it is not surprising that dysfunctional
Whnt signaling has been associated with the development and pro-
gression of several diseases (2, 3). The role of Wnt signaling in the
development and exacerbation of different lung diseases, including
asthma, chronic obstructive pulmonary disease, and idiopathic pul-
monary fibrosis has recently been reviewed (9-11). Depending on
disease type, Wnt signaling partners and predominant cell types in-
volved in disease pathophysiology disease promoting and suppress-
ing properties of Wnt have been described. A detailed analysis of the
variety of Wnt signaling processes is required to better understand the
contribution of Wnt signaling pathways in disease pathophysiology.

Bronchial asthma is a heterogeneous syndrome with many different
clinical and immunological phenotypes (12—14). The best described
of these is allergic asthma, in which dendritic cell (DC)—driven in-
duction of a Th2 cell response against a harmless Ag is responsible
for the pathologic condition (15, 16). This failure in the regulation of
adaptive immunity results in eosinophil-dominated chronic inflam-
matory responses in the lung, which are responsible for remodeling
processes and airway hyperresponsiveness (17). Current treatments
focus on the suppression of inflammation but fail to cure the disease
and are ineffective in some asthma phenotypes (18-22).

Interestingly, it has been demonstrated in different models that
activation of the canonical Wnt pathway attenuates inflammatory
and allergic processes in the lung (23-26). Induction of Wnt-1
overexpression in murine club cells reduced the migration of
allergen-loaded DC from the lung and decreased all hallmarks of
the disease in both prophylactic and therapeutic models (26).
Thus, the canonical Wnt signaling pathway might be an inter-
esting therapeutic target for the treatment of allergic asthma.
Noncanonical Wnt signaling especially mediated by Wnt-5a
is associated with structural and airway remodeling processes
(27-30).
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In contrast, the relationship between noncanonical Wnt signaling
and immune regulation in asthma is not well described.

The aim of this study was to validate Wnt-1 as a potential
therapeutic molecule and to determine immunological function in
the Wnt-5a—triggered noncanonical pathway in murine models of
bronchial asthma. The immune regulatory functions of both li-
gands were analyzed in an allergen-specific DC/T cell interaction
assay in vitro. The therapeutic effectiveness of Wnt-1 and Wnt-5a
was further characterized in two murine in vivo models of allergic
airway disease.

Materials and Methods

Animals

C57BL/6J, DO11.10, and BALB/c mice were obtained from the Transla-
tional Animal Research Center of the Johannes Gutenberg University
Medical Center. All mice were females and used at the age of 8-12 wk.
Animal procedures were conducted in accordance with current federal,
state, and institutional guidelines, and all experiments were approved by
the local regulatory authorities.

Experimental protocols

OVA- and house dust mite (HDM)-specific murine models of allergic
airway disease were used to assess the effects of canonical Wnt-1/B-cat-
enin and noncanonical Wnt-5a signaling in vivo (Fig. 1A). For sensitiza-
tion toward the model Ags, C57BL/6J animals received an i.p. injection of
20 wg OVA (Sigma-Aldrich) or HDM (Dermatophagoides pteronyssinus,
Greer Laboratories) suspended in 2 mg aluminum hydroxide (Imject
Alum; Pierce, Rockford, IL) in a total volume of 100 wl (PBS) on days
0 and 14. Allergic airway disease was induced by challenge via the airways
on day 28, 29, and 30. In the OVA model, an OVA solution (1% in PBS)
was nebulized daily for 20 min with an ultrasonic nebulizer (NE-U17;
Omron, Hoofdorp, the Netherlands). In the HDM model, 1 pg HDM
dissolved in 40 pl PBS was instilled in the nostrils of anesthetized (iso-
flurane) mice on day 28, 29, and 30. Readouts were performed 48 h after
the last challenge. To analyze the effects of Wnt ligands, anesthetized
(isoflurane) animals received Wnt-1 or Wnt-5a 500 ng intranasally in 40 pl
PBS 1 h before each challenge.

Assessment of allergic airway disease and organ preparation

Invasive measurement of lung function was performed on anesthetized,
intubated mice by mechanical ventilation in response to increasing doses of
methacholine (MCh) (6.25, 12.5, 25, 50, 100 mg/ml) with the Flexi Vent
System (SCIREQ, Montreal, QC, Canada) as previously described (31). A
forced sinusoidal breathing maneuver (snapshot) was performed to analyze
total resistance of the airway system and total compliance of the system.
Percentage change to PBS nebulization was calculated to avoid differences
in parameter appearing because of different start values.

Blood was taken, sera was prepared, and samples were stored at —20°C
until Ig determination via ELISA.

Lungs were lavaged with 1 ml PBS. Total bronchoalveolar lavage
(BAL) cell count was determined via trypan blue exclusion. Differential
cell counts for macrophages, lymphocytes, neutrophils, and eosinophils
were performed on cytocentrifuged preparations stained with Hemacolor
Stain Set (Merck, Darmstadt, Germany). After perfusion with PBS, the
left lung lobe was ligated at the bronchus, removed, transferred to a tube,
submerged with PBS, and stored on ice until single cell preparation for
flow cytometric analysis. Right lung lobes were fixed by inflation and
immersion in 10% formalin and embedded in paraffin as already de-
scribed. Tissue sections were stained H&E or periodic acid—Schiff
(PAS). To assess airway inflammation, five randomly chosen areas of
each H&E-stained slide were scored by two experienced observers who
were unaware of the experimental group. Inflammation was scored on a
scale from 0 to 4 (32). PAS-positive goblet cells were quantified per
millimeter of basal membrane on at least three different representative
airways on PAS-stained slides.

Flow cytometric analysis

Flow cytometric analysis was used to assess DC and regulatory T cell (Treg)
populations in the lung and draining lymph node ex vivo and DC activation
and T cell proliferation in vitro (Fig. 1B).

To analyze cell populations ex vivo, single cell suspensions of lungs and
tracheal lymph nodes (tLN) were prepared and stained. Draining lymph
nodes were disrupted and transferred over a 70-pm cell strainer into a 5-ml
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FIGURE 1. Treatment protocols for OVA- and HDM-specific models of
allergic airway disease (A) and the murine allergen-specific DC/T cell
interaction model (B).

round button tube (Becton Dickinson [BD], Heidelberg, Germany). Cells
were washed, and cell count was determined. Cell numbers were adjusted
to 1 X 107 cells/ml test medium (TM; IMDM plus 10% FCS [PAA]/1%
penicillin-streptomycin [Sigma-Aldrich]), and 1 X 10° cells were used for
each staining. Lungs were cut and transferred into a 50-ml vial. Collage-
nase type I (0.5 mg/ml; Sigma-Aldrich) was added. After an incubation
time of 45 min at 37°C in a shaking water bath, cells were resuspended at
least three times through a 0.9 X 40-mm cannula in a 10-ml syringe. Cells
were transferred over a cell strainer (70 pm; BD) into a new vial. To
eliminate RBCs, lysis was performed using Gey solution. Cells were
washed twice, and cell counts were determined. Cell numbers were ad-
justed to 1 X 107 cells/ml cell medium (IMDM plus 10% FCS; PAA, 1%
penicillin-streptomycin; Sigma-Aldrich), and 1 X 10° cells were used for
each staining.

Unspecific binding was blocked with Fc receptor—blocking Abs (a«CD16/
CD32; BD). To identify DC populations, the cells were stained with FITC-
labeled anti-MHC class II (MHCII) (eBioscience, San Diego, CA) and
Pe-Cy7-labeled anti-mouse CD11c (BD). To further subdivide DC pop-
ulations, cells were additionally stained with PE-labeled anti-CD103 (BD),
PercP-Cy5.5-labeled anti-CD11b (BD), and V450-labeled or APC-Cy7—
labeled anti-Ly6c (BD) (gating strategy: Supplemental Fig. 1A). Master
mixes with suitable Ab concentrations were prepared and added to the
samples. Following incubation, cells were washed and finally resuspended
in flow cytometry fixation buffer (4% PFA). The total cell number for
different cell types was calculated by multiplying the absolute cell number
by the percentage of cells.

To analyze Tregs, adjusted single cell suspensions of either lung or
draining lymph nodes were stained with PerCP-Cy5.5-labeled anti-mouse
CD3 (BD Biosciences), Pe-Cy7—conjugated anti-mouse CD4 (BD Bio-
sciences), and PE-labeled anti-mouse CD25 (BD). Following incubation
and washing, intracellular staining against Foxp3 was performed by using
the Foxp3 staining buffer set (eBioscience). Following fixation and per-
meabilization, Foxp3 was stained by incubation with APC-labeled anti-
mouse Foxp3 Ab (gating strategy: Supplemental Fig. 1B).

Flow cytometric measurements were performed on a FACSCanto II (BD)
using Diva software. Final analysis of flow cytometric data and graphics
were achieved using FlowJo software (Tree Star). Flow cytometric analysis
of in vitro assays is described in detail in the in vitro section.

Ag stimulation of lung and lymph node single cells in vitro

To assess in vitro Ag-specific cytokine production by lung and lymph
node cells, single cell suspensions of lung or lymph nodes were per-
formed under sterile conditions as described above. The 1 X 10 cells
were stimulated by incubating for 72 h with or without 250 wg/ml OVA
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FIGURE 2. Effect of Wnt-1 and Wnt-5a on allergen-specific DC/T cell interactions in vitro. (A) Dot plots depict proliferation of CFSE-labeled CD4*
T cells cocultured with untreated, activated, OVA-loaded BMDC or BMDC treated with Wnt-1 or Wnt-5a only during activation (only DC) or during the
complete coculture (total). Histograms show CFSE expression of T cells cocultured with untreated, activated, OVA-loaded BMDC (black line) against
coculture with untreated nonactivated BMDC (dark gray shade) or against coculture with activated BMDC treated with corresponding presented Wnt ligand
(light gray shade). (B) Inhibition of T cell proliferation after treatment with different doses of Wnt ligands only during BMDC activation (only DC) or
during the complete cell culture (total) compared with untreated activated BMDC. (C) MFI of surfaced-expressed CD25 on CFSE-labeled CD4* T cells
cultivated with the indicated BMDC groups. (D) MFI of surface-expressed CD44 on CFSE-labeled CD4" T cells cultivated with the indicated BMDC
groups. (E) Inhibition of IFN-y secretion of T cells cultivated with activated BMDC treated with the indicated Wnt ligand concentration compared with
T cells cultivated with untreated activated BMDC. *p = 0.05, **p = 0.001, ***p = 0.001 versus positive control, # test.

(grade V; Sigma-Aldrich) or HDM (Greer Laboratories) at 37°C. After
incubation, supernatants were harvested and stored for ELISA analysis
at —20°C.

Cytokine ELISA

To determine cytokine concentrations in supernatants of restimulated
lymph node and lung cells, ELISA assays were performed according to the
manufacturer’s procedure: IL-5, IFN-vy, IL-10 (OptEIA; BD), and IL-13
(R&D Systems, Minneapolis, MN) levels were analyzed. To calculate
Ag-specific cytokine production, cytokine concentration from superna-
tants of unstimulated cells was subtracted from the corresponding
stimulated samples. Percentage of inhibition of cytokine production was
calculated in the in vitro experiments as previously described (33), in
short, as follows:

%inhibition = 100 — ([cytokine concentration sample /

mean cytokine concentration positive control] X 100)

Ig ELISA

Serum was obtained 48 h after the last challenge. OVA-specific IgG1 and
IgG2b titers were determined according to the manufacturer’s protocol
using ELISA (BD). All Abs were used in concentrations recommended
by the manufacturer. OVA-specific IgE titers were analyzed using a
previously described protocol (34, 35). HDM-specific IgE, I1gG1, and
IgG2b (BD) assessments were performed in a similar way. Plates were
coated with HDM (25 pg/ml), and detection Abs against IgE, IgG1, and
IgG2b were used in 1:250 dilutions. The Ab titer was defined as the

reciprocal serum dilution yielding an absorbance reading of OD = 0.2
after linear regression analysis.

In vitro assays

Bone marrow—derived DCs (BMDC) from BALBc mice were generated as
described previously (36). On day 7, immature BMDC were treated with
OVA (5§ pg/ml; Merck-Calbiochem), and cells were incubated overnight.
After incubation, cells were supplemented with or without increasing
doses of recombinant Wnt-1 (1, 10, and 100 ng/ml) (BioVision, Milpitas,
CA) or Wnt-5a (1, 10, and 100 ng/ml). To compare the effects of activated
versus immature BMDC, a subset of each group was stimulated with LPS
(1 pg/ml) (Calbiochem) at 60 min after treatment with the Wnt ligands.
After 24 h, DCs were stained for the expression of CD11c and MHCII and
the costimulatory molecules PE-conjugated anti-mouse CD80 (BD) or
anti-mouse CD86 (eBioscience) and APC-conjugated anti-mouse CD40
(BD). Expression patterns were measured via flow cytometry and analyzed
via FlowJo (gating strategy: Supplemental Fig. 1C).

To analyze effects on T cell proliferation, OVA-loaded BMDC were
generated, treated with Wnt ligands, and activated with LPS as described
above. Twenty-four hours after treatment, DC were cocultivated for 72 h
with CD4-positive CFSE-labeled OVA transgenic T cells. Splenocytes
received from spleens of DO11.10 animals were purified by using MACS
Separator-LS Columns (Miltenyi Biotec, Bergisch Gladbach, Germany)
and anti-mouse CD4 (clone H129.19; Institute for Immunology, Mainz,
Germany) to achieve a CD4-positive cell population. Cells were adjusted
to 1 X 107 cells/ml, and CFSE (CFDA-SE; Invitrogen Life Technologies,
Darmstadt, Germany) was added to a final concentration of 2.5 uM. Cells
were incubated for 4 min at 37°C. Reaction was stopped by adding MEM
plus 10% FCS. Following centrifugation, cells were washed twice with
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MEM plus 5% FCS and finally adjusted to 5 X 10° cells/ml in TM.
Likewise, BMDC were adjusted to 1 X 10° cells/ml, and equal volumes of

the cells were plated out together. Cocultures were estimated in TM with
and without secondary application of Wnt-1 or Wnt-5a in the same doses
used above. Cells were incubated for 72 h and transferred to 1.5-ml re-
action tubes and centrifuged. Supernatants were collected in new tubes and
stored at —80°C until concentrations of IFN-y were measured via ELISA.
Cells were resuspended in flow cytometry buffer and surface stained
with PercP-Cy5.5-labeled anti-mouse CD3 (BD), Pe-Cy7-conjugated
anti-mouse CD4 (BD), PE-conjugated anti-mouse CD25 (BD), and
APC-conjugated CD44 (BD). Flow cytometric measurements and analysis
were performed as already described. Mean fluorescence intensity (MFI)
of CFSE expression was assessed (gating strategy: Supplemental Fig. 1D).
To calculate the inhibition of T cell proliferation, the MFI for the negative
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control was determined. The AMFI for negative controls versus MFI for
positive controls and samples was calculated.

AMEFI sample or positive control = mean MFI negative control
— MEFI sample or positive control

The mean AMFI of the positive control was determined. Finally, to cal-
culate percentage of inhibition in comparison with positive control, the
following formula was used:

%inhibition=100 — ([Asample / meanA positive control] X 100)

Statistical analysis

ANOVA was used to determine differences between all groups. Before
comparisons for all pairs, an Anderson—Darling test was assessed to control
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gaussian approximation, and then an appropriate test (unpaired Student ¢
test or Mann—Whitney U test) was used for analyses. The p values for
significance were set at 0.05. Values for all measurements are expressed as
mean = SEM.

Results
Effect of canonical and noncanonical Wnt signaling on
allergen-specific DC/T cell interaction in vitro

Neither exposure to Wnt-1 nor Wnt-5a affected the expression of
costimulatory molecules CD40, CD80, and CD86 on LPS-activated
DC (Supplemental Fig. 2).

In OVA-loaded unstimulated and LPS-stimulated preparations,
Wnt ligands were present only during DC activation phase (DC
only) or during the complete coculture (total) (Figs. 1B, 2A-E).
Application of Wnt-5a before DC activation or during the whole
culture was associated with decreased T cell proliferation.
This effect was comparable to that seen with Wnt-1, but Wnt-1—
induced suppression was more effective at reducing T cell pro-
liferation and showed a clear dose dependency, which was not
apparent with Wnt-5a (Fig. 2B).

Contact with activated DCs resulted in increased expression of
CD25 (Fig. 2C) and CD44 (Fig. 2D) on T cells. Exposure to
Wnt-1 or Wnt-5a only during DC priming did not significantly
affect the expression of CD25 (Fig. 2C). When given during the
whole culture period, treatment with Wnt-1, and especially
Whnt-5a, resulted in significant suppression of CD25 expression
(Fig. 2C). In contrast, both ligands prevented the upregulation of
CD44 on T cells (Fig. 2D). Interestingly, Wnt-1 demonstrated a
clear dose—response effect, whereas Wnt-5a was effective at doses
of 1 and 10 ng/ml only. In comparison with T cells cultivated with
activated DC, both Wnt-1 and Wnt-5a markedly suppressed the
release of IFN-y already when given at low doses and when
supplemented only to DC (Fig. 2E).

In summary, both Wnt-1 ligand and Wnt-5a ligand suppressed
allergen-specific DC/T cell interactions in vitro. Although high
doses were necessary to suppress proliferation, low doses were
capable of inhibiting cytokine secretion.

Administration of Wnt ligands during allergen challenge
attenuates the development of allergic disease

Administration of Wnt-1 reduced airway hyperresponsiveness
in relative (Fig. 3A, Supplemental Fig. 3) and absolute changes
(data not shown) of airway resistance and compliance, eosino-
phils in BAL fluid (Fig. 3B), tissue inflammation (Fig. 3C), and
goblet cell metaplasia (Fig. 3D). In contrast, Wnt-5a had no
effect on airway hyperresponsiveness (Fig. 3A, Supplemental Fig.
3). Numbers of eosinophils in BAL fluid and inflammation in lung
were decreased by Wnt-5a comparable to Wnt-1 (Fig. 3B, 3C).
However, exposure to Wnt-5a did not significantly reduce the
number of PAS-positive cells in the bronchial epithelium (Fig. 3D).
In addition, Wnt treatment had an effect on the cytokine secretion of
ex vivo Ag-stimulated lung and draining lymph node cells.

Cells isolated from sensitized and challenged animals treated
with Wnt-1, but not Wnt-5a, showed reduced secretion of 1L-13
after restimulation with allergens (Fig. 3E). IL-5, IL-10, and
IFN-v secretion was not, or only minorly, affected by treatment
with the Wnt ligands (data not shown).

In summary, treatment with Wnt-1 and Wnt-5a moderated
the development of allergic airway disease. Whereas Wnt-1
treatment had a positive effect on all analyzed asthma mark-
ers, Wnt-5a mainly reduced inflammation in the lung and BAL
fluid. There were no obvious side effects associated with ad-
ministration of Wnt ligands in unsensitized and challenged
animals.
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FIGURE 4. Effect on systemic Igs. OVA-specific Ig titers were mea-
sured using ELISA and compared with a laboratory internal standard.
Graphs show mean *= SE (n = 10-25 animals per group from three in-
dependent experiments).

Local treatment with Wnt ligands did not affect systemic
Ig secretion

Sensitization and challenge led to increased titers of all three
measured OVA-specific Igs (IgE, IgG1, and IgG2b) (Fig. 4).

8T0Z ‘/Z 1snbny uo 1s9nB Aq /610" jounwiwi | :mmay/:dny woly papgeojumoq


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800554/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800554/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800554/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800554/-/DCSupplemental
http://www.jimmunol.org/

A unsens sens

13,0% 12,5%

-

sens + Wnt-1 sens + Wnt-5a
z | /
=
12,3%
o ]
N
a
(S] 1
FoxP3
15+ tLN
£
58
X |+_ 104
)
Q0 o
Q% 7
O (o]
N
04
Sens - + + +
Wnt-1 - - + -
Wnt-5a - - - +
B unsens sens
4 5,8% r 6,0%
o é
5 f 1t
a :
sens + Wnt-1 sens + Wnt-5a
] 4,8% 6.2%
e} 1 b
I 1 ik
- ——
FoxP3
Lung
10 =
. 2 84
™ O
o o
5E 6
-
Qo
8 S 9l
2
04
Sens - + + +
Whnt-1 - - + _
Wnhnt-5a - - - +

FIGURE 5. Effect of Wnt ligands on the number of Tregs. Represen-
tative example dot plots and graphs depict percentage of Foxp3* and

Wnt-1 BUT NOT Wnt-5a INHIBITS ALLERGIC ASTHMA

Treatment of sensitized animals with Wnt ligands during chal-
lenge did not affect Ig titers.

Immunomodulatory effects of Wnt treatment appear to be
independent of Tregs

In both lung and tLN preparations, the proportion of CD25*/Foxp3*
expressing Tregs among T effector cells was comparable across all
investigated groups (Fig. 5).

Wnt-1 affects composition of DC subtypes in the lung

Although there were no significant differences in the proportions of
CD11b* and CD103" conventional DC (cDC) subclasses in the
draining lymph node (Fig. 6A), treatment with Wnt altered cDC
subset composition in the lung (Fig. 6B). Compared with negative
controls, sensitized and challenged animals demonstrated a nearly
2-fold increase in the ratio of CD11b* to CD103" cells. Compared
with positive controls, animals treated with Wnt-1 showed a
CDl11b versus CD103 c¢DC proportion that was in favor of
CD103" cells. Animals treated with Wnt-5a showed a composition
of CD11b* and CD103* similar to that of the positive control.

In summary, the regulatory properties of Wnt ligands do not
appear to be mediated by Tregs. Wnt-1, but not Wnt-5a, affected
the composition of cDC subtypes in the lung.

Whnt-1 demonstrates immunosuppressive properties in an
HDM-specific model of allergic airway disease

In animals sensitized and challenged with HDM, Wnt ligands did
not protect against the development of airway hyperresponsiveness
and lung inflammation (Fig. 7A, 7C, Supplemental Fig. 4A).
However, administration of Wnt-1 still reduced the number of
inflammatory cells, especially eosinophils, in BAL (Fig. 7B) and
the number of mucus-positive cells in the lung (Fig. 7D). In ad-
dition, allergen-specific secretion of IL-13 in the lung was reduced
in sensitized and challenged animals treated with Wnt-1 (Fig. 7E).
Wnt-1 had no effect on other analyzed lung cytokines (IL-5,
IL-10, or IFN-vy) or cytokine secretion in draining lymph nodes
(data not shown). In contrast to the OVA model, Wnt-5a treatment
did not attenuate any investigated asthma markers in the HDM
model (Fig. 7A-E, Supplemental Fig. 4A). Similar to the OVA
model, Wnt treatment had no effect on Ig secretion (Supplemental
Fig. 4B).

Discussion
In addition to their well-described function in embryogenesis
(37, 38) and structural and repair processes (39), recent data suggest
that Wnt signaling pathways have immune regulatory properties (8,
11). Indeed, transgenic lung-specific induction of the canonical
Whnt-1 ligand and activation of the 3-catenin—dependent pathway
with LiCl has been shown to attenuate or prevent the development
of allergic airway disease in a therapeutic model (26). The functions
of the canonical Wnt pathway in allergic airway disease have been
shown to be comparable to those of the GSK3( inhibitor TDZD-8
(40), genetically reduced expression of the Wnt antagonist Dkk1
(24), and the knockdown of canonical Wnt-10b (23).

The present study analyzed if application of canonical Wnt-1
ligands is sufficient to attenuate the development of allergic

CD25" cells within the CD4*/CD3" cell population in (A) draining lymph
nodes (tLN) and (B) lung of unsensitized and challenged (unsens) and
sensitized and challenged (sens) animals as well as sens animals treated
with Wnt-1 and Wnt-5a. Graphs depict mean * SE. (n = 10-25 animals
per group from three independent experiments).
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FIGURE 6. Composition of DC subtypes in the lung. Dot plots showing
representative examples of CD11b- and CD103-expressing cells within the
CD11¢*/MHCIT*/Ly6¢c™ cell population of unsensitized and challenged
(unsens) and sensitized and challenged (sens) animals and sens animals

airway disease. Moreover, it compared the immunological effec-
tiveness of the canonical Wnt activation pathway with that of the
noncanonical pathway (with Wnt-5a as the ligand for the non-
canonical pathway). The obtained data will help to further evaluate a
possible therapeutic potential of manipulating Wnt signaling for
allergic asthma. Still, further studies in chronic exposure models will
be necessary to assess this approach mimicking therapeutic appli-
cation. It has previously been shown that the canonical ligand Wnt-1
affects the interaction of DC and T cells in vitro (26). This process
represents a key event in the interface of innate to adaptive im-
munity (41). DCs in the lung are essential for the presentation of
inhaled Ags in the draining lymph nodes and the induction of
corresponding T cell responses (42, 43). Indeed, dysregulated re-
sponses, breaking of tolerance and activation of T cells against
harmless Ags, are associated with the development of many dis-
eases, including allergic asthma (44, 45). Therefore, preventing DC
activation and keeping DCs in a tolerogenic state could be a
promising approach to prevent the development and progression of
allergic diseases.

Interestingly, application of Wnt-1 during the DC activation
phase failed to suppress the expression of classical activation
markers, such as CD80, CD86, or CD40. However, Ag-specific
activation of T cells was attenuated when T cells were culti-
vated with activated Wnt-treated DC. In these experimental setups,
Whnt-1 dose-dependently suppressed the proliferation and expres-
sion of activation markers and cytokine secretion. Application of
the noncanonical Wnt ligand Wnt-5a also suppressed DCs but to a
lesser extent than Wnt-1. It should be noted that although high
doses of the ligands were necessary to suppress proliferation, low
doses of both ligands were capable of inhibiting cytokine secretion
of allergen-specific activated T cells. These results are consistent
with previous studies using a human MLR assay. In these assays,
monocytes differentiated to tolerogenic DC in the presence of Wnt-
5a, which failed to induce an MLR (46). Furthermore, a human and
murine DC/T cell interaction model independent of a specific
allergen showed that canonical Wnt-3a and noncanonical Wnt-5a
ligands failed to modulate the expression of classical DC activa-
tion markers but were capable of suppressing the activation of
T cells (46, 47). In these studies, a DC-specific increased ex-
pression of tolerogenic molecules like TGF-3 and IL-10 were seen
after treatment of DC with Wnt-3a and Wnt-5a, respectively (47).
Based on these results, it was concluded that Wnt ligands act as
immune regulators. Another mechanism by which Wnt-mediated
T cell suppression appears seems to be induction of the immu-
noregulatory enzyme IDO-1 in DC treated with noncanonical
Whnt-5a ligands, demonstrating the immunoregulatory capacity of
Wnt ligands (48). In the current investigations, in vitro assays
indicated that both canonical Wnt signaling mediated by Wnt-1
and noncanonical Wnt signaling induced by Wnt-5a modulated
DC activation. This suppression resulted in reduced activation of
allergen-specific T cells.

In vivo models of acute allergic airway disease were used to
evaluate immunoregulatory properties and suppressive potential of
this approach based on our in vitro observations. C57BL/6 mice
sensitized and challenged with an allergen were treated with either
recombinant Wnt-1 or Wnt-5a during allergen challenge. Applica-
tion of Wnt-1 attenuated all hallmarks of allergic airway disease.

treated with Wnt-1 and Wnt-5a. Ratio of CD11b versus CD103 in the above
groups in (A) draining lymph nodes (tLN) and (B) lung. Graphs show mean
*+ SE. (n = 10-25 animals per group from three independent experiments).
*p = 0.05, ***p = 0.001 versus positive control, ANOVA.
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(A) Change in airway resistance in response to
increasing doses of MCh in animals untreated,
sensitized, and challenged with HDM (sens) or
treated with Wnt-1 (sens—Wnt-1) and Wnt-5a
(sens—Wnt-5a) and corresponding unsensitized and
challenged (unsens; —Wnt-1; —Wnt-5a) controls.
(B) Composition of BAL. (C) H&E-stained repre-
sentative lung slides (original magnification X100)
and inflammatory score assessed of untreated
unsens and sens mice and sens mice treated with
Whnt-1 and Wnt-5a. (D) PAS-stained representative
lung slides (original magnification X200) and
mucus-positive cells per millimeter of basal mem- D
brane of all analyzed groups.(E) Allergen-specific—
induced concentrations of IL-13 in supernatants of
ex vivo—stimulated single cell suspensions of lungs
from unsens and sens animals and corresponding
groups treated with Wnt-1 and Wnt-5a. (A), (B),
and (E) depict mean * SE; (C) and (D) show single
animals values, mean = SE. (n = 8-18 animals
per group from three independent experiments).
*p = 0.05, ***p = 0.001 versus positive control,
ANOVA.
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Treatment with Wnt-1 improved airway function, reduced the
migration of inflammatory cells into the bronchoalveolar space and
lung tissue, and suppressed the development of mucus-producing
goblet cells and release of IL-13. These results demonstrate that
induction of canonical Wnt signaling can attenuate or prevent the
development of disease-driving inflammatory responses in the lung.
They confirm the anti-inflammatory capacity of this pathway seen in
other organs and disorders, including the intestine/inflammatory
bowel disease (49) and the brain/experimental autoimmune en-
cephalomyelitis (50). Taken together, these data suggest that ma-
nipulation of the canonical Wnt signal could be a useful therapeutic
option to treat diseases resulting from misguided adaptive immune
responses like autoimmune or allergic diseases.

To further estimate the therapeutic effectiveness of Wnt signaling,
a model of allergic airway disease using HDM extract was used.
HDM allergens represent the most important indoor allergens for
humans (51). In contrast to OVA, HDM proteins have a strong
immunogenic potential and can induce robust allergic airway dis-
eases when applied directly into the airways (52). Again, application
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of Wnt-1 prior to allergen challenge resulted in reduced airway
inflammation and goblet cell metaplasia. In addition, airway
reactivity was attenuated, although this did not reach statistical
significance. This less dramatic effect could be due to the direct
delivery of the HDM allergen into the lung, triggering a stronger
response compared with OVA exposure. In addition, HDM has
been shown to activate Dickkopf-1 (DKK-1) in platelets, which
acts as a Wnt antagonist and therefore might attenuate the effect of
the Wnt treatment (24). Nevertheless, these studies further support
the notion that the canonical Wnt pathway suppresses immune
reactions in different models of allergic airway disease.
Although there are many immunological in vitro and in vivo
studies performed with canonical Wnt ligands, there is a lack of
data regarding the therapeutic importance of noncanonical Wnt
signaling, and pro- as well as anti-inflammatory effects have been
described (30). After demonstrating comparable immunosuppres-
sive potential in DC/T cell interaction assays in vitro, we analyzed
the immune regulatory impact of Wnt-5a in two in vivo models of
allergic airway disease. Although administration of Wnt-5a resulted
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in a slight reduction of airway inflammation in BAL and lung tissue,
it had no detectable effect on lung function, goblet cell metaplasia,
and cytokine secretion in the OVA model, and a lack of effective-
ness was confirmed in the HDM-induced model of allergic airway
disease. In contrast to Wnt-1, treatment with Wnt-5a did not affect
any feature of the disease phenotype in this model.

To further characterize the immune regulatory mechanisms of
Wnt signaling in vivo, T cell, B cell, and DC responses were
analyzed. Canonical and noncanonical Wnt ligands have been
reported to induce Tregs in vitro (47) and in vivo (48). However,
another study showed that at least canonical Wnt signaling had a
negative effect on Treg function (53). The positive association of
membrane-bound DKK-1, a Wnt antagonist, and the suppressive
function of Tregs confirmed this observation (54). Analyzing the
proportion of CD25%/Foxp3* Tregs among the CD4" effector
T cells, we did not detect any effect of either Wnt-1 or Wnt-5a in
the lung or draining lymph node, consistent with our transgenic
assay data. Therefore, we conclude that manipulation of Tregs has
only a minor role, if any, in the suppressive mechanism induced by
Wnt molecules. Serum levels of allergen-specific Igs were ana-
lyzed to determine the effect on B cells. None of the analyzed
allergen-specific Igs (IgE, IgG1, and IgG2b) were affected by
Wnt-1 or Wnt-5a treatment, meaning that a systemic effect on
plasma cells can be excluded. These results are in line with those
from Yu et al. (55) showing that mature B cells were unrespon-
siveness to canonical Wnt signaling.

Previous in vitro and in vivo studies (26, 46, 47, 49) suggested that
the immune regulatory effects of Wnt were mediated by modulation
of DC responses. In the current study, we analyzed the composition
of DC in the draining lymph nodes and lung. Interestingly, Wnt-1—
treated animals demonstrated changes in the composition of DC
subsets in the lung. Whereas untreated and Wnt-5a—treated animals
showed ¢DC subsets that were dominated by CD11b* ¢cDC, Wnt-1-
treated animals had a cDC composition comparable to the negative
control (i.e., a high proportion of CD103* DC). Because CD11b*
c¢DC are thought to be responsible for allergen sensitization (43, 56)
and CD103" DC are thought to be responsible for tolerance (57, 58)
induction, the modulation of their ratio could be one mechanism by
which the in vivo immune suppressive activities of Wnt-1 are me-
diated. However, this conclusion has to be viewed with caution as
the precise function of CD103" DC is still under discussion. Indeed,
immunogenic (59) as well as tolerogenic properties (57, 58) have
been associated with CD103* DC. Therefore, the precise impact of
Wht ligand—induced change in DC subclass ratio on allergic airway
disease needs to be further evaluated.

Taken together, data from our in vitro and in vivo studies clearly
demonstrate an immune suppressive capacity of the canonical Wnt
ligand Wnt-1 in the context of allergic airway disease. Manipulation
of the canonical Wnt signaling pathway could be an interesting
approach to complement or replace current therapies for allergic
asthma and other DC-driven diseases. Conversely, our data suggest
that noncanonical signaling mediated by Wnt-5a is not a suitable
treatment target for allergic airway diseases. However, its therapeutic
effectiveness in treatment of other disorders needs to be evaluated.

In conclusion, Wnt signaling appears to be a potential thera-
peutic target in allergic airway disease. Context-dependent in-
vestigations are needed to determine the potential effectiveness and
tolerability of this approach.
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Supplemental Figure 1. After exclusion of doublets by analysing cell properties investigating FSC-H
vs FSC-A and exclusion of autofluorecent cells following gating strategies were used: Gating strategy
for: (A) murine ¢cDC subsets (DC in lung and draining lymph nodes were characterized upon their
expression of CD11c and MHCII. Within this population FSC-A intermediate and high cells were

regarded as cDC and inflammatory DC. By excluding Ly6c™"

expressing inflammatory DC, cDC
were detailed investigated. By analyzing CD103 and CD11b cDC subpopulations were specified) ; (B)
Murine regulatory T cells (Tregs in lung and tLN were characterized as CD3", CD4" cells expressing
CD25 and FoxP3); (C) murine DC activation (huge and granular cells were selected based on their
properties analysing FSC-A vs. SSC-A. DC were characterized as CD11c*/MHCII™ cells. Within this
population mean fluorescence intensity (MFI) of CD80, CD86 and CD40 was analysed); (D) Murine T

cell proliferation (T cells were determined upon their expression of CD3. Within this population

CD4"/CFSE" cells were gated. MFI of CFSE, CD44 and CD25 was analysed).



CD40 CD80 CD86

4.0+ 251 2.0+

2 2 2
o [ o
8 o o
0 o ©
= 2 2
© T =
g @ @
E — —

L [T
= s =

1 10 100 1 10 100 - 1 10 100 1 10 100 - 1 10 100 1 10 100
Wnt-1 Whnt-5a Wnt-1 Whnt-5a Wnt-1 Whnt-5a

Supplemental Figure 2. Effects of Wnt ligands on expression of co-stimulatory molecules on
activated BMDC. Graph bars depict mean relative increase fluorescence intensity compared with non-
activated BMDC of activated DC treated with or without different doses of Wnt-1 and Wnt-5a (1, 10

or 100 ng/mL). Two experiments were performed with a duplicate approach each (n=2).
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Supplemental Figure 3. Change from baseline in airway compliance in response to increasing doses
of methacholine in untreated animals sensitized and challenged (sens) with OVA or treated
additionally with Wnt-1 and Wnt-5a, and unsensitised and challenged (unsens) controls. Values are
mean = standard error. (n=10-25 animals/group from three independent experiments).

*p<0.05, **p<0.001, ***p=<0.001 versus positive control, ANOVA.
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Supplemental Figure 4. Development of allergic airway disease in a house dust mite (HDM) model.
(A) Change of airway compliance in response to increasing doses of methacholine in untreated
animals sensitized and challenged (sens) with HDM or treated additionally with Wnt-1 and Wnt-5a,
and corresponding unsensitised and challenged (unsens) controls. (B) HDM-specific IgE, 1gG2b and
IgG1 titers measured in serum samples of untreated animals sensitized and challenged (sens) with
HDM or treated additionally with Wnt-1 and Wnt-5a, and respective unsensitised and challenged
(unsens) controls. Values are mean + standard error. (n=8-18 animals/group from three independent
experiments).

"p<0.05, “p<0.001, " p<0.001 versus positive control, ANOVA.



