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Abstract
Background—Asthma is defined as a chronic inflammatory disease of the airways; however, the
underlying physiologic and immunologic processes are not fully understood.

Objective—The aim of this study was to determine whether TH9 cells develop in vivo in a model
of chronic airway hyperreactivity (AHR) and what factors control this development.

Method—We have developed a novel chronic allergen exposure model using the clinically
relevant antigen Aspergillus fumigatus to determine the time kinetics of TH9 development in vivo.

Results—TH9 cells were detectable in the lungs after chronic allergen exposure. The number of
TH9 cells directly correlated with the severity of AHR, and anti–IL-9 treatment decreased airway
inflammation. Moreover, we have identified programmed cell death ligand (PD-L) 2 as a negative
regulator of TH9 cell differentiation. Lack of PD-L2 was associated with significantly increased
TGF-β and IL-1α levels in the lungs, enhanced pulmonary TH9 differentiation, and higher
morbidity in the sensitized mice.

Conclusion—Our findings suggest that PD-L2 plays a pivotal role in the regulation of TH9 cell
development in chronic AHR, providing novel strategies for modulating adaptive immunity during
chronic allergic responses.
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Allergic asthma is a complex inflammatory disorder caused by TH2-driven inflammatory
responses in the presence of environmental factors, such as allergens. Allergic asthma is
characterized by airway hyperreactivity (AHR), airway inflammation, intermittent reversible
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airway obstruction, excessive mucus production, and increased serum IgE and TH2 cytokine
levels.1–3 The mechanisms of recognition of allergens by the immune system have been
investigated extensively. Although it was initially thought that only TH2 cells and their
cytokines, namely IL-4, IL-5, and IL-13, might orchestrate the allergic immune response to
inhaled innocuous allergen, recent studies suggest that the immune response in asthmatic
patients is now highly heterogeneous. 4 Several studies suggest that other cytokines, such as
IL-9, might play an important role in chronic allergic immune responses. 5–8 IL-9 is a T
cell–derived cytokine belonging to the IL-2 cytokine family, which was initially described
as a T-cell and mast cell growth factor in mice.9 It has been shown to stimulate the
proliferation of activated T cells and enhance the production of IgE from B cells and
promotes the proliferation and differentiation of mast cells and hematopoietic progenitors.
This multifunctional cytokine is secreted by many cell types, including activated T
lymphocytes, eosinophils, mast cells, and neutrophils.10–13 Although described as one of
several TH2 cytokines, other TH subsets also appear to have the potential for IL-9
production, such as TH17 and regulatory T (Treg) cells.14,15 Recent comparative analyses of
different subsets of TH cells revealed that a population of IL-9–producing TH cells distinct
from TH2, TH1, TH17, and Treg cell populations, termed TH9 cells, develop in the presence
of IL-4 and TGF-β in patients with various chronic inflammatory disorders. 5,16–18 In
patients with chronic asthma, a close association between the IL9 gene and allergic
inflammation has been demonstrated,5,6,19 and selective overexpression of the IL9 gene
within the lungs of transgenic mice results in increased airway inflammation with
eosinophils and lymphocytes as the predominant infiltrating cells.7,8,20 Furthermore, IL-9
has been found to have direct and indirect effects on airway remodeling occurring during
chronic asthma.7,21–24 Although all these data suggest a central role for the IL-9 pathway in
the pathogenesis of chronic allergic asthma, the molecular regulation for TH9 differentiation
in vivo remains unknown.

We recently reported that programmed cell death ligand (PD-L) 2, a member of the B7
family, has an important role in the regulation of acute AHR in mice.25 Here we have
developed a novel protocol to expose mice to intranasal doses of Aspergillus fumigatus
lysate for several weeks to induce chronic AHR. We observed that in the first 4 weeks of
exposure, pulmonary TH2 cells were induced; however, by week 6, a significant population
of TH9 cells started to accumulate in the lungs. Furthermore, using PD-L2–deficient mice,
we probed the role of the PD-L2 pathways in the control of the TH9 response and in the
development of chronic AHR. Our data suggest that blockade of the PD-L2 pathway
significantly increased TGF-β and IL-1α levels in the lungs of sensitized mice, inducing an
enhanced development of TH9 cells, which was directly correlated with the severity of lung
inflammation, mucus production, and AHR. Thus PD-L2 plays a pivotal role in the
regulation of TH9 cells in patients with chronic AHR, which provides novel strategies for
modulating adaptive immunity during inflammatory/allergic responses.

METHODS
Mice

Female BALB/c ByJ mice (6 to 8 weeks old) were purchased from the Jackson Laboratory
(Bar Harbor, Me). PD-L2−/− mice were obtained from Dr Arlene Sharpe (Harvard Medical
School, Boston, Mass) and backcrossed to BALB/cByJ mice, as previously described.26 All
mice were maintained in a pathogen-free mouse colony at the Keck School of Medicine,
University of Southern California, under protocols approved by the Institutional Animal
Care and Use Committee.
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Induction of chronic AHR and measurement of airway responsiveness
Mice were sensitized intranasally for 46 days with A fumigatus lysate (50 µg on weeks 1
and 2 and 20 µg on weeks 3–8 in 50 µL of saline solution; Cosmo Bio, San Diego, Calif) or
PBS to induce chronic AHR. In some experiments mice were treated intraperitoneally with
500 µg of mouse anti-mouse IL-9 blocking antibody (clone MM9C1) produced by means of
autovaccination, as previously described,27 or IgG2a isotype control antibody (BioXcell,
West Lebanon, NH). On day 48 of the regimen, mice were anesthetized by using a 300-µL
intraperitoneal injection of ketamine (10 mg/mL) and xylazine (1 mg/mL) and
tracheotomized. Measurements of airway resistance and compliance were conducted with
the FinePointe RC System (Buxco Research Systems, Wilmington, NC), in which mice were
mechanically ventilated by using a modified version of a previously described method.28

Mice were sequentially challenged with aerosolized PBS (baseline), followed by increasing
doses of methacholine ranging from 1.25 to 20 mg/mL. Maximum resistance and average
compliance values were recorded during a 3-minute period after each challenge. We
continuously computed lung resistance (RL) and dynamic compliance (Cdyn) by fitting flow,
volume, and pressure to an equation of motion.

Collection of BAL fluid and lung histology
After measurement of AHR and death, the trachea was cannulated, the lungs were washed
twice with 1 mL of PBS plus 2% FCS, and fluids were pooled, as previously described.29

The relative number of leukocyte populations was differentiated on slide preparations of
BAL fluid stained with the DIFF stain kit (IMEB, San Marcos, Calif). After BAL was
performed, transcardial perfusion of the lungs was performed with cold PBS, and
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-µm sections,
and stained with hematoxylin and eosin and periodic acid–Schiff. Histologic pictures were
acquired with a DFC290 Leica camera and analyzed with the Leica Application suite (Leica
Microsystems, Bannockburn, Ill).

ELISA and lung lysates
Cytokines were analyzed in cell-culture supernatants by means of ELISA with Ready Set Go
kits (eBioscience, San Diego, Calif), according to the manufacturer’s instructions. Briefly,
lungs were collected and homogenized in 500 µL of Triton X-100 lysis buffer (0.5% Triton
X-100, 150 mmol/L NaCl, 15 mmol/L Tris, 1 mmol/L CaCl2, and 1 mmol/L MgCl2) by
using a homogenizer. The homogenates were then centrifuged for 20 minutes at 10,000g,
and the supernatant was collected. Cytokine levels were then measured in the supernatants
by means of ELISA. Data were normalized based on the background in the lungs of
untreated mice.

Flow cytometric analysis
Lungs and draining lymph nodes (LNs) were collected and digested with collagenase D and
DNase I, as previously described.29 CD45+ cells were then purified by using magnetic cell
sorting (Miltenyi Biotec, Auburn, Calif) with mouse anti-CD45 microbeads (Miltenyi
Biotec). The positively selected fractions were then cultured overnight in round-bottom 96-
well plates (5 × 105 cells per well) in RPMI (Cellgro, Manassas, Va) supplemented with
10% FCS (OMEGA Scientific, Tarzana, Calif) without any antigen. For cytokine staining,
cells were incubated in vitro for 6 hours with 0.15 µL per well Golgistop (BD Biosciences,
San Jose, Calif), followed by surface staining on ice of 2 × 106 cells by using an antibody
combination that included eFluor-450–CD44 (clone IM7, eBioscience) and
allophycocyanin-Cy7–CD4 (clone L3T4, eBioscience) or peridinin-chlorophyll-protein
complex–Cy5.5–DO11.10 (clone KJ1-26, eBioscience). Cells were then permeabilized with

Kerzerho et al. Page 3

J Allergy Clin Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the BD Cytofix/Cytoperm kit (BD Biosciences), and intracellular cytokines were stained by
using antibodies that included allophycocyanin–IL-9 (clone RM9A4; BioLegend, San
Diego, Calif), phycoerythrin-Cy7–IL-4 (clone BVD6-24G2, eBioscience), phycoerythrin–
IL-13 (clone ebio13A, eBioscience), phycoerythrin–IL-10 (clone JES5-16E3, BD
PharMingen), and peridininchlorophyll-protein complex–Cy5.5–IL-17a (clone ebio17b7,
eBioscience), according to the manufacturer’s instructions (BD PharMingen). Analytic flow
cytometry was carried out with a FACSCanto II 8-color flow cytometer (BD Biosciences).
The data were analyzed with FlowJo version 8.6 software (TreeStar, Ashland, Ore).

In vitro generation of TH9 cells
CD4+DO11.10+ T cells were purified from splenocytes of DO11.10+ mice by means of
magnetic cell sorting (Miltenyi Biotec) with a mouse CD4+ isolation kit (Miltenyi Biotec).
Purified CD4+DO11.10+ T cells were cultured for 3 days in round-bottom 96-well plates (1
× 105 cells per well) with ovalbumin (OVA)–loaded (OVA peptide 323–339) bone marrow–
derived dendritic cells (DCs; ratio, 1:32) from wild-type (WT) or PD-L2−/− mice in the
presence of 10 µg/mL anti–IFN-γ antibodies (clone XMG1.2; BioXcell, West Lebanon,
NH), 2 ng/mL rTGF-β1 (eBioscience) and 10 ng/mL rIL-4 (eBioscience) with or without 10
µg/mL anti–PD-1 blocking antibodies (clone J43, eBioscience), anti–PD-L2 blocking
antibodies (clone mAb 3.2, a gift of Dr. Gordon Freeman, Harvard Medical School25), or
IgG1 isotype control antibodies (IgG1, MOPC-21, BioXCell).

Statistical analysis
Differences between groups were analyzed by using the 2-tailed, unpaired Student t test and
considered significant when the P value was less than .05. Survival data were analyzed by
using a Mantel Cox test with Prism version 4 software (GraphPad Software, La Jolla, Calif).

RESULTS
Specific development of pulmonary TH9 cells during chronic AHR

Several groups have reported that IL-9 production is enhanced in the lungs of human
patients with chronic asthma.5,6 However, even though TH9 cells have recently been
identified in vitro,16,18 it remains unclear whether the principal cellular sources of IL-9
during chronic allergic inflammation are TH9 cells. Therefore we have developed a novel
protocol to induce chronic AHR in mice through intranasal exposure to doses of A
fumigatus lysates for more than 6 weeks (Fig 1, A). We used this model of chronic AHR to
assess the development of IL-9 and other key cytokines by effector T (Teff) cells. On days
25, 32, 39, and 46 of the exposure protocol, CD45+ cells were purified from the lungs and
LNs and kept in culture overnight without any stimulation. The production of IL-9, IL-4,
IL-10, IL-13, and IL-17a was then assessed by using an intracellular cytokine assay gated on
the CD3+CD44+CD4+ Teff cells (see Fig E1, A, in this article’s Online Repository at
www.jacionline.org). On days 25 and 32, we observed the generation of TH2 cells producing
IL-4, IL-13, and IL-10 cytokines but not IL-9–producing CD4+ T cells both in the lungs and
LNs of A fumigatus–sensitized mice (Fig 1, B, and see Fig E1, B). However, by days 39 and
46, although IL-4–, IL-10–, IL-13–, and IL-17a–producing CD4+ T cells were still detected
both in the lungs and LNs of A fumigatus–sensitized mice, a significant population of IL-9–
producing CD4+ T cells started to appear in the lungs (Fig 1, B) but not in the LNs (see Fig
E1, B). These IL-9–producing CD4+ T cells did not coexpress IL-4, IL-13, and IL-10;
however, they coexpress IL-17a. These results suggest that although CD4+ T cells producing
TH2 cytokines are present in both the lungs and the LNs of mice during the acute and
chronic phases of AHR, the development of TH9 cells is restricted to the lungs.
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PD-L2 regulates TH9 development in vitro
The current hypothesis is that TH9 cells develop from TH2 cells, and costimulatory
molecules have been shown to influence T-cell polarization.30,31 In particular, PD-L2 has
been shown to enhance the production of TH2 cytokines and therefore would be predicted to
affect TH9 cell development.32–34 Therefore purified CD4+DO11.10+ cells were cultured
under TH9 cell development conditions (TGF-β, IL-4, and anti–IFN-γ) and cocultured with
OVA-loaded bone marrow–derived DCs from WT or PD-L2−/− mice because the effects of
OVA have been well studied in these cells. Alternatively, anti–PD-L2, anti–PD-1 blocking,
or isotype control antibodies were added to the abovementioned tissue culture. After 3 days
of culture, IL-9, IL-2, and IL-1α production was determined by using ELISA performed on
the supernatants. As expected, DO11.10 T cells produced high levels of IL-9 cytokine when
cultured in the presence of OVA-loaded bone marrow–derived DCs from WT mice (Fig 2,
A). Although the production of IL-9 and IL-1α by DO11.10 T cells was significantly
increased in the absence of PD-L2 or after blockade of PD-L2 with anti–PDL2 blocking
antibodies, it was not affected by anti–PD-1 blocking or isotype control antibodies (Fig 2, A
and B). Furthermore, IL-2 levels did not change after using PD-1 or PD-L2 blocking
antibodies (Fig 2, C). We also measured the gene expression levels of the TH9 lineage
transcription factors PU-1 and interferon regulatory factor 4 (IRF4) and the TH2 lineage
transcription factors signal transducer and activator of transcription 6 (STAT6) and
GATA-320,35,36 and found that levels of IRF4 and PU-1, but not STAT6 and GATA-3, were
increased in cocultures of T cells and bone marrow–derived DCs (see Fig E2 in this article’s
Online Repository at www.jacionline.org). Taken together, our data suggest that PD-L2
interactions negatively regulate TH9 but not TH2 development in vitro.

PD-L2 regulates development of TH9 cells in vivo
To confirm whether the aforementioned results in vitro hold true in vivo, we assessed the
development of T-cell subsets in the lungs of mice lacking PD-L2−/− using our chronic
exposure protocol (Fig 3, A). The absolute numbers of IL-9–, IL-4–, IL-10–, IL-13–,
IL-17a–, and IFN-γ–producing Teff cells per lung were assessed 24 hours after the last
intranasal immunization by using the intracellular cytokine assay. On day 46, IL-9–, IL-4–,
IL-10–, IL-13–, IL-17a–, and IFN-γ–producing Teff cells were quantified in the lungs of
WT and PD-L2−/− mice. Although the number of Teff cells producing IL-4 or IFN-γ in mice
lacking PD-L2 was similar to that in WT mice, the number of Teff cells producing IL-9,
IL-10, IL-17a, and IL-13 significantly increased (Fig 3, B). These data, in agreement with
our in vitro findings, suggest that PD-L2 signaling significantly regulates the development
TH9 effector cells in the lungs of mice chronically exposed to an allergen.

PD-L2 modulates the severity of chronic AHR
Recently, we reported that PD-L2 has an important role in the regulation of acute AHR in
mice.25 To determine whether PD-L2 also plays a role in the development of allergen-
induced chronic AHR, we compared the development of AHR in PD-L2−/− and WTBALB/c
mice chronically exposed to A fumigatus, as outlined in Fig 1, A. AHR was measured 24
hours after the last allergen challenge by means of direct measurement of RL and Cdyn in
anesthetized, tracheostomized, intubated, and mechanically ventilated mice (Fig 4, A). As
expected, after chronic exposure to A fumigatus, BALB/c control mice experienced severe
AHR characterized by increased RL and reduced Cdyn. However, in agreement with the
increased TH9 cell development in the lungs of PD-L2−/− mice compared with that seen in
control BALB/c mice, the severity of AHR was increased in PD-L2−/− mice (Fig 4, A). This
increased AHR in PD-L2−/− mice was associated with a significant increase in the number
of macrophages and lymphocytes in BAL fluid compared with those seen in the WT BALB/
c group (Fig 4, B). We also examined the lung histology of mice shown in Fig 4, A, using
hematoxylin and eosin to determine cellular infiltration and after periodic acid–Schiff

Kerzerho et al. Page 5

J Allergy Clin Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.jacionline.org


staining to determine mucus production. Lung tissue of WT mice showed infiltration of
inflammatory cells around the airways in the lumen (Fig 4, C, upper panel) and mucus
production (Fig 4, C, lower panel) after chronic A fumigatus exposure. To assess the level of
inflammation in the lungs, we quantified the thickness of airway epithelium and quantified
the number of inflammatory and goblet cells (Fig 4, D). The degree of inflammation,
cellular infiltration, and mucus production was significantly higher in PD-L2−/− mice
compared with that seen in A fumigatus–sensitized WT mice. Altogether, these data
demonstrate that PD-L2 modulates the severity of AHR and lung inflammation after chronic
allergen exposure.

PD-L2 affects pulmonary TGF-β secretion during chronic allergen exposure
Several studies have identified that TGF-β is critical for the development of TH9 cells.16–18

To evaluate whether PD-L2 contributes to the regulation of TGF-β in patients with chronic
asthma, we determined the amount of this cytokine in whole-lung lysates of PD-L2−/− and
WT BALB/c mice by means of ELISA at 6 time points during the A fumigatus exposure
protocol (Fig 5, A). During the course of chronic allergen exposure, 2 peaks of TGF-β were
observed in the lungs of WT mice: one during the early stages of A fumigatus exposure (day
18) and a more intense peak during the later phases of A fumigatus exposure (day 39). In the
lungs of PD-L2−/− mice, although the first peak of TGF-β was similar to that observed with
WT mice, the second peak of TGF-β started slightly earlier and was significantly increased
(Fig 5, B). In parallel, we also determined the pulmonary levels of IL-9, IL-13, IL-10, IL-4,
IL-1α, and IL-17a. In the lungs of both WT and PD-L2−/− mice, although only 1 peak of
IL-4 was observed, 2 peaks of secretion of IL-9, IL-13, IL-10, IL-4, IL-1α, and IL-17a were
observed (Fig 5, B). Furthermore, as observed for TGF-β, the intensity of the first peaks of
IL-9, IL-10, IL-13, and IL-17 were similar between WT and PD-L2−/− mice, whereas the
intensity of the second peaks were enhanced in the lungs of PD-L2−/− mice. In regard to
IL-1α, we observed significantly higher levels in both peaks when PD-L2−/− mice were
compared with WT mice. Thus our results suggest that in addition to the direct role of PD-
L2 interactions in polarization of TH9 cells, lack of PD-L2 increases TGF-β levels and can
therefore enhance pulmonary TH9 differentiation.

IL-9 regulates the severity of chronic AHR
Because we discovered that PD-L2−/− mice produce more IL-9 and have more severe AHR
than WT mice when chronically exposed to A fumigatus, we investigated the contribution of
IL-9 to the development and severity of chronic AHR by using anti–IL-9 blocking
antibodies. A cohort of WT and PD-L2−/− mice were exposed to A fumigatus for 46 days
and then treated with 500 µg of anti–IL-9 blocking antibodies or isotype control according to
the protocol (Fig 6, A). Treatment with anti–IL-9 blocking antibody dramatically reduced
the severity of AHR in the WT group compared with that seen in the isotype control group
(RL: P = .02) and to a greater extent in PD-L2−/− mice (RL: P = .01; Fig 6, B). In agreement
with lung function results, neutralization of IL-9 also reduced lung inflammation, mucus
production, and cell recruitment, as demonstrated by the increased thickness of epithelial
cells and increased number of inflammatory and goblet cells on lung histology (Fig 6, C and
D). Finally, in PD-L2−/− mice there were high rates of mortality during the immunization
process in the last 3 weeks of immunization; the percentage of survival among the group of
PD-L2−/− mice treated with A fumigatus dramatically decreased compared with that in the
relative group of WT mice (day 46: 30% vs 95%; Fig 6, E). Treatment with the anti–IL-9
blocking antibodies significantly increased the survival among PD-L2−/− mice immunized
with A fumigatus (day 46: 30% vs 70%) to the extent that there were no further deaths in the
anti–IL-9–treated PD-L2−/− mice. Altogether, these results clearly demonstrated that IL-9
regulates the severity of chronic AHR by acting on both lung inflammation and mucus
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production. Moreover, our data suggest that enhanced severity in PD-L2−/− mice is due to
the differential capacity to develop pulmonary TH9 cells.

DISCUSSION
Here we demonstrate that TH9 cells develop solely in the lungs in a murine model of A
fumigatus–induced chronic AHR and that the costimulatory molecule PD-L2 can directly
influence T-cell polarization toward the TH9 subset as PD-L2−/− or PD-L2 blocking
antibodies enhance IL-9 production by CD4+ T cells in vitro. In addition to this direct role,
PD-L2 influences the release of TGF-β and IL-1α in vivo. Modulation of TGF-β is
important because it is a key cytokine for the induction of TH9 cells.16–18 Furthermore,
using a chronic allergen exposure model, we demonstrated that TH9 cells are detectable in
the lungs of sensitized mice and that PD-L2−/− mice have increased numbers of TH9 cells.
As a result of the increase in TH9 cell numbers, the IL-9 concentration in the lungs is much
higher in PD-L2−/− than in WT mice, resulting in more severe lung inflammation and AHR.
Furthermore, neutralizing IL-9 in vivo resulted in a significant reduction in the severity of
disease in WT mice and a greater reduction in PD-L2−/− mice.

IL-9 was initially identified more than 20 years ago as a T-cell growth factor and was
originally considered a TH2-type cytokine.9,37 However, recent molecular and cellular
evidence suggests that T cells that produce IL-9 are a distinct subset of CD4+ T cells and
thus can be referred to as TH9 cells.5,16–18 Importantly, these cells do not coexpress IL-4 or
IFN-γ cytokines on activation in vitro but can produce high amounts of IL-10 or IL-17.
Furthermore, TH9 cells require the expression of PU-1 and IRF4 transcription factors20,35,36

but not the "master regulator" transcription factors associated with TH1 (T-bet), TH2
(GATA-3), TH17 (retinoic acid–related orphan receptor γt), or Treg (forkhead box protein
3) subsets of CD4+ T cells.18 In our experiments PU-1 and IRF4, but not STAT6 and
GATA-3, were differentially expressed when PD-L2 was not expressed on antigen-
presenting cells and compared with WT bone marrow–derived DCs. Studies in vitro have
indicated that polarization to the TH9 subset requires the presence of TGF-β and IL-4 and
the absence of IFN-γ.16–18,36,38 TGF-β bioactivity is synergized in the presence of IL-1α or
IL-2.17,39 Consistent with previous findings, 40,41 here we show that IL-1α, but not IL-2,
can enhance TGF-β–induced IL-9 production from CD4+ T cells in our model. IL-9 can also
be produced by TH17 cells, which can proliferate in the absence of TGB-β and the presence
of IL-6 in mice.14,15,42 Although these cells were present in the lungs and LNs in our model,
TH9 cells were the most abundant source of IL-9 compared with IL-17+IL-9+ cells.

The exact role of costimulatory molecules in the polarization of CD4+ T cells to TH9 cells
has yet to be investigated. Nevertheless, our results indicate that PD-L2 expression on
antigen-presenting cells acts as a negative regulator of this process. In the absence of PD-L2
(either genetic or through the use of blocking antibodies), the production of IL-9 is
significantly increased when CD4+ T cells are activated in optimal TH9 conditions (TGF-β,
IL-4, and anti–IFN-γ). PD-L2 is recognized by PD-1 expressed on activated T cells, and
although several groups have previously shown that signaling through PD-Ls influences T-
cell polarization, the molecular mechanisms underlying this process have yet to be
determined. 25,43 Several reports have demonstrated that the lack of PD-L2 expression
results in increased AHR and lung inflammation and that PD-L2 expression in the lung
protects against the initiation and progression of airway inflammation.25,44–46 PD-L2 is
predominantly expressed by antigen-presenting cells, such as DCs and macrophages,31,47–49

but a recent report suggested that PD-L2 can also be expressed by the polarized T-cell
subsets TH2, TH17, and Treg cells.50,51 Therefore PD-L2 can affect various cell types
involved in asthma pathogenesis. Although the effect of IL-9 can affect IL-13 and IL-10
production by T cells, the effect of PD-L2 on various cells can also contribute to the
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reduction in IL-13, IL-10, and TGF-β levels. For instance, Matsumoto et al44 demonstrated
that PD-L2 is highly expressed on pulmonary DCs and macrophages of sensitized mice, and
administration of blocking antibodies against PD-L2 during allergen challenge enhances the
AHR and production of TH2 cytokines.45,46 Furthermore, administration of PD-L2–Fc in a
mouse model of allergic asthma resulted in increased serum IgE levels and increased
eosinophilic and lymphocytic infiltration.52 Finally, engagement of PD-1 to PD-L2 in T
cells, especially TH2 cells, downmodulated cytokine responses and cell proliferation.50,51

Despite the evidence for the role of IL-9 in allergic asthma, there have been no animal
models demonstrating the in vivo differentiation of TH9 cells in response to chronic antigen
exposure. 5,7,21–24 Therefore using chronic respiratory exposure to A fumigatus in the
absence of systemic immunization represents a novel model and an important advance to the
study of IL-9 in allergic asthma pathogenesis and IL-9–targeted therapies. TH9 cells were
only detectable after prolonged exposure (>6 weeks), correlating with the increase in the
pulmonary TGF-β concentration. Other models of chronic AHR with OVA or house dust
mite also confirmed our observation that a higher level of TGF-β is present in the airways of
WT mice after chronic antigen challenges.53 In agreement with the essential role of TGF-β
for the development of TH9 cells, it was very recently demonstrated that blocking TGF-β
and the TGF-β family member activin A prevents the development of pulmonary TH9 cells
in an acute model sensitized with house dust mite.54 Here we found that PD-L2−/− mice had
a significantly increased number of pulmonary TH9 cells, which correlated with the
increased pulmonary TGF-β concentration. Our data suggest that pulmonary CD4+ T cells
will initially polarize to TH2 cells and consequently convert to TH9 in the presence of TGF-
β. Several studies suggest that the main sources of TGF-β in the lungs are epithelial cells
and macrophages.53,55–58 The presence of IL-9 positively promotes TH2 differentiation and
lung inflammation because it was previously demonstrated in a transgenic murine model.8,59

Chronic lung exposure to A fumigatus results in many disease features associated with
human allergic asthma.60,61 This includes AHR, lung inflammation, increased mucus
secretion, and pulmonary cellular infiltration. Along with promoting TH2-mediated
processes, IL-9 contributes to the pathogenesis of asthma by playing important roles in the
(1) expansion and differentiation of T cells,13 (2) activation of mast cells and
eosinophils, 62,63 and (3) enhancement of the production of IgE from B cells and increase in
mucus production from epithelial cells.64 Taken together, this can contribute to the
morbidity seen among patients with severe asthma. In agreement with the increased numbers
of TH9 cells, we observed that the pulmonary IL-9 concentration and disease severity were
augmented in PD-L2−/− mice compared with WT mice. The severity was such that there was
a substantial mortality rate in PD-L2−/− mice during the chronic exposure protocol.
Interestingly, treatment with neutralizing IL-9 antibodies was sufficient to prevent death and
significantly reduce many aspects of disease pathology in PD-L2−/− mice. Neutralization of
IL-9 in vivo was also sufficient to reduce AHR, lung inflammation, and mucus secretion in
WT BALB/c animals. However, neutralization of IL-9 did not completely abrogate airway
inflammation and AHR in comparison with that seen in PBS control animals, and this might
be due to the presence of IL-17a, which can mediate aspects of lung inflammation and
function.65 Furthermore, our data indicated that TH9 cells do not produce IL-10, confirming
the prior reports that production of IL-9 and IL-10 by TH9 cells is independently
regulated.35,66

In conclusion, we have demonstrated that after chronic allergen exposure, TH9 cells develop
in the lungs but not in the LNs. The restricted development of TH9 cells to the lung might be
due to the absence of TGF-β in the LN milieu, whereby the conversion of CD4+ T cells to
TH9 cells occurs after migration from the LNs to the lung, where TGF-β is produced by
macrophages and epithelial cells. This is the first in vivo demonstration of TH9 polarization
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in a chronic allergen model, and we provide evidence that TH9 cells are pathogenically
relevant for the development of allergic asthma. Furthermore, we have demonstrated that the
costimulatory molecule PD-L2 directly and indirectly affects TH9 cell differentiation and
normally acts as a negative regulator of this differentiation process. These new insights into
TH9 cell development and function will have important implications for the design and
development of therapies for chronic allergic asthma.
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Key messages

• TH9 cells develop only in the lung after chronic exposure to A fumigatus, and
blocking IL-9 decreases AHR and lung inflammation.

• PD-L2 acts as a negative regulator of this process, and PD-L2−/− mice have
enhanced disease severity, resulting in death.
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FIG 1.
Development of pulmonary TH9 cells after chronic exposure to Aspergillus fumigatus (A.f.).
A, Protocol of immunization to induce chronic AHR by A fumigatus. Briefly, a group of
naive BALB/c mice were immunized intranasally (i.n.) for 46 days with A fumigatus or
PBS. B, On days 25, 32, 39, and 46, the percentages of cytokines (IL-9, IL-4, IL-13, IL-10,
and IL-17a) secreting Teff cells in the lungs were then assessed by means of intracellular
staining gated on the CD45+CD3+CD44+CD4+ population. Data are representative of 4
independent experiments (n = 5), with P values of less than .001 for IL-9 on days 39 and 46
between PBS- and A fumigatus–treated mice.
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FIG 2.
PD-L2 regulates TH9 cell development in vitro. Purified CD4+DO11.10+ T cells were put in
culture (1×105 cells per well) with OVA-loaded bone marrow–derived DCs (BM-DC) from
WT and PD-L2−/− mice in the presence of IL-4 (10 ng/mL), TGF-β (1 ng/mL), and anti–
IFN-γ antibodies (10µg/mL) with or without anti–PD-1 blocking (α-PD1), anti–PD-L2
blocking (α-PD-L2), or isotype control antibodies (10 µg/mL). After 3 days of culture,
production of IL-9, IL-1α, and IL-2 was measured by means of ELISA in the supernatant.
Data are means ± SEMs of 3 experiments. *P < .05,WT isotype–treated versus WT anti–PD-
L2–treated or PD-L2−/− mice.
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FIG 3.
PD-L2 regulates TH9 cell differentiation in vivo. A, Protocol of immunization to induce
chronic AHR by A fumigatus (A.f.). B, Purified lung CD45+ cells were cultured 24 hours
after the last intranasal (i.n.) immunization overnight without any stimulation and analyzed
for the percentage of cytokine-secreting Teff cells by means of intracellular staining gated
on the CD45+CD3+CD44+CD4+ cells. Statistical analyses were performed by using the
Student t test: *P <s .05. Values are representative of 3 independent experiments (n = 5).
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FIG 4.
Increased airway inflammation and AHR in PD-L2−/− mice. A, Groups of WT and PD-L2−/−

BALB/c mice were immunized intranasally with A fumigatus (A.f.) or PBS, as described
Fig 1, A. The mice were then assessed for AHR 24 hours after the last intranasal
immunization by measuring RL and Cdyn. Data are means ± SEMs and representative of 3
separate experiments (n = 5). *P < .05 and **P < .03, Student t test. B, Bronchoalveolar
lavage (BAL) fluid from the mice in Fig 4, A, was analyzed 24 hours after AHR
measurement. Results are shown as the total number of cells in BAL fluid. *P < .05 and **P
< .01, Student t test. Eos, Eosinophils; Lym, lymphocytes; Mac, monocyte/macrophage;
PMN, neutrophils; Total, total cell number. C, Lung tissue from A fumigatus–sensitized PD-
L2−/− or WT mice were stained with hematoxylin and eosin (H&E; upper panel) and
analyzed for cell infiltration. Lung tissue from the same mice were stained with periodic
acid–Schiff (PAS; lower panel) and analyzed for the presence of mucus. Arrows indicate the
production of mucus in the lumen. Original magnification ×40 (inset, magnification ×100).
D, Quantifications of lung histopathology shown as thickness of airway epithelium (left
panel), number of inflammatory cells per 250 µm2 of lung tissue (middle panel), and number
of goblet cells per 50 µm of epithelium at baseline (right panel). Data are shown as means ±
SEMs (n = 5). *P < .05.
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FIG 5.
Variation of TGF-β production in lungs of PD-L2−/− mice. A, Protocol for A fumigatus
(A.f.) immunization and preparation of lung lysate samples from WT and PD-L2−/− BALB/c
mice. i.n., Intranasal. B, Concentrations of IL-9 and TGF-β, IL-13, IL-10, IL-4, IL-1α, and
IL-17a were then assessed by means of ELISA in the whole-lung lysates, as described in the
Methods section. Statistical analyses were performed with the Student t test. *P < .05 and
**P < .01. Values are representative of 3 separate experiments (n = 5).
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FIG 6.
IL-9 regulates the severity of chronic AHR. A, Protocol of immunization of WT and PD-
L2−/− mice with A fumigatus (A.f.) and antibodies. i.n., Intranasal. B, A group of WT and
PD-L2−/− BALB/c mice were immunized intranasally according to our protocol in Fig 6, A.
Twenty-four hours after the last immunization (day 46), mice were assessed for the
development of AHR by measuring RL and Cdyn. Data are means ± SEMs and
representative of 3 experiments (n = 5). *P < .05 and **P < .01, Student t test. C, Lung
tissue from A fumigatus (A.f.)–sensitized PD-L2−/− or WT mice were stained with
hematoxylin and eosin (H&E; upper panel) and periodic acid–Schiff (PAS; lower panel) and
analyzed for cell infiltration and mucus production, respectively. Arrows indicate the
production of mucus in the lumen. Original magnification ×40 (inset, original magnification
×100). D, Quantifications of lung histopathology shown as thickness of airway epithelium
(left panel), number of inflammatory cells per 250 µm2 of lung tissue (middle panel), and
number of goblet cells per 50 µm of epithelium at baseline (right panel). Data are shown as
means ± SEMs (n = 5). *P < .05. E, Survival curves of PD-L2−/− and WT mice immunized
as described in Fig 6, A. **P < .01, as determined by using a Mantel Cox test. Values are
representative of 3 independent experiments starting with 10 mice per group. Ab, Antibody.
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