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Role of ILC2 and Th2 cells in pollutant-enhanced allergic airway inflammation
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ABSTRACT

Background: Whereas the prominent role of T helper 2 (Th2)scel type 2 immune
responses is well established, the newly identifigie 2 innate lymphoid cells (ILC2) can
also contribute to the orchestration of allergicsp@nses. Several experimental and
epidemiological studies have provided evidence #ilargen-induced airway responses can
be further enhanced upon exposure to environmeillitants, such as diesel exhaust
particles (DEP). However, the components and patbwasponsible remain incompletely

known.

Objective: To investigate the relative contribution of ILC2daadaptive Th2 cell responses in

a murine model of DEP-enhanced allergic airwayamination.

Methods: Wild-type (WT), Gatad"*?°? (Gata-3 haploinsufficient), RQf" IL7R®" (ILC2-
deficient) and Rag2mice were challenged with saline, DEP or house thit (HDM), or
combined DEP+HDM. Airway hyperresponsiveness a$ aginflammation and intracellular
cytokine expression in ILC2 and Th2 cells in thertmhoalveolar lavage fluid and lung tissue

were assessed.

Results: Concomitant DEP+HDM exposure significantly enhahcallergic airway
inflammation, characterized by increased airway inapilia, goblet cell metaplasia,
accumulation of ILC2 and Th2 cells, type 2 cytokiqgoduction and airway
hyperresponsiveness, compared to sole DEP or HDMuéed Gata-3 expression decreased
the number of functional ILC2 and Th2 cells in DEEXM exposed mice, resulting in an
impaired DEP-enhanced allergic airway inflammatidnterestingly, whereas the DEP-
enhanced allergic inflammation was marginally restum ILC2-deficient mice that received
combined DEP+HDM, it was abolished in DEP+HDM-exgm&agZ mice.

Conclusion: These data indicate that dysregulation of ILC2 @h@ cells attenuates DEP-
enhanced allergic airway inflammation. In additiencrucial role for the adaptive immune

system was shown upon concomitant DEP+HDM exposure
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KEY MESSAGES

» Dysregulation of type 2 innate lymphoid cells antiélper 2 cells by targeting Gata-3
is associated with an attenuation of diesel-indwabstgic airway inflammation.
* The adaptive immune system has a crucial role @salienhanced allergic airway

inflammation.
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Diesel exhaust particles — house dust mite — tyipm&e lymphoid cell (ILC2) — Th2
response - asthma

ABBREVATIONS

Abbreviations used

AHR: airway hyperresponsiveness

BALF: bronchoalveolar lavage fluid

DC: Dendritic cells

DEP: Diesel exhaust particles

Gata3: Trans-acting T-cell-specific transcriptiactbr
HDM: House dust mite

IN: Intranasal

ILC2: Type 2 innate lymphoid cell

MLN: Mediastinal lymph nodes

RORu: RAR-related orphan receptor alpha
TSLP: Thymic stromal lymphopoietin

WT: Wild type
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INTRODUCTION

Asthma is a chronic disorder of the conducting aysvthat is associated with a reversible
airway obstruction, chronic airway inflammation, rveay remodeling, and airway
hyperresponsivenessit is a heterogeneous disease where multiple qijpas can be
distinguished based on clinical characteristics amammatory profile. Asthma that
originates during childhood (early-onset asthmajstigchas an atopic componértand is

typically considered as mainly a T helper 2 (Th@yeh diseast

In addition to the adaptive immune system, the ayrepithelium has gained great importance
during the initiation and maintenance of the allergnd asthmatic cascade. In particular, it
has been shown that upon allergen exposure, seamthélial cytokines — such as interleukin
(IL)-25, IL-33 and thymic stromal lymphopoietin (IB) — are involved in the pathogenesis
of asthma ® Moreover, several genes discovered in genome asdeciation studies (i.e. IL-
33, IL-1RL1, TSLP) support a key role for theseokyes' & On the one hand, these
epithelial-derived cytokines have the capabilityaiivate the adaptive immune system by
stimulating Th2 polarizing dendritic cells (DT)On the other hand, the recently identified
type 2 innate lymphoid cells (ILC2) also becomévated by these cytokin&S'. Analogous
with the Th2 cells, ILC2 require the transcripti@actor Gata-3 and are a potent source of the
type 2 cytokines IL-5 and IL-13, which are ableitaluce lung eosinophilia and mucus
hypersecretiolt™® Studies in Rafj mice have shown that these ILC2 are crucial p&jer
allergic airway respons¥s Even in the absence of the adaptive immune sydte®® were
able to mediate eosinophilia, goblet cell metaplagipe 2 cytokine production and airway
hyperresponsiveness (AHR)}® In addition, mice that were ILC2-deficient due tioe
targeting of the transcription factor R@mad decreased type 2 immune respofis&s?
Interestingly, it was reported that ILC2 and T salteract with each other and that this
crosstalk could contribute to the maintenance,ifgraition and activation of both ILC2 and
Th2 cell§"?

Besides allergen exposure, it has become well éeddpat traffic-related particulate matter,
such as diesel exhaust particles (DEP), also ¢unés to the development and exacerbation
of asthm&"?. For instance, epidemiological studies reportedraelation between high DEP
levels and the frequency of symptomatic episodeslémgic childref’. In addition, combined
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allergen + DEP administration during controlled lmmexposure studies resulted in increased
allergen-specific immunoglobulins and type 2 cymeki responsé® Furthermore,
concomitant DEP + house dust mite (HDM) exposure marine models enhanced
eosinophilia, immunoglobulin production, AHR andnedeling®. However, the mechanisms
underlying the enhanced effects of DEP on alleigdneced airway inflammation remain
largely unknown. Several studies suggested thaaitinay epithelium could be an important
player since particulate matter was also able tauwate the release of several epithelial-
derived cytokines, such as TSLP and IL-33, which lead to enhanced DC maturation and

Th2 responsé&® However, whether this also activates ILC2 is wwn.

In this paper, we investigate the relative contidou of ILC2 and the adaptive immune
system in the enhancing effects of DEP on alleigdneed airway inflammation. We show
in a murine model that concomitant exposure taracellly relevant allergen (i.e. HDM) and
DEP enhances several allergic airway responsekding airway eosinophilia, goblet cell
metaplasia, increased ILC2 and Th2 cells, typet@koye production and AHR. Since Gata-3
is an important transcription factor during the elepment and function of both ILC2 and

lacz

Th2 cell$*, we used haploinsufficient Gat: mice — which have a reduced expression
of Gata-3° — to demonstrate that the enhancing effects of P allergic airway
inflammation depend on Gata-3 mediated regulatibiL82 and Th2 cells. Moreover, to
examine the specific contribution of ILC2 in the deb of DEP-enhanced allergic airway
inflammation, we used a conditionally targeted R€Rmouse that, when intercrossed with
IL-7 receptor (IL7R)-Cre mice, yields an ILC2-deéint mouse strain in which other lineages
are unaffected. Finally, to investigate the functional role okthdaptive immune system in
this model, we used RAG2mice which lack mature T and B céfiswe demonstrated that
ILC2 marginally contributed to DEP-enhanced allergirway responses, whereas the
adaptive immune system appeared critical to orcikesthe enhanced effect of DEP on

allergic airway inflammation and AHR.
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MATERIAL & METHODS

Mice

Female C57BL/6 mice (6-8 weeks old) were obtaimethfthe Jackson Laboratory. C57BL/6
Gata3™®°Z and their WT littermates were a kind gift of Dr. Rendriks (Department of
pulmonary medicine, Erasmus MC, Rotterdam, The &t&thds}® and bred in our animal
facility of Ghent University. ROR" IL7R®"™ mice and ROR"IL7R*"* controls were on a
C57BL/6 backgrourfd. C57BL/6 RagZ mice® and their wild-type (WT) controls were
purchased from Taconic. Alh vivo manipulations were approved by the Animal Ethical

Committee of the Faculty of Medicine and HealtheBces of Ghent University.

| ntranasal instillation of reagents

DEP (SRM 2975) was purchased from the Nationaltiristfor Standards and Technology
(NIST). HDM (Dermatophagoides pteronyssinus) wasaioled from Greer laboratories.
Saline, 1pg HDM extract dissolved in saline, 25 PDsuspended in saline or a combination
of DEP+HDM were delivered intranasally to isoflueaanesthetized mice using a continuous
flow vaporizer on day 1, 8 and 15. Two days after kast challenge, mice were sacrificed
with a lethal dose intraperitoneal pentobarbital.

Bronchoalveolar lavage fluid (BALF)

A tracheal cannula was inserted and BALF was raaieé by instillation of 3 x 300ul 1%
Hank’s balanced salt solution (HBSS) supplementéd ®£6 bovine serum albumin (BSA)
and 6 x 500ul HBSS supplemented with ethylenediatatraacetic acid (EDTA). The lavage
fractions were pooled and total cell counts wereasuneed using a Burker chamber.
Differential cell counts were performed on cytospiter a May-Grinwald-Giemsa staining.

The remaining cells were used for flow cytometry.
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Lung and mediastinal lymph node single cell suspensions

The pulmonary circulation was rinsed with salinp@emented with EDTA to remove the
intravascular pool of cells. Lungs and mediastiyaiph nodes (MLN) were minced and
incubated for 45 minutes in digestion medium (rdswark memorial institute medium
(RPMI)-1640 supplemented with 5% foetal calf serff@S), 2 mM L-glutamine, 0.05 mM
2-mercaptomethanol, 100 U/ml penicillin, 100 mgémeptomycin, 1 mg/ml collagenase type
2, and 0.02 mg/ml DNase 1) at 37°C and 5%,CCRed blood cells were lysed using
ammonium chloride buffer. Total cell counts weref@ened with a Z2 Coulter Counter.

Mediastinal lymph node cdll culture

MLN were harvested and digested as described al@eits were cultured in culture medium
either alone or supplemented with 3.75ug/well HDMround bottom, 96-well plates and
incubated in a humidified 37°C incubator with 5% ZQ\fter 5 days, supernatants was

harvested for cytokine measurements.

Flow cytometry

BALF cells and single lung suspensions were staweétl a combination of anti-mouse
fluorochrome-conjugated monoclonal antibodies agairCD4 (GK1.5), CD8 (53-6.7),
CD11b (M1/70), CD69 (H1.2F3), Ly6C (AL-21), Ly6GA®R), MHCII (2G9), Siglec-F (E50-
2440) (all BD Biosciences); CD3 (145-2C11), CD9(BP.H12) (all Biolegend); CD5 (53-
7.3), CD11c (N418), CD25 (PC61.5), CD127 (A7TRIPA5R (RA3-6B2), NK1.1 (PK136),
TCRB (H57-597) (all eBioscience). For cytoplasmaticogyme staining, cells were stimulated
for 4 hours with ionomycin and phorbol 12-myristatacetate (PMA), supplemented with
brefeldin A and monensin at 37°C for 4h. The inttadar fixation and permeabilization
buffer set (eBioscience) was used for fixation amall permeabilization. The following
antibodies were used: PE-conjugated anti-IL-5 (TBEKanti-IL-13 (eBiol13A) and isotype-
matched controls (eBioscience). Data acquisitiors warformed on a FACSCalibur flow
cytometer running CellQuest software or a LSR tbayeter running DiVa software. 250.000
events were collected. Cell subsets were analyzied) tFlowJo software. Representative flow
cytometric density plots and gating strategy obalhlyzed cell populations in BALF and lung

tissue are shown in Fig. S1 and S2 respectively.

7



190

191

192
193
194
195

196

197

198
199
200
201
202
203
204
205

206

207

208
209
210
211
212
213

214

215

216
217

Histology

The left lung was fixated with 4% paraformaldehy®&A) and embedded in paraffin. 3um
transversal sections were stained with a CongodRading to identify eosinophils or with a
Periodic AcidSchiff (PAS) staining to analyze goblet cells. Quitative measurements were

performed using a Zeiss KS400 Image analyzer platfo

Protein measurements

IL-4, IL-5 and IL-13 levels in BALF or MLN superratts were measured by commercially
available ELISA kits (R&D systems). In lung homogées, IL-25 and IL-33 were measured
with ELISA (R&D systems) following the manufactuseinstructions. HDM-specific 1IgG1
was determined on serum collected by retro-ordilakeding. For detection, plates were
coated with HDM extract. Serum was added, followwgcn HRP-conjugated polyclonal goat
anti-mouse IgG1 antibody (Bethyl Laboratories). Tibete was read at 490nm. HDM-IgG1
levels were reported in optical densities (OD). Aimples were on the same plate and

experimental data from different plates are nopoesented.

Airway hyperresponsiveness (AHR)

Airway hyperresponsiveness in response to incrgagases carbachol (0, 20, 40, 80, 160,
320, 640 pg/kg) was measured 48 hours after thientanasal instillation using the forced
oscillation technique (Flexivent System, SCIREQ,ntteal, QC, Canada). Neuromuscular
blockade was induced by injecting 1mg/kg pancunonbromide intravenously. A “snapshot
perturbation” maneuver was imposed to measuredsistance (R) of the whole respiratory

system (airways, lung and chest wall).

Statistical analysis

Statistical analysis was performed with SPSS, var@2.0. Non parametric tests (Kruskal-

Wallis and Mann-Whitney-U) were used to compardeddént groups, according to the



218 standard statistical criteria. Values were reposdmean + SEM. P-values < 0.05 were

219  considered as significant.
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RESULTS

Exposure to diesel exhaust particles enhances house dust mite-induced airway
inflammation

C57BL/6 mice were exposed to saline, DEP or HDMWhaJoor combined DEP+HDM (Fig.
1A). In order to have a model wherein we could roptly examine the potential adjuvant
capacities of DEP on HDM-induced airway inflammatianice were exposed to doses of
DEP and HDM that elicited almost no inflammatorgpense on their own (dose titrations for
HDM are shown in Fig. S3, BALF inflammation to loversus high doses of DEP was
previously showrf). Exposure to DEP alone slightly increased thewarhof DC, neutrophils
and CD4 T cells in the BALF, in comparison with saline-esed mice (Fig. 1D, E and G).
Administration of HDM induced a modest increaseD&, CD4 T cells, CD8 T cells and
eosinophils in the BALF when compared with thersalgroup (Fig. 1D, G, H and I). In
contrast, combined exposure to DEP+HDM greatly eobd the allergic airway immune
responses. Concomitant exposure to DEP+HDM eliatedarked increase in the epithelial-
derived cytokines IL-25 and IL-33 (Fig. 1B, C). Mawer, the numbers of DC, neutrophils,
ILC2, CD4' T cells, CD8 T cells and eosinophils were significantly inciedhn the BALF of
WT mice that received combined DEP+HDM compared uhie three control groups (Fig.
1D-1). Of note, all ILC2 expressed ST2 (data nabvsh), resembling natural ILG2 Co-
exposure of DEP+HDM was also associated with aifstignt enhancement of inflammatory
cells in the lung tissue (Fig. S4). Furthermorestdiogical examination revealed increased
peribronchovascular eosinophilic inflammation amdlgt cell metaplasia upon simultaneous
DEP+HDM exposure (Fig. 1J, K).

Combined exposure to DEP+HDM increases type 2 cytokine production, HDM -specific
IgG1 and induces airway hyperresponsiveness
Typical type 2 cytokines were evaluated in the BAddd supernatant of HDM-restimulated
MLN that were obtained from WT mice exposed torsgliDEP or HDM alone, or combined
DEP+HDM. In the BALF of mice exposed to DEP+HDMewhted IL-5 and IL-13 levels
were found compared to the three control groupsreds HDM or DEP alone elicited no
response (Fig. 2A, B). In the supernatant of HDItmeulated MLN, concomitant
DEP+HDM exposed mice had marked higher levels e4,ILL-5 and IL-13, compared to the
control groups (Fig. 2C-E). In contrast, exposwr®EP alone was associated with a modest
increase in IL-4 and IL-13 in comparison with thediree group (Fig. 2C, E). Sole HDM
10
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administration slightly increased IL-5 and IL-1¥é¢s in the MLN compared with the saline-
exposed group (Fig. 2D, E). Furthermore, combineBPEHDM exposed mice had
significantly elevated HDM-specific IgG1 titers serum, when compared to saline-, DEP-
and HDM-exposed control groups (Fig. 2F). Additibppamice that were concomitantly
exposed to DEP+HDM showed AHR in comparison witttiree control groups (Fig. 2G).

Reduced Gata-3 expression impairs airway eosinophilia and mucus metaplasia upon
combined DEP+HDM exposure

Gata-3 is an important transcription factor for thevelopment of ILC2 and Th2 ceffs Since
the Gata-3 gene copy number is positively corrdlatéh both ILC2 and Th2 functicfi*
we evaluated the effect of reduced Gata3 expressionr model of DEP-enhanced allergic

airway inflammation. Gatd3'sa?

mice, in which one allele is disrupted by insertiof a
beta-galactosidase reporterand WT littermates were exposed to saline, DERDM alone,

or the combination of DEP+HDM. Concomitant DEP+HDMposure in Gatd%'™?** mice
resulted in DC, neutrophil, CD4T cell and CD8 T cell numbers that were comparable to
those in WT littermates, whereas ILC2 and eosirlophimbers in the BALF were
significantly reduced (Fig. 3A-F). Moreover, higigical analyses in DEP+HDM exposed
Gata3"*"*“ mice revealed a diminished peribronchial eosinaphiflammation and goblet
cell metaplasia compared to their littermate cdsti@ig. 3G, H). Also upon sole HDM
exposure, a reduced eosinophilia (Fig. 3G) andegaddll metaplasia (Fig. 3H) was observed

in the Gata3"'slacz

mice in comparison with littermates. Comparable NHBpecific 1gG1
levels in the serum were found in WT and G&t&8°“ mice that were exposed to DEP+HDM
(Fig. 3I). Moreover, concomitant exposure to DEPHHI2d to a similar increase in airway

lacZz

responsiveness in Gat: mice and WT littermates, when compared with th¢DM

control groups (Fig. 3J).

Reduced Gata-3 expression decreases type 2 cytokine production by ILC2 and CD4" T
cellsupon combined DEP+HDM exposure

3nsleZ mice and WT littermates

We further assessed the type 2 cytokine produdtidBata
in response to combined DEP+HDM. Exposure to DEPMHEd to reduced IL-13 levels in
BALF of Gata3""s®“ mice, compared to littermates (Fig. 4A). In additiintracellular type
2 cytokine production in both ILC2 and CDZ cells was investigated in BALF and lung
tissue. The increased numbers of IL-13 positive2la®d CDZ T cells that were observed in

BALF of DEP+HDM WT mice were significantly decreasen DEP+HDM exposed

11
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Gata3®Z mice (Fig. 4B, C). Moreover, IL-5 and IL-13 expsgsy ILC2 were significantly
diminished in lung single cell suspensions of G&t&3°“ mice independent of the exposure,
compared to littermates (Fig. 4D, E). The increagsertentages of IL-5 and IL-13 positive
CD4' T cells that were observed in the co-exposed DEPMHGata3# mice did not

significantly differ from their WT controls. In comast, Gata3"s

mice exposed to sole
HDM had significant lower IL-5 and IL-13 positiveD&" T cells in comparison with the

littermates (Fig. 4F, G).

ILC2 marginally contributeto DEP-enhanced allergic airway inflammation

Since Gata-3 haploinsufficiency affects both theabe and adaptive component, we next
examined the specific contribution of ILC2 in th#éhancing effects of DEP on allergic airway
inflammation. For that, we exposed R@RIL7R®™ (ILC2-deficient) micé' and their
corresponding RO®"IL7R** controls to HDM and DEP+HDM. As expected, ILC2
numbers in the BALF were abolished in RRIL7R®™® mice, independent of the exposure
(Fig. 5A). Concomitant DEP+HDM exposed R&RIL7R®™ mice had significant reduced
DC in the BALF (Fig. 5B), whereas the BALF neutrdgphCD4 T cells, CD8 T cells and
eosinophils tended to decrease compared to OIR7R™* controls (Fig. 5C-F).
Histological analyses further revealed a similarifronchial eosinophilia and goblet cell
metaplasia between DEP+HDM exposed RERL7R®™® mice and controls (Fig. 5G-H).
Moreover, the increased BALF IL-5 (data not showard IL-13 levels found upon
DEP+HDM exposure in the BALF and supernatants stimaulated MLN did not differ
between ROR"IL7R®"™ mice and ROR"IL7R** controls (Fig. 5I-J). Levels of HDM-
specific IgG1 were also comparable between DEP+HBibsed ROR™ IL7R®™ mice and
their controls (Fig. 5K).

The adaptive immune system has a crucial role in DEP-enhanced allergic airway
inflammation

To investigate how the adaptive immune system tarigs to the DEP-enhanced allergic
airway inflammation, we exposed WT and R&g&ice — which lack an adaptive immune
systeni® — to saline, DEP or HDM alone, or combined DEP+HD¥ expected, Rag2mice
had no mature CD4T cells in the lung, whereas the proportion ofguhC2 was increased,
independent of the exposure (Fig. 6A, B). Rag®ice and WT controls that were co-exposed
to DEP+HDM had similar ratios of DC and neutrophilghe BALF (Fig. 6C, D). However,
combined DEP+HDM exposure resulted in a completaistiiment of BALF eosinophils

12
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compared to the WT controls (Fig. 6E). Histologiealalyses further revealed a severely
reduced eosinophilia and abolished goblet cell plasi in the Rag2mice that received
combined DEP+HDM in comparison with WT controlsgF6F, G). Additionally, combined
DEP+HDM exposure failed to increase BALF IL-5 (datet shown) and IL-13 levels in
BALF and supernatants of restimulated MLN in Ragtice compared with their WT
controls (Fig. 6H, ). The modest inflammation thats seen in the WT mice upon sole HDM
exposure was also completely abolished in the Ragite. Independent of the exposure,
there was no HDM-specific IgG1 production in Ragice, compared to WT controls (data
not shown). Furthermore, RAG2mice had no increase in airway responsivenesssiponse

to DEP + HDM (Fig. 6J).
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DISCUSSION

In this paper, we demonstrated that dysregulatioh €2 and Th2 cell numbers and function
by targeting Gata-3 was associated with an atteduaitway inflammation upon concomitant
DEP+HDM exposure. Moreover, we showed a critick af the adaptive immune system to
DEP-enhanced allergic responses and AHR, where@ kinly marginally contribute to

DEP-enhanced allergic airway inflammation.

The immunological mechanisms by which DEP can ptemallergen-induced airway
inflammation are largely unknown. To unravel thesular and molecular mechanisms, we
set up a mouse model with concomitant exposure dinacal relevant allergen (i.e. HDM)
and DEP. To have an optimal model wherein the piatesdjuvant effects of DEP on HDM-
induced allergic airway inflammation can be evatdatve downtitrated the dose of DEP and
HDM until they elicited minimal inflammatory respses on their own. We demonstrated that
concomitant exposure to DEP+HDM markedly enhancedtiple features of allergic
inflammation, characterized by an eosinophilic cese, goblet cell metaplasia, ILC2 and
Th2 cell accumulation, type 2 cytokine productietevated HDM-specific 1IgG1 levels and
AHR. In accordance with our findings, several ekpental and epidemiological studies
already provided evidence regarding the synergiabdity of DEP on allergic airway
inflammatiorf> 2?¢ Although these studies already demonstrated timareed effects on
airway remodeling, AHR, eosinophilic inflammatiomda immunoglobulin production,
insights concerning the number and function ofréeently identified ILC2s in response to

concomitant exposure to DEP+HDM were lacking.

Epithelial cells are the first barrier to encounsewveral inhaled allergens and patrticles. In
response to these particulates, the epitheliunrel@ase cytokines and chemokines to direct
the recruitment and activation of several innate atiaptive immune ceft$. Upon HDM for
instance, it was shown that IL-25 and IL-33 levelsre upregulated, contributing to the
observed airway and lung inflammatfor? Although we observed no increased IL-25 and
IL-33 response upon sole DEP or HDM, combined DEPMHexposure elicited an increase
of IL-25 and IL-33 in particular, suggesting thaEP works synergistically with HDM to

induce release of epithelial cytokines in the emvinent.
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These epithelial-derived cytokines share the c#épaa stimulate Th2 development by
polarizing DC on the one hahdnd to activate ILC2 on the other h&ifl Whereas the role
of Th2 cells in the pathogenesis of asthma is wsiablishe®, it was recently shown that
ILC2 can also substantially contribute to allergimvay inflammatiof®. Moreover, ILC2 can
mediate AHR, independent of the adaptive immunéesy& *° Importantly, we found that
exposure to DEP+HDM increased the number of cy®lkrpressing ILC2 and Th2 cells in
the alveolar space, suggesting that type 2 cytginduction of both cell types contributes to
the adjuvant effects of DEP on allergic airwayanfimation. Although the numbers of type 2
expressing ILC2 in the lung did not increase upomigined DEP+HDM exposure, ILC2
could still be critical in initiating and maintang the DEP-enhanced type 2 immune
responses. At least in response to the pollutaoh@zit was suggested that the increased
activation of ILC2 was associated with an enhaneedinophilic inflammation towards

Aspergillus fumigates™.

Since Gata-3 is an important transcription factmirgy the development and function of ILC2
as well as Th2 ceft§ we investigated the effects of Gata-3 modulativaur model of DEP-

3/nlslacz

enhanced allergic airway inflammation. At baseliGata mice had lower functional

ILC2 in the lung, while effects on Th2 cells wemited. In response to DEP+HDM, both IL-

13 expressing ILC2 and Th2 cells were attenuateBiAhF of Gatad™s

mice, suggesting
that the observed reduction in type 2 airway infigation could be the result of diminished
functional ILC2 and Th2 cells in the bronchoalvedpace. In addition, considering that co-
exposure of DEP+HDM only tended to decrease the B/gytokine expressing Th2 cells in
the lung whereas the ILC2 were abolished, the iarixad of functional ILC2 and Th2 cells in
the lung could contribute to the reduced eosinapmflammation. Importantly, the reduction
of type 2 expressing ILC2 and Th2 cells in G&f%5° mice had no effect on the
development of AHR in response to DEP+HDM. Interegy, the modest inflammation that

was observed in response to only HDM was also lgreaduced in the Gat&52*

mice. In
line, exposure of Gata-3 mutant mice to ovalbummhibited the allergic airway
inflammatiorf>. Moreover, therapeutic targeting of Gata-3 inimical trial involving allergic

asthmatics also attenuated both late and earlygeteinduced asthmatic resporf§es

To further assess the relative contribution ofitimaite (i.e. ILC2) and adaptive (i.e. Th2 cells)

arm in our model of DEP-enhanced allergic airwajammation, we used RQ&" |[L7R®"™
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(ILC2-deficient) mice and Rag2mice respectively. Intriguingly, we found that tBeEP-
enhanced allergic airway inflammation only tendeddecrease in RQR"IL7R®"™® mice,
whereas typical type 2 immune responses such asopbdia, mucus metaplasia and type 2
cytokine production were completely abolished ing®a mice that received combined
DEP+HDM. In addition, Rag2 mice exposed to DEP+HDM failed to develop AHR.sThi
suggests that the presence of an adaptive immwtensyor at least an adequate interaction of
adaptive immune cells with ILC2 is required in natttig the adjuvant capacity of DEP on
HDM-enhanced allergic airway inflammation and AHB. note, depletion of CD4or CD8

T cells in a murine model with intraperitoneal egpe to DEP+ovalbumin was associated
with abrogated cytokine production and ovalbumigesfic immunoglobulin responses in the
peritoneal exudate flufd Interestingly, whereas it was previously showatth.C2 were
critical in T-cell independent allergic lung inflamationt’, the modest inflammation in
response to HDM in our model was completely abelisin the Rag2 mice. The amount of
administered HDM could therefore be important, ®simg that doses of HDM that elicit
limited biological inflammation on their own are able to activate ILC2 and to drive the
allergic airway inflammation in absence of an adepimmune system. Furthermore, it could
be that ILC2 are of less importance in subchroesponses than during the acute phases of an
inflammatory response. This was supported by rebgaerformed in a papain model, where
the secondary responses were more likely Th2 dep#fidMoreover, it was suggested that
the communication between ILC2 and Th2 cells by ldQW-mediated dialog or specific
cytokine secretion could be crucial to substantititeir effects on allergic airway
inflammatiorf*?® It seemed however that upon concomitant DEP+HDRbsure activation
of Th2 cells appeared relatively independent of 2L@pposed to previous reports where
ILC2 were crucial for the initiation of Th2 respasstowards (relatively high) doses of HDM

and papaitt %°

Taken together, although a significant role for Asthas been demonstrated in several models
of allergen-induced inflammation, our findings sagg that co-exposure to multiple
environmental factors, such as particulate poliistamd allergens (i.e. HDM), modulate the

contribution of ILC2 and Th2 cells to allergicway inflammation and AHR.
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FIGURE LEGENDS

Figure 1: Exposure to diesel exhaust particles enhances house dust mite-induced airway
inflammation. WT mice were exposed to saline (white bar), 25udPOEtriped bar), 1ug
HDM (checked bar) or DEP+HDM (black bar) on daydland 15A, Schematic overview of
our model of DEP-enhanced HDM-induced airway inftaation.B-C, IL-25 (B) and IL-33
(C) protein levels in lung were determined by ELISA-I, DC (CD11&9" low
autofluorescent and MHC) (D), neutrophils(E), ILC2 (Lin" (CD3, CD5, NK1.1, TCRS',
CD11¢, CD11b and CD45R CD25 CD90) (F), CD4 T cells (CD3 CD4 CDS8) (G),
CD8' T cells (CD3 CD8" CD4) (H) andeosinophilg(l) in BALF were determined by flow
cytometry except neutrophils and eosinophils tharewdetermined on cytospind-K,
Representative photomicrographs and quantificatibperibronchovascular eosinophil3)
and PAS-stained lung specim@f). Results are expressed as mean + SEM. n = 7-8price
group. * p < 0.05. Data are representative of thineependent experiments. Representative

flow cytometric density plots and gating strategy shown in Fig. S1.

Figure 2. Combined exposure to DEP+HDM increases type 2 cytokine production,
HDM -specific 1gG1 and induces airway hyperresponsiveness. WT mice were exposed to
saline (white bar), 25ug DEP (striped bar), 1pg H@kecked bar) or DEP+HDM (black bar)
on day 1, 8 and 13-B, IL-5 (A) and IL-13(B) protein levels in BALF were determined by
ELISA. C-E, IL-4 (C), IL-5 (D), IL-13 (E) protein levels in the supernatants of HDM-
restimulated MLN were determined by ELISA, HDM-specific IgG1 titers in serum were
determined by ELISAG, Airway resistance (R) of saline (black line), DEfue line), HDM
(green line) and DEP+HDM (red line) exposed mice weeasured in response to increasing
doses of carbachol. Results are expressed as#rfe8N. n = 7-8 mice per group. * p < 0.05.
Data are representative of two independent expetsne

Figure 3: Reduced Gata-3 expression impairs airway eosinophilia and mucus metaplasia
upon combined DEP+HDM exposure. WT and Gata3"sa
(white bar), 25ug DEP (striped bar), 1pug HDM (chestbar) or DEP+HDM (black baA-F,
DC (CD11&9" low autofluorescent and MHC)I (A), neutrophils(B), ILC2 (Lin" (CD3,
CD5, NK1.I, TCR3, CD11¢, CD11b and CD45R CD25 CD90) (C), CD4 T cells

(CD3" CD4" CDS8) (D), CD8 T cells (CD3 CD8 CD4) (E) and eosinophil§F) in BALF

mice were exposed to saline
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were determined by flow cytometry except neutraphihd eosinophils that were determined
on cytospin.G-H, Representative photomicrographs and quantificadiocongo red stained
lungs(G) or PAS-stained mucus producing goblet céi3 of DEP+HDM exposed WT and
Gata3®Z mice. |, HDM-specific 1gG1 levels in serum were determired ELISA. J,
Airway resistance (R) in WT (full line) and Gat4%"*“* (broken line) mice was measured in
response to increasing doses of carbachol. Restdtexpressed as mean + SEM. n = 7-9

mice per group. * p < 0.05.

Figure 4: Reduced Gata-3 expression decreases cytokine production by ILC2 and CD4"
T cells upon combined DEP+HDM exposure. WT and Gata3"*?“ mice were exposed to
saline (white bar), 25ug DEP (striped bar), 1pg HQiWlecked bar) or DEP+HDM (black
bar). A, IL-13 protein levels in BALF were determined byIBA. B-G, BALF or lung cells
were stimulated for 4 hours with PMA/iomycin, ircedlular labeled for cytokine production
and analyzed using flow cytometry. Percentage ILekBressing ILC2 (Lin(CD3, CD5,
NK1.1, TCR3, CD11¢, CD11b and CD45R CD25 CD90") (B) or CD4 T cells (CD3
CD4") (C) in BALF. Proportion of IL-5D) and IL-13(E) producing ILC2 (Lin(CD3, CD5,
NK1.1, TCR3, CD11¢, CD11b and CD45R CD25 CD90") in the total lung tissue.
Percentages IL-5F) and IL-13(G) positive T cells (CD3CD4") of total lung. Results are
expressed as mean = SEM. n = 7-8 mice per group. < 0.05. Representative flow

cytometric histograms and density plots are shawiig. S1 (BALF) and Fig. S2 (lung).

Figure 5: ILC2 marginally contribute to DEP-enhanced allergic airway inflammation.
RORy™ IL7R®"™ mice and ROR™IL7R** WT controls were exposed to 1pg HDM (checked
bar) or DEP+HDM (black bar)A-F, ILC2 (Lin" (CD3, CD5, NK1.1, TCR3, CD11¢,
CD11b and CD45R CD25 CD90) (A), DC (CD11&9" low autofluorescent and MHC)
(B), neutrophil{C), CD4 T cells (CD3 CD4" CDS8) (D), CD8 T cells (CD3 CD8" CD4)

(E) and eosinophilgF) in BALF were determined by flow cytometry excejtutrophils and
eosinophils that were determined on cytosi@AH, Representative photomicrographs and
guantification of congo red stained lun@8) or PAS-stained mucus producing goblet cells
(H). 1-K, BALF IL-13 protein levels(l), IL-13 levels in the supernatants of HDM-
restimulated MLN(J) and HDM-specific IgG1 levels in serufiK) were determined by
ELISA. Results are expressed as mean = SEM. n 8 per group. * p < 0.05.
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Figure 6. The adaptive immune system has a crucial role in DEP-enhanced allergic
airway inflammation. WT and RagZ mice were exposed to saline (white bar), 25pg DEP
(striped bar), 1ug HDM (checked bar) or DEP+HDMa( bar).A-E, Percentage CD4T
cells (CD3 CD4" CD8 CD69) of total lung(A), percentage lung ILC2 (LiflCD3, CD5,
NK1.1, TCR3’, CD11¢, CD11b and CD45R CD25 CD127) (B), number of BALF DC
(CD11¢"" low autofluorescent and MHC)I (C), number of BALF neutrophil§D) and
number of BALF eosinophiléE) were determined by flow cytometry except neutrispand
eosinophils that were determined on cytospirlG, Representative photomicrographs and
guantification of congo red stained lun@ or PAS-stained mucus producing goblet c@B3

of DEP+HDM exposed WT and Rafjanice.H-I, BALF IL-13 protein level{H) and IL-13
levels in the supernatants of HDM-restimulated MUN were determined by ELISA],
airway resistance (R) in WT (full line) and R&gZbroken line) mice was measured in
response to increasing doses of carbadResults are expressed as mean + SEM. n = 7-8

mice per group. * p < 0.05.
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Figure 3
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Figure S1: Representative density plots and gating strategy of all analyzed
cell populations in BALF. WT mice were exposed to 25pg DEP + 1pg HDM.
A, DC were gated as CD11cheh low autofluorescent and MHCI*. B, CD4* T
cells were CD3*, CD4* and CD8. CD8* T cells were characterized as CD3*,
CD4 and CD8*. Intracellular IL-13 production of CD4* T cells was
investigated. C, ILC2 were identified as Lin- (CD3-, CD5, NK1.1-, TCR,
CD1lc, CD11b- and CD45R’), CD25* and CD90* cells. Intracellular IL-13
production of ILC2 was investigated.
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Figure S2: Representative density plots and gating strategy of all analyzed cell populations in lung tissue. WT mice were exposed to 25ug
DEP + 1ug HDM. A, The pulmonary CD11b* DC were identified as CD 11¢*, MHCII* and CD 11b*. Eosinophils were gated as CD11c", CD11b*
and SiglecF*. Neutrophils were CD11¢c, CD11b*, Ly6G* and Ly6C*. B, CD4* T cells were gated as CD3*, CD4*, CD8 and CD63*. CD8* T cells
were characterized as CD3*, CD4-, CD8* and CD69*. Intracellular IL-5 and IL-13 production of CD4* T cells was investigated. C, ILC2 were
identified as Lin" (CD3-, CD5,NK1.1,, TCRp", CD11c", CD11b- and CD45R), CD25* and CD90* cells. Intracellular IL-5 and IL-13 production of
ILC2 was investigated.
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Figure S3: Titration of the HDM dose for the combined DEP+HDM model. A, C57BL/6 mice were exposed to
decreasing doses of sole HDM (1.e. 12.5pg, 2.5pg, 1pg, 250ng, 25ng HDM) or combined 25ug DEP + decreasing
doses of HDM on day 1, 8 and 15. On day 17, BALF eosinophils were determined on cytospins. Data presented on
the different graph represent separate experiments. The red box represents the selected dose for the experiments in
the manuscript. Results are expressed as mean = SEM. n = 8 mice per group. *p < 0.05.



w
-
n

[ Saline

E3 DEP

B2 HDM

Il DEP+HDM

10

~

=3
iy

% neutrophils of total lung

% CD11b* DC of total lung

o
o
=3

D. E. . F.
2 5 -
2 = g T T i
1'20 » _g [ Saline
3 3 R = oEP
15 E 3 E2 HOM
w =
4 2 5 S DEP+HDM
kT 8 wa
- - 4
. . a
b1 1 2,
805 o §
n 4 @
guo 8 Fo
B ®

Figure S4: Adjuvant effect of DEP on HDM induced airway inflammation in the lung. WT mice were
exposed to saline (white bar), 25pg DEP (striped bar), 1png HDM (checked bar) or DEP+HDM (black bar) on
day 1, 8 and 15. A-F, DC (CD11c* MHCII* CD11b%) (A), neutrophils (CD11c” CD11b* Ly6G* Ly6C*) (B),
eosinophils (CD11¢- CD11b* Siglec-F*) (C), ILC2 (Lin- (CD3, CD5, NK 1.1, TCRpP-, CD1l1c", CD11b and
CD45R") CD25* CD30*) (D), CD4* T cells (CD3* CD4* CD8 CD69*) (E) and CD8* T cells (CD3* CD8*
CD4 CD69%) (F) in lung tissue were determined by flow cytometry. Results are expressed as the mean
percentages of total lung £ SEM. n =7-8 mice per group. *p < 0.05.



