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ABSTRACT

» Background: Asthma severity has been linked to exposure smGnegative bacteria from the
environment, that are recognized by NOD1 recephal @ae present in HDM extracts. NOD1
polymorphism has been associated with asthma.

» Objective: To evaluate if either host or HDM-derived micrdiaionay contribute to NOD1-
dependent disease severity.

» Methods: A model of HDM-induced experimental asthma wasduand the effect of NOD1
deficiency evaluated. Contribution of host micrdbiavas evaluated by fecal transplantation.
Contribution of HDM-derived microbiota was assesdaegl 16S ribosomal RNA (rRNA)
sequencing, mass spectrometry analysis, and pgbtodm depletion of the extracts.

» Results In this model, loss of the bacterial sensor NCGIDd its adaptor receptor-interacting
protein kinase 2 improved asthma features. Sucibitohy effect was not related to dysbiosis
caused by NODL1 deficiency, as shown by fecal tramsation of Nod1-deficient microbiota to
wild-type germ-free mice. 16S rRNA gene sequenend mass spectrometry analysis of HDM
allergen, revealed the presence of some muropespitide Gram-negative bacteria that belong to
the Bartonellaceae family. While such HDM-assodateuropeptides were found to activate
NOD1 signaling in epithelial cells, peptidoglycaepieted HDM had a decreased ability to
instigate asthman vivo.

» Conclusion These data show that NOD1-dependent sensing oM-{dBsociated Gram-
negative bacteria aggravates the severity of exmarial asthma, suggesting that inhibiting

NODL1 signaling pathway may be a therapeutic approatreating asthma.
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Key messages:
e [JODL-dependent 00000 000000000000 0000000000-0000ive
bacteria aggravates experimental asthma

 Inhibition of NOD1 signaling pathway may providaew therapeutic approach in asthma

Capsule summary
The sensing by NOD1 of HDM-derived Gram-negativetbaa aggravates experimental asthma

suggesting that inhibiting this pathway may provédierapeutic approach in a near future.

Keywords

Asthma, allergy; house dust mite; Th2; NOD1,; pegdiycan; epithelial cells, microbiota

Abbreviations

AAIl: Allergic airway inflammation

AHR: Airway hyperresponsiveness

I.n.: Intranasal

NOD1: Nucleotide-binding oligomerization domain f&@io 1
NOD?2: Nucleotide-binding oligomerization domain {&io 2
RIPK2: Receptor-interacting protein kinase 2

MDP: Muramyl di peptide

BAL: Bronchoalveolar lavage

PG: Peptidoglycan

NHBE: Normal human bronchial epithelial

HEK: Human embryonic kidney



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

Ait Yahia et al.

INTRODUCTION

An increasing body of evidence from clinical angenmental studies suggests that microbiota
encompass a wide range of dynamic microbial comtimsnthat play a significant role in host
immunity including protecting against asthma. Besidhe putative effect of the respiratory
microbiota in asthni&, intestinal dysbiosis appears to also play an itapo rolé °.
Accordingly, host immune responses are Th2 biasedemugerm-free (GF) conditiohsand
antibiotic-treated or GF animal models of allergetdced asthma exhibit an exacerbated
phenotype in either neonafe$or adultS. However, much less attention has been paid to the
microbiota derived from house dust mite (HDM), whis the most frequent cause of allergic
asthma, although analysis of HDM extracts has fledethe presence of Gram-negative bacteria
that may likely arise from their intestitfe** Although it is well established that viral infemts

are involved in 40 to 85% of asthma exacerbatfona link has been established between adult
asthma severity and exposure to indoor Gram-negjhtcteri&. Unique muropeptides from the
peptidoglycan (PG) of such bacteria are sensech®ypattern recognition receptors Nucleotide
binding oligomerization domain protein 1 (NODB%)"> and NOD2, each receptor recognizing
distinct PG structures. While NOD1 recognizes méisorinopimelic containing muramyl
tripeptide (MTP), NOD2 recognizes muramy! dipept{#DP)'®. Both receptors signal via the

downstream adaptor RIPK2, which then activates MA&H the NF B pathway. Of note,

NOD1-mediated sensing of the gut microbiota paétes in the development of lymphoid
tissues, while its absence results in dysbtasisdditionally, genome-wide association studies
have revealed a molecular link between polymorphighNOD1, asthma and high levels of
IgE'®. In agreement, we have previously shown that a N@@onist used as a systemic adjuvant

exacerbates ovalbumin (OVA)-induced Th2-mediatddrgic asthma through dendritic cell
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activatior®, and a recent paper has shown that RIPK2 prontéfdd-induced allergic airway
inflammation by favoring type 2 immunity The aim of this study was to evaluate if eithesth
or HDM-derived microbiota may contribute to NODlpeadent disease severity. Here we
provide evidence that NOD1-dependent sensing obpeptides from Gram-negative bacteria
present in HDM extracts exacerbate the severitgllefgic airway inflammation, independently
of the control by NOD1 of the composition of thet gnicrobiota from its host. These data
identify a new mechanism of asthma aggravationingmiDM-derived microbiota and NOD1,
and suggest that interfering with NOD1 signalinthpay may provide a therapeutic approach in
this cumbersome disease, as well as for exacensad asthma driven by Gram-negative

bacteria.



110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

Ait Yahia et al.

METHODS

Reagents

Key reagents used are listed in Table E1.

Mice

WT Female C57BL/6 mice (6 weeks of age) were pugetidrom Charles RivemNod1”, Nod2™
and Ripk2” mice were backcrossed on the C57BL/6 backgrounéast 8 times. All animals
were housed under specific pathogen-free (SPF)itbomsl in ventilated cages with absorbent
bedding material, maintained on a 12-hour dayligydle and with free access to commercial
pelleted food and watead libitum. GF mice were housed in flexible isolators. Alliraal
experiments were approved by the regional ethicaimittee and authorized by the ministry of
research and innovation (APAFIS#7874-2016070417824/8), and the animals' care was in
accordance with institutional guidelines. For fetansplantation, fresh fecal pellets from
untreated WT oNodl” female mice were resuspended in 1 mL of steril& P#hd GF mice
were reconstituted by oral gavage with 20@f the suspension. The remaining homogenate was
kept frozen and analyzed for the status of feclrepation.

HDM-induced allergic airway inflammation and treatment of extracts

HDM mice were sensitized i.n. with Dermatophagoidasnae extract kindly provided by
Stallergenes/Greer (lot 9702026) at a high dosg iofdex of reactivity (IR) (i.e. 1fng protein/

40 pL of PBS) or a lower dose of 1IR (i.eu@ protein/ 40 uL) in order to have a strong and a
moderate model of allergic inflammation respectivelontrol mice received 40 uL of PBS.
Seven days after sensitization, mice where chadiemng. with 40 uL of HDM or PBS daily for 5
consecutive days. Forty-eight hours later mice wearesthetized, assessed for airway
hyperresponsiveness and sacrificed (Fig 1A). Foresexperiments HDM extracts were depleted

in LPS or in PG (see online repository). For alhditions, airway hyperresponsiveness and lung
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inflammation were assessed. Broncho alveolar lavd@yl) fluids were recovered. Lung
samples were collected for protein extraction, RB#ation and histology analysis.

Airway responsiveness measurement

Mice were anesthetized with 0.5 mg/kg medetomid{P®mitor®; Pfizer) and ketamine
(Imalgene® 1000; Merial), and immediately intubateith a 18-gauge catheter, followed by
mechanical ventilation using the FlexiVent (SCIRBQ Mice were exposed to nebulized PBS
followed by increasing concentrations of nebuliregthacholine (0-100 mg/mL) (Sigma-Aldrich)
using an ultrasonic nebulizer (Aeroneb, Aerogem@turh to baseline resistance was ensured prior
to the administration of the next doses of methlweloThe mean value of measured resistances
was calculated for each dose.

BAL analysis

A total volume of 1mL of ice-cold PBS was used émily wash the lungs. Cells from the lavage
fluid were recovered by centrifugation at 135 g%amin at 4°C. Cells were then resuspended in
PBS and counted. Samples of this resuspended BAé g@in onto slides (Shandon cytospin 4;
Thermo Fisher Scientific) and stained with May-Guatd Giemsa (Diapath) for differential cell
count.

Serum collection and analysis

Blood was drawn from the abdominal vein. Serum w@kected by centrifugation (5000 g for 5
min) and stored at -20°C. Levels of total IgE aret Bspecific IgG1 were measured in collected
sera by ELISA as indicated in the online repository

Pulmonary histology

The left lobe of the lung from each mouse was fikedntigenfix (Diapath) and embedded in
paraffin (Histowax, HistoLab) according to the miwiurer’s indications. Lung sections qfrb

were stained with a standard Hematoxylin-Eosimsaaid Periodic acid-Schiff (PAS) staining kit
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(Diapath) to evaluate the peribronchial inflammatamd mucopolysaccharide staining for mucus
respectively.

Lung protein extracts

Lung lobe was homogenized in 1 mL of T-PER (Thei®atentific) buffer containing protease
inhibitors (Roche diagnostics). After 10 min on,itee lysates were centrifuged at 13,0009 for 5
minutes at 4°C and supernatants were collected féother cytokine and chemokine
measurements. Total protein concentrations of 8xigacts were measured using the Pierce BCA
protein Assay kit (Thermo Scientific).

Human cell lines and primary human epithelial cells

Human embryonic kidney HEK293, human bronchialbegdium BEAS-2B and human alveolar
epithelial A549 cell lines, as well as normal humaonchial epithelial (NHBE) cells were
cultured as indicated in the online repository.

HEK293 luciferase reporter cell assay

The luciferase N&B reporter assays, were performed by seeding HEK288 in 96-well plates

at 5x10 cells per well and transfecting them with expressgplasmids producing either human
NOD1, mouse Nodl or mouse Nod2 (0,5ng/well) in comiion with the reporter plasmids
pBxIV-luc (1 ng/well) and pEF-BO$-gal (25ng/well) using Lipofectamine LTX & PLUS
Reagent (Invitrogen) following manufacturer’s recoandations. The reporter plasmids and the
expression plasmids for hNOD1, hNOD2, mNodl and diNwere kindly provided by Gabriel
Nufiez and Naohiro Inohara (Ann Arbor, MI, USA). Bit are provided in the online repository.
The results were normalized by the expressiofi-Gfalactosidase to reflect the efficiency of
transfection and expressed as fold expressionegbldsmid-transfected cells.

Epithelial cell line stimulation and transfection with sSiRNA
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BEAS-2B cells were stimulated with HDM at a finads# of 0.2 IR (i.e. 6ug protein/mL) unless
otherwise stated in the figures, the synthetic N@Danist FK565 (Fujisawa Inc) (5@/mL) or
MDP (Invivogen) (10ug/mL), after a 4-hour human recombinant IBNPeproTech) (20 ng/mL)
priming. Culture supernatants and cell pellets vetkected for cytokine quantification and RNA
isolation. In some experiments the stimuli were borad with a specific RIPK2 kinase inhibitor
(AGV discovery) at a final concentration of 5 uMEBS-2B cells were also stimulated with LPS
(Invivogen) in combination with the RIPK2 inhibit@s a specificity control of the inhibitor.
Except for mRNA analysis, HDM, FK565 and MDP stiltidns were performed in presence of
Lipofectamine LTX to enhance intracellular trangp&mnockdowns okitherNOD1 or NOD2 in
BEAS-2B were obtained by a 48 hours siRNA trangbectafter a 4-hour human recombinant
IFN-B (PeproTech) (20 ng/ml) priming. NHBE cells werdtated as described in the online
repository.

Generation of chimeric mice by bone marrow transplatation

Total body irradiated WT oNod1” mice were transplanted with either WT Nod1” bone
marrow cells. Two months later, mice were senditiaad challenged with HDM as described
above. Details are provided in the method onlip®sdory.

Quantitative Real-Time PCR

Q-RT-PCR was performed using standard procedurssitied in the online repository. Primers
used are listed in Table E2.

ELISA Measurement of Cytokine Chemokine

Murine cytokines (TSLP, IL-33) and chemokines (CCLCCL22) levels in lung protein extracts
were assessed using commercial ELISA according h® instructions provided by the
manufacturers (R&D Systems and e-Biosciences). hunie-6 and IL-8 (CXCLS8)

concentrations in BEAS-2B, A549 and NHBE cell ctétsupernatants were measured by ELISA

10
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using the ELISA Duoset kits (R&D systems). The oeessof the choice of the different cytokines
and chemokines are indicated in the online repsito

16sRNA analysis

Fresh fecal samples were collected at the endeoéxiperiment and immediately snap frozen in
liquid nitrogen. Fecal DNA was isolated and seqeenc at Genoscreen

(https://lwww.genoscreen.fr). Quantification of @l diversity in HDM was assessed by 16S

rRNA sequencing on V3-V4 region. Details are preddn the online repository.

LC-MS/MS Method

HDM extracts were analyzed by LC-MS/MS method ascdbed in the online repository.
Statistical analysis

For bacterial taxonomy analysis we used the miomki analyst software to determine
community properties. PCoA plots using unweightedRtac distances were used to analyze the
segregation between WT fecal microbiota (FM3F and Nod1FM-GF mice using analysis of
group similarities (ANOSIM statistical analysis)Alpha diversity, calculated as the Channon
index, was analyzed using Mann Whitney U test. phalues below 0.05 were considered to be
statistically significant. For animal and cell aysds, data were analyzed using Prism 8.0
(GraphPad Software). For normally distributed datgnificance of differences between groups
was evaluated by one-way analysis of variance (ARPWith Bonferroni’s post hoc test for
multiple comparisons. For pairwise comparisons tthe-tailed Student’s t-test was used. For
airway resistance, the two-way analysis of variaest was used. Non normally distributed data
were analyzed using the Kruskal-Wallid with Dunn’s post hoc test. For m vitro cell
experiments, 3 to 4 biological replicates were grenked, and the experiment was repeated two to
three times. Foin vivo experiments, the number of mice per group is eteid in the figure

legendsp values below 0.05 were considered to be statilstisgnificant.

11
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RESULTS

Nod1 signaling aggravates HDM-induced allergic ainay disease through Ripk2

Thein vivo effect of Nod1 signaling was investigated in a elaaf 5 IR (i.e. 1hg protein/mL)
HDM-induced asthnfa (Fig. 1A) in C57BL6/J mice deficient or not Modl. HDM-challenged
WT mice exhibited all the cardinal features of gle airway inflammation, including increase in
total cell, eosinophil, neutrophil and macrophagehbers in BAL (Fig. 1B), total IgE and HDM-
specific IgG1 antibodies (Fig. 1C), and levels wid Th2/Th17 cytokines and some pro-Th2
chemokines (Figs 1D, E1A). All these features watrengly diminished ifNod1”" mice, except
for the humoral response and Thl7-type cytokinelieFigs 1B, 1C, 1D and E1A). Lung
sections from HDM-challenged mice showed that therdases in PAS-stained mucus and in
Hematoxylin Eosin-stained cellular infiltrates inTWhice were decreased in the absence of Nod1
(Figs 1E and E1B respectively). Functionally, aiywasistance in response to methacholine
challenge was totally inhibited in HDM-challengiidd1” versus WT mice (Fig. 1F). Likewise,
Nod2 deficiency led to a decrease in BAL cell recruitthafter HDM challenge (Fig. 1G) and
not in the humoral response (Fig. 1H). By contrdstre was no statistically significant decrease
in Th2 and pro-Th2 lung cytokines and chemokinespkfor CCL2 and KC (Figs 1l and E1C),
and no decrease in airway resistance (Fig. 1J)erGihat Nodl and Nod2 signal via the
downstream adaptor Ripk2, we next evaluated whethesimilar pattern of response was
observed irRipk2”™ mice. Miller et al. have recently reported that Miinduced allergic airway
inflammation is reduced iRipk2” mice in a model similar to our 5IR mo#&ITherefore, we
assesse&ipk2” mice in a 1IR (8g protein/mL) model of HDM-induced allergic inflanation.
There was a total inhibition of BAL cell recruitntein particular of eosinophils (Fig. 2A), no
changes in the humoral response (Fig. 2B), a deered Th2 type cytokines and chemokines

(Fig. 2C), of mucus production (Fig. 2D) and ofway resistance (Fig. 2E). In contrast to the

12
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Miller papef®, it is of note that we did not observe changeshia humoral response, but we
additionally observed abolition of a cardinal featof asthma, i.e. airway resistanceRipk2”
andNod1™ but notNod2” mice. Taken together, these data demonstrate tht,Nbut not Nod2
signaling, is involved in the severity of HDM-indedt airway disease through Ripk2 activation.
Dysbiotic gut microbiota caused by Nod1 deficiencgoes not impact HDM-induced allergic
airway disease risk

BecauseNod1”™ mice harbor a dysbiotic gut flora, we next asstsesuch dysbiosis may
influence the development of experimental asthmran3plantation of fresh fecal homogenates
from WT or Nod1” donor mice was performed in control GF recipiegéserred to as WT or
Nod1” fecal microbiota (FMP»GF respectively). Five weeks later recolonized mivere
subjected to the HDM protocol (Fig. 3A). Both grsupf mice challenged with HDM exhibited
similar increased BAL cell recruitment (Fig. 3Byrhoral response (Fig. 3C), Th2 type response
(Fig. 3D) and airway resistance (Fig. 3E) compa@dhe PBS groups. To evaluate the gut
bacterial ecosystem of recolonized mice, fecal epellwere collected at the end of the
experiments and analyzed by 16S ribosomal RNA (riRN&ylogenetic profiling. PCoA plots
using unweighted UniFrac distances highlightedgbgregation between ex-GF mice@®01,
ANOSIM statistical analysis) (Fig. 3F). Alpha dis#y, calculated as the Shannon index, showed
significant differences between the groups of exyi@lé (Fig. 3G, g0.01, Mann Whitney test).
Heatmap of the top most abundant genera illusttagsnajor differences in the composition of
both groups of mice and the similarities with thienwbiota composition from donors’ feces (Fig.
3H). No difference was observed between PBS- an¥HiPeated mice whatever the genotype
of the donor mice. Altogether these data undertireg the compositional changes in the gut
microbiota of Nod1” mice were not responsible for their protection imsfaHDM-induced

disease.

13
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HDM-associated muropeptides are sensed by NOD1 ipithelial cells via RIPK2.
Quantification of bacterial diversity in HDM exttacby 16S rRNA sequencing revealed that
87.7% of the assembled reads associated with mendfethe Gram-negative Bartonellaceae
family (Fig. 4A). To identify specific PG moietie$JDM extracts were analyzed by mass
spectrometry through a targeted approach spedyficdboking at well-characterized
muropeptides. Both MTriDap and MDP, sensed by N@Bd NOD?2 respectively, were detected
and their presence confirmed by fragmentation (BBj@nd 4C, and table E3). Next, the effect of
HDM was evaluated on human embryonic kidney 293 KB#3) cells harboring a NFB-
dependent luciferase reporter and expressing €ki@D1, mNodl, or mNod2 and normalized
for transfection efficiency using [&galactosidase control vector. All positive cordrahduced
NF-xB activation (Fig. 4D). HDM extracts elicited a @odependent increase in both hNOD1-
and mNod1- dependent luciferase activity, but @myeffect at the highest dose of 4IR (i.eu&0
protein/mL) for mNod2 activity (Fig. 4D). As thelalgen first encounters epithelial cells, human
bronchial epithelial BEAS-2B cells were primed WilN-p?, to increase the baseline expression
of NOD1. The role of Nodl signaling pathway was subsedyeassessed by quantifying their
cytokine production in response to HDM. HDM stintida elicited a dose dependent increase in
the production of IL-6 and IL-8 by BEAS-2B cells tvian effect starting at 0.2IR (6
protein/mL) and maximal at 4IR (128 protein/mL) (Fig. E2A). BEAS-2B stimulation by HD
induced a clear increase MOD1 and NOD2 mRNA (Fig. 4E). Although IFN3 increased
NOD1/2 expression and FK565-induced cytokine productiéig.(E2B), no effect was noticed
on the response to HDM (Fig E2C). As expected tthditiman of a specific RIPK2 inhibitor
belonging to the 4-amino-quinolines inhibited bttks and IL-8 increases in response to FK565

positive control (Fig. 4F), but did not modulatee thesponse to LPS (Fig. E2D). HDM

14
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stimulation induced a stronger production of ILs&ldL-8 (Fig 4F) with a partial inhibitory non-
cytotoxic effect (Fig E2E) of RIPK2 antagonist (F4f). The same results were observed for the
human alveolar epithelial cell A549 (Fig. E2F). Tiespective role of NOD1 and NOD2 was
next assessed by transfecting BEAS-2B cells witti$ig SIRNA. As compared to control and
NOD2 siRNAs, NOD1 siRNA strongly inhibited FK565- and HDM- induced-6 and IL-8
production (Figs 4G and E2G). Similar observatiaswoticed on HDM-induced IL-33 mMRNA
expression (Fig. E2H). Results were further condidnusing NHBE cells. Stimulation with HDM
elicited a dose dependent increase in IL-8 producis well as iNOD1/2 mRNA expression in
primary epithelial cells (Fig. 4H). Treatment witie RIPK2 antagonist strongly inhibited HDM-
induced IL-8 production (Fig. 4H). The lack of effeof NOD2 led us to evaluate the mRNA
expression oPGLYRP2, an enzyme which displays amidase activity knowrdégrade some
NOD2-activating muropeptides. HDM was able to irgltitis enzyme botin vitro in BEAS-2B
cells as well asn vivo in the lungs of HDM-challenged mice (Fig. 4l). dontrast, we failed to
detect any change in the expression of PGLYRP1thanomember of the peptidoglycan
recognition protein family, that was shown to beoadived in HDM-induced allergic airway
inflammation in the allergy-prone Balb/c mf¢é® (Fig. E2l). Furthermore, the transporter
PEPT2, allowing uptake of NOD1 ligands, was higakpressed in both BEAS-2B cells and in
the lungs of HDM-challenged mice as compared wiEPPLl transporter, specialized in the
transport of NOD2 ligand MDP (Fig. 4J). These dateow that HDM triggers cytokine
production by epithelial cells through a NOD1 degemt pathway involving RIPK2 signaling.
Nodl expressed by radio-resistant cells mediate HDNhduced allergic airway
inflammation

To evaluate the specific contribution of non-hewpaietic structural cells, in particular epithelial

cells, versus the role of hematopoietic cells ondNdependent HDM-induced airway
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inflammation, chimeric mice were generated expressither Nod1 hematopoietic cells and
structural WT cells (Nod1> WT) or Nod1" structural cells together with WT hematopoietic
cells (WT> Nod1"). WT> WT and NodZ-> Nod” groups served as controls. Analysis of
BAL showed that the total cell, as well as eosinbphd neutrophil numbers, were increased
after HDM challenge in the Nod® WT and the WP WT mice, whereas they were
diminished in the WH NodIand Nod1-> NodI mice (Fig. 5A). The humoral response was
not significantly modified after HDM challenge, vikaer the group (Fig. 5B). While most tested
cytokines were increased after HDM challenge inWE> WT and Nod?> WT mice, these
were either decreased or abolished in -WNodI” and Nod?> NodI" mice (Fig. 5C). In
agreement with ouin vitro data, chimera experiments demonstrated that Nagiessed by
structural cells mediates HDM-induced airway inffaation. However, CCL2, IL-13 and IL-33
were significantly decreased after HDM challengeghi@ Nod1™> WT group compared to the
WT-> WT mice (Fig.5C). This suggests that such inductbCCL2, IL-13 and IL-33 by HDM

in WT mice reconstituted with Nodl-expressing hepatetic cells is not sufficient for
exacerbating HDM-induced airway inflammation.

Severity of allergic airway disease is decreased nmesponse to PG- but not LPS- depleted
HDM

Among bacterial moieties, LPS has been describeditteer favor or inhibit OVA-induced
experimental asthma, according to its abund@nde evaluate if LPS present in HDM was
playing a role in the observed results, we deplétby purification on a resin columim vitro, in
NF-«xB reporter cells, LPS-low HDM was still able to dodependently activate Nodl (Fig.
E3A). As the concentration of LPS was not biolotljcarelevant for exacerbating the
immunopathology in response to 1IR (2ng/IR) we amdgd the 5IR HDM-induced protocéh

vivo, LPS-low HDM challenges led to an increase in nufsthe parameters of experimental
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asthma including BAL total cell recruitment, ThZy cytokine expression and airway
hyperreactivity (Figs E3B, E3D, E3E) similar to tldoserved with native HDM challenges. The
only parameter that was not induced by LPS-low HDMs the humoral response, which
remained at basal levels (Fig. E3C). To evaluatadhe of PG in NOD1-dependent effect, HDM
extracts were digested with mutanolysin and prstgrecipitated by organic solvents, and the
corresponding pellets and supernatants assesseiNod1 activity. Presence or absence of PG
was confirmed by mass spectrometry in the supemtsatand pellets respectively (Fig. 6A). The
PG-free pellets did not exhibit dose dependentaiitin of mNod1 reporter activity, whereas the
PG-containing supernatants activated the lucifeeas@ity with significant effects at 4 to 6 IR
(i.e. 6Qug to 9Qug protein/mL) of initial HDM input (Fig. 6B). Nexthe effect of PG depletion
after normalization for final allergen content, wasluated in both  HDM models to ascertain
the results. In the 5IR HDM model, PG-depleted HBEihllenges led to a reduction in BAL total
cell recruitment, including mainly eosinophils (Fi§C), no changes in the humoral response
(Fig. 6D), but led to a strong decrease in Th2-tgpekines and an increase in IRNFig. 6E).
Airway resistance was also reduced (Fig. 6F), dsagemucus production (Fig. 6G). In the 1IR
model, PG-depleted HDM led to attenuated recruitneérotal cells in the BAL, which did not
reach significance (Fig. E3F) whereas the IgE hammmsponse was still induced (Fig. E3G).
Th2-type cytokines were nonetheless reduced (F3¢)Eas was mucus production (Fig. E3I).
PG-depleted HDM was also not able to increase gimgsistance, as compared to native HDM
(Fig. E3J). Collectively, these data demonstratat tHDM-induced allergic airway disease
depends to a large extent on Nod1 sensing of umguepeptides derived from the microbiota

of the allergen per se.
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DISCUSSION

In this study, HDM-induced allergic airway diseasas strongly decreased Modl but not
Nod2-deficient mice, including BAL cell recruitment,raiay resistance, and Th2-type cytokine
expression. Only BAL showed reduced cell recruitimanNod2” compared to WT mice. We
presume that this is possibly a consequence ofreEwv€CL2 levels, as neutralization of this
chemokine pathway attenuates macrophage and ebdiacpumulation in the BAL of asthmatic
monkey$’. HDM challengedNod2” mice were still able to induce lung IL-33 in caf to
Nod1”™ mice, in agreement with the known direct effectNofd1 on induction of mucosal IL-33
responses. Likewise, similar findings were observed in BERB-cells. One explanation may
be that Nod2 ligands are degraded by an amidasatythat is either present in or induced by
HDM extracts. Indeed, the presence of-B-glutamyl-L-diamino acid endopeptidase has been
described in such extraétsFurthermore, PGLYRP2, an N-acetylmuramoyl-L-atenamidase,
was inducedn vitro by HDM stimulation in BEAS-2B cells and vivo in the lungs of the HDM
model. Alternatively, PEPT2, a transporter meditine uptake of Nod1 ligands but not Mi9P

is thoroughly expressed by the epithelial cellsrfrie respiratory tratt in contrast to PEPTL, a
MDP transporter mainly expressed by the gastrosiimal tract’. Indeed, PEPT2 mRNA was
highly expressed in BEAS-2B cells as well as inlthgs of HDM-challenged mice as compared
with PEPTL, likely also explaining the differentedtivation of Nod1/2 receptors in the lung by
HDM. Upon recognition of PG, both NOD1 and NOD2 ergb self-oligomerization, leading to
NF-kB activation and transcription of multiple inflamtosy genes upon the recruitment of the
scaffolding kinase protein RIPK2. In agreement wihrecent repdit and with our data using
Nod1” mice, Ripk2”" mice exhibited decreased asthma features in responHDM, including a
decrease in airway resistance. Previous studies reported conflicting data about the role of

Ripk2 in allergic airway inflammation, some findirgpromoting effeéf, and others nori& **
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In the light of our own data, these results carrdmonciled by the presence or not of unique
muropeptides in the allergen extracts that are tseadduce airway inflammation. Consistently,
we have previously shown that Nd@dnice exhibited similar ovalbumin (OVA)-induced Fh2
mediated allergic asthma than WT mice, althoughQDH agonist used as a systemic adjuvant
exacerbated experimental asthma featdrest is now well established that alterations it g
microbiota are involved in the susceptibility tattama. Along this line, Nod1-deficiency has
been implicated in intestinal dysbioi@nd inhibits the priming of neutrophils by gut-ded

PG resulting in increased susceptibility to pneuncoal lung infectioff. Even if fecal
transplantation experiments excluded the possitofita pro-allergenic role of the gut microbiota,
there is still a possibility in theory that airwayicrobiota fromNod1™ mice might contribute to
the allergic response in cooperation with the oeréved from HDM.

Mass spectrometry analysis of HDM showed the presesf the specific NOD1 ligand M-
TriDap, and of the NOD2 ligand MDP. However, in ttast to HDM-induced mNod1 reporter
activity, mNod2 reporter activity was only observied response to four times more HDM,
suggesting again a putative Nod2 ligand degradaidthough LC-MS analysis confirmed the
complete PG depletion, a residual mNod1 reportevigcwas observedn vitro. This suggests a
potential endocytosis of trace PG contaminantsatatontained in the animal serum used in the
cultured’. BEAS-2B cells exhibited a HDM-induced cytokineoguction that was only partly
inhibited by RIPK2 antagonist and by NOD1 siRNA.ifllpartial inhibition may reflect other
mechanisms able to induce cytokine production onbhial epithelial cells in response to other
HDM component® such as proteases through PAR2 activdlioor LPS through TLR4
stimulatiorf®. Bone marrow chimeric mice showed thaid1-expressing structural cells were the
major cells involved in the aggravated feature$ibM-induced airway inflammation which is

consistent with the in vitro effect observed intleelial cells. However, the expression of some
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pro inflammatory cytokines was also dependent upematopoietic cells, and probably upon
dendritic cells that also express NOD1.

It has been proposed that low dose endotoxin presndh2 responses, whereas high dose
promotes Th1l responses. However, the degree ot@ndaontamination in our extracts was 10
times lower (e.g. 10ng) than the dose used to pt@riibd2 immune responses to OVA (e.g.
100ngf®. Furthermore, LPS-depleted HDM extracts were atile to elicit all the parameters of
allergic airway inflammation except for humoral pesses, suggesting that LPS, as a major
direct stimulus for B celf$, is essential in the induction of antibody resgsntg HDM. This
may relate to the predominanceRdrtonella in HDM extracts, as its LPS has sharply reduced
interactions with TLR#. PG depletion from HDM resulted in a similar inititn than observed

in NodI™ mice, confirming its role in the exacerbation oDM-induced allergic airway
inflammation. It is of interest that neutralizingtéoodies targeting the muropeptide MDP have
been recently developed and shown to inhibit PGeddent auto-immune arthritts Future
development of such PG neutralizing antibodies @optovide further information on the
specific role of NOD1 in HDM-induced allergic airwanflammation.

Collectively, this study highlights an unprecedentgeraction between NOD1 and HDM, one of
the most common allergen and unveils a new meamanisereby HDM-derived microbiota is
sensed by Nodl and potentiates disease severipavits the way towards novel therapeutic

strategies targeting the NOD1 pathway for fightagginst the epidemic of asthma.
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FIGURE LEGENDS

Fig 1.Nod1 signaling aggravates HDM-induced allergic aiywlisease

(A) Protocol of HDM-induced experimental asthma

(B) BAL cell counts in WT andlod1” mice challenged with PBS or HDM

(C) ELISA detection of Th2 humoral response in WiH &lod1” mice challenged with PBS or
HDM

(D) Protein and mRNA relative expression (RE) ab&jnes and chemokines assessed by ELISA
and Q-RT-PCR in lung extracts from WT aNdd1’ mice challenged with PBS or HDM

(E) Representative microphotographs of PAS- stained sections in WT andllod1” mice.
Scale bar: 106m

(F) Airway resistance of WT arfdod1” mice challenged with PBS or HDM

(G) BAL cell counts in WT andéllod2”" mice challenged with PBS or HDM

(H) ELISA detection of Th2 humoral response in WAd &lod2” mice challenged with PBS or
HDM

(1) Protein and mRNA relative expression (RE) ofoéynes and chemokines assessed by ELISA
and Q-RT-PCR in lung extracts from WT aNdd2’ mice challenged with PBS or HDM

(J) Airway resistance of WT ardbd2” mice challenged with PBS or HDM

Data are presented as mean £ SEM of n=12-22 anjpealgroup for Nod1l and n=5-9 animals
per group for Nod2 experiments. *p<0.05 **p<0.01*%0.001 versus PBSp<0.057"p<0.01,

one-way ANOVA for all except airway resistance: tway ANOVA. ns: not significant
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Fig2. Nod1 signaling aggravates HDM-induced allergic aywlisease through Ripk2

(A) BAL cell counts in WT andripk2” mice challenged with PBS or low dose of HDM

(B) ELISA detection of total IgE and HDM-specifig®1 antibody in WT andripk2” mice
challenged with PBS or low dose of HDM

(C) Protein and mRNA relative expression (RE) db&jnes and chemokines assessed by ELISA
and Q-RT-PCR in lung extracts from WT aRippk2” mice challenged with PBS or low dose of
HDM

(D) Representative microphotographs of PAS- stained sections in WT an&ipk2”™ mice.
Scale bar: 10Q0m

(E) Airway resistances of WT arRipk2”™ mice challenged with PBS or low dose of HDM

Data are presented as mean + SEM of n=6-12 forRifj<0.05 **p<0.01 ***p<0.001 versus
PBS,?p<0.05,7p<0.01,77p<0.001 one-way ANOVA for all except airway resista; two-way

ANOVA.
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Fig 3. Dysbiotic gut microbiota caused by Nodl deficierdgyes not impact HDM-induced
allergic airway disease risk

(A) Protocol of fecal transplantation

(B) BAL cell counts in WT andNod1” fetal microbiota (FM¥germ free (GF) mice challenged
with PBS or HDM

(C) ELISA detection of Th2 humoral response in Wil Alod1”” FM->GF mice challenged with
PBS or HDM

(D) Protein and mRNA relative expression (RE) ab&nes and chemokines assessed by ELISA
and Q-RT-PCR in lung extracts from WT aNdd1” FM >GF mice challenged with PBS or
HDM

(E) Airway resistance of WT aridod1” FM >GF mice challenged with PBS or HDM

Data are presented as mean + SEM of n=4-7 aninalgmup. Data are representative of 2
independent experiments. *p<0.05 **p<0.01 versusSPB®ne-way ANOVA for all except
airway resistance: two-way ANOVA

(F) PCoA plots using unweighted UniFrac distanceseces from WT FM->GF (WT) and
Nod1” FM >GF mice (KO). g0.001 between the two groups, ANOSIM analysis

(G) Alpha diversity assessed by the Shannon indésces from WT FM>GF (WT) andNodl
"FM - GF mice (KO). g0.01 between the two groups, Mann Whitney test

(H) Heatmap of the top most abundant genera otf&oen receivers (R) of WT FM>GF (WT),

Nod1” FM >GF mice (KO) challenged with PBS or HDM, and framitial donors (D)
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Fig 4. HDM-associated muropeptides are sensed by NODjitinedial cells via RIPK2.

(A) High throughput sequencing analysis of HDM

(B) Extract lon Chromatograms (XICs) of HDM corregging to the protonated MTriDap (m/z
666.2843) and its MS/MS fragmentation with a noreeal collision energy (NCE) equal to 25%
in the high energy collision dissociation (HCD)la#l QExactive Focus. The specific fragments
are recorded in table E3

(C) XICs of HDM corresponding to the protonated M@R/z 494.1990) and its MS/MS
fragmentation as described above. The specifiorieags are recorded in table E3

(D) Dose dependent effect of HDM on hNODmNod1l and mNod2 reporter activity of HEK

293 cells normalized witl-galactosidase. Positive controls: FK565 for hNOPK156 for
mNod1, MDP for mNod2. IR: index of reactivity

(E) Relative expression (RE) oN®D1 and INOD2 mRNA in BEAS-2B cells stimulated with
HDM

(F) Inhibitory effect of RIPK2 inhibitor on IL-6 @&hlIL-8 production by HDM- and FK565-
stimulated BEAS-2B cells

(G) Effect of control (C) NOD1 and INOD2 siRNA (KD) on HDM-, FK565-, and MDP-
induced production of IL-6 by BEAS-2B cells

(H) HDM-stimulated NHBE cells were examined in terof dose dependent cytokine response,
of NOD1 and NOD?2 relative expression (RE) and oBlproduction in the presence of RIPK2
inhibitor

() PGLYRP2 mRNA relative expression (RE) in HDMrstilated BEAS-2B cells and in lungs
from HDM-challenged WT mice

(J) PEPT1 and PEPT2 mRNA relative expression (REJDM-stimulated BEAS-2B cells and

in lungs from HDM-challenged WT mice
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646 Data are presented as mean + SEM and are repriagentd 2 to 3 independent in vitro
647  experiments and of 10-12 mice per group. *p<0.0p<0.01 ***p<0.001 versus plasmids or
648  medium,”p<0.05"p<0.017p<0.001, one-way ANOVA except for figure 4D: Kruskaallis,

649 and t-tests for figures 4E, 4H (NOD1/NOD?2) 41 ard 4
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Ait Yahia et al.

Fig 5. Nod1 expressed by structural cells mediate HDM#adi allergic airway inflammation
Chimeric mice were generated by bone marrow tramsation

(A) BAL cell counts in WP WT, Nod1”>WT (hematopoietic cells deficient od1), Nod1™
>Nod1™”, and Nod1”>WT (structural cells deficient itNod1) mice challenged with PBS or
high dose of HDM

(B) ELISA detection of Th2 humoral response in chilm mice challenged with PBS or high
dose of HDM

(C) mRNA relative expression (RE) of cytokines aheémokines assessed by Q-RT-PCR in lung
extracts from chimeric mice challenged with PBShigh dose of HDM. Data are presented as
mean + SEM of n=3-6 animals per group. *p<0.05 *®p3d versus PBS;/p<0.01. One-way

ANOVA.
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Ait Yahia et al.

Fig 6. Severity of allergic airway disease is decreasadsponse to PG- depleted HDM

(A) Extract lon Chromatograms (XICs) in the peptidoglydPG)-containing supernatants and
PG-free pellets of HDM extracts after digestionharitutanolysin and precipitation of proteins by
organic solvents, corresponding to the protonatddilVap (m/z 666.2843) and the protonated
MDP (m/z 494.1990)

(B) HDM extracts were digested with mutanolysin gmdteins precipitated by organic solvents
and the activity of the peptidoglycan (PG)-freealgs and the PG-containing supernatants
assessed on mNod1 reporter activity. Positive oarfiK156. IR: index of reactivity

(C) BAL cell counts in WT mice challenged with PBEhigh dose of HDM depleted or not in
peptidoglycan (PG)

(D) ELISA detection of Th2 humoral response in Wikcenchallenged with PBS or high dose of
HDM depleted or not in peptidoglycan (PG)

(E) Protein and mRNA expression of cytokines anenobkines assessed by ELISA and Q-RT-
PCR in lung extracts from WT mice challenged witSPor high dose of HDM depleted or not
in peptidoglycan (PG)

(F) Airway resistance of WT mice challenged witBSPor high dose of HDM depleted or not in
peptidoglycan (PG)

(G) Representative microphotographs of PAS- stalned sections in WT mice challenged with
PBS or high dose of HDM depleted or not in peptigogn (PG). Scale bar: 10t

Data are presented as mean + SEM of at least émdientin vitro experiments, **p<0.01
***p<0.001 versus plasmids, and as mean * SEM o0b-t6 animals per group *p<0.05
**p<0.01 ***p<0.001 versus PBS?p<0.0577p<0.01,p<0.001. One-way ANOVA for all

except for airway resistance: two-way ANOVA
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