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Abstract

Asthma is a chronic inflammatory disease, which is characterized by
activation of CD4 " T helper 2 cells orchestrating an allergic airway
response. Whereas the role of Wnt family members in regulating T cell
maintenance and maturation is established, their contribution to T cell

These findings suggest that Wnt10b plays an important role in
regulating asthmatic airway inflammation through modification
of the T cell response and is a prospective target in the disease
process.
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activation in allergic asthma is not known. We hypothesized that
Wntl0b plays a role in the modulation of the allergic airway response
and affects T cell activation and polarization. Using an in vivo house dust
mite asthma model, Wnt10b-deficient (Wnt10b~’~) mice were
allergen-sensitized and inflammation, as well as T cell activation, was
studied in vivo and in vitro. Wnt10b~/~ mice exhibited an augmented
inflammatory phenotype with an increase in eosinophils in the
bronchoalveolar lavage and IL-4 and IL-13 in the lungs when compared
with wild-type mice. In vitro studies confirmed an increased T helper
type 2 polarization and increased T cell activation of Wnt10b ™/~ cells.
Accordingly, the percentage of naive T cells was elevated by the addition
of recombinant Wnt10b protein. Finally, Wnt10b™'~ mice exhibited
an increase in the percentage of effector T cells in the lungs after house
dust mite sensitization, which indicated a heightened activation state,
measured by an increased percentage of CD69"CD11a™ cells.

Clinical Relevance

Whereas a role for Wnt signaling in T cell maturation and
differentiation is established, the contribution of Wnt ligands
to T cell activation in allergic asthma is not known. In the
presented study, Wnt10b-deficient mice exhibit an augmented
inflammatory phenotype in a murine model of allergic asthma.
T cells lacking Wnt10b show a heightened activation state

in vivo and in vitro, which can be reversed by addition of
recombinant Wnt10b. This identifies Wnt10b as a novel
molecule in the regulation of asthmatic inflammation and
hints to new therapeutic approaches.

orchestrates the recruitment of effector cells,
such as eosinophils and mast cells, into

the lung. Whereas the mechanisms

of recruitment and Th2 polarization are
partly known, molecules that modulate the
initial T cell response are less well described.

Allergic asthma is the most common
chronic disease in children (1). It is
characterized by an allergen-driven T
helper (Th) 2 response that leads to
sensitization and activation of effector cells
in the lung. Each re-exposure to allergen is

followed by repeated inflammation with
the release of cytokines, chemokines, and
histamine, and eventually results in
structural remodeling of the lung. CD4™"
Th2 cells play a crucial role in the
pathogenesis of asthma, as their activation
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Wntl0b is a member of the Wnt
signaling molecule family. Recent studies
identified the up-regulation of Wnt10b after
T cell receptor (TCR) activation with anti-
CD3 or anti-CD3/-CD28 and after antigen
presentation in vitro (2). Wnt10b functions
equally in a paracrine and autocrine
fashion, and is expressed by T cells and
epithelial cells in the thymus and various
T cell lines (3, 4). Functionally, Wnt10b was
shown to be critical for hematopoietic stem
cell proliferation and expansion after injury
(5, 6). In the present study, Wnt10b is
demonstrated to be also elevated in T cells
in a mouse model of allergic asthma, and
the role in asthma pathogenesis is explored.

The Wnt signaling pathway mediates
central roles in progenitor and stem cell
maintenance, as well as T cell development
and differentiation. One of the earliest-
described functions of the Wnt signaling
pathway is the development and
regulation of cellular immunity (7). The
transcription factors T cell factor 1 (TCF-1)
and lymphoid enhancer-binding factor 1
(LEF-1) are crucial for T cell function, and
require coactivation by the downstream
canonical Wnt signaling mediator,
[-catenin (8). However, in lung disease,
Whnt signaling is described mainly in
proliferative processes, such as lung fibrosis
and lung cancer, and there is limited
knowledge regarding the contribution of
the pathway to inflammatory diseases of
the lung (9, 10). In asthma, up-regulation
of the noncanonical Wnt ligand, Wnt5a, in
the airway smooth muscle cell remodeling
process has been documented (11). In a
gene association study, Sharma and
colleagues (12) discovered single-nucleotide
polymorphisms for several members
of the Wnt family in two childhood
asthma cohorts, although the functional
consequences of these modulations are
unknown. A first in vivo study showed the
attenuation of the allergic asthmatic
response in a mouse model overexpressing
Wntl in lung epithelial cells (13).

The effects of Wnt signaling on T cell
activation and differentiation have mostly
been examined through the intracellular
signaling cascade. 3-catenin signaling
has been shown to be essential for the
development and maintenance of memory
CD8" T cells and for promoting regulatory
T cell survival (14, 15). Moreover,
treatment of CD8 " cells with TWS119, a
synthetic small molecule, which activates
Whnt signaling, arrested effector T cell

differentiation (16). However, little is
known about the pathological role that
single Wnt ligands play in the function of
T cells in disease. Here, we show that
Wntl0b is up-regulated in the lungs

and T cells of house dust mite
(HDM)-sensitized mice compared with
control animals. The objective of the
present study was, therefore, to define the
role the Wnt ligand, Wnt10b, plays in
the immunological processes in allergic
asthma.

In the present study, Wnt10b
deficiency is found to lead to augmented
T cell activation, increased Th2 polarization
shown by elevated concentrations of IL-4
and IL-13, and increased effector memory
T cells in the lung in a murine model of
allergic asthma. Furthermore, the addition
of recombinant Wnt10b increased the
percentage of naive CD4" and CD8" cells
in vitro, providing insight into the function
of Wntl0b in allergic asthma.

Material and Methods

Wnt10b-Flexible Accelerated STOP
Tetracyclin-Knockin Operator Mice
Our laboratory created Wnt10b-flexible
accelerated STOP tetracyclin operator
(FAST) mice using the Flexible Accelerated
STOP Tetracyclin Operator-knockin
system previously described (17). Wnt10b-
deficient (Wnt10b~/~) mice were bred by
using the whole-body knockout of the
Wnt10b-FAST mouse (termed Wnt10b™ /"),
which was generated by our laboratory, as
described in Figure El in the online
supplement. Wnt10b ™/~ animals have a
normal lifespan, and do not exhibit any
observable abnormalities in lifespan or
body weight over the course of Embryonic
Day (E) 14 to 1.5 years (Figure E1).
Histological examination of the developing
lungs from E14 to 2 months did not reveal
overt pathological defects, such as changes
in branching or alveolarization (Figure E1).
At 2 months of age, there was no difference
in mean linear intercept between Wnt10b '~
and wild-type mice (data not shown). For
the experiments, the mice were backcrossed
into C57B6/] background for four generations
and only littermate controls from
heterozygous mating pairs were used. All
animal experiments were approved by

the Institutional Animal Care and Use
Committee of Columbia University

(New York, NY).
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HDM Challenge

Mice were administered HDM extract
(Greer Laboratories, Lenoir, NC)
intranasally, as previously described

(40 pg/25 pl PBS, five times/wk for 3 weeks)
(18). At 24 hours after the last antigen
challenge, mice were killed for the
experimental procedures.

In Situ Hybridization

In situ hybridization was performed as
previously described (19). A full-length
(1.8-kb) murine Wnt10b vector

was used to prepare antisense and

sense digoxigenin (DIG)-labeled probes.
Immunohistochemistry was performed
with anti-DIG-alkaline phosphatase and
visualized with nitro-blue tetrazolium
(NTB)/5-bromo-4-chloro-3-indolyl
phosphate (BCIP) substrate (Roche, Basel,
Switzerland). Digoxigenin-labeled actin was
used as a positive control (Roche).

Bronchoalveolar Lavage and
Differential Cell Count

The lungs were lavaged twice with 1 ml
sterile PBS, centrifuged, and resuspended.
Total cell concentrations were counted
with a hemocytometer, and cytospin
preparations were stained with Quick-Diff
(Imeb Inc., San Marcos, CA), and cells
counted for differential counts with
morphological criteria. Remaining

cells were pelleted and used for RNA
isolation.

Lung Fixation, Histology, and
Immunofluorescence

Lungs were either flash frozen for further
analysis or pressure perfused with
formalin, paraffin embedded, and sliced
into 5-pm-thick sections. Hematoxylin
and eosin staining was performed after
deparaffinization. An inflammatory
score was measured semiquantitatively by
randomly obtaining pictures (Stage-Pro,
Prior, Image Pro Plus, Rockland, MA)
and blinded scoring on a scale from

0 to 4, as reported previously (7).

Slides for immunofluorescence were
deparaffinized, dehydrated, and high-pH
antigen retrieval was performed.
Antibodies for eosinophil major basic
protein (Santa Cruz Biotechnology,
Dallas, TX) were applied at
antibody-dependent concentrations

and incubated overnight at 4°C.
Alexa488-anti-rabbit secondary antibody

585



ORIGINAL RESEARCH

(Invitrogen, Life Technology, Carlsbad,
CA) was used as secondary antibody.

Cytokine ELISA

Lung tissue (60 mg) was homogenized in
600 pl RIPA buffer (Santa Cruz). IL-4, IL-5,
IL-13, and IL-17 ELISAs (eBioscience, San
Diego, CA) were performed with 50 pl lung
homogenate, per the manufacturer’s
instructions.

mRNA Extraction and RT-PCR

Lung tissue was homogenized and
bronchoalveolar lavage (BAL) fluid cell
pellets and CD90.2-magnetically
enriched splenic T cells were resuspended
in RLT-buffer. RNA was extracted using
the RNeasy Mini Kit (Qiagen,
Germantown, MD). Tagman Gene
expression assays (Invitrogen) were
performed for the following probes:
Wntl0b; Arginase 1; CCL2; GATA3; IL-4;
and T-box expressed in T cells (T-bet).
glyceraldehyde-3-phosphate
dehydrogenase and B-actin were used as
endogenous controls; for tissue from
HDM-sensitized mice, $2-microglobulin
was used as control (20). Results are
represented as fold change.

Flow Cytometry

In vivo labeling with CD90.2 antibody was
performed as described previously (21).
Lungs of HDM-sensitized mice and
controls were lavaged, and lungs dissected
and digested in RPMI1640 medium with
collagenase D, DNase, and trypsin for 1 hour
at 37°C. Spleen, mesenteric lymph nodes,
and thymus were dissected and manually
disrupted. Fluorescence-conjugated
antibodies were purchased from eBioscience
and staining was performed according to
manufacturer’s protocol uszing the BD
LSRII flow cytometer (Becton, Dickinson
and Company, Franklin Lakes, NJ).

Lymphocyte Activation and
Proliferation Assay

Splenic T cells were incubated with
carboxyfluorescein diacetate succinimidyl
ester (CFSE) for 8 min at 37° before seeding.
They were cultured in the presence of
CD3/CD28 activator beads (Invitrogen),
[B-Mercaptoethanol (Gibco, Life
Technologies), and IL-2 (R&D Systems,
Minneapolis, MN). Recombinant murine
Wntl0b (R&D Systems) was added at

200 ng/ml. Proliferation was assessed using
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the CFSE dilution assay. For Th1/Th2
polarization experiments and RNA
expression analysis, T cells were isolated using
the MACS magnetic beads system (Miltenyi
Biotec, San Diego, CA) with positive selection
of CD90.2-positive cells, and IL-12 or IL-4
(R&D Systems) were added.

T Cell Isolation, Culture, and
Low-Density PCR-Based Array

For the PCR-based array, murine T cells
were isolated from spleens of C57bl6/] mice
by magnetic bead-based cell separation
using CD4 beads. The cells were activated
by CD3/CD28 beads and, to analyze the
effect of Wnt10b on mouse T cells, the
cells were treated with or without purified
Wntl0b protein (1 pg/ml) and incubated
for 24 hours. After incubation, RNA was
isolated and downstream target genes in
the Wnt signaling pathway analyzed using
real-time RT-PCR-based array (PAMM-
2437; Qiagen Inc., Valencia, CA),
according to the manufacturer’s protocol.
The data were obtained by normalization
of three independent experiments.

Results

Wnt10b Expression in the Lungs of
HDM-Sensitized Mice

To explore the contribution of the Wnt
pathway in inflammatory processes in
asthma, an acute HDM allergen challenge
model was examined (18). Analysis of
Whnt signaling molecules in whole-lung
homogenates of acutely sensitized mice
exhibited increased levels of Wnt10b not
only in the lung, but also in T cells
(CDY0.2-enriched splenic cells; Figure 1).
In situ hybridization demonstrated that
Wntl0b expression localized within the lung
to the epithelium and inflammatory infiltrates
in HDM-challenged mice. Highly positive
staining was also identified in the thymus,
as previously reported (Figure 1). Additional
in vitro experiments with CD4-positive
splenic T cells could confirm the involvement
of Wnt10b in the canonical signaling pathway
by activation of a specific pattern of
canonical Wnt signaling targets (Figure E3).

Ablation of Wnt10b Leads to
Increased Inflammation after Acute
HDM Challenge

To better define the role of Wnt10b in
allergic asthma, Wnt10b™/~ mice were
exposed to HDM and the inflammatory

response compared with that in wild-type
mice exposed to HDM. Without HDM
stimulation, Wnt10b ™/~ mice exhibited
no difference in T cell populations in
thymus, spleen, mesenteric lymph nodes,
and lung (Figure E2). After HDM
challenge, Wnt10b™'~ mice exhibited
increased inflammation compared

to wild-type littermates with a Th2
predominant phenotype (Figure 2). There
was no difference in HDM antigen
sensitization between genotypes, as shown
by HDM-specific IgG1 concentration in
the serum of challenged mice (Figure 2C).
Inflammatory cell counts in the BAL fluid
were increased with a predominance of
eosinophils (Figure 2A). Consistent with
the increased inflammation in the lavage
fluid, hematoxylin and eosin-stained
tissue sections revealed increased
inflammation within the lung tissue of
Wnt10b~/~ animals when compared with
their wild-type littermates (Figure 2D). To
assess the peribronchial and perivascular
inflammation after HDM treatment,

an inflammation score was applied,

and revealed significantly increased
inflammation within the area surrounding
the vessels and airways (Figure 2B).
Immunofluorescent staining with eosinophil
major basic protein confirmed increased
eosinophil influx into the lung, whereas
there was no apparent difference in T cell
infiltration (Figures 2E and 2F). Specific
markers of a Th2 response were also elevated,
with a significantly increased concentration
of IL-4 and IL-13 in lung homogenates
(Figure 3A). RNA expression levels in

the BAL cells demonstrated a significant
increase in Arginase 1 (Argl), a marker for
alternatively activated macrophages and
increased CCL2, a chemoattractant involved
in Th2 polarization (Figure 3B).

Ablation of Wnt10b Leads to
Increased Th2 Polarization In Vitro

To identify whether the exaggerated Th2
response after HDM exposure in Wnt10b ™/~
mice was driven by an augmented Th2
response by T cells lacking Wnt10b,
splenic cells were positively sorted with
anti-CD90.2 beads, and these enriched

T cells cultured under Thl (addition of
IL-12 to the culture) or Th2 (addition

of IL-4 to the culture) conditions. Th2
differentiation was measured by the
induction of GATA3, one of the main
transcription factors, which potentiates
Th2 responses by activating IL-4 and other
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Increased Wnt10b expression in the lung and T cells of house dust mite (HDM)—challenged

mice. (A) Increased mRNA expression of Wnt10b in whole-lung homogenates and Thy1.2/
CD90.2-enriched T cells of HDM-challenged mice (n = 4-5/group, *P < 0.05 Mann-Whitney U test,
data are presented as median with upper/lower quartile). (B) In situ hybridization with full-length
Wnt10b shows efficient knockout (KO) in the thymus and localizes expression in the HDM-challenged
lung to the epithelium and inflammatory cells (arrows; representative images; scale bar, 100 pm).
B2M, B2-microglobulin; CTR, control; WT, wild type.

cytokine transcription (22). There was no
difference in GATA3 and IL-4 expression
between Wnt10b~'~ and wild-type
primary T cells cultured under neutral
conditions (Figure 4). Cultured under
Th2-fostering conditions, though,
Wnt10b~’~ T cells exhibited an

Trischler, Shiomi, Turner, et al.:

augmented Th2 response, measured

by increased GATA3 and IL-4 when
compared with wild-type T cells. There
was no difference in T-bet expression
between Wnt10b ™'~ and wild-type T cells
under Th1-fostering conditions (Figure 4).
These data suggest that Wnt10b deficiency

Immune Modulation through Wnt10b

exaggerates the Th2 response under Th2-
promoting conditions.

Decreased Percentage of Naive Cells
in Activated, Wnt10b~/~ Splenic

T Cells

As there was no inert bias toward Th2
differentiation under activation conditions,
but only after incubation in a Th2
environment, it was hypothesized that the
ablation of Wnt10b might heighten the
activation status of T cells and therefore
render the cells more susceptible to Th2
differentiation. As such, T cell activation was
measured after TCR stimulation by
determining the percentage of CD69™" cells.
After 72 hours in culture, CD8™ cells
lacking Wnt10b expression exhibited a
significantly higher percentage of CD69 ™"
cells (Figure 5A). T cell activation by
incubation with CD3/CD28 activator beads
leads to T cell expansion through ligation of
the TCR. Therefore, it was subsequently
tested whether a heightened activation state
in the Wnt10b™/~ mice led to increased
proliferation. A CFSE dilution assay was
performed, and a higher proportion of
divided cells were found in culture when
compared with the splenic, CD8" T cells of
wild-type mice, indicating increased
proliferation in the Wnt10b ™'~ mice
(Figure 5B).

Because HDM exposure in vivo leads
to up-regulation of Wnt10b, and loss of
Wntl0b renders T cells more activated
in vitro, we hypothesized that the up-
regulation of Wnt10b in T cells likely
functions physiologically by counteracting
excessive activation and maintaining cells
in a resting state. Therefore, the proportion
of naive T cells (CD69~ CD25") after
in vitro treatment with CD3/CD28
activator beads and recombinant Wnt10b
protein (200 ng/ml) was measured and
displayed as a percentage change compared
with its respective control. An increase in
the percentage of T cells remaining naive
after additional treatment with Wnt10b
in vitro was shown for CD4" and CD8"
cells isolated from wild-type mice and
CD8™ cells from Wnt10b~ /™ mice
(Figure 5C), supporting our hypothesis.

HDM Challenge Enhances T Cell
Activation in Lungs of Wnt10b
Knockout Mice

To investigate whether the increase in Th2
response in the Wnt10b™'~ mice was due to
the effects of Wnt10b on T cell activation,
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Figure 2. Wnt10b-deficient (Wnt10b ™ ™) mice exhibit increased inflammation compared with littermate WT mice after HDM challenge. (4) Bronchoalveolar
lavage (BAL) cell counts show a significantly increased total number of cells and an increased number of eosinophils in Wnt1 Ob™’~ mice compared with
littermate WT (n =4-10/group, *P < 0.05 and **P < 0.01, respectively, t test; data compiled from two independent experiments, data are presented as
mean = SD). (B) Wnt10b™~/~ mice exhibit increased inflammatory infiltrates compared with their littermate controls after HDM challenge, shown by
inflammatory index for severity of perivascular and peribronchial infiltrates (n = 3—4/group, 10 images/n; P < 0.05, t test). (C) No difference in sensitization
measured by HDM-specific IgG1 was detected (n = 4-5/group, P < 0.05, t test). (D) Representative images of inflammatory infiltrates (upper panel scale
bar, 250 wm; lower panel scale bar, 100 nm). (E) Immunofluorescent staining for eosinophil major basic protein also shows increased eosinophil infiltration
in the lung parenchyma of Wnt10b™~ mice (representative images; scale bar, 100 pm). (F) Immunohistochemistry for CD3 does not show a clear
difference in T cell infiltration in the lungs of Wnt10b™~ mice and controls (representative images; scale bar, 100 wm). OD, optical density.
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Figure 3. Ablation of Wnt10b leads to an augmented T helper (Th) 2 response after HDM challenge.
(A) ELISA for IL-4 and IL-13 show significant increase in Wnt10b™~ mice after HDM challenge
compared with littermate controls (n = 3-6/group, **P < 0.01 and *P < 0.05 respectively,
Mann-Whitney U test, data are presented as mean = SD). (B) mRNA expression increase of the
Th2-inducing chemokine, chemokine (C-C motif) ligand 2 (CCL2), and the Th2/alternatively
activated macrophage marker, arginase 1 (Arg1), in BAL cells of Wnt10b ™/~ mice after HDM
challenge (n = 3-6/group; P =0.057 and *P < 0.05 respectively, Mann-Whitney U test, data are
presented as mean = SD). GAPDH, gyceraldehyde-3-phosphate dehydrogenase.

T cell activation markers were measured in
the lung tissue after HDM allergen
challenge.

First, it was confirmed that there was no
significant difference in single CD4",
CD8™, or double-positive CD4*CD8*

T cells in unsensitized Wnt10b~'~ and
wild-type mice in the thymus. There

was also no significant difference in the
percentage of CD4" or CD8™ cells in the
spleen, mesenteric lymph nodes, or lung
(Figure E2). Therefore, the baseline
activation state in the Wnt10b™/~ mouse
was equivalent to wild type, suggesting that
antigen stimulation was necessary to elicit
the T cell activation.

After HDM challenge, in vivo labeling
with a fluorescently labeled CD90.2

antibody shortly before killing differentiates
between cells within the vasculature
(labeled) and cells that are recruited/
infiltrated into the lung parenchyma and
airways (protected from in vivo labeling)
(21). Although the infiltrated T cell
population was significantly increased after
HDM sensitization, there was no difference
in the proportion of T cells within the lungs
of Wnt10b~/~ mice after 3 weeks (Figures
6A and 6B). However, Wnt10b '~ mice
had an increased percentage of effector
cells, as shown by CD44"CD62L" CD4*
and CD8™ cells in the protected population
in the lungs (Figures 6C and 6D). In
addition, the infiltrated, protected CD4™
population showed a heightened activation
state, measured by an increased percentage

Trischler, Shiomi, Turner, et al.: Immune Modulation through Wnt10b

of CD69"CD11a™ cells (Figures 6E and
6F). Importantly, there was no difference
in T regulatory cells (CD25%Foxp3™ cells)
in the lungs of Wnt10b ™/~ mice and their
wild-type controls (Figure 6G) after
stimulation.

Discussion

The present studies demonstrate that the
ablation of Wntl0b in a murine model
of HDM-allergic airway disease amplifies
the inflammatory response and leads to a
higher percentage of antigen-experienced
effector cells (CD44"CD62L"°) within
the lungs of Wnt10b~'~ mice. Moreover,
upon TCR stimulation, primary T cells
from Wnt10b~/~ mice exhibit increased
activation markers. Adding exogenous
recombinant Wntl0b protein in vitro

to replicate its in vivo function
correspondingly increased the proportion
of naive T cells. Purified primary T cells
deficient in Wnt10b express increased
GATA3 levels upon Th2 polarization
compared with wild-type cells. These
findings suggest that Wnt10b contributes
to the regulation of the immune
response in allergic airway disease

and may extend to a role in other
inflammatory conditions.

Prior studies documenting the crucial
importance of downstream targets and
transcription factors of the Wnt signaling
pathway for T cell maintenance,
differentiation, and activation have
been performed through genetic and
pharmacological modulation of the
signaling pathway (16, 23). The present
report is the first to describe a single Wnt
ligand that has been manipulated in a
murine model of asthma. Eliciting the
physiological role of a Wnt ligand in the
whole-animal allergic airway disease model
allows examination of its impact on
immune functions within the context of the
disease. Multiple Wnt ligands have been
reported to be involved in developmental
immune function regulation, notably,
Wnt3a, Wnt4, Wnt5a, and Wnt10b
(24-26). Wnt3a-deficient mice exhibit
reduced-size thymi and, in culture, a shift
from double-positive to CD8™ cells. Wnt4-
deficient mice exhibit decreased thymic
cellularity, and Wnt5a promotes apoptosis
of double-positive thymic cells. In addition,
Wnht5a-deficient, CD4" thymocytes
proliferate faster after CD3/CD28
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Figure 4. CD90.2-enriched splenic T cells of Wnt10b™/~ mice exhibit increased GATA3 and IL-4 expression after Th2 polarization. (A) Primary T cells
from Wnt10b ™~ mice display elevated expression of GATA3 and IL-4 compared with WT cells cultured for 5 days under Th2-promoting conditions. (8)
There was no significant difference for T-box expressed in T cells (T-bet) expression and Th1-promoting conditions (n = 3-5/group; *P < 0.05, t test,
compiled data from two to three independent experiments, data are presented as mean = SD). RQ, relative quantification.

stimulation, emulating the present finding
in Wnt10b ™/~ T cells. An in vitro study
with airway smooth muscle cells identified
the noncanonical ligand, Wnt5a, to
function in airway remodeling processes
in smooth muscle cells through the
transforming growth factor-f signaling
pathway (11).

Thus far, the only canonical Wnt
signaling molecule, which has been
shown to play a role in asthmatic airway
inflammation in an in vivo model is Wntl.
Reuter and colleagues (13) were able to
demonstrate an attenuated inflammatory
response in the lungs of allergen-sensitized
mice exhibiting ectopic overexpression of
Wntl in CCSP-expressing cells. Whereas
in that study the overexpression of a
single canonical Wnt ligand dampened the
inflammatory response, our study reveals
an exaggerated response after the ablation
of a different canonical Wnt ligand,
Wntl0b, emphasizing the importance of
exploring the function of these molecules
individually.

Wnt10b is mainly known as a canonical
Wnhnt ligand, interacting with the Lrp5/6
coreceptors, complexed with Frizzled8
to activate B-catenin translocation into
the nucleus. Here, a specific, canonical
activation pattern for Wnt10b could
be confirmed, although Wnt-triggered
activation of downstream targets
remains most likely cell specific and
redundant. The identification of Wnt10b’s
important role in immunity presents a
promising approach to modulate effector
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functions of T cells more selectively through
use of an extracellular signaling molecule.

The present data suggest that Wnt10b
acts in an autocrine fashion, as its effect on
activation and proliferation of T cells was
recapitulated in vitro and no inherent
activation bias was seen at baseline in
the unsensitized mouse (Figure E2). Others
have already shown that Wnt10b is
expressed in CD4" and CD8" T cells in
the thymus, under parathyroid hormone
stimulus and upon TCR activation in vitro
(2, 3, 27). In the present study, we
demonstrate that Wnt10b expression
is augmented in T cells after HDM
sensitization, and the Wnt10b™'~
mouse studies establish an important
role in the allergic response. However,
because a whole-body knockout is used,
it is possible that different cell types
contribute to the secretion pattern of
Wntl0b in asthma. Nevertheless, the
strength of these findings, demonstrating
an effect of Wntl0b in a multi-cell-type
disease, continues to be pertinent to the
understanding of asthma.

In this study, we describe a moderate
increase in the proliferation of CD8™
splenic cells after in vitro activation.
Previously, Terauchi and colleagues (27)
reported, contrary to our findings, that
Wntl0b deficiency did not lead to
increased activation and proliferation
of T cells after CD3/CD28 activation.
However, the measurements of Terauchi
and colleagues were performed at an
earlier time point—24 hours after

activation—at which we also do not see
a significant difference in activation. The
increased activation seen in this present
study was observed at 72 hours, and
differences between the two studies can
be attributed to the moderate effect and
potential differences in experimental

setup. Supporting our findings is that

the deficiency of another Wnt ligand,
Wnt5a, has also been reported to increase
proliferation of CD4" cells (25). Moreover,
in accordance with our report, Ding and
colleagues (15) observed that increased
canonical Wnt pathway activation through
stabilization of B-catenin in CD4"CD25~
naive T cells led to decreased proliferation
of the cells after 72 hours and attenuated
inflammatory bowel disease in vivo. This
attenuation of the T cell response is
independent of the function of regulatory
T cells, and is most likely an independent
regulatory mechanism preventing excessive
activation. Accordingly, in our model,

the loss of the canonical Wnt ligand,
Wnt10b, led to an increased activated T cell
population in vitro and an amplified
immune response in vivo. Moreover, in our
study, no difference in the percentage of
regulatory T cells in the lungs of Wnt10b ™/~
mice and controls after HDM sensitization
could be detected, hinting to a more direct
effect of Wnt10b on T cell activation.

Wht signaling is necessary to allow
for proper Th2 differentiation. The up-
regulation of GATA3, a critical switch for
the initial production of IL-4, is blunted by
T cell factor 7 (Tcf7)-deficiency (23). On
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Figure 5. T cell receptor activation in Wnt10b ™/~ T cells leads to a diminished population of naive, CD69~CD25 ™ cells, which can be reversed by addition
of recombinant Wnt10b. (4) Wnt10b ™/, CD8™" primary splenic T cells exhibit an increased population of activated, CD69" cells after 72-hour incubation
with CD3/CD28 activator beads (n = 3/group, *P < 0.05, t test, data representative of two independent experiments, data are presented as mean * SD;
representative histograms for CD69™" cells isolated from WT and Wnt10b ™/~ mice). (B) Wnt10b~~ CD8" T cells show increased proliferation 48 hours
after in vitro CD3/CD28 activation, measured by carboxyfluorescein diacetate succinimidyl ester (CFSE) dilution. This effect did not reach significance
in CD4™ cells (n = 6/group; *P < 0.05, t test, compiled data from two independent experiments, data are presented as mean = SD; representative
histograms with unactivated cells [red] and CD3/CD28 beads incubated cells [biue] for WT and Wnt10b ™", respectively). (C) Addition of one or two doses
of recombinant Wnt10b (200 ng/ml) increases the proportion of naive CD4" and CD8™ cells in the total population, not only in Wnt10b ™~ mice, but
also in WT controls (n = 9-14/group; depicted as percent change of activated to activated and treated animal; *P < 0.05, Wilcoxon paired-rank test,
compiled data from four independent experiments, data are presented as individual values with mean).

Therefore, there does not seem to be a
bias toward a Th2 polarization in the
proliferating, Wnt10b~'~ T cell without
an initiating stimulus. However, it is not
clear if the increased activation status

the contrary, our results show that ablation
of Wntl0b leads to an exaggerated Th2
response with elevated IL-4 levels in the
lung in vivo and increased GATA3 and IL-4
expression in vitro. Interestingly, under

neutral, proliferating conditions, no
difference was detected between GATA3
expression in the Wnt10b ™/~ and wild-type
T cells with increased expression identified
only under Th2-polarizing conditions.
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Figure 6. Increased percentage of effector T cells (CD62L'°CD44™) and CDB9MCD11a™ T cells in the lungs of Wnt10b™~, HDM-challenged mice. (4) Cells
protected from in vivo CD90.2 labeling (“protected population”) increases significantly from PBS- to HDM-challenged WT mice; most T cells in lung homogenates
have infiltrated into the lungs (representative plots for WT PBS and WT HDM lungs). (B) The percentage of protected cells did not differ between Wnt10b™/~
and control groups for CD4* as well as CD8™ cells (WT HDM versus KO HDM; n = 3/group, data are presented as mean + SD). (C) The protected population in
the lung shows an augmented population of CD44"CD62L° for CD4™ cells (n = 3-4/group; **P < 0.01, t test, data representative of three independent
experiments, data are presented as mean + SD; representative plots shown for WT HDM and KO HDM). (D) CD8™ T cells also show a significantly increased
population of CD44"CDE2L° cells (n = 3-4/group; *P < 0.05, t test, data representative of three independent experiments, data are presented as mean =+ SD).
(E) CD4™ T cells within the lung parenchyma (protected population) exhibit heightened activation, as shown by increased percentage of CD69"CD11a™
expression (n = 3-4/group; *P < 0.05, t test, data representative of three independent experiments, data are presented as mean *+ SD; representative plots
shown for WT HDM and KO HDM). (F) For CD69"CD11a" expression of CD8™ T cells, a trend toward an increase in the Wnt10b™~, HDM-challenged
population was detected. (G) No significant difference in percentage of CD4"CD25*Foxp3* regulatory T cells in the lungs of HDM-challenged, Wnit1 ob~’",
and control mice was detected. (1 =5/group, data are presented as mean *+ SD; representative plots shown for WT HDM and KO HDM). ns, not significant.

of the Wnt10b™/~ cells is partially
responsible for the higher GATA3 and IL-4
expressions, as a Thl polarization did not
lead to augmented T-bet levels in the

Wnt10b™'~ cells, suggesting an effect of
Wntl0b specifically on Th2 polarization.
A comparison of the knockout of one
Wnt ligand to the modulation of

transcription factors or common
downstream targets of a variety of

Wnt ligands will remain flawed, as it
underestimates the complex function of
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Wnt ligands in vivo, where cell specificity,
of this article at www.atsjournals.org.

ligand-receptor interaction, and
coexistence of inhibitors are crucial.

The present study documents an
important role for the Wnt signaling molecule,
Wntl0b, in T cell activation and regulation

of cellular immunity in a murine model

of asthma. Future studies aimed at the
modulation of specific Wnt ligands in the
lung have the potential to identify a novel
therapeutic approach to control the
inflammatory response in allergic asthma. H
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