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Abstract

Asthma is a chronic airway inflammatory disease characterized by airway hyperreactivity
(AHR) and eosinophilic airway inflammation. Dendritic cells (DCs) are essential for the
development of asthma via presenting allergens, causing Th2 skewing and eosinophil
inflammation. Recent studies have revealed that CD109, a glycosylphosphatidylinositol-
anchored glycoprotein, is involved in the pathogenesis of inflammatory diseases such as
rheumatoid arthritis and psoriasis. However, no study has addressed the role of CD109 in
asthma. This study sought to address the role of CD109 on DCs in the development of AHR
and allergic inflammation. CD109 deficient mice (CD109/ mice) were sensitized with
house dust mite (HDM) or ovalbumin and compared to wild-type (WT) mice for induction of
AHR and allergic inflammation. CD109-deficient mice had reduced AHR and eosinophilic
inflammation together with lower Th2 cytokine expression compared to WT mice.
Interestingly, CD109 expression was induced in lung conventional DC2s (¢cDC2s), but not
lung ¢cDCls, upon allergic challenge. Lung ¢cDC2s from CD709~~ mice had a poor ability to
induce cytokine production in ex vivo DC-T cell cocultures with high expression of RUNX3,
resulting in suppression of Th2 differentiation. Adoptive transfer of bone-marrow-derived
CD109~~ DCs loaded with HDM failed to develop AHR and eosinophilic inflammation.
Finally, administration of monoclonal anti-CD109 antibody reduced airway eosinophils and
significantly decreased AHR. Our results suggest the involvement of CD109 in asthma

pathogenesis. CD109 is a novel therapeutic target for asthma.

Key words: Asthma; CD109; dendritic cell; airway hyperreactivity; eosinophil
inflammation.

Abbreviations:

AHR Airway hyperreactivity
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INTRODUCTION

Asthma, a chronic respiratory disease characterized by airway hyperreactivity (AHR) and

eosinophilic airway inflammation. (1-4) Accumulated evidence has shown that asthma is

composed of heterogenous phenotypes where immune cells are complexity involved. Allergic
sensitization in which dendritic cells (DCs) presents allergens, followed by T-helper type 2
(Th2) cell skewing and eosinophilic inflammation plays a critical role in allergic asthma. DCs

interact with Group 2 innate lymphocyte cells (ILC2s) to initiate allergic inflammation in
non-allergic asthma (5, 6), indicating essential roles of DCs in development of both allergic
and non-allergic asthma.

CD109, a glycosylphosphatidylinositol (GPI)-anchored glycoprotein cell-surface

antigen, is a member of the alpha2-macroglobulin/C3, C4, C5 family of thioester-containing

proteins. (7, 8) Its primary function is downregulating transforming growth factor (TGF)-

B signaling by binding to TGF-f3 receptor I, (9) TGF-f3,(10) activin receptor-like kinasel

(ALK1), (11) and 78-kDa glucose-regulated protein (GRP78).(12) CD109 is expressed on the

several types of cancers and is involved in disease progression. Indeed, CD109 expression is

associated with poor prognosis in cancer. (13-18) More recently, CD109 is reported to be

involved in the pathogenesis of inflammatory disease in a murine model of rheumatoid

arthritis(19) and psoriasiform inflammation. (20) However, studies investigating CD109

involvement in allergic inflammation are lacking.
We investigated the role of CD109 on DCs in the pathogenesis of asthma. We
showed a critical role for CD109 on DCs in the development of AHR and eosinophilic

inflammation using a murine model of allergic asthma. Further, blockade of CD109
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ameliorated AHR and eosinophilic inflammation. This study provides new evidence for an
underlying role of CD109 on DCs in asthma pathogenesis, which can be a novel therapeutic
target.

Materials and methods

Detailed methodology was described in the Supplementary Method section

Mice

Female C57BL/6 mice, CD109~~ mice (8 to 10-weeks-old) and OV A-specific T cell receptor

(TCR) transgenic mice (OT-II) were used. CD109~'~ mice were generated as previously

described. (21) All experimental protocols were approved by the Institutional Animal Care

and Use Committee of Hamamatsu University School of Medicine (29-045).

AHR induction and measurement of airway hyperresponsiveness

Mice were intranasally (i.n.) sensitized with 50 pg HDM (Dermatophagoides. pteronyssinus;
Greer Laboratories) on day 1, followed by 10 pg HDM (i.n.) on days 8 and 13. In some
experiments, mice were treated with neutralizing monoclonal anti-mouse CD109 antibody
(i.n., 100 pg/mouse, Abmart) or IgG isotype controls (Fujifilm). In the OVA model, mice
were intraperitoneally immunized with OVA (50 pg, Sigma-Aldrich) and Alum (2 mg,
Thermo Fischer Scientific) on days 1 and 8, and subsequently intranasally challenged with 50
pug OVA on days 19 to 21.

Two days after the last HDM challenge or one day after the last OVA challenge, airway

resistance and dynamic compliance measurements were conducted using the Fine Pointe RC

system (Buxco Electronics, Inc), as previously described. (22-24) After measuring AHR,

BAL cells, serum, lung histological sections and lung lysates were obtained and quantified.
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Identification of lung DC subsets
Lung DCs were defined as lacking the classical lineage markers (CD3 ¢ , NK1.1, CD19,

CD45R) and CD45* CD64~ F4/80~ I-A/I-E* CD11c" cells. Lung DC subsets were then

identified based on XCR1 and CD172a expression (cDC1; XCR1"CD172a™ and cDC2;

XCR1~CD172a").(25-28)

Capability of antigen uptake and T cell proliferation of lung DC subsets
Alexa Fluor 647-labeled OVA (Thermo Fisher Scientific) was intranasally administered in

the last challenge to assess capability of antigen uptake and-presentation of lung DCs.

In vitro coculture of lung DC subset and CD4* T cells

Purified naive CD4" T cells (2 x 10°/ml) obtained from OT-II murine spleen were cocultured
with lung DC subsets (2 x 10*/ml) for 7 days in the presence of 10 pg/ml OV Aj3,3.339 peptide
(Invitrogen). Cytokine in the coculture supernatants, apoptosis and proliferation for

cocultured CD4* T cells were examined.

Gene expression analysis
The difference in transcript abundance between lung DC subsets purified from HDM-
sensitized CD109~/~ mice or WT mice was analyzed using the nCounter Immunology Panel

(NanoString Technologies, Inc.). Heat plots were generated using nSolver software.

Preparation of bone marrow-derived DCs and adoptive transfers
HDM-loaded BMDCs (2.0 x 10°) were adoptively transferred intravenously into C57BL/6
mice (day 1), and subsequently challenged intratracheally with HDM-loaded BMDCs (2.0 x

10°) or HDM (10 pg/mouse) on days 8 and 13 and sacrificed on day 15.
7
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Flow cytometry analysis
Flow cytometry was done with a Gallios Flow Cytometer (Beckman Coulter). Data were

analyzed with FlowJo version 8.6 software (TreeStar).

Reverse transcription-polymerase chain reaction (RT-PCR) assays

Relative gene expression levels were measured by using RT-PCR.

Statistical analysis

Student’s t-test and one-way ANOVA post hoc test with Tukey’ s multiple comparison test
were used for comparisons. A P-value < 0.05 was significant. All data are means £ SEM.

Statistical analyses were performed using GraphPad Prism version 6 (GraphPad Software).

RESULTS

Lack of CD109 ameliorated airway hyperreactivity and eosinophilic airway inflammation.
To investigate a role of CD109 in development of AHR and eosinophilic inflammation,
CDI1097~ and wild-type (WT) mice were sensitized and intranasally challenged with house
dust mite extract (HDM) (Fig. 1A). Two days after the challenge, lung function was
evaluated via direct measurements of lung resistance (R;) and dynamic compliance (Cgyn).
HDM-challenged CD109~'~ mice had significantly decreased AHR, representing lower lung
resistance and higher dynamic compliance than HDM-challenged WT mice (Fig. 1B). HDM-
challenged CD109~~ mice had significantly lower number of eosinophils in BAL than WT
mice (Fig. 1C). Meanwhile, total cell counts were not different between HDM-challenged
WT mice, and number of macrophages and lymphocytes were rather increased in HDM-

challenged CD109~'~ mice. There were some differences in BAL cells between PBS-treated
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CD1097- mice and PBS-treated WT mice. PBS-treated CD109" mice tended to have higher
number of total cells, lymphocytes and neutrophils together with decreased macrophages in
BAL compared with PBS-treated WT mice, but these differences were not statistically
significant. Histological analysis revealed decreased bronchial wall thickening,
peribronchiolar cell infiltration, and a lower number of periodic acid-Schiff (PAS)" cells in
HDM-challenged CD109~~ mice, compared with those observed in HDM-challenged WT
mice (Fig. 1D). Consistent with these observations, a significant reduction in expression of
IL-4, IL-5, IL-13, and IL-33 in the lungs and HDM-specific IgE in sera were was observed in
CD109~~ mice, compared with those observed in HDM-challenged WT mice. (Figs. 1E and
1F). The frequencies of ILC2s and Th2 cells expressing IL-5 or IL-13 were also decreased in
CD109~~ mice (Fig. S1). These observations of an attenuated asthmatic phenotype,
including AHR, eosinophilic airway inflammation, and lung histology, were also found in

CD109~~ mice in an ovalbumin (OVA)-challenged asthma model (Fig. S2).

CD109 expression was induced by allergen challenge in WT mice.

We examined types of immune cells expressing CD109 in the lungs of the asthma model. In a
steady state, no immune cells expressed CD109 in the lung. In OVA-challenged mice,

CD109 expression was induced in cDC2s, B cells, and ILC2s but not in lung cDCls (Fig.
2A). Similarly, increased CD109 expression on cDC2s and ILC2s were found with HDM-
challenged mice (Fig. S3). Phenotypically, lung DCs with CD109 expression had increased
PD-L1, ICOS-L, and CD80 expression, while CD86 expression was decreased, compared

with those without CD109 expression (Fig. 2C).

Lung ¢DC2s from CD1097~ mice had poor capacity of antigen presentation, and showed

impaired cytokine production in ex vivo coculture with naive T cells.
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Since CD109 was inducible exclusively in lung ¢cDC2s, but not in lung cDCls, we next
investigated whether lung ¢cDC2s from CD109~~ mice altered their function in terms of Th

responses. Previous studies showed distinct function of lung DC subsets in immune reaction.

(25-27, 29-31) Especially, cDC2s were reported to preferentially induce Th2 polarization at a

steady state. (31-34) Lung ¢cDC2s were purified from OVA-challenged CD109~~ and WT

mice (Figs. 3A and 3B). Subsequently, lung cDC2s were cocultured with naive CD4" T cells
isolated from OT-II mice in the presence of OV A3,3 339 peptide. In coculture supernatants
with lung ¢cDC2s from WT mice, large amounts of IL-2, IL-6, IL-13, IL-17A, TNF-a, and
IFN-y were detected. Comparing lung ¢cDC2s from CD/09 /" mice and those from WT mice,
the concentration of IL-13 in the cocultures with CD109~/~ lung ¢cDC2s was significantly
lower than those with WT lung-cDC2s (Fig. 3C). The levels of IL-6, IL-17A, TNF-a, and
IFN-y were also significantly decreased in cocultures with lung ¢cDC2s from CD109~/~ mice,
compared with those with lung cDC2s from WT mice. To explore the distinct capability of
lung DCs from CD109~/~ mice on proliferation and apoptosis of cocultured CD4" T cells, the
cocultured cells were stained with cell trace assay or annexin V and propidium iodide,
respectively. The proliferation was significantly reduced naive OT-II CD4* T cells cocultured
with CD109~~ lung cDC2s, compared with in those with WT lung ¢cDC2s (Fig. 3D). In
addition, the cell death was significantly increased in naive OT-II CD4" T cells cocultured
with CD1097~ lung cDC2s, compared with in those with WT lung ¢cDC2s (Fig. 3E).

Because antigen uptake and presentation are known as essential for DCs mediated
T cell differentiation, mice were challenged with fluoresceine-labeled OVA on day20 under
protocol of Fig. 3A. The fluoresceine level of CD109~~ lung ¢cDC2s were significantly lower
than those of WT lung-cDC2s (Fig. 3F). Collectively, these results suggest that lung cDC2s

from CD109~~ mice had poor capability on antigen presentation.

10
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CD109 expression in DCs was responsible for asthmatic phenotype induction during
allergen sensitization and allergen challenge

Because we found that lung ¢cDC2s from CD109~/~ mice impaired the induction of several
cytokines, including IL-13, in cocultures with naive T cells, we examined whether the
absence of CD109 in DCs are directly responsible for attenuating AHR and eosinophilic
airway inflammation. To study the role of CD109 in DC function during allergen
sensitization phase, WT mice were intravenously adoptive transferred HDM-loaded bone-
marrow-derived DCs (BMDCs) from either CD109~~ or WT mice, and challenged with
HDM (Fig. 4A). This asthma model showed an increase of AHR, eosinophilic airway
inflammation, and characteristic pathologic features of asthma using HDM-loaded WT
BMDC:s (Figs. 4B, 4C, and 4D). However, AHR and the number of eosinophils,
macrophages and lymphocytes in BAL were significantly lower in mice sensitized with
HDM-loaded CD109~~ BMDCs than those sensitized with WT BMDCs (Figs. 4B and 4C).
Histological analysis showed decreased bronchial wall thickening and inflammatory cells,
together with reduced number of PAS™ cells in CD109~~ BMDC-sensitized mice, compared
with WT BMDC-sensitized mice (Fig. 4D).

Previous study showed that depletion of lung CD11c¢* cells during allergen
challenge abrogate characteristic features of asthma, indicating DCs also play roles during
allergic challenge phase to induce allergic inflammation (35). To clarify whether CD109 on
lung DCs is involved in the challenge phase of asthmatic inflammation, WT mice were
intravenously immunized same as in Fig. 4, and subsequently intratracheally challenged with
HDM-loaded BMDCs from either CD109~ or WT mice (Fig. S4A). Mice challenged with
HDM-loaded CD109~~ BMDCs showed significantly decreased AHR and reduced number

of eosinophils in BAL than those with WT BMDCs (Figs. S4B and S4C). Consistently,

11
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reduced bronchial wall thickening, peribronchiolar inflammation and PAS* cells were
observed in CD109~~ BMDC-challenged mice, compared with WT BMDC-challenged mice

(Fig. S4D).

Gene expression analyses in lung ¢cDCs from CD1097~ mice

Because the functional difference in the induced cytokine productions was noted between
lung ¢cDC2s between CD1097~and WT mice, we next analyzed gene expression profiles in
lung ¢cDC2 from CD109 7~ and WT mice using Nanostring technology. Lung ¢cDC2s from
CD109~~ mice showed decreased eotaxin (Cc/24 and Ccl26) and Th2-related cytokine (114,
115, 1113, and 1/33) expression and increased Thl-related cytokine (118, 1112, and Cxcl9),
compared those from WT mice (Fig. SA). Notably, among transcription factors, lung cDC2s
from CD109~~ mice increased Runx3 expression together with decreased Rorc expression
compared those from WT mice. Recent studies show distinct phenotypes of cDC2

populations (cDC2a, an anti-inflammatory phenotype and cDC2b, a pro-inflammatory

phenotype) based on transcription factors. (26, 27) RUNX3 is a characteristic transcription

factor of the anti-inflammatory cDC2a phenotype. (26) Consistent with array data, lung
cDC2s from CD109~~ mice increased expression of RUNX3 protein than those from WT
mice (Fig. 5B). Additionally, CD109 is known to negatively regulate TGF-f3 signaling, where
RUNX3 corporate the intracellular signal transducers, SMAD2 and SMAD3. (8) Thus, we

examined phosphorylated SMAD2/3, indicating that phosphorylated SMAD2/3 was

increased in lung ¢cDC2s from CD109~/~ mice than those from WT mice (Figs. 5C and S5).

Anti-CD109 monoclonal antibody ameliorated AHR and eosinophilic airway inflammation

during both allergen sensitization and allergen challenge.

12
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Finally, we hypothesized that CD109 blockade could be a novel therapeutic strategy for
asthma. To address this, we examined whether anti-CD109 monoclonal antibody (mAb)
treatments during either allergen sensitization or allergen challenge phases reduced AHR and
eosinophilic airway inflammation in HDM-challenged mice, respectively. To examine
efficacy of anti-CD109 mAb during allergen sensitization phase, WT mice were intranasally
administered anti-CD109 mAb or isotype IgG one day before HDM sensitization, and then
mice were sensitized and challenged with HDM (Fig. 6A). Mice treated with anti-CD109
mADb showed significantly reduced AHR and eosinophils counts in BAL (Fig. 6B and 6C).
Histological analyses also revealed reduced airway inflammation and PAS™ cells in anti-
CD109 mAb-administered mice (Fig. 6D). The levels of IgE, HDM-specific IgE, and IgG1
did not significantly differ (data not shown).

Next, we evaluated effects of anti-CD109 mAb during allergen challenge phase.
WT mice were intranasally immunized with HDM, and then anti-CD109 mAb or isotype IgG
was administered intranasally on days 7 and 12 (Fig. 7A). As shown in Fig. 7B, a marked
reduction in AHR was observed in mice administered with anti-CD109 mAb compared with
those administered with isotype IgG (Fig. 7B). In addition, a decrease in total cell and
eosinophil counts in BAL was also noted. Accordingly, bronchial wall thickening decreased
with lower numbers of infiltrated inflammatory and PAS™ cells in anti-CD109 mAb-
administered mice (Fig. 7D). When anti-CD109 mAb were administered once on day 12,
anti-CD109 mAb consistently suppressed AHR and eosinophilic airway inflammation (Fig.

S6).

DISCUSSION
The present study investigated a role of CD109 in development of AHR and eosinophilic

airway inflammation. Interestingly, CD109 expression were inducible in lung ¢cDC2s, but not

13
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in lung cDCls, upon allergen challenges. Gene expression analyses showed that lung cDC2s
from CD109~~ mice decreased eotaxin and Th2-related cytokines expression and increased-
some Th1 cytokines and Runx3 expression. In addition, lung ¢cDC2s from CD109~/~ mice had
poor capacity of antigen presentation and induction of cytokine production, such as IL-13, in
ex vivo coculture with naive T cells. Adoptive transfer of CD109~~ BMDCs failed to develop
AHR with reduced eosinophilic inflammation. Finally, pharmacological modulation of
CD109 by anti-CD109 mADbD successfully reduced AHR and eosinophilic airway
inflammation. Collectively, our results indicate a pivotal role of CD109 expressed on DCs in
allergic airway inflammation, suggesting that CD109 regulation is a novel therapeutic target
in asthma.

To the best of our knowledge, this study is the first to demonstrate the crucial role
of CD109 in asthma pathogenesis. We showed that mice lacking the CD109 gene develop
markedly less AHR and eosinophilic airway inflammation with a significant decrease in Th2
cytokines (IL-4, IL-5, and IL-13) in the lung in asthma models. Peribronchial inflammation
and PAS-positive cells were also significantly reduced. These observations suggest that mice
lacking the CD109 gene are resistant to asthmatic inflammation. CD109 was initially

reported to negatively regulate TGF-f3 signaling. Indeed, mice overexpressing CD109 have
less bleomycin-induced skin sclerosis than WT mice. (36) Recently, CDI109~/~ mice were
also shown to be resistant to collagen-induced arthritis associated with decreased
inflammatory cytokines. (19) Additionally, CD109 was shown to directly activate Janus

kinase (Jak)-Stat3 signaling, which consequently leads to a metastatic phenotype in lung

cancer cells. (13) Collectively, emerging evidence has demonstrated that CD109 is broadly

involved in various pathological processes, such as inflammatory diseases. In this context,

our data suggest that CD109 is required to develop the asthmatic phenotype in murine asthma

14
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models.
DCs play a critical role in orchestrating the adaptive immune response due to their
unique ability to initiate a T cell response and direct differentiation into effector lineages. To

initiate responses to highly disparate challenges, DCs have diversified into multiple

phenotypically, anatomically, and functionally distinct cell types. (25, 28, 29) Our previous

study showed that lung cDC2s, but not lung cDCls, preferentially induced Th2 polarization.
(31) This study showed that lung cDC2s from WT mice induced a large amount of IL-13, as
well as IL-17A and IFN-y in cocultures with naive CD4* T cells from OT-II mice, although
rational explanations could not be given for the elevated IL-2 concentration in the supernatant
of CD109~"~ lung ¢DC2s coculture. Interestingly, lung ¢cDC2s from CDI09~~ mice had
reduced antigen uptake and T cell proliferation capacity, and increased cell death of
cocultured OT-II CD4" T cells. This may be partly responsible for the reduced cytokine
production in the supernatants of coculture of CD109~~ lung ¢cDC2s and naive OT-II CD4" T
cells, compared to coculture of WT lung ¢cDC2s and naive OT-1I CD4" T cells.

In addition, gene expression analysis showed that lung ¢cDC2s from CD109~/~ mice
had decreased eotaxin (Cc/24 and Ccl26) and Th2-related cytokine (//4, 115, 1113, and 1/33)
expression and increased expression of Thl-related cytokines (1118, 1/12, and Cxcl9),
although the significances of DC-derived Th2 cytokines and eotaxin in allergic airway
inflammation remains unclear. Th2 cells and ILC2, and epithelial cells, but not DCs, are
found to be primarily involved in the production of Th2 cytokines and eotaxin, respectively.
Impaired expression of Ccl24, Ccl2, Cxcl9, and increased expression of ///2in lung cDC2s
from CD109~~ mice were possibly associated with less eosinophilic airway inflammation
observed in allergen-challenged CD109~/~ mice.

We further investigated CD109 expression in DCs in inducing AHR and
eosinophilic airway inflammation in an asthma model using BMDCs. Intravenous injection

15
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of HDM-loaded WT BMDC and a subsequent intranasal HDM challenge or intratracheal
challenge of WT BMDC:s readily induced an increase of AHR, eosinophilic airway
inflammation, and characteristic pathologic features of asthma. However, intravenous
injection of HDM-loaded CD109~~ BMDCs and a subsequent intranasal HDM challenge
exhibited no increase of AHR together with a significant smaller number of eosinophils and
PAS-positive cells. In addition, intranasal challenge of HDM-loaded CD109~~ BMDCs also
reduced allergic airway inflammation with decreased AHR. These observations suggest that
CD109 expressed in DCs is required to elicit the asthmatic phenotype in this model during
the sensitization and challenge phases.

Recently, novel cDC2 subsets, namely cDC2a and ¢cDC2b were identified based on
different expression patterns of transcription factors (26, 27). cDC2a are characterized by
anti-inflammatory subsets with higher RUNX3 and T-bet expression, while cDC2b has a pro-
inflammatory phenotype with higher RORy expression. Interestingly, lung cDC2s from
CD109~~ mice had similar RUNX3 and ROR ¢ expression patterns to those of cDC2a. In
addition, lung ¢cDC2s from CD109 " mice had poor ability to induce cytokines from naive T
cells and to proliferate naive T cells. These characteristics of lung cDC2s from CD109~/~
mice are similar to those of cDC2a. In particular, RUNX3 was the most highly expressed
transcriptional factor in lung ¢cDC2s from CD109~~ mice. RUNX3, of the Runt-related

transcription factor family, plays an important role in developing immune systems, especially

T cell differentiation. (37-40) RUNX3 functions as a component of the TGF-3 signaling

cascade of the SMAD pathway. RUNX3 corporately binds to the Ifg promoter and //4
silencer, resulting in Th2 cytokine production repression. (37) Importantly, several lines of
studies suggest the involvement of RUNX3 in asthma pathogenesis; decreased RUNX3 levels

in the lungs of experimental asthma, (41) and reduced RUNX3 expression in CD4" T cells in
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patients with asthma. (42, 43) Furthermore, RUNX3 in PBMC were hypomethylated in

patients with asthma as similar to those of /L4 and /L13. (44) RUNX3 has been also shown to

govern DC function. BMDCs from RUNX3~/~ mice showed a hyperactivated state, and

RUNX3~'~mice spontaneously develop asthma-like airway inflammation with the

accumulation of hyperactivated DCs. (45) Interestingly, RUNX3 in cDC2s was reported

responsible for maintaining intestinal immune tolerance through its immune regulatory

functions. (46) Collectively these findings suggest that RUNX3 in DCs, particularly cDC2s,

suppresses a Th2-mediated immune response. In accordance with these, we found that lung
¢DC2s from CD109 " mice had a significantly increased RUNX3 expression compared to
WT mice. This expression may be partly associated with ameliorating the asthmatic
phenotype observed in CD109~/ mice.

Finally, we showed that the administration of anti-CD109 mAb during either
allergen sensitization or allergen challenge completely abolished increased AHR and
significantly decreased eosinophil recruitment in murine asthma models. In addition, anti-
CD109 mAb also reduced peribronchiolar inflammation and PAS-positive cells. These
observations indicate that anti-CD109 mAb successfully improves the asthmatic phenotype

of the murine models of asthma. Several mAbs that target IL-5, IL-13, IL-33, IgE, and

thymic stromal lymphopoietin (TSLP) are clinically available. (47) However, the efficacy of

established biologic therapies are heterogenous in terms of exacerbation, airflow limitation,
glucocorticoid-sparing effects, and asthma phenotypes (Th2-high, Th2-low, FeNO-high,
FeNO-low, blood eosinophil counts-high and blood eosinophil counts-low); the development
of more broadly effective biologics is desired. In this regard, this study suggests that mAb

against CD109 may be a novel therapeutic option for asthma. Further research is required to
17
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clarify this possibility.

In conclusion, this study showed that mice lacking CD109 gene suppressed the
development of AHR and eosinophilic inflammation in the murine models of asthma. Deficit
expression of CD109 in lung cDC2s may be critical in this suppression. Moreover,
administration of anti-CD109 mAb during either allergen sensitization or allergen challenge
phases successfully attenuated asthmatic phenotypes, such as increased AHR and
eosinophilic airway inflammation. Taken together, the present study provides new insights
into the involvement of CD109 in pathogenesis of asthma, suggesting that CD109 is a novel

therapeutic target for asthma.
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Figure legends
Figure 1. Lack of CD109 ameliorated airway hyperreactivity and eosinophilic airway

inflammation.

(A) Experimental timeline. WT and CD109~/~ mice were intranasally (i.n.) sensitized and

challenged with house dust mite (HDM). (B) Lung resistance (R ) and dynamic compliance

(Cayn), (n = 5-7 per group). (C) Differential cell counts in BAL (n = 5-7 per group). TCC,
total cell count; Eos, eosinophils. (D). Hematoxylin and eosin and PAS staining. Original
magnification: 100x, scale bar: 50 um. Quantifications of lung histopathology (n = 6 per
group). (E) Cytokine levels in lung homogenates (n = 6 per group). Data are representative of
at least five independent experiments. (F) Total IgE, HDM-specific IgE and IgG1 levels in
serum (n = 5—6 per group). Data are representative of at least two independent experiments
and shown as the mean + SEM. P-values were calculated using Student’s #-test and one-way
ANOVA post hoc test with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P <

0.001.

Figure 2. CD109 expression was inducible after allergen sensitization.

(A) WT mice were sensitized with OVA + Alum on days 1 and 8 and challenged with OVA

for three consecutive days (days 18 to 20) as described in Fig S1A. Subsequently, CD109

expression in lung immune cells was analyzed on day 21. Representative FACS histogram

and mean fluorescence intensity (MFI) of CD109 (n = 3—4 per group). (B) WT mice were
immunized as described in Fig 1A, and cell-surface markers in CD109* lung DCs and
CD109™ lung DCs were analyzed. Gating strategy of CD109" lung DCs and CD109~ lung

DCs. (C) Representative FACS histogram and mean fluorescence intensity (n = 6 per group).
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Data are representative of two independent experiments. *P < 0.05, ***P < 0.001.

Figure 3. Lung ¢cDC2s from CDI09~~ mice had poor capacity of antigen presentation, and

showed impaired cytokine production in ex vivo coculture with naive T cells.

Sorted lung dendritic cell (DC) subsets were cocultured with naive CD4" T cells isolated

from OT-II mice in the presence of OV Aj,3 339 peptide for seven days. (A) Experimental

timeline. WT and CD/09 mice were intraperitoneally immunized with OVA and alum

adjuvant and intranasally challenged with OV A. Subsequently, lung DC subsets were
isolated. (B) Identification of lung DC subsets; cDC1 and ¢cDC2. Representative FACS plots.
(C) Cytokine levels in cDC2-CD4'T cell coculture supernatants (n = 9 per group). (D)
Proliferation of cocultured CD4" T cells measured on day3 by CellTrace Violet staining (n =
4 per group). Representative FACS histogram and percentage of divided cells. (E) Annexin V
and propidium iodide staining were performed on cocultured CD4" T cells on day 7 (n =3
per group). Representative FACS plots and percentage of apoptotic cells (Annexin V* cells).
(F) Mice were immunized and challenged as described in Fig. 3A. In the last challenge
(day20), fluoresceine-labeled OV A was intranasally administered to assess capability of
antigen presentation of DCs. FACS histogram and MFI of fluoresceine-labeled OV A in each
cDC2s were assessed (n = 5 per group).

Data are representative of two experiments and shown as the mean + SEM. P-values were

calculated using Student’s #-test. *P < (.05, ***P < 0.001.

Figure 4. CD109 expression in DCs was responsible for the induction of asthmatic

phenotype.
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(A) Experimental timeline. Cultured BMDCs from WT or CD109~/~ mice were stimulated

with house dust mite (HDM) for six hours and then intravenously injected into WT mice.

Then mice were intratracheally challenged with HDM on day1, and challenged with HDM on
days 8 and 13. (B) Lung resistance (Ry) and dynamic compliance (Cgyn), (n = 67 per group).
(C) Differential cell counts in BAL (n = 7 per group). TCC, total cell count; Eos, eosinophils.
(D). Hematoxylin and eosin and PAS staining. Original magnification: 100x, scale bar: 50
um. Quantifications of lung histopathology (n = 7 per group). Data are representative of two
independent experiments and expressed as mean + SEM. P-values were calculated using
Student’s #-test and one-way ANOVA post hoc test with Tukey’s multiple comparison test.

*P <0.05, **P <0.01.

Figure 5. Gene expression analyzes in CD/09 " lung DC subsets.

WT and CD/09 " mice were immunized as described in Fig 1A, and lung cDC2s were

isolated as described in Fig 3B. (A) Heat plots showing alternations of depicted genes in lung

¢DC2s in WT and CD/09 " mice (n = 3). (B) Representative FACS histogram and mean
fluorescence intensity (MFI) of RUNX3 in lung ¢cDC2s (n = 3). (C) Representative FACS
histogram and mean fluorescence intensity (MFI) of SMAD?2/3 phosphorylation in lung
c¢DC2s (n = 5). Data were representative of two independent experiments and expressed as

mean + SEM. P-values were calculated using Student’s #-test. *P < 0.05 *, **P < 0.01.

Figure 6. Anti-CD109 monoclonal antibody ameliorated AHR and eosinophilic airway

inflammation during allergen sensitization.
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(A) Experimental timeline. WT mice were immunized as described in Fig 1A. Anti-CD109

monoclonal antibody or isotype IgG were intranasally administered before the house dust

mite (HDM) sensitization (day0). (B) Lung resistance (R;) and dynamic compliance (Cgyn),

(n = 6-7 per group). (C) Differential cell counts in BAL (n = 6—7 per group). TCC, total cell
count; Eos, eosinophils. (D). Hematoxylin and eosin and PAS staining. Original
magnification: 100x, scale bar: 50 um. Quantification of lung histopathology (n = 6 per
group). Data are representative of two independent experiments. Data are representative of
two independent experiments and expressed as mean = SEM. P-values were calculated using

Student’s #-test and one-way ANOVA post hoc test with Tukey’s multiple comparison test.

*P <0.05, **P <0.01, ***P < 0.001.

Figure 7. Anti-CD109 monoclonal antibody ameliorated AHR and eosinophilic airway

inflammation during allergen sensitization and allergen challenge.

(A) Experimental timeline. WT mice were immunized as described in Fig 1A. Anti-CD109

monoclonal antibody or isotype IgG were intranasally administered on day7,12 before the

house dust mite (HDM) challenge. (B) Lung resistance (R;) and dynamic compliance (Cgyn),

(n = 6-7 per group). (C) Differential cell counts in BAL (n = 6-7 per group). TCC, total cell
count; Eos, eosinophils. (D). Hematoxylin and eosin and PAS staining. Original
magnification: 100x, scale bar: 50 um. Quantification of lung histopathology (n = 6 per
group). Data are representative of two independent experiments and expressed as mean +

SEM. P-values were calculated using Student’s #-test and one-way ANOV A post hoc test
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with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 1. Lack of CD109 ameliorated airway hyperreactivity and eosinophilic airway inflammation.
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Figure 1. Lack of CD109 ameliorated airway hyperreactivity and eosinophilic airway inflammation.

(A) Experimental timeline. WT and CD109—/— mice were intranasally (i.n.) sensitized and challenged with
house dust mite (HDM). (B) Lung resistance (RL) and dynamic compliance (Cdyn), (n = 5-7 per group). (C)
Differential cell counts in BAL (n = 5-7 per group). TCC, total cell count; Eos, eosinophils. (D). Hematoxylin

and eosin and PAS staining. Original magnification: 1000, scale bar: 50 pum. Quantifications of lung
histopathology (n = 6 per group). (E) Cytokine levels in lung homogenates (n = 6 per group). Data are
representative of at least five independent experiments. (F) Total IgE, HDM-specific IgE and IgG1 levels in
serum (n = 5-6 per group). Data are representative of at least two independent experiments and shown as
the mean £ SEM. P-values were calculated using Student’s t-test and one-way ANOVA post hoc test with
Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. CD109 expression was inducible after allergen sensitization.
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Figure 2. CD109 expression was inducible after allergen sensitization.

(A) WT mice were sensitized with OVA + Alum on days 1 and 8 and challenged with OVA for three
consecutive days (days 18 to 20) as described in Fig S1A. Subsequently, CD109 expression in lung immune
cells was analyzed on day 21. Representative FACS histogram and mean fluorescence intensity (MFI) of
CD109 (n = 3-4 per group). (B) WT mice were immunized as described in Fig 1A, and cell-surface markers
in CD109+ lung DCs and CD109- lung DCs were analyzed. Gating strategy of CD109+ lung DCs and
CD109- lung DCs. (C) Representative FACS histogram and mean fluorescence intensity (n = 6 per group).
Data are representative of two independent experiments. *P < 0.05, ***P < 0.001.
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Figure 3. Lung cDC2s from CD109~/~ mice had poor capability of antigen presentation, and showed impaired cytokine production
in ex vivo cocultures with naive T cells.
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Figure 3. Lung cDC2s from CD109—/— mice had poor capacity of antigen presentation, and showed impaired
cytokine production in ex vivo coculture with naive T cells.

Sorted lung dendritic cell (DC) subsets were cocultured with naive CD4+ T cells isolated from OT-II mice in
the presence of OVA323-339 peptide for seven days. (A) Experimental timeline. WT and CD109—/— mice
were intraperitoneally immunized with OVA and alum adjuvant and intranasally challenged with OVA.
Subsequently, lung DC subsets were isolated. (B) Identification of lung DC subsets; cDC1 and cDC2.
Representative FACS plots. (C) Cytokine levels in cDC2-CD4+T cell coculture supernatants (n = 9 per
group). (D) Proliferation of cocultured CD4+ T cells measured on day3 by CellTrace Violet staining (n = 4
per group). Representative FACS histogram and percentage of divided cells. (E) Annexin V and propidium
iodide staining were performed on cocultured CD4+ T cells on day 7 (n = 3 per group). Representative FACS
plots and percentage of apoptotic cells (Annexin V+ cells). (F) Mice were immunized and challenged as
described in Fig. 3A. In the last challenge (day20), fluoresceine-labeled OVA was intranasally administered
to assess capability of antigen presentation of DCs. FACS histogram and MFI of fluoresceine-labeled OVA in
each cDC2s were assessed (n = 5 per group).

Data are representative of two experiments and shown as the mean £ SEM. P-values were calculated using
Student’s t-test. *P < 0.05, ***P < 0.001.
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Figure 4. CD109 expression in DCs was responsible for the induction of asthmatic phenotype.
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Figure 4. CD109 expression in DCs was responsible for the induction of asthmatic phenotype.
(A) Experimental timeline. Cultured BMDCs from WT or CD109—/— mice were stimulated with house dust
mite (HDM) for six hours and then intravenously injected into WT mice. Then mice were intratracheally
challenged with HDM on day1, and challenged with HDM on days 8 and 13. (B) Lung resistance (RL) and
dynamic compliance (Cdyn), (n = 6-7 per group). (C) Differential cell counts in BAL (n = 7 per group). TCC,
total cell count; Eos, eosinophils. (D). Hematoxylin and eosin and PAS staining. Original magnification:
1000, scale bar: 50 um. Quantifications of lung histopathology (n = 7 per group). Data are representative
of two independent experiments and expressed as mean £ SEM. P-values were calculated using Student'’s t-
test and one-way ANOVA post hoc test with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01.
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Figure 5. Gene expression analyzes in CD709~/~ lung DC subsets.
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Figure 5. Gene expression analyzes in CD109—/— lung DC subsets.

WT and CD109—-/— mice were immunized as described in Fig 1A, and lung cDC2s were isolated as described
in Fig 3B. (A) Heat plots showing alternations of depicted genes in lung cDC2s in WT and CD109—/— mice (n
= 3). (B) Representative FACS histogram and mean fluorescence intensity (MFI) of RUNX3 in lung cDC2s (n
= 3). (C) Representative FACS histogram and mean fluorescence intensity (MFI) of SMAD2/3
phosphorylation in lung cDC2s (n = 5). Data were representative of two independent experiments and
expressed as mean + SEM. P-values were calculated using Student’s t-test. *P < 0.05 *, **P < 0.01.
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Figure 6. Anti-CD109 monoclonal antibody ameliorated AHR and eosinophilic airway inflammation during allergen sensitization.
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Figure 6. Anti-CD109 monoclonal antibody ameliorated AHR and eosinophilic airway inflammation during

allergen sensitization.

(A) Experimental timeline. WT mice were immunized as described in Fig 1A. Anti-CD109 monoclonal
antibody or isotype IgG were intranasally administered before the house dust mite (HDM) sensitization
(day0). (B) Lung resistance (RL) and dynamic compliance (Cdyn), (n = 6-7 per group). (C) Differential cell
counts in BAL (n = 6-7 per group). TCC, total cell count; Eos, eosinophils. (D). Hematoxylin and eosin and
PAS staining. Original magnification: 1000, scale bar: 50 um. Quantification of lung histopathology (n = 6
per group). Data are representative of two independent experiments. Data are representative of two
independent experiments and expressed as mean + SEM. P-values were calculated using Student’s t-test
and one-way ANOVA post hoc test with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P <

0.001.
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Figure 7. Anti-CD109 monoclonal antibody ameliorated AHR and eosinophilic airway inflammation during allergen sensitization and
allergen challenge.
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Figure 7. Anti-CD109 monoclonal antibody ameliorated AHR and eosinophilic airway inflammation during
allergen sensitization and allergen challenge.

(A) Experimental timeline. WT mice were immunized as described in Fig 1A. Anti-CD109 monoclonal
antibody or isotype IgG were intranasally administered on day7,12 before the house dust mite (HDM)
challenge. (B) Lung resistance (RL) and dynamic compliance (Cdyn), (n = 6-7 per group). (C) Differential
cell counts in BAL (n = 6-7 per group). TCC, total cell count; Eos, eosinophils. (D). Hematoxylin and eosin
and PAS staining. Original magnification: 1000, scale bar: 50 um. Quantification of lung histopathology (n =
6 per group). Data are representative of two independent experiments and expressed as mean = SEM. P-
values were calculated using Student’s t-test and one-way ANOVA post hoc test with Tukey’s multiple
comparison test. *P < 0.05, **P < 0.01, ***P < 0.001.
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METHODS

Mice

Female C57BL/6 mice (8 to 10-weeks-old) and OV A-specific T cell receptor (TCR) transgenic
mice (OT-IT) were purchased from Nippon SLC (Japan SLC, Inc., Shizuoka, Japan) and the

Center for Animal Resources and Development, Kumamoto University (Kumamoto, Japan).

CD109~~ mice were generated as previously described. ! CD109~~ mice and OT-II mice were

bred in our facility at Hamamatsu University School of Medicine using protocols approved by

the Institutional Animal Care and Use Committee (29-045).

AHR induction and measurement of airway hyperresponsiveness

Mice were intranasally (i.n.) sensitized with 50 pg HDM (Dermatophagoides. pteronyssinus;
Greer Laboratories, XPB82D3A2.5) on Day 1, followed by 10 ug HDM (i.n.) on Days 8 and 13.
In the experiment of Fig. 6, Fig. 7, and Fig. S6, mice were treated with neutralizing monoclonal
anti-mouse CD109 antibody (i.n., 100 pg/mouse, anti-CD109 antibody, clone 4A13; Abmart) or
IgG isotype controls (Fujifilm, Tokyo, Japan, 140-09511). An anti-mouse CD109 antibody was
designed and prepared from mice by Abmart Inc. (Berkeley Heights, NJ). In the OVA model,
mice were intraperitoneally immunized with OVA (50 pg, Sigma-Aldrich, St Louis, MO) and
Alum (2 mg, Thermo Fischer Scientific, Rockford, IL) on days 1 and 8, and subsequently
intranasally challenged with 50 pg OVA on days 19 to 21. In the experiment of Fig. 3F, Alexa
Fluor 647-labeled OVA (Thermo Fisher Scientific) was intranasally administered in the last
challenge to assess capability of antigen-uptake and -presentation of DCs.

Two days after the last HDM challenge or one day after the last OVA challenge, mice were

anesthetized using a 300 pl intraperitoneal injection of ketamine (10 mg/ml) and xylazine (1
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mg/ml). Airway resistance and dynamic compliance measurements were conducted using the

Fine Pointe RC system (Buxco Electronics, Inc., Wilmington, NC), in which mice were

mechanically ventilated using a modified version as previously described. 2* Mice were

sequentially challenged with aerosolized PBS (baseline), followed by increasing doses of
methacholine (2.5 mg/ml, 5.0 mg/ml, 10 mg/ml, 20 mg/ml, and 40 mg/ml), Sigma-Aldrich,
A2251. Ry and Cgyyy values were recorded during a 3-min period after each methacholine

challenge.

Collection of bronchoalveolar lavage (BAL), serum, lung histology, and lung lysates

After measuring AHR, BAL cells were obtained as previously described. >* Lung histological

sections and lung lysates were obtained and quantified. In some experiments, the lungs were
stored in an RNA stabilization reagent (Qiagen, Valencia, CA).

After AHR measurements, the trachea was cannulated, and the lung was lavaged three times with
1 ml PBS to collect BAL cells. Blood was collected directly by cardiac puncture and serum was
collected after centrifugation. Serum concentrations of total IgE (abcam, Cambridge, UK),
HDM-specific IgE (Chondrex, Redmond, WA) and IgG1 (Abcam, Cambridge, UK) were
measured by ELISA, according to the manufacturer's instructions.

Transcardial perfusion of the lungs was performed with cold PBS. Subsequently, the lungs were
fixed and harvested for histology with 4% paraformaldehyde buffered in PBS. After fixation, the
lungs were embedded in paraffin, cut into 4 um sections, and stained with hematoxylin and eosin

(H&E) and PAS.

According to a previous study, an inflammation score was assigned in a blinded fashion. > The
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peribronchiolar inflammation score from H&E staining was determined as 0, normal; 1, few
cells; 2, a ring of inflammatory cells, one cell layer deep; 3, a ring of inflammatory cells, 2—4
cells deep; and 4, a ring of inflammatory cells more than four cells deep. PAS staining was
performed by examining at least 20 consecutive fields. Numerical scores for the abundance of
PAS-positive goblet cells in each airway were counted and expressed as a percentage of the total

number of epithelial cells in that airway.

Preparation of lung DC subsets

The lungs were digested with collagenase (Roche, Basel, Switzerland) and DNase (Roche) using
a GentleMACS™ dissociator (Miltenyi Biotec, North Rhine-Westphalia, Germany), and a
single-cell suspension was prepared. The cells were incubated with anti-mouse CD1 1c-coated
magnetic beads (Miltenyi Biotec) positively sorted by magnetic cell sorting (Miltenyi Biotec).
For DC sorting, the following antibodies were used: peridinin-chlorophyll-protein complex-
Cy5.5 (PerCP-Cy5.5)-1abeled lineage marker (CD3e (clone 17A2, BioLegend, San Diego, CA),
NKI1.1 (clone PK136, BioLegend), CD19 (clone 6D5, BioLegend), CD45R (clone RA-3-6B2),
PE-Cy7-labeled CD64 (clone X54-5/7.1, BioLegend), allophycocyanin-Cy7 (APC-Cy7)-labeled
F4/80 (clone BMS, BioLegend), Alexa Flour 700-labeled anti-1-A/I-E (clone M5/114.15.2,
BioLegend), Brilliant Violet 510-labeled anti-CD45 (clone 30-F11, BioLegend), FITC-labeled
anti-CD11c (clone N418, BioLegend), PE-labeled XCR1 (clone ZET, BioLegend), and APC-
labeled CD172a (clone P84, BioLegend). DCs were sorted using MoFlo Astrios EQ (Beckman
Coulter, La Brea, CA). The sorted DC populations were routinely greater than 95% positive for

the surface marker of interest.
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In vitro coculture of lung DC subset and CD4" T cells

Naive CD4" T cells were obtained from OT-II murine spleen using the mouse CD4" T Cell
Isolation Kit (Miltenyi Biotec). Purified CD4" T cells (2 x 103/ml) were cocultured with lung DC
subsets (2 x 10%ml) for 7 days in the presence of 10 pg/ml OV Ajj;.339 peptide (Invitrogen). IL-2,
IL-6, IL-10, IL-13, IL-17A, TNF-a, and IFN-y levels in DCs-T cell coculture supernatants were
measured by cytometric beads array (BD Biosciences, San Jose, CA) according to the
manufacturer’s instructions. Brilliant Violet 421 labeled Annexin V (BioLegend) and Propidium
Iodide Solution (BioLegend) were used for apoptosis assay of cocultured CD4" T cells on days

7. CellTrace violet (Thermo Fisher Scientific) was used for evaluating proliferation of cocultured

CD4" T cells on days 3.

Identification of lung ILC2s and Th2 cells

Lung ILC2s cells were identified as live cells lacking the classical lineage markers (CD3, CD45R,
Gr-1, CDl1c, CD11b, Ter119, NK1.1, TCR-B, TCR-y3, and FCeRIa), CD45" CD127" and ST2*
cells, while lung Th2 cells were defined as IL5-producing CD4" T cells (IL-5" live CD45" CD3"

CD4" cells) or IL13-producing CD4" T cells (IL-13* live CD45* CD3* CD4" cells).

Preparation of bone marrow-derived DCs and adoptive transfers

BM cells were harvested from femurs and tibias. BM cells were cultured at 4 x 103 cells/ml in
RPMI 1640 supplemented with 10% fetal calf serum (FCS), 1000 U/ml recombinant murine
GM-CSF (R&D), and 400 U/ml recombinant murine IL-4 (R&D). On day 8, cells were
harvested and incubated with HDM (20 pg/ml) for 6 hours. BMDCs (2.0 x 103) were adoptively

transferred intravenously into C57BL/6 mice (day 1) challenged intratracheally with 2.0 x 103
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BMDCs or HDM (10pg/mouse) on days 8 and 13 and sacrificed on day 15.

Flow cytometry analysis of BAL fluids, ILC2s, Th2 cells, cell surface, and intracellular
staining

BAL cells were stained with surface phycoerythrin (PE)-labeled anti-Singlec-F (clone E50-2440,
BD Pharmingen, San Diego), APC-labeled anti-Ly-6G/Ly-6C (clone RB6-8C5, BioLegend), PE-
Cy (PE-Cy7)-labeled anti-CD45 (clone 30-F11, BioLegend), APC-Cy7-labeled anti-CD11c¢c
(clone N418, BioLegend), PerCP-Cy5.5-labeled anti-CD3e (clone17A2, BioLegend), FITC-
labeled anti-CD19 (clone MB19-1, BioLegend), Pacific-blue labeled anti-CD11b (clone M1/70,
BioLegend).

Lung ILC2s cells were identified as live cells lacking the classical lineage markers (CD3,
CD45R, Gr-1, CDl11c, CD11b, Ter119, NK1.1, TCR-B, TCR-yd, and FCeRIa), CD45" CD127*
ST2* cells, while lung Th2 cells were defined as IL5-producing CD4" T cells (IL-5" live CD45"
CD3* CD4* cells) or IL13-producing CD4* T cells (IL-13" live CD45" CD3* CD4" cells).
Following antibody were used: biotinylated anti-mouse lineage (CD3e (145-2C11; BioLegend),
CD45R (RA3-6B2; BiolLegend), Ly-6G/Ly-6C (RB6-8C5; BioLegend), CDllc (N418;
BioLegend), CDI11b (M1/70; BioLegend), Ter119 (TER-119; BioLegend), NK1.1 (PK136;
BioLegend), TCR-B (H57-597; BioLegend), TCR-yd (BioLegend), and FCER1A/FCeRIa (MAR-
1; BioLegend), PerCP-Cy5.5-labeled anti-ST2 (clone DIH9, BioLegend), BV510-labeled anti-
CD127 (clone A7R34, BioLegend), eFlour 450-labeled anti-CD45 (clone 30-F11, Thermo Fisher
Scientific) , PerCP-Cy5.5-labeled anti-CD3 (clone 17A2, BioLegend), Pacific-blue labeled anti-
CD4 (clone GKI1.5, BioLegend), BV510-labeled anti-CD45 (clone 30-F11, BioLegend), PE-

labeled anti-IL5 (clone TRFKS, BioLegend) and PECy7-labeled anti- IL-13 (clone eBiol3A,
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Thermo Fisher Scientific).

The antibodies used for analyzing CD109 expressions in lung cells were: FITC-labeled
anti-EpiCAM (clone G8.8, BioLegend), APC-labeled anti-CD31 (clone 390, BioLegend),
PECy7-labeled anti-CD45 (clone 30-F11, Biolegend), BV510-labeled anti-CD45 (clone 30-F11,
BioLegend) , FITC-labeled anti-CD11c¢ (clone N418, BioLegend), APC-labeled anti-I-A/I-E
(clone M5/114.15.2, BioLegend), APC-Cy7-labeled anti-F4/80 (clone BM8, BioLegend),
Pacific-blue labeled anti-CD11b (clone M1/70, BioLegend), PE-Cy7-labeled anti-CD103 (clone
2E7, BioLegend), FITC- labeled anti-CD19 (clone MB19-1, BioLegend), PerCP-Cy5.5-1abeled
anti-CD3 (clone 17A2, BioLegend), APC-labeled anti-CD4 (clone RM4-5, BioLegend), BV510-
labeled anti-CD45 (clone 30-F11, BioLegend), PerCP-Cy5.5-labeled anti-ST2 (clone DIH9,
BioLegend), PECy7-labeled anti-CD127 (clone A7R34, BioLegend), BV510-labeled anti-CD45
(clone 30-F11, BioLegend), FITC-streptavidin (BioLegend), biotinylated anti-mouse lineage
(CD3e (145-2C11; BioLegend), CD45R (RA3-6B2; BioLegend), Ly-6G/Ly-6C (RB6-8CS5;
BioLegend), CD11c (N418; BioLegend), CD11b (M1/70; BioLegend), Ter119 (TER-119;
BioLegend), NK1.1 (PK136; BioLegend), TCR-B (H57-597; BioLegend), TCR-y5 (BioLegend),
and FCER1A/FCeRIa (MAR-1; BioLegend). Expression intensity of CD109 was evaluated
using the PE-labeled anti-CD109 (clone 496920, R&D).

The cell-surface CD109* DC and CD109- DC antibodies were: PE-Cy7-labeled anti-CD40
(clone 3/23, BioLegend), APC-labeled anti-CD86 (clone GL-1, BioLegend), Pacific-blue labeled
anti-CD80 (clone 16-10A1, BioLegend), Biotin-labeled anti-ICOS-Ligand (clone HKS5.3,
BioLegend), Brilliant Violet 421-labeled anti-streptavidin (BioLegend), PECy7-labeled anti-PD-
L2 (clone TY25, BioLegend), APC-labeled anti-PD-L1 (clone 10F.9G2, BioLegend).

Intracellular staining was performed using PE-labeled anti-Runx3 (clone R3-5G4, BD
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Bioscience) and BD Cytofix/Cytoperm (BD Bioscience) or Alexa Fluor 647-labeled antiphospho
Smad?2 (pS465/pS467)/Smad3 (pS423/pS425) (clone O72-670, BD Bioscience), BD Cytofix™
Fixation Buffer, and BD Phosflow™ Perm Buffer III according to the manufacturer’s
instructions.

Flow cytometry was done with a Gallios Flow Cytometer (Beckman Coulter). Data were

analyzed with FlowJo version 8.6 software (TreeStar, Ashland, OR).

Reverse transcription-polymerase chain reaction (RT-PCR) assays

L4, IL5, IL13, IL25, IL33, and TSLP expression in the lung lysate was measured by RT-PCR.
Total RNA was extracted with RNAeasy mini (Qiagen, Valencia, CA). cDNA was prepared
from RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). RT-
PCR was performed using StepOnePlus (Applied Biosystems). AACt was used for data
analysis.?> Each gene expression was normalized to the housekeeping gene GAPDH.

The specific RT-PCR primer pairs were: IL-4 (forward 5'- GGTCTCAACCCCCAGCTAGT,-3’
and reverse 5'- GCCGATGATCTCTCTCAAGTGAT-3"), IL-5 (forward 5'-
CTCTGTTGACAAGCAATGAGACG -3’ and reverse 5'- TCTTCAGTATGTCTAGCCCCTG-
3"), IL-13 (forward 5'- CCTGGCTCTTGCTTGCCTT -3’ and reverse 5'-
GGTCTTGTGTGATGTTGCTCA -3'), IL-25 (forward 5'- ACAGGGACTTGAATCGGGTC -3’
and reverse 5'- TGGTAAAGTGGGACGGAGTTG -3'), IL-33 (forward 5'-
TCCAACTCCAAGATTTCCCCG-3" and reverse 5'- CATGCAGTAGACATGGCAGAA-3'),
TSLP (forward 5'- ACGGATGGGGCTAACTTACAA-3' and reverse 5'-
AGTCCTCGATTTGCTCGAACT-3") and GAPDH (forward 5'-

AACTTTGGCATTGTGGAAGG-3' and reverse 5'- GGATGCAGGGATGATGTTCT). The

AJRCMB Atticles in Press. Published October 10, 2022 as 10.1165/rcmb.2022-01090C
Copyright © 2022 by the American Thoracic Society



Page 46 of 54

A4Ct method was used for data analysis.

Reagents
Cells were cultured in RPMI 1640 medium (Gibco BRL, Tokyo, Japan) supplemented with 3
mM L-glutamine (Sigma, St. Louis, MO), 1% penicillin-streptomycin (Gibco BRL), and 10%

heat-inactivated FCS (Gibco BRL).
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Supplementary Figure
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Figure S1. Reduced frequencies of ILC2s and Th2 cells in CD109-deficient mice.

CD1097- mice and WT mice were immunized as described in Fig 1A. The frequencies of ILC2s

(Lin- CD45" CD127* ST2%) (n = 8 per group, A) and Th2 cells (IL5" CD3* CD4"cells and IL13*
CD3" CD4"cells) (n = 8 per group, B) in lung were analyzed. Data are results from single
experiment and expressed as mean = SEM. P-values were calculated using Student’s #-test and
one-way ANOVA post hoc test with Tukey’s multiple comparison test. *P < 0.05, **P <0.01,

kP <0.001.
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Figure S2. Airway hyperreactivity and eosinophilic airway inflammation in CD109~~ mice

[

pedbronchiclar
e
PAS positive cells (%)

immunized with OVA + Alum.

(A) Experimental timeline. WT and CD109~/~ mice were immunized with OVA + Alum. (B)

Lung resistance (R;) and dynamic compliance (Cyyy), (n = 6 per group). (C) Differential cell
counts in BAL (n = 6 per group). TCC, total cell count; Eos, eosinophils. (D). Hematoxylin and
eosin and PAS staining. Original magnification: 100x, scale bar: 50 pm. Quantification of lung
histopathology (n = 6 per group). Data are representative of at least two independent experiments
and expressed as mean = SEM. P-values were calculated using Student’s #-test and one-way

ANOVA post hoc test with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P <

0.001.
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Figure S3. CD109 expression was inducible after allergen sensitization.

WT mice were intranasally (i.n.) sensitized (days 1) and challenged with house dust mite (HDM,

days 8 and 13) as described in Fig 1A. Subsequently, CD109 expression in lung immune cells

was analyzed on day 15. Representative FACS histogram and mean fluorescence intensity (MFI)

of CD109 (n =4 per group). Data are representative of two independent experiments and

expressed as mean + SEM. P-values were calculated using Student’s #-test. ***P < 0.001.
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Figure S4. CD109 expression in DCs was responsible for the induction of asthmatic phenotype

during allergen challenge.

(A) Experimental timeline. Cultured BMDCs from WT or CD109~~ mice were stimulated with

house dust mite (HDM) for six hours and then intravenously injected into WT mice. Then mice

were intratracheally challenged with HDM-stimulated BMDCs on days 8 and 13. (B) Lung
resistance (Rp) and dynamic compliance (Cqyyn), (n = 67 per group). (C) Differential cell counts
in BAL (n =7 per group). TCC, total cell count; Eos, eosinophils. (D). Hematoxylin and eosin
and PAS staining. Original magnification: 100x, scale bar: 50 um. Quantifications of lung

histopathology (n = 7 per group). Data are representative of two independent experiments and
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expressed as mean + SEM. P-values were calculated using Student’s #-test and one-way ANOVA

post hoc test with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01.
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Figure S5. The expression of phosphorylated SMAD2/3 in lung-cDC2s immunized with OVA.

WT and CD109~~ mice were immunized with OVA + Alum as described in Fig S1A.

Representative FACS histogram and mean fluorescence intensity (MFI) of SMAD2/3

phosphorylation in lung-cDC2s are shown (n = 6). Data are representative of two independent

experiments and expressed as mean = SEM. P-values were calculated using Student’s z-test. **P

<0.01.

AJRCMB Atticles in Press. Published October 10, 2022 as 10.1165/rcmb.2022-01090C
Copyright © 2022 by the American Thoracic Society

Page 52 of 54



Page 53 of 54

A) B)
Hir-):.-‘ i.n. . ~= HDM Isotype IgG
HDM 7 ~ )
50 ug 10 ug T o2 -+ HDM Anti-CD109 Ab
sacrifice @ 4] = PBS
I '_I EE' o % mioed 1 T i
g e
w @% ———H+ z % 2a0s |-
2 I E
day 1 8 1213 15 :2'1- -‘-:- 1x10
I -3
" 0 T T T T T T ] T T T T T T
A”T"CDW%% ?:lsmsfﬂe laG 00 25 50 10.0 200 40.0 00 25 50 100 200 40.0
make Mathacholine (mg/ml) Mathacheline {mg/mi)
C) D)
WT HDM WTHDM
Isotype IgG Anti-CD109 Ab
6x105— . . .
- = HDM Isotype IgG
2 1 v HDM Anti-CD109 Ab
o
£ 4w + PBS
» i -
5 o1 :
8 2105+
§ \ X i []
. b 1 B e
Ll T Ll T Ll
TCC Eos Mac  Neut Lym

80 -

v HDM lzotype 1gG
+  HDM Anti-CD109 Ab

g |
2
g T
§ :
20
g

o

periblonchiolar
w
=
-
|

b
-}

P<.05
= P<.01

[
=

Figure S6. Anti-CD109 monoclonal antibody ameliorated AHR and eosinophilic airway

inflammation in HDM-challenged mice.

(A) Experimental timeline. WT mice were immunized as described in Fig 1A. Anti-CD109

monoclonal antibody or isotype IgG were intranasally administered before the last house dust

mite (HDM) challenge (day12). (B) Lung resistance (Ry) and dynamic compliance (Cgyn), (n =5

per group). (C) Differential cell counts in BAL (n = 5 per group). TCC, total cell count; Eos,

eosinophils. (D). Hematoxylin and eosin and PAS staining. Original magnification: 100x, scale
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bar: 50 pm. Quantification of lung histopathology (n = 5 per group). Data are representative of
two independent experiments and expressed as mean + SEM. P-values were calculated using
Student’s t-test and one-way ANOVA post hoc test with Tukey’s multiple comparison test. *P <

0.05, **P < 0.01, ***P < 0.001.
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