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Abstract 40 

Background: 41 

Steroid-resistant asthma is often characterized by high levels of neutrophils and mixed Th2/Th17 42 

immune profiles. Indeed, neutrophils are key drivers of chronic lung inflammation in multiple 43 

respiratory diseases. Their numbers correlate strongly with disease severity and their presence is 44 

often associated with exacerbation of chronic lung inflammation.  45 

Objective: 46 

What factors drive development of neutrophil-mediated chronic lung disease remains largely 47 

unknown and we sought to study the role of GM-CSF as a potential regulator in chronic asthma.  48 

Methods: 49 

Different experimental animal models of chronic asthma were used in combination with alveolar 50 

macrophage-reconstitution of global GM-CSF receptor knockout mice as well as cell-type 51 

specific knockout animals to elucidate the role of GM-CSF signaling in chronic airway 52 

inflammation. 53 

Results: 54 

We identify GM-CSF signaling as a critical factor regulating pulmonary accumulation of 55 

neutrophils. We show that while being not required for intrinsically regulating neutrophil 56 

migration, GM-CSF controls lung dendritic cell function, which in turn promotes T cell-57 

dependent recruitment of neutrophils to the airways. We demonstrate that GM-CSF regulates lung 58 

dendritic cell antigen uptake, transport and Th2/Th17 cell priming in an intrinsic fashion which in 59 

turn drives pulmonary granulocyte recruitment and contributes to development of airway 60 

hyperresponsiveness in chronic disease.  61 

Conclusion: 62 

We identify GM-CSF as a potentially novel therapeutic target in chronic lung inflammation, 63 

describing a GM-CSF-dependent lung conventional DC – T cell-neutrophil axis which drives 64 

chronic lung disease.  65 

 66 
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Key Words: 68 
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 70 

Key Messages: 71 

• GM-CSF signaling is required for neutrophil accumulation and lung inflammation in 72 

different models of chronic asthma  73 

• GM-CSF promotes induction of Th2/Th17 cell immunity by facilitating antigen uptake, 74 

transport to the lung draining lymph node and T cell priming by lung dendritic cells 75 

• GM-CSF signaling in lung dendritic cells is required for development of chronic allergic 76 

airway inflammation 77 

 78 

Capsule Summary: 79 

Neutrophils are associated with severe chronic disease in asthma and GM-CSF is required for 80 

their accumulation in the inflamed lung by promoting lung dendritic cell dependent induction of 81 

Th2/Th17 cell immunity 82 

 83 

Abbreviations: 84 

AM = Alveolar macrophage 85 

DC = Dendritic cell 86 

GM-CSF = Granulocyte-Macrophage Colony Stimulating Factor 87 

Th2 = T helper 2 88 

Th17 = T helper 17 89 

HDM = House dust mite 90 

OVA = Ovalbumin 91 
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Introduction 93 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) has been shown to play an 94 

important role in regulating many aberrant immune responses including autoimmunity (1) and 95 

allergy (2). Under physiological conditions in the steady-state, GM-CSF is essential for the 96 

development and maintenance of alveolar macrophages (AM)  (3), (4) and has also been 97 

implicated to regulate the development of non-lymphoid tissue dendritic cells (DCs) (5). While 98 

GM-CSF is increasingly seen as a key driver of inflammation in many contexts, in the lung in 99 

particular, studying the role of GM-CSF has been obstructed by the essential role of GM-CSF in 100 

AM development. Due to the complete lack of AM in GM-CSF (4) or GM-CSF-receptor-101 

deficient (6) animals, these mice develop strong pulmonary alveolar proteinosis (PAP), which 102 

has a profound impact on the lung micro-environment (4). This has been a strong confounding 103 

factor in previous studies looking at the role of GM-CSF in pulmonary allergic inflammation in 104 

either ligand (7) or common β-chain-deficient animals (8). In addition, neutralization of GM-105 

CSF in a house dust mite extract (HDM) model reduced pulmonary eosinophilia and was 106 

associated with an impaired Th2 response, but the underlying mechanism was unclear (2). In 107 

this context, we could recently show that reconstitution of a normal AM compartment in GM-108 

CSF receptor alpha deficient (Csf2ra-/-) mice can be used to prevent PAP, while still allowing 109 

investigation of GM-CSF receptor importance in pulmonary disease (9). Using this approach, 110 

we identified that GM-CSF receptor signaling in eosinophils promotes their migration to the 111 

lung in a model of acute allergic asthma(9). While experimental animal models have focused on 112 

acute aspects of lung inflammation, which are driven by Th2/ILC2 responses, the long-term 113 

chronic pathology characteristic of human asthmatics remains underinvestigated(10). Indeed, 114 

also in mice chronic asthma models have indicated that apart from Th2 immunity, also Th17 115 

responses and associated neutrophilia which are hallmarks in chronic stages of the disease (11). 116 

Neutrophilic asthma is often refractory to steroid treatment and thus also from a clinical 117 

perspective the investigation of pathophysiological mechanisms in this context is highly 118 

warranted.  119 
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In the present study, we identify a GM-CSF-driven lung DC - T cell circuit, which is critically 120 

important in driving chronic lung inflammation characterized by type 17 responses and 121 

neutrophilia. We show that GM-CSF drives antigen uptake, transport and priming of Th2/Th17 122 

cells in a DC-intrinsic manner and this promotes airway inflammation including recruitment of 123 

granulocytes as well as airway-hyperresponsiveness (AHR). We thus identify GM-CSF as a 124 

critical novel regulator of chronic lung disease and provide a potentially new therapeutic target 125 

for chronic asthma. 126 

 127 

Methods 128 

Mice 129 

C57BL/6J mice were either bred in-house or purchased from Charles River (Germany). Csf2ra-/- 130 

animals were recently described (6). Cd11c-Cre-Csf2rbfl/fl (12) and Csf2rb-/- (13) mice were 131 

provided by B. Becher, Zürich. IL-17A-/- animals were provided by Yoichiro Iwakura (14). OT-132 

II mice were obtained from Jackson (15). All animals were housed in individually ventilated 133 

cages under specific pathogen free conditions at the ETH Phenomics Center (Zurich, 134 

Switzerland) and used for experiments at between 6 and 14 weeks of age unless otherwise stated 135 

with age-matched groups in every individual experiment. All animal experiments were 136 

approved by the local animal ethics committee (Kantonales Veterinaersamt Zurich) and were 137 

performed according to local rules (Swiss Animal Protection Ordinance (TschV) Zurich) and 138 

Swiss animal protection law (TschG). 139 

Cell suspension preparations 140 

Mice were sacrificed by i.p. injection of sodium pentobarbital. Organs were removed and then 141 

processed according to the following procedure: Spleens, and lymph nodes were minced and 142 

then digested with 2 mg/ml of type IV collagenase (Worthington) and 0.02 mg/ml DNaseI 143 

(Sigma) at 37°C for 45 minutes and subsequently passed through a 70 µm cell strainer. Lungs 144 

were digested with 1mg/ml Hyaluronidase (Sigma), 25μg/ml Collagenase XI (Sigma), 50μg/ml 145 

Liberase TM (Roche) and 0.02 mg/ml DNaseI (Sigma) at 37°C for 45 minutes and subsequently 146 
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passed through a 70 µm cell strainer. Bone marrow cells were flushed from femurs and tibia and 147 

then used directly for staining.  148 

 149 

Flow cytometry 150 

Multi-parameter analysis was performed on a LSR Fortessa (BD) and analyzed with FlowJo 151 

software (Tree Star). Fluorochrome-conjugated or biotinylated monoclonal antibodies specific 152 

to mouse CD11c (N418), CD11b (M1/70), Siglec-F (E50-2440, BD Biosciences), CD45 (30-153 

F11), CD45.2 (104), CD4 (GK1.5), CD8 (53-6.7), CD3e (145-2C11), IL-4 (11B11), IL-5 154 

(TRFK5), IFNγ (XMG1.2), T1/ST2 (DIH9), Ly-6G (1A8-Ly6g), CD127 (A7R34), CD172a 155 

(P84), CD19 (1D3/CD19), CD24 (M1/69), NKp46 (29A1.4, Thermofisher), CD49b (HMa2), 156 

MHC class II (M5/114.15.2, Thermofisher), CD64 (X54-5/7.1), CD19 (6D5), CD90.2 (30-H12), 157 

TCR-b (H57-597) NK1.1 (PK136, eBioscience) ST2 (DIH9), CD25(PC61), FcεRIα (MAR-1, 158 

Thermofisher), XCR1 (ZET), IL-5 (TRFK5), GATA3(TWAJ, Thermofisher), RORγt (AFKJS-159 

9, Thermofisher), IL-17A (Thermofisher eBio17B7), IL-13 (eBioscience, eBio13A), F4/80 160 

(BM8), Ly-6C (HK1.4), TCRγδ (GL3), were purchased from Biolegend unless otherwise stated. 161 

Dead cells were excluded using the live/dead marker eFluor780 (Thermofisher). Prior to all 162 

stainings, FcγIII/II receptors were blocked by incubation with homemade anti-CD16/32 163 

(2.4G2). For intracellular staining of transcription factors cells were fixed and stained using the 164 

intracellular fixation and permeabilization kit (eBioscience) according to the manufacturer’s 165 

instructions. For DNA staining Fx-cycle violet stain (Thermofisher) was used according to the 166 

manufacturer’s instructions. Cells were identified the following way: CD4+T cells as 167 

CD45+TCRb+CD4+, CD8+ T cells as CD45+TCRb+CD8+, ILC2s as CD45+CD90.2+TCRb-CD19-168 

NK1.1-CD11b-ST2+, ILC1/3s CD45+CD90.2+TCRb-CD19-NK1.1-CD11b-ST2-, B cells as 169 

CD45+CD19+TCRb- cells, eosinophils as CD45+CD11c-CD11b+Siglec-F+SSC-Ahigh, neutrophils 170 

as CD45+CD11c-CD11b+Ly-6G+ cells, lung cDC1s as Siglec F-MHCII+CD11c+XCR1+, lung 171 

cDC2s as Siglec-F-MHCII+CD11c+XCR1-CD11b+CD64- and lung moDCs as Siglec-F-172 

MHCII+CD11c+XCR1-CD11b+CD64+ cells, lung AM Siglec-F+CD11c+CD64+, dLN cDC2 as 173 
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CD45+autofluorescent-CD11c+MHCIIhigh XCR1+, lung dLN cDC1 as CD45+autofluorescent-174 

CD11c+MHCIIhigh XCR1-CD11b+CD64- and Ly-6Chigh monocytes as Siglec-F-Ly-6G-175 

CD11b+Ly-6Chigh. 176 

 177 

Airway-hyperresponsiveness 178 

Airway hyperresponsiveness was measured using unrestrained whole body plethysmography 179 

(Buxco). Animals were placed in individual chambers and were then left to adjust to their new 180 

environment for 15mins before being exposed to increasing concentrations of methacholine 0-181 

50mg/ml. The PenH was measured as a readout of changes in breathing due to airway 182 

restriction.  183 

 184 

DC-T cell co-culture 185 

cDC1 and cDC2 were sorted from naïve lungs of WT or AM-reconstituted Csf2ra-/- animals. 186 

CD4+ T cells were obtained with CD4 MACS-bead (Miltenyi) pre-enrichment and subsequent 187 

FACS-sorting from splenocytes from OT-II mice. CD4+ T cells were sorted as CD4+CD11c-188 

aufluorescent-negative cells. T cells and DCs were then cultured together for 5 days in complete 189 

IMDM medium (Life Technologies) with 100nM OVA323-339 peptide (Mimotopes Australia). 190 

Cells were restimulated for 4h with PMA (Sigma), ionomycin (Sigma) and monensin (Sigma). 191 

 192 

Murine models of airway inflammation 193 

For the chronic OVA model, animals received 10μg OVA with 1μg TNF i.t. and were then 194 

challenged with 50μg OVA as indicated in the scheme in figure 2. For the chronic HDM model 195 

animals received 10μg HDM 3 times/week during 4 consecutive weeks and were then analyzed 196 

3 days after the last challenge. For the acute HDM model mice received 10μg HDM on D0 for 197 

sensitization and were then challenged daily with 10μg HDM on days 7-11 with analysis on 198 

D14. 199 

 200 

Bronchoalveolar lavage 201 
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For collection of BAL after euthanization of the animal the trachea was punctuated using a 202 

syringe and the lungs were flushed twice with 0.8µl of PBS. 203 

 204 

Transfer of alveolar macrophage precursors into neonates 205 

Lungs from E17.5 embryos from CD45.1+ WT animals were harvested, minced and digested 206 

with collagenase IV as described above. CD45+ cells were then purified using MACS beads 207 

(Miltenyi) and cells were then transferred i.n. into d1-7 p.b. neonates to allow reconstitution of a 208 

WT AM compartment. 209 

 210 

BMDC culture 211 

Femurs and tibias were collected from front and back leg of donors. They were flush with 212 

FACS buffer, erythrocytes were lysed with ACK for 3 min and BM cells were then cultured 213 

with with 300 ng/mL Flt3L (home-made) at 2x106 cells/ml in 10ml of BMDC media (RPMI-214 

1640 (Invitrogen), 10% heat inactivated FCS, 100 U/ml Penicillin; 100µg/ml Streptomycin 215 

solution (Invitrogen), 200 µM L-Glutamine (Invitrogen, in 10cm petri dish. On Day 3 and 5 5 216 

ml of fresh BMDC media with 300 ng/mL Flt3L were added.  217 

 218 

Transfer of HDM-pulsed BMDCs 219 

After 9 days of culture, BMDCs were pulsed with 100μg/ml HDM for 4h. Pulsed and un-pulsed 220 

cells were then transferred i.t. into recipient mice. Each mouse received 4 x105 cells. Animals 221 

were then challenged daily with 10μg HDM on days 7-11 with analysis on D14. 222 

 223 

DC-mediated antigen uptake and transport 224 

Animals received 100μg Ovalbumin-AlexaFluor488 (Invitrogen) and 100μg HDM (Greer) i.t. 225 

Lungs and dLNs were collected 24h p.i. and analysed using flow cytometry. 226 

 227 

 228 

Histology 229 
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Lungs from animals were removed and fixed in 4% formalin. Thereafter, the lungs were 230 

processed and then stained with either hematoxylin and eosin (H&E) or periodic acid–Schiff 231 

(PAS) and lungs were evaluated in a blind manner.   232 

 233 

Statistical Analysis 234 

Mean values, SD, SEM, Student’s t test (unpaired) were calculated with Prism (GraphPad 235 

Software, Inc) or R software. p-values and Hedges’ g are indicated for all significant 236 

comparisons.  p <= 0.05 (*), p <= 0.01 (**), p <= 0.001 (***). 237 

 238 

 239 

Results 240 

GM-CSF signalling controls development of HDM-induced chronic allergic lung 241 

inflammation 242 

In order to address the role of GM-CSF receptor signalling in the pathogenesis of chronic 243 

airway inflammation in vivo, we employed GM-CSF receptor α-deficient (Csf2ra-/-) mice, which 244 

were transplanted with wild-type CD45+ cells from E17.5 embryonic lungs neonatally to allow 245 

establishment of an intact AM compartment and thus prevent development of PAP as recently 246 

described (9). PAP leads to low-grade inflammation(6) and could therefore confound 247 

interpretation of experimental results. After full reconstitution of the AM compartment and 248 

development into adulthood, Csf2ra-/- mice were treated three times a week over the course of 4 249 

weeks with house dust mite extract (HDM), representing a common human allergen and a 250 

clinically relevant model of chronic asthma (Fig 1A) (16). Due to the well-established role of 251 

Th17 immunity in mediating exacerbation of both acute (17) and chronic pulmonary allergic 252 

inflammation (11) by promoting neutrophilia and structural changes in the lung (11), we 253 

included IL-17A-deficient mice as a comparison to Csf2ra-/- animals. Evaluating the 254 

inflammatory infiltrate after 4 weeks of chronic HDM-exposure revealed that the numbers of 255 

both neutrophils (p <= 0.0001, Hedges’ g (H) = 5.2594) and eosinophils (p = 0.0386, H = 256 
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1.3938) were strongly reduced in Csf2ra-/- mice in the BAL and lungs compared to wild-type 257 

controls (Fig 1B, C and D and Fig S1). IL-17A-deficient mice exhibited a strong decrease in 258 

neutrophils (p = 0.0002, H = 4.4321), and no defect in eosinophilia (Fig 1B, C and D). No 259 

differences were observed in innate aspects of the immune response such as the number of AM 260 

and Ly6Chigh monocytes (Fig S2A) or the number of innate lymphoid cell (ILC) subsets (Fig 261 

S2B).  262 

However, the number of both conventional dendritic cell subsets cDC1 (p= 0.0011, H = 2.6509) 263 

and cDC2 (p = 0.002, H = 2.4286) as well as monocyte-derived DCs (p = 0.0001, H = 3.7278) 264 

were significantly lower in Csf2ra KO mice (Fig 1E). This deficiency in lung DCs was 265 

associated with a lower accumulation of both CD4+ (p = 0.0064, H = 2.011) and CD8+ T cells (p 266 

= 0.001, H = 2.6728) (Fig 1F). Re-stimulation of CD4+ T cells revealed a strong defect in Th17 267 

immunity in the absence of functional GM-CSF receptor signalling (p = 0.0022, H = 2.3989) 268 

(Fig 1G). This was accompanied by a trend towards a reduction in some Th2 cytokines, while 269 

Th1 polarization appeared to be more potent in Csf2ra-/- mice (p = 0.0006, H = 2.8531) (Fig 270 

1G). To corroborate the strong deficiency in Th17 immunity we quantified the number of 271 

effector and regulatory CD4+ T cells expressing RORγt, the key transcription factor for Th17 272 

polarization (18). It was clearly evident that the number of RORγt+ effector T cells was 273 

significantly reduced in Csf2ra-/- mice (p <= 0.0001, H = 5.0985) (Fig 1H). Interestingly, 274 

RORγt+ Tregs were also reduced (p <= 0.0001, H = 5.496) (Fig 1H), while only a minor effect 275 

could be seen on the general FoxP3+ regulatory T cell compartment in the BAL (p = 0.0007, H 276 

= 2.8107) and lung (p = 0.0138, H = 2.5108) (Fig 1I). In order to evaluate the physiological 277 

consequences of GM-CSF receptor deficiency on lung function, airway hyperresponsiveness 278 

(AHR) was measured. Csf2ra-/- animals were found to be largely protected from AHR 279 

development (p = 0.0387, H = 1.3926 at 50mg/ml), while IL-17A-deficiency had no effect (Fig 280 

1J). In addition, we found a decrease in the levels of HDM-specific IgG1 (Fig 1K), consistent 281 

with impaired CD4+ T cell help. Overall, these results indicated a potent deficiency in chronic 282 

lung inflammation in the absence of functional GM-CSF receptor signalling.  283 

  284 
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GM-CSF is essential for airway responses and neutrophil dominated inflammation 285 

following chronic ovalbumin exposure. 286 

In order to corroborate our results from the chronic HDM model, we wanted to evaluate the role 287 

of GM-CSF signalling in a second animal model of chronic asthma based on ovalbumin 288 

(OVA)/TNF-α sensitization and subsequent chronic challenge with OVA (11) (Fig 2A). The 289 

inflammatory infiltrate at day 53 post sensitization was characterized by flow cytometry as 290 

depicted in Fig S1 and contained very few eosinophils and abundant neutrophils in lung and 291 

BAL, whose presence was strongly dependent on intact GM-CSF (p = 0.0003, H = 3.3835) and 292 

IL-17A signalling (p = 0.0001, H = 4.6682) (Fig 2B-D). No major differences could be 293 

observed in lymphocyte infiltration, although the number of CD8+ T cells was slightly reduced 294 

in Csf2ra-/- mice (p = 0.0124, H = 1.8868) (Fig 2E). As seen in the chronic HDM model, the 295 

frequency of CD4+IL-17A+ cells, was considerably reduced in the absence of Csf2ra, (p = 296 

0.0004, H = 3.2865) and to a lesser extent also IL-5+ (p = 0.0031, H = 2.4282) and IL-4+ (p = 297 

0.0179, H = 1.7496) cells (Fig 2F). Supporting these results, the number of RORγt+ CD4+ 298 

effector (p = 0.0005, H = 3.2026), and regulatory T cells (p = 0.001, H = 5.2277) was also 299 

significantly reduced in Csf2ra-/- animals (Fig 2G, H). Indeed, all major differences observed in 300 

infiltration of immune cells were dependent on OVA challenge and were not visible with PBS 301 

alone (Fig S2C-F). Moreover, Csf2ra-/- mice were protected from AHR following chronic 302 

airway exposure to OVA, similar to the chronic HDM model (Fig 2I). Overall, these results 303 

supported the general notion that GM-CSF signaling is critical for the development of chronic 304 

inflammation in asthma. 305 

 306 

GM-CSF receptor signalling does not intrinsically control granulocyte accumulation or 307 

cytoplast formation in chronic airway inflammation. 308 

Given the potent effect on T cell immunity in the absence of GM-CSF receptor, in particular on 309 

Th17 polarization, we wanted to gain a deeper understanding of the underlying molecular 310 

mechanisms. As cytoplast formation after neutrophils extracellular trap (NET) formation has 311 
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been shown to be a potent inducer of Th17 immunity in the lung (19) and GM-CSF has been 312 

suggested to promote NETosis in vitro (20), we wanted to investigate a potential role of GM-313 

CSF signalling in directly regulating neutrophil cytoplast generation in vivo. Cytoplasts can be 314 

identified by harbouring low amounts of DNA (Fig 3A) and indeed we could detect neutrophil 315 

as well as eosinophil-derived cytoplasts in chronic allergic lung inflammation (Fig 3A). 316 

However, no effect on the frequency of DNAlow cells could be observed in Csf2ra-/- mice (Fig 317 

3B). Nonetheless, the overall number of cytoplasts was reduced due to the lower number of 318 

granulocytes present in lungs of Csf2ra-/- mice (for neutrophils p = 0.0153, H = 1.9417; for 319 

eosinophils p = 0.0213, H = 1.8061) (Fig 3C). In order to exclude a potentially intrinsic role of 320 

GM-CSF signalling in cytoplast formation 50:50 bone marrow (BM) chimeras were generated, 321 

where WT animals received a 1:1 mixture of either a mixture of WT (CD45.1):WT(CD45.2) or 322 

(CD45.1): Csf2ra-/- (CD45.2)  BM. This revealed that GM-CSFR signalling was not 323 

intrinsically required for cytoplast formation in vivo (Fig 3D). Interestingly, normal recruitment 324 

of Csf2ra-deficient neutrophils to the bronchoalveolar space in mixed chimera indicates that 325 

neutrophil intrinsic GM-CSFR signalling is not required for lung migration and accumulation in 326 

chronic inflammation (Fig 3E), while wild-type eosinophils exhibited a competitive advantage 327 

compared to Csf2ra-deficient counterparts (p = 0.0348, H = -1.4092) (Fig 3F). Taken together 328 

these results suggested that the reduction in chronic lung inflammation in Csf2ra-deficient mice 329 

was not due to cytoplasts or granulocyte-intrinsic roles of GM-CSF signalling but largely due to 330 

other extrinsic factors. 331 

 332 

GM-CSF receptor signalling controls dendritic cell activation, antigen uptake and 333 

transport to the lung draining lymph node 334 

Having observed a strong deficiency in T cell immunity and a reduction in DC numbers, we 335 

hypothesized that one potential explanation could be a role for GM-CSF signalling in DC-336 

mediated induction of T cell responses in chronic asthma. Lung DCs can be grouped into at least 337 

three distinct subsets including the well-described BATF3 (21) and PI3Kγ-dependent (22) type 338 

I, the IRF4-dependent type 2 conventional DCs (23) (cDC1 and cDC2) as well as monocyte-339 
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derived DCs (moDCs) (24). Confirming previous reports (9), (5), we found a significant 340 

reduction of lung DCs in naive AM-reconstituted Csf2ra-/- mice (Fig S3A). Indeed 50:50 BM 341 

chimeras revealed that this was due to an intrinsic role of GM-CSF signalling in lung DCs (Fig 342 

S3B). We next wanted to assess the impact of GM-CSF receptor deficiency on DC function as a 343 

potential explanation for the poor induction of T cell immunity. Antigen uptake and transport 344 

are key abilities of DCs to initiate T cell immunity and we therefore aimed to assess these 345 

functions in the absence of functional GM-CSF receptor signalling. For this purpose, we 346 

injected wild-type and AM-reconstituted Csf2ra-/- mice with fluorescently labelled OVA 347 

together with HDM as an adjuvant and analysed the lung and lung draining lymph node (dLN) 348 

24h later. The total number of cDC1s (p = 0.045, H = 1.109), cDC2s (p = 0.0361, H = 1.1679) 349 

as well as OVA+ cDC1s (p = 0.0435, H = 1.1186) and as OVA+ cDC2s (p = 0.0417, H = 350 

1.1297) in the lung dLN was strongly reduced in the absence of GM-CSF receptor (Fig 4A-C). 351 

The frequency of OVA+ cells among cDC1 and moDCs in dLN was comparable in Csf2ra-/- 352 

and wild-type mice, while it was moderately reduced in cDC2s (p = 0.002 H = 6.859) (Fig 4D). 353 

In the lung both conventional DCs subsets lacking Csf2ra exhibited a reduced antigen uptake 354 

(cDC1 p = 0.001 H = 6.195; cDC2 p = 0.002 H = 4.294) while OVA uptake was unaffected in 355 

Csf2ra-deficient moDCs (Fig 4E). In order to evaluate a possible impact of Csf2ra-deficiency 356 

on expression of costimulatory molecules, we measured a number of well-known markers in the 357 

lung and the lung dLN (Fig 4F-M). It was clearly evident, that surface expression (i.e. MFI) of 358 

CD80 (cDC1: p = 0.043, H = 1.1819; cDC2: p = 0.009, H = 1.6156) and CD86 (cDC1: p = 359 

0.011, H = 3.408; cDC2: p = 0.028, H = 4.487) on conventional DCs in lung dLN of Csf2ra-/- 360 

animals was considerably lower than WT controls (Fig 4F, G). No differences could be 361 

observed in other molecules such as CD40 (Fig 4H). Similarly, the conventional DC subsets in 362 

the lung exhibited a much lower MFI in CD80 (cDC1: p = 0.0126, H = 1.5242; cDC2: p = 363 

0.0081, H = 1.6454) and CD86 (cDC1: p = 0.0252, H = 1.3329; cDC2: p = 0.0194, H = 1.4046) 364 

(Fig 4K, L) but not CD40 (Fig 4L). Interestingly IL-33 receptor ST2 (also known as IL1RL1) 365 

expression on dLN cDC2 was lower in HDM-treated animals compared to naïve controls (p = 366 

0.050, H = 1.4761) (Fig 4I), but no effect could be observed on lung DCs (Fig 4M). Overall, 367 
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these results indicated that GM-CSF receptor signalling was required for efficient antigen 368 

uptake and transport to the dLN by DCs, as well as their expression of key surface costimulatory 369 

molecules.  370 

 371 

GM-CSF receptor signalling intrinsically controls DC-mediated T cell immunity 372 

Having observed a pronounced deficiency of DC-mediated antigen uptake, transport and 373 

costimulation, we wanted to functionally evaluate the impact of GM-CSF signalling on DC-T 374 

cell interactions. For this purpose, lung DCs were sorted from naïve WT and AM-reconstituted 375 

Csf2ra-/- mice and were co-cultured with CD4+ T cells (from OTII tg mice) and 100nM of 376 

OVA-peptide. Quantification of the number of T cells after 5 days of culture revealed that 377 

Csf2ra-deficient DCs were less potent at inducing CD4+ T cell expansion (for cDC1 p = 0.0051, 378 

H = 2.0637; for cDC2p = 0.0017, H = 3.9342) (Fig 5 A). Lung cDC1s and cDC2 predominantly 379 

induced Th2 and Th1 differentiation, respectively, while Th17 differentiation was poorly 380 

induced by both DC subsets under neutral (non-polarizing) culture conditions (Fig 5B).  381 

Interestingly, while GM-CSF receptor was dispensable in cDC1s and cDC2 for their ability to 382 

induce CD4+ T cell subset characteristic cytokine production (Fig 5C), it was required for the 383 

capacity of cDC1s (p = 0.0011, H = 2.6236) and cDC2s (p = 0.0015, H = 4.0346) to induce the 384 

Th2 and Th17 polarizing transcription factors GATA-3 and RORγt, respectively (Fig 5D). The 385 

differences may be explained by brief PMA/Ionomycin stimulation prior measurement of 386 

intracellular cytokine production. Overall these results indicated a potent intrinsic role for GM-387 

CSF signalling in lung DCs-T cell interactions and Th2 and Th17 but not Th1 polarization.  388 

 389 

Dendritic-cell intrinsic GM-CSF receptor signalling is required for potent induction of 390 

chronic lung inflammation and T cell immunity in vivo 391 

After seeing a potent effect of global Csf2ra-deficiency on lung DC function in vivo and a DC 392 

intrinsic requirement of Csf2ra for CD4+ T cell expansion and upregulation of the transcription 393 

factors RORγt and GATA3, in vitro, we wanted to address whether selective absence of Csf2ra 394 
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in DCs affects development of chronic asthma. For this purpose, we crossed Csf2rb fl/fl to Cd11c-395 

Cre animals to generate mice with a GM-CSF receptor deficiency in DCs and CD11c+ AM. To 396 

overcome the defect in AM, these animals were then reconstituted with AM to prevent PAP 397 

development and were subsequently subjected to chronic HDM exposure. Evaluating chronic 398 

inflammation after 4 weeks of treatment indicated that infiltration of both eosinophils (p = 399 

0.0229, H = 1.7756) as well as neutrophils (p = 0.0403, H = 1.5458) was strongly reduced in the 400 

BAL of Csf2rb fl/fl-Cd11c-Cre animals compared to Csf2rb fl/fl littermate controls (Fig 6A). BAL 401 

CD4+ T cells (Fig 6B), and innate immune cell populations such as NK cells and ILCs were 402 

unaffected (Fig 6C). Notably, evaluation of DC numbers (Fig6E, F) revealed a strong decrease 403 

in lung (p = 0.0001, H = 5.6369) and lung dLN cDC2s (p = 0.0001, H = 4.3726) , and to a 404 

lesser extent cDC1s in both naïve and asthmatic mice. Furthermore, the frequencies of GATA-405 

3+ (p = 0.0442, H = 1.5082,) and RORγt+ CD4+ T cells (p = 0.0109, H = 2.0851) (Fig 6G) as 406 

well as cells producing cytokines IL-17A (p = 0.0003, H = 3.9036), IL-5 (p = 0.0349, H = 407 

1.6047,) and IL-13 (p = 0.0016, H = 2.9666), were significantly reduced in animals that lacked 408 

functional GM-CSF receptor signalling in DCs (Fig 6H). To corroborate our results from flow 409 

cytometry we evaluated lung inflammation in HDM-challenged animals using histological 410 

analysis. Consistent with our FACS results, histology revealed that both chronic immune 411 

infiltration as well as the mucus producing goblet cells were reduced in Csf2rb fl/fl-Cd11c-Cre 412 

animals (Fig 6I) Overall, these results identified a critical intrinsic requirement for GM-CSF 413 

receptor in lung DCs for the potent induction of T cell immunity driving lung inflammation in a 414 

model of chronic asthma.  415 

 416 

GM-CSF responsiveness in DCs is sufficient to drive allergic airway inflammation 417 

In order to further demonstrate that GM-CSF signalling in DCs was sufficient to drive HDM-418 

induced airway inflammation, we generated bone-marrow-derived DCs using Flt3L from WT 419 

and Csf2rb-deficient mice for subsequent transfer in vivo. No differences could be observed in 420 

the phenotype of cultured cells (FigS3C). After 9 days of culture DCs were pulsed with HDM 421 

and were then transferred to WT recipients. Subsequent HDM challenge and flow cytometric 422 
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analysis of the mice revealed that HDM-pulsed WT DCs induced more potent eosinophilia than 423 

Csf2rb-deficient cells, which was strongly dependent on the pulsing with HDM (p = 0.0365, H 424 

= 1.731) (Fig7A, B). Furthermore, HDM-pulsed WT DCs induced a more pronounced 425 

infiltration of CD4+ T cells, compared to un-pulsed controls (p = 0.0165, H = -2.4056), which 426 

was not observed in GM-CSF signalling deficient cells (Fig7C). Interestingly, transfer of pulsed 427 

WT DCs induced a stronger accumulation of cDC2s in the lungs of recipient mice compared to 428 

that of KO DCs (p = 0.0064, H = -2.5761) (Fig7D). Furthermore, T cell polarization was found 429 

to selectively affected by the presence of GM-CSF receptor on transferred DCs. The frequency 430 

of both GATA3-expressing (p = 0.0135, H = 2.1992) (Fig7E) and type 2 cytokines IL-4 (p = 431 

0.0213, H = 1.9812), IL-5 (p = 0.005, H = 2.6991) and IL-13-producing (p = 0.0227, H = 432 

1.9516) CD4+ T cells (Fig7F) were reduced in mice which had received pulsed KO DCs. 433 

Interestingly, although there was a trend for IL-17A in the same direction, this was found to be 434 

not significant (p = 0.174, H = 1.015) (Fig7F). Taken together, these results corroborated a 435 

direct and important role of GM-CSF signalling in modulating the capacity of DCs to drive 436 

HDM-induced airway inflammation. 437 

 438 

GM-CSF signalling in DCs also promotes lung inflammation in acute allergic asthma 439 

After having established an important role of GM-CSF signalling in lung DCs in driving 440 

chronic allergic airway inflammation we wanted to test the broader relevance of our findings 441 

and determine whether GM-CSF signalling in lung DCs was generally required for allergen-442 

induced lung inflammatory disease. For this purpose, we employed a model of acute allergic 443 

lung inflammation induced by HDM as described previously (9) using AM reconstituted 444 

Csf2rb fl/fl-Cd11c-Cre mice. These experiments revealed that infiltration of eosinophils in 445 

particular (p = 0.0086, H = 2.185) and to some extent also neutrophils (p = 0.1047, H = 446 

1.1571) was reduced in Csf2rb fl/fl-Cd11c-Cre as opposed to floxed littermate controls (Fig 447 

8A, B). This deficiency in granulocyte accumulation was associated with a reduction in the 448 

number of cDC2s (p = 0.0297, H = 1.6702) and moDCs (p = 0.0085, H = 2.194) (Fig 8C) as 449 

well as a lower number of CD4+ T cells (p = 0.050, H = 1.4519) (Fig 8D). These significant 450 
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differences in various key immune cells could be also seen in histological sections where 451 

lungs of DC-intrinsic GM-CSF receptor deficient animals exhibited lower overall 452 

inflammation (Fig 6E). Finally, this reduction in HDM-induced respiratory inflammation was 453 

associated with a lower production of IL-4 (p =0.0032, H = 2.9511), IL-5 (p = 0.0205, H = 2) 454 

and IL-17A (p = 0.001, H = 6.2763) (Fig 8E) in CD4+ T cells in animals which lacked 455 

functional GM-CSF signalling in DCs. Taken together these findings highlighted the general 456 

importance of GM-CSF in potentiating the function of lung DCs to drive allergic lung 457 

inflammation.   458 

 459 

 460 

 461 

 462 

 463 

Discussion 464 

GM-CSF has been implicated to play a critical role in lung immunity in multiple contexts 465 

including infection(4) and acute allergic responses (9). However, its role in regulating chronic 466 

lung inflammation remains largely unclear. Here we show that in the context of chronic 467 

asthmatic inflammation it is critically involved in driving recruitment of disease-exacerbating 468 

neutrophils and eosinophils, development of AHR and chronic airway inflammation. We 469 

identify a GM-CSF-dependent inflammatory circuit where GM-CSF-triggered lung DC-470 

mediated priming of Th17 and Th2 immunity drives chronic lung disease. While these findings 471 

identify GM-CSF as a critical player in development of chronic allergic lung inflammation, they 472 

also suggest potential roles of this cytokine in other chronic inflammatory lung conditions such 473 

as COPD and lung fibrosis. Indeed in both these diseases neutrophils are also seen as important 474 

drivers of lung inflammation (25) (26) and it is likely that GM-CSF, by promoting induction of 475 

T cell immunity or potentially by direct recruitment of neutrophils, also contributes to disease 476 

exacerbation in these contexts. Furthermore, GM-CSF was recently shown to exacerbate disease 477 

in COVID-19-related pneumonia (27).  One mechanism which is key for neutrophils 478 

exacerbating disease is the formation of cytoplasts after NETosis, which were shown to directly 479 
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promote T cell immunity (19). Indeed, in chronic allergic inflammation it is likely that GM-CSF 480 

is driving a positive feedback loop where Th17-mediated recruitment of neutrophils leads to 481 

accumulation of cytoplasts. This in turn, further promotes Th17 immunity and therefore more 482 

accumulation of neutrophils. Furthermore, while neutrophil-derived cytoplasts have recently 483 

been investigated (19), the role of eosinophil-derived cytoplasts as a disease exacerbating factor 484 

in this context remains completely unclear. In addition, our study also highlights the importance 485 

of using animal models which truly represent chronic lung inflammation to study the 486 

pathophysiological mechanisms of human chronic lung disease rather than extending findings 487 

from models with more acute types of inflammation as is commonly done in asthma research 488 

(28). This is exemplified by the findings of our own recent study where we found an important 489 

intrinsic role for GM-CSF in recruitment of eosinophils in acute allergic airway inflammation 490 

(9). It is therefore no surprise that, early efforts using neutralizing GM-CSF in asthma in 491 

generally did not show much success (29), likely due to lack of patient stratification and a focus 492 

on individuals with neutrophilic inflammation.   493 

Interestingly, on a mechanistic level we found potentially distinct roles of GM-CSF in 494 

promoting the Th2- and Th17-polarizing capacity of cDC1s and cDC2s respectively. This would 495 

be consistent with some indications in the literature, which have suggested cDC1s as more 496 

potent inducers of Th2 (30) and cDC2s of Th17 responses (23). Furthermore, apart from 497 

promoting expression of key costimulatory molecules such as CD80 and CD86 it is likely that 498 

GM-CSF affects further aspects of lung DC function including cytokine secretion. For example 499 

IL-6 presentation by SIRPα+ DCs was recently shown to be crucial for priming of pathogenic 500 

Th17 cells in vivo (31) and it is possible that in chronic asthma the same mechanism is driving 501 

Th17 immunity. Interestingly, Th1 immunity is completely unaffected or even enhanced by the 502 

absence of GM-CSF signalling in DCs in the asthma models shown here and upon influenza 503 

virus infection (4) . This would suggest that GM-CSF actually specifically promotes Th2 and 504 

Th17 responses in DCs or that Th1 immunity is rescued by compensatory mechanisms such as 505 

NK cell/ILC1-derived IFNγ,  which overcome the requirement for GM-CSF for Th1-cell 506 

induction. Furthermore, it appears that GM-CSF is important regardless of where antigen uptake 507 
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and DC activation occurs, as induction of airway inflammation by transfer of HDM-pulsed DCs 508 

was still dependent on sensing GM-CSF. Interestingly, the capacity of BMDCs to induce Th17 509 

immunity was much less affected by GM-CSF receptor deficiency, suggesting that lung DCs in 510 

situ potentially receive additional signals in situ to potential their Th17 priming functionality. 511 

Another likely explanation for the reduction of Th17 cells is the reduced number of lung DCs in 512 

GM-CSFR-deficient animals. This is not the case in the BMDC model, where in all conditions 513 

the recipient animals received the same number of DCs. In addition, GM-CSF receptor-deficient 514 

animals did not just exhibit a reduced number of RORγt+ effector T cells, but also a significantly 515 

reduced frequency of RORγt+ Tregs. This suggests that potentially similar mechanisms promote 516 

Th17 and Treg differentiation in this setting. Whether these cells play any role in the 517 

pathophysiology of chronic asthma remains to be investigated in the future. Taken together with 518 

the reduction of the number of lung DCs in GM-CSF receptor deficient animals, these results 519 

suggest that GM-CSF critically regulates the quantity and quality of DC-mediated induction of 520 

T cell immunity in the lung, which in turn drives chronic lung inflammation in asthma and 521 

likely in other respiratory disease contexts. Interestingly, in influenza virus infection antiviral T 522 

and B cell immunity was unimpaired in GM-CSF deficient animals (4). Immunity against 523 

influenza virus is characterized by a potent Th1 response (4) and indeed the fact that GM-CSF is 524 

dispensable for the induction of adaptive immunity is consistent with our findings that Th1 525 

immunity is unimpaired in chronic allergic inflammation. Furthermore, in this context induction 526 

of CD8+ T cell immunity by cDC1s is particularly important (32) and these cells play a less 527 

important role in chronic airway inflammation.  528 

Overall, our results identify GM-CSF as a key orchestrator of a neutrophil-DC-Th17 circuit 529 

driving chronic lung disease, not just providing a potentially new therapeutic target in chronic 530 

asthma but suggesting new avenues of research into the underlying molecular mechanisms of 531 

other chronic lung pathologies.  532 
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 646 

 647 

Figure Legends 648 

Figure 1: GM-CSF signalling controls development of HDM-induced chronic allergic lung 649 

inflammation 650 

(A) AM-reconstituted Csf2ra-/- mice were sensitized and challenged with HDM, as indicated in 651 

the scheme. (B) Shown are representative FACS dot plots and (C-D) numbers (mean ± SEM) of 652 

BAL and lung eosinophils and neutrophils. (E) Number of lung dendritic cell subsets and (F) 653 

BAL CD4+ and CD8+ T cells. (G) BAL cells were restimulated for 4h with PMA/ionomycin and 654 

indicated cytokines were stained intracellularly. Shown is the frequency of cytokine-producers 655 

among CD4+ T cells. (H) Frequency of RORγt+ among Foxp3+ CD4+ Tregs and Foxp3- effector 656 

CD4+ T cells. (I) Frequency of FoxP3+ Treg among CD4+ T cells in indicated tissues. (J) AHR 657 

in response to increasing concentrations of methacholine (n=5-7/group). (K) HDM-specific 658 

IgG1 determined by ELISA. Shown is OD405 value. The data is representative of 3 independent 659 
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experiments. The Student’s t test (unpaired) was used: p <= 0.05 (*), p <= 0.01 (**), p <= 0.001 660 

(***). 661 

 662 

Figure 2: Ovalbumin-based chronic asthma model also demonstrates GM-CSF receptor 663 

requirement for development of chronic lung inflammation. 664 

(A) Csf2ra-/- mice (CD45.2) reconstituted with alveolar macrophages (CD45.1) were sensitized 665 

and challenged with ovalbumin as shown in the scheme. (B) Dot plots of BAL cells (from a 666 

representative individual of indicated groups of mice) gated on CD11b+CD45.2+ cells with 667 

Siglec-F+Ly-6G- eosinophils and Ly-6G+ Siglec-F- neutrophils. (C-H) Quantitation of flow 668 

cytometry analysis showing number of  (C-D) eosinophils and neutrophils in BAL and lung, (E) 669 

BAL CD4+ T cells and CD8+ T cells. (F) BAL cells were stimulated for 4h with 670 

PMA/ionomycin and intracellular cytokine staining performed. Shown is the frequency of IL-4, 671 

IL-5, IFNγ and IL-17A-producers among CD4+ T cells. (G) Number of lung RORγt+ and 672 

RORγt- effector CD4+ T cells. (H) Number of RORγt+ and RORγt- Treg cells in the lung. (I) 673 

AHR in response to increasing concentrations of methacholine (n=5-7/group), All graphs show 674 

(mean ± SEM) (n=5-6/group) The data is representative of 2 independent experiments. The 675 

Student’s t test (unpaired) was used: p <= 0.05 (*), p <= 0.01 (**), p <= 0.001 (***). 676 

 677 

Figure 3: GM-CSF receptor signalling does not intrinsically control granulocyte 678 

accumulation or cytoplast formation in chronic allergic lung inflammation 679 

(A) AM-reconstituted Csf2ra-/- mice were sensitized and challenged with HDM, as indicated in 680 

figure 1. Shown are representative FACS dot plots of DNA low cytoplasts as well as a summary 681 

of the FACS data in terms of (B) frequency of parent and (C) total number of eosinophils and 682 

neutrophils. (D) CD45.1+CD45.2+ WT animals were irradiated and subsequently reconstituted 683 

with a 50:50 mix of CD45.1+ WT:CD45.2+WT or CD45.1+WT:CD45.2+Csf2ra-/- BM. After 8 684 

weeks mice were exposed to HDM as described in figure 1. Shown is a summary of FACS data 685 

of DNA low cells normalized to the parent frequency of CD45.2+ neutrophils or eosinophils 686 

respectively. (E-F) Show is the frequency of CD45.2+ cells normalized to blood B cells. All 687 
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graphs show (mean ± SEM). The data is representative of 2 experiments. (n=6-7/group) The 688 

Student’s t test (unpaired) was used: p <= 0.05 (*), p <= 0.01 (**), p <= 0.001 (***). 689 

 690 

Figure 4: GM-CSF signaling controls lung dendritic cell activation, antigen uptake and 691 

transport to the draining lymph node 692 

WT and AM-reconstituted Csf2ra-/- mice were injected intratracheally with 100μg OVA-693 

AF488 and 100μg HDM and sacrificed 24h later for analysis of the lung and the dLN by flow 694 

cytometry. Shown are (A) the gating strategy in the lung dLN as well as representative FACS 695 

dot plots of naïve and treated animals, and the total numbers of (B) dLN DCs and (C) OVA-696 

AF488+ DCs in the lung dLN, (D, E) as well as the frequencies of OVA-AF488+ DCs in lung 697 

dLN and lung. (F-M) Shown are the MFIs of indicated DC activation markers for lung and lung 698 

dLN DC subsets as a summary of FACS data. All graphs show (mean ± SEM). The data is 699 

representative of 2 independent experiments. (n=3-6/group) The Student’s t test (unpaired) was 700 

used: p <= 0.05 (*), p <= 0.01 (**), p <= 0.001 (***). 701 

 702 

Figure 5: GM-CSF receptor signalling in lung cDC1s and cDC2s differentially controls Th 703 

subset polarization 704 

 Lung cDC1 and cDC2 from naive WT and AM-reconstituted Csf2ra-/- mice were isolated and 705 

co-cultured with naïve OT-II CD4+ T cells in the presence of 100nM OVA peptide for 5 days. 706 

Shown is data pooled from three experiments. (A) The total number of CD4+ T cells normalized 707 

to the WT mean (B-D) Cells were then restimulated for 4h with PMA/ionomycin. Shown are 708 

representative FACS dot plots as well as the frequency of indicated cytokines and transcription 709 

factors. All graphs show (mean ± SEM) as a summary of FACS data. The Student’s t test 710 

(unpaired) was used: p <= 0.05 (*), p <= 0.01 (**), p <= 0.001 (***). 711 

 712 

Figure 6: DC intrinsic GM-CSF receptor signalling is required for potent induction of 713 

chronic lung inflammation and Th2 and Th17 cell immunity in vivo 714 
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AM-reconstituted Csf2rblox/lox-Cd11c-Cre mice were sensitized and challenged with HDM, as 715 

indicated in figure 1. Shown are (A) representative dot plots and (B) total cell numbers (mean ± 716 

SEM) of BAL eosinophils and neutrophils, (C) BAL CD4+ and CD8+ T cells, (D) Lung innate 717 

lymphocytes, (E) Lung DC subsets, and (F) DC subsets in lung dLN as determined by flow 718 

cytometry. (G) Frequencies of lung CD4+ T cells expressing indicated transcription factors. (H) 719 

BAL cells were restimulated for 3h with PMA/ionomycin and cytokine production determined. 720 

Shown is the frequency (mean ± SEM) of IL-4, IL-5, IL-13, IL-17A and IFNγ-producing CD4+ 721 

T cells (n=6-11/group) (I) Shown are representative histological H&E and PAS-stained sections 722 

of HDM-challenged lungs. The data is representative of 2 independent experiments. The 723 

Student’s t test (unpaired) was used: p <= 0.05 (*), p <= 0.01 (**), p <= 0.001 (***). 724 

 725 

Figure 7: DC intrinsic GM-CSF receptor signalling is required for potent induction of 726 

allergic airway inflammation  727 

WT mice received 4x105 Flt3L-derived WT or GM-CSFR-deficient HDM-pulsed or un-pulsed 728 

BMDCs. Animals were then challenged daily with 10ug HDM on days 7-11 with flow 729 

cytometric analysis on day 14. Shown are (A-B) representative dot plots of total numbers of 730 

eosinophils and neutrophils in the BAL (mean ± SEM) of (C) BAL CD4+ and CD8+ T cells (D) 731 

Lung DC subsets, (E) Frequencies of lung CD4+ T cells expressing indicated transcription 732 

factors. (F) BAL cells were restimulated for 3h with PMA/ionomycin and cytokine production 733 

determined. Shown is the frequency (mean ± SEM) of IL-4, IL-5, IL-10, IL-13, IL-17A and 734 

IFNγ-producing CD4+ T cells (n=3-5/group) The data is representative of 2 independent 735 

experiments. The Student’s t test (unpaired) was used: p <= 0.05 (*), p <= 0.01 (**), p <= 0.001 736 

(***). 737 

 738 

Figure 8: DC intrinsic GM-CSF receptor signalling promotes lung inflammation in acute 739 

allergic asthma 740 

AM-reconstituted Csf2rblox/lox-Cd11c-Cre mice were sensitized with 10ug HDM on day 0 and 741 

were then challenged with 10µg of HDM daily on days 7-11 with flow cytometric analysis after 742 
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14 days. (A-B) Representative dot plots of BAL and total numbers (mean ± SEM) of 743 

eosinophils and neutrophils, (C) Lung DC subsets (D) BAL CD4+ and CD8+ T cells, (E) I) 744 

Representative histological H&E sections of HDM-challenged lungs (F) BAL cells were 745 

restimulated for 3h with PMA/ionomycin and cytokine production determined. Shown is the 746 

frequency (mean ± SEM) of IL-4, IL-5, IL-10, IL-17A and IFNγ-producing CD4+ T cells (n=3-747 

5/group) The data is representative of 2 independent experiments. The Student’s t test 748 

(unpaired) was used: p <= 0.05 (*), p <= 0.01 (**), p <= 0.001 (***). 749 

 750 

Jo
urn

al 
Pre-

pro
of



BAL Lung LN0

10

20

30

Fo
xP

3+ 
of

 C
D

4+  (
%

)

***
*

Eosinophils Neutrophils

WT

Csf2ra-/- + AM

IL-17A-/-

****
**

*

CD4+ T cells

**
*

**

CD4+ Foxp3- CD4+ Foxp3+0

10

20

30

40

R
O

R
γt+ (%

)
****

*

****

cDC1 cDC2 moDCs

**

**

****

Baseline 0 6.25 12.5 25 50
0

1

2

3

4

5

Av
er

ag
e 

Pe
nH

WT

Csf2ra-/- 
+ AM

IL-17A-/-

***

*

CD8+ T cells IL-4 IL-5 IL-10 IL-13 IL-17A IFNγ
0

5

10

15

C
yt

ok
in

e+  o
f C

D
4+  T

 c
el

ls
 (%

)

* *

**

0.085

BAL CD4+ T cells

A

C E

F

I

G H

J K

0

2.0

4.0

6.0

8.0

 C
el

l c
ou

nt
 (x

 1
05 )

0

2.0

4.0

6.0

8.0

 C
el

l c
ou

nt
 (x

 1
04 )

0

0.5

1.0

C
el

l c
ou

nt
 (x

 1
05 )

10μg HDM i.t. /day Analysis

0 2 4 7 9 11 14 16 18 21 23 25 28 days

WT

Csf2ra-/- + AM

IL-17A-/-

Treg

BAL

Lung

Lung

BAL
Eosinophils Neutrophils

*

***
*

0

0.2

0.4

0.6

0.8

C
el

l c
ou

nt
 (x

 1
06 )

1.0

Lung

B

D

BAL

Lung

WT Csf2ra-/- + AM IL-17A-/-

0 10 3 10 4 10 5

0

10 2

10 3

10 4

10 5 22.7

71.4
0 10 3 10 4 10 5

0

10 2

10 3

10 4

10 5 33.7

64.2
0 10 3 10 4 10 5

0

10 2

10 3

10 4

10 5 15.4

75.6

0 10 3 10 4 10 5

0

10 2

10 3

10 4

10 5 13.5

40.6
0 10 3 10 4 10 5

0

10 2

10 3

10 4

10 5

13.6

41.3
0 10 3 10 4 10 5

0

10 2

10 3

10 4

10 5 25.5

44.5

Siglec-F

Ly
-6

G

101 10
Dilution Factor

BA
L 

Ig
G

1 
O

D
40

5

0

1

2

3

methacholine

Jo
urn

al 
Pre-

pro
of



Eosinophils Neutrophils

IL-17A-/-

***
***

CD4+ T cells CD8+ T cells

*

Lung Tregs

*

****

***

Eosinophils Neutrophils

**
****

Lung effector T cells

***

Fr
eq

ue
nc

y 
of

 C
D

4+  T
 c

el
ls

 (%
)

0

2

4

6

8

C
el

l c
ou

nt
 (x

 1
05 )

0

0.5

1.0

1.5

2.0

C
el

l c
ou

nt
 (x

 1
06 )

0

2

4

6

8

C
el

l c
ou

nt
 (x

 1
04 )

0

1

2

3

4

C
el

l c
ou

nt
 (x

 1
05 )

5

0

0.2

0.4

0.6

0.8

C
el

l c
ou

nt
 (x

 1
05 )

1.0

RORγ+ CD4+

A

B

C D

G

E

F

Csf2ra-/- + WT AM

IL-4 IL-17AIFNγ

RORγ- CD4+ RORγ- TregsRORγ+ Tregs

IL-5

0.541

Lung CD4+ T cells

0

2

4

6

8

10

*

*

10μg OVA+
1μgTNF i.t. Analysis

0 3 17-21 23-51

50μg 
OVA i.t. 3x50μg OVA i.t./week

53

Lung BAL

BAL

0

2

4

6

8

WT

WT 
Csf2ra-/- + AM

Base
line

 0 6.25 12.5 25 503

Av
er

ag
e 

Pe
nH Csf2ra-/- + AM

PBS

HDM

H

BAL

Lung

WT Csf2ra-/- + AM IL-17A-/-

Ly-6G

Si
gl

ec
 F

0 10 3 10 4 10 5

0

10 3

10 4

10 5

95.5

2.75

0 10 3 10 4 10 5

0

10 3

10 4

10 5

84.4

8.69

0 10 3 10 4 10 5

0

10
3

10
4

10
5

91.5

4.35

0 10 3 10 4 10 5

0

10 3

10 4

10 5

67.3

12.8

0 10 3 10 4 10 5

0

10 3

10 4

10 5

34

21.3

0 10 3 10 4 10 5

0

10 3

10 4

10 5

38.2

12.5

WT

methacholine

*Jo
urn

al 
Pre-

pro
of



BAL Lung
0.0

0.5

1.0

1.5

Neutrophils Eosinophils
0.0

0.5

1.0

1.5

C
D

45
.2

+  n
or

m
al

iz
ed

 to
 p

ar
en

t (
%

)

*

BAL Lung
0.0

0.5

1.0

1.5

*

WT : WT
WT : Csf2ra-/-

Eosinophils Neutrophils

* *WT

Csf2ra-/- + AM

Eosinophils Neutrophils
0

10

20

30

40

C
yt

op
la

st
s 

(%
)

Neutrophils Eosinophils

-/- 

WT

Csf2ra + AM

Cytoplasts

A B C

D E F
C

D
45

.2
+  n

or
m

al
iz

ed
 to

 p
ar

en
t (

%
)

%
 C

D
45

.2
+  (

no
rm

al
iz

ed
) 

0

2.0

4.0

6.0

C
el

l c
ou

nt
 (x

 1
04 )

0
50K
100K
150K
200K
250K

15.5

0
50K
100K
150K
200K
250K

14

0

50K
100K
150K
200K
250K

16.8

0102 103 104 1050

50K
100K
150K
200K
250K

27.1

0102 103 104 105

0102 103 104 105 0102 103 104 105

FS
C-

A

DNA

Neutrophils Eosinophils

WT

Csf2ra-/- + AM

Cytoplasts

Jo
urn

al 
Pre-

pro
of



WT + HDM/OVA-AF488
WT naive

Csf2ra-/- + AM naive

Csf2ra-/- + AM + HDM/OVA-AF488

moDCs
0

5

10

15

20

25

C
D

40
 M

FI
 (x

 1
00

)

0

ST
2 

M
FI

 (x
 1

00
)

5

10

15

moDCs

*

*

A

B C

F G

D

E

H I J

K L M
Lung dLN Lung dLN

0 102 103 104 105

0

103

104

105 5.29

0 103 104 105

0

103

104

105 37.1

31.7

0 102 103 104 105

0

103

104

105 0.852

0 103 104 105

0

103

104

105 43.8

30.7

0 102 103 104 105
0

50K

100K

150K

200K

250K

0

0 102 103 104 105
0

50K

100K

150K

200K

250K

55.7

0 102 103 104 105

0

103

104

105

91.4 7.65
0 102 103 104 105

0

50K

100K

150K

200K

250K 57.8

0 102 103 104 105
0

50K

100K

150K

200K

250K

67.3
0 10 2 10 3 10 4 10 5

0

103

104

105

97.8 1.18
0 102 103 104 105

0

50K

100K

150K

200K

250K 0

0 102 103 104 105

0

103

104

105 1.03

0 103 104 105

0

103

104

105 45.9

24.8

0 102 103 104 105

0

103

104

105

96.5 2.69
0 102 103 104 105

0

50K

100K

150K

200K

250K

33.3

0 102 103 104 105
0

50K

100K

150K

200K

250K 50.9

0 102 103 104 105
0

50K

100K

150K

200K

250K

65.5

0 102 103 104 105

0

103

104

105 1.51

0 103 104 105

0

103

104

105 45.9

23.2

0 102 103 104 105

0

103

104

105

96.6 2.59

0 102 103 104 105
0

50K

100K

150K

200K

250K

0

0 102 103 104 105
0

50K

100K

150K

200K

250K 0CD
11

c

MHCII

CD
11

b

XCR1

CD
11

b

CD64

FS
C-

W

OVA-AF488

AF-CD45+ CD11c+MHCIIhigh CD11b+XCR1- cDC1s cDC2s moDCs

cDC1s cDC2s moDCs
0

2

4

6

8

O
VA

+  C
el

l c
ou

nt
 (x

 1
04 )

10

**

**

Lung dLN OVA+ cells 

moDCs
0

10

20

30

40

50

C
D

80
 M

FI
 (x

 1
00

0)

Lung dLN

**

***
*

cDC1s cDC2s

moDCs
0

20

40

60

80

100

O
VA

+  c
el

ls
 o

f D
C

 (%
)

**

Lung dLN

cDC1s cDC2s

moDCs
0

50

100

150
C

D
86

 M
FI

 (x
 1

00
0) *

**

Lung dLN
cDC1s cDC2s

cDC1s cDC2s

moDCs
0

20

40

60

C
D

86
 M

FI
 (x

 1
00

0)

***

*** *

Lung 
cDC1s cDC2s

cDC1s cDC2s

moDCs
0

1

2

3

4

C
D

40
 M

FI
 (x

 1
00

0)

Lung 
cDC1s cDC2s moDCs

0

2

4

6

ST
2 

M
FI

 (x
 1

00
)

Lung 
cDC1s cDC2s

*

*

cDC1s cDC2s moDCs

Lung dLN cells 

0

0.5

1.0

C
el

l c
ou

nt
 (x

 1
04 )

1.5

WT 
+ HDM/OVA-AF488

WT naive

Csf2ra-/- + AM naive

Csf2ra-/- + AM 
+ HDM/OVA-AF488

moDCs
0

20

40

60

80

100

**
**

Lung OVA+ cells 
cDC1s cDC2s

O
VA

+  c
el

ls
 o

f D
C

 (%
)

moDCs
0

10

20

30

C
D

80
 M

FI
 (x

 1
00

0)

***

*** ***

Lung 
cDC1s cDC2s

Jo
urn

al 
Pre-

pro
of



WT
Csf2ra-/- + WT AM

A B

C

0 10 3 10 4 10 5

0
10 2

10 3

10 4

10 5

0.208

0.03232.26

97.5
0 10 3 10 4 10 5

0
10 2

10 3

10 4

10 5

0.585

0.12718.9

80.4

0 10 3 10 4 10 5

0
10 2

10 3

10 4

10 5

0.179

0.01533.22

96.6
0 10 3 10 4 10 5

0
10

2

10
3

10
4

10
5

0.101

0.11550.3

49.5

0 10 3 10 4 10 5

0
10 2

10 3

10 4

10 5 53.9 1.48

0.28244.4

0 10 3 10 4 10 5

0
10 2

10 3

10 4

10 5 29.6 1.23

0.57768.6

0 10 3 10 4 10 5

0
10 2

10 3

10 4

10 5 6.99 0.28

0.95991.8

0 10 3 10 4 10 5

0
10 2

10 3

10 4

10 5 1.61 0.183

0.97497.2

IF
N
γ

IL-17A

WT

Csf2ra -/- 

IL
-4

IL-5

IF
Nγ

IL-17A

IL
-4

IL-5

Lung cDC1 Lung cDC2

0.0

0.5

1.0

1.5

C
D

4+  T
 c

el
l c

ou
nt

 (n
or

m
al

iz
ed

)

** ***

IL-4 IL-13 IL-17A
0

5

10

15

20

25

Fr
eq

ue
nc

y 
of

 C
D

4+  T
 c

el
ls

 (%
)

T-bet GATA-3 RORγt
0

20

40

60

Fr
eq

ue
nc

y 
of

 C
D

4+  T
 c

el
ls

 (%
)

0

10

20

30

40

Fr
eq

ue
nc

y 
of

 C
D

4+  T
 c

el
ls

 (%
)

0

10

20

30

40

Fr
eq

ue
nc

y 
of

 C
D

4+  T
 c

el
ls

 (%
)*

cDC1 cDC2

Lung cDC1
γIFN IL-4 IL-13 IL-17A

Lung cDC2
γIFN

D

T-bet GATA-3 RORγt

*

Lung cDC1 Lung cDC2

WT
Csf2ra-/- + WT AM

Jo
urn

al 
Pre-

pro
of



Eosinophils Neutrophils

IFNγ

*

**

cDC1 cDC2

***

CD4+ T cells CD8+ T cells

*

*

cDC1 cDC2 moDCs

*

*

*

*

NK cells ILC2s ILC1/3

0

1.0

2.0

3.0

4.0

C
el

l c
ou

nt
 (x

 1
05 )

0

0.5

1.0

1.5

C
el

l c
ou

nt
 (x

 1
04 )

0

0.2

0.4

0.6

0.8

C
el

l c
ou

nt
 (x

 1
05 )

1.0

0

2.0

4.0

6.0

8.0

C
el

l c
ou

nt
 (x

 1
03 )

Csf2rbfl/fl 
Csf2rbfl/fl CD11c-Cre + AM 
Csf2rbfl/fl 
Csf2rbfl/fl CD11c-Cre + AM 

PBS

HDM

Lung dLNLung

A B

D
E F

G

*

*

0

2.0

C
el

l c
ou

nt
 (x

 1
05 )

1.0

IL-4 IL-5 IL-13 IL-17A
0

5

10

15

20

Fr
eq

un
cy

 o
f C

D
4+

 T
 c

el
ls

 (%
)

*

0

5

10

15

20

Fr
eq

un
cy

 o
f C

D
4+  T

 c
el

ls
 (%

)

T-bet+ GATA3+ RORγt+

H

Si
gl

ec
 F

Ly-6G

PBS

HDM

Csf2rbfl/fl 
Csf2rbfl/fl 

CD11c-Cre + AM 

0 10 2 10 3 10 4 10 5

0

10 3

10 4

10 5

62.6
13.9

0 10 2 10 3 10 4 10 5

0

10 3

10 4

10 5

5.56
33.3

0 10 2 10 3 10 4 10 5

0

10 3

10 4

10 5

81.9
10.1

0 10 2 10 3 10 4 10 5

0

10 3

10 4

10 5

26.1

71.8

C
Csf2rbfl/fl 
Csf2rbfl/fl CD11c-Cre + AM 
Csf2rbfl/fl 
Csf2rbfl/fl CD11c-Cre + AM 

PBS

HDM

I Csf2rbfl/fl Csf2rbfl/fl CD11c-Cre + AM 

 HDM
Lung

Csf2rbfl/fl Csf2rbfl/fl CD11c-Cre + AM 

Jo
urn

al 
Pre-

pro
of



No BMDCs
WT BMDCs untreated
WT BMDCs + HDM
Csf2rb-/-  BMDCs untreated
Csf2rb-/-  BMDCs + HDM

*

IL-4 IL-5 IL-10 IL-13 IL-17A IFNγ
0

10

20

30

40

50

Fr
eq

un
cy

 o
f C

D
4+

 T
 c

el
ls

 (%
)

*

**
*

*

CD4+ T cells CD8+ T cells
0

0.5

1.0

1.5

2.0

C
el

l c
ou

nt
 (x

 1
05 )

0

0.5

1.0

C
el

l c
ou

nt
 (x

 1
06 )

cDC1 cDC2 moDCs

Lung

T-bet+ GATA3+ RORγt+

Fr
eq

un
cy

 o
f C

D
4+  T

 c
el

ls
 (%

)

0

10

20

30

B

D E

F

C

A

Unpulsed

Siglec-F

Ly
-6

G

HDM- 
pulsed

WT BMDCs Csf2rb-/-BMDCs 

-10

1.25

97.6
0 10 3 10 4 10 5

0

3

10 3

10 4

10 5 1.52

88.9
0 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

1.67

97.5
0 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

1.29

82.9
0 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

0.97

98.4
0 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

No BMDCs

*

*

Eosinophils Neutrophils
0

0.5

1.0

1.5

2.0

C
el

l c
ou

nt
 (x

 1
06 )

*

No BMDCs
WT BMDCs untreated
WT BMDCs + HDM
Csf2rb-/-  BMDCs untreated
Csf2rb-/-  BMDCs + HDM

Jo
urn

al 
Pre-

pro
of



CD4+ T cells CD8+ T cells

*

cDC1 cDC2 moDCs

*

*

0

2

4

6

C
el

l c
ou

nt
 (x

 1
05 )

0

1.0

1.5

C
el

l c
ou

nt
 (x

 1
05 )

0.5

Eosinophils Neutrophils

**

0

0.5

1.0

1.5

2.0

C
el

l c
ou

nt
 (x

 1
06 )

A B

D

0

5

10

15

20

25

Fr
eq

un
cy

 o
f C

D
4+

 T
 c

el
ls

 (%
)

*

**

***

IL-4 IL-5 IL-10 IL-17 IFNγ

F

C

Csf2rbfl/fl 
Csf2rbfl/fl CD11c-Cre + AM 
Csf2rbfl/fl 
Csf2rbfl/fl CD11c-Cre + AM 

PBS

HDM

Ly
-6

G

Siglec F

PBS

HDM

Csf2rbfl/fl 
Csf2rbfl/fl 

CD11c-Cre + AM 
2.34

87.1
0 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5 10.2

89.0
0 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

7.44

68.7
0 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5
3.12

93.6
0 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

Csf2rbfl/fl 
Csf2rbfl/fl CD11c-Cre + AM 
Csf2rbfl/fl 
Csf2rbfl/fl CD11c-Cre + AM 

PBS

HDM
8

Csf2rbfl/fl Csf2rbfl/fl CD11c-Cre + AM 

 HDM
Lung

E

Jo
urn

al 
Pre-

pro
of



0 10 3 10 4 10 5

0

10 2

10 3

10 4

10 5 72.1

0 50K 100K 150K 200K 250K
0

50K

100K

150K

200K

250K

98.3

0 10 3 10 4 10 5
0

50K

100K

150K

200K

250K

85.2

0 10 3 10 4 10 5
0

50K

100K

150K

200K

250K

35

0 10 3 10 4 10 5

0

10 2

10 3

10 4

10 5 30.5

56.4

0 10 3 10 4 10 5
0

50K

100K

150K

200K

250K

49.9

0 10 3 10 4 10 5

0

10 3

10 4

10 5

95

3.63

0 10 3 10 4 10 5

0
10 2

10 3

10 4

10 5

40

36.5

0 10 3 10 4 10 5

0

10 3

10 4

10 5

63.3 35.7

0 50K 100K 150K 200K 250K
0

50K

100K

150K

200K

250K

78.3

0 10 3 10 4 10 5

0

10 3

10 4

10 5

30.2

43.8

23.2

0 10 2 10 3 10 4 10 5

0

10 3

10 4

10 5 61.5

30.6

0 10 3 10 4 10 5

0

103

104

105

11.1

0 10 3 10 4 10 5

0

10 3

10 4

10 5

63.8

36.9

0 10 3 10 4 10 5

0

103

104

105

23.4

0 10 3 10 4 10 5

0

10 2

10 3

10 4

10 5

6.0

Lung

Viability dye

CD
45

CD45+viable

FSC-A

SS
C-

A

FSC-A

FS
C-

H

CD11c

SS
C-

A

CD11b

SS
C-

A

Siglec F

Ly
-6

G

Siglec F

SS
C-

A

MHCII

CD
11

c

CD11b

Ly
-6

G

Ly-6C

CD
11

5

CD11b

XC
R1

CD64

CD
11

b

TCRb

CD
19

CD8

CD
4

CD11b

NK
1.

1

ST2

CD
90

.2

Lymphocytes

TCRβ+

CD19-TCRb- NK1.1-CD11b-

Neutrophils

Eosinophils

Ly-6Chigh 
Monocytes

cDC1 cDC2 moDC

ILC1/
ILC3

ILC2

Figure S1

R1 R2

R3

R1 R2

R6

R4 R5

R3 R4

R5

R6

R7

R7

R0

R0

R0

R0

CD8+ T cells

CD4+ T cellsJo
urn

al 
Pre-

pro
of



A B

Ly-6Chigh Monocytes AM

WT

Csf2ra-/- + AM

IL-17A-/-

0

1

2

C
el

l c
ou

nt
 (x

 1
05 )

3

ILC1/ILC3 ILC2
0

0.5

1.0

1.5

C
el

l c
ou

nt
 (x

 1
04 )

LungLung

Eosinophils Neutrophils

*

cDC1 cDC2 moDCs

*

*

IL-4 IL-5 IL-10 IL-13 IL-17A IFNγ

*
*

GATA3+ RORγt+

*

*

0

1

2

3

C
el

l c
ou

nt
 (x

 1
04 )

*

0

1

2

3

4

C
el

l c
ou

nt
 (x

 1
05 )

0

1

2

3

4

C
el

l c
ou

nt
 (x

 1
05 )

0

0.5

1

2

2.5

C
el

l c
ou

nt
 (x

 1
04 )

1.5

WT

WT 
Csf2ra-/- + AM

Csf2ra-/- + AM

PBS

HDM

F

C

E

D

BAL

Lung effector CD4+ T cells BAL CD4+ T cells

Lung

Jo
urn

al 
Pre-

pro
of



AM
0

20

40

60

80

C
D

45
.2

+  (
%

) ***
***

****

WT CD45.2+:WT CD45.1+

Csf2ra-/- CD45.2+:WT CD45.1+

cDC1s cDC2s

***

cDC1s cDC2s moDCs

***

***

0

1

2

4

C
el

l c
ou

nt
 (x

 1
04 )

3

A

LungLung

B

C

67.8
0-10 4 10 4 10 5

0

-10 3

10 3

10 4

10 5

92.25.80

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

63.8
0-10 4 10 4 10 5

0

-10 3

10 3

10 4

10 5

93.74.15

0-10 3 10 3 10 4 10 5

0

-10 3

10 3

10 4

10 5

74.2
0-10 4 10 4 10 5

0

-10 3

10 3

10 4

10 5

93.04.71

0-103 103 104 105

0

-10 3

10 3

10 4

10 5

67.0
0-10 4 10 4 10 5

0

-10 3

10 3

10 4

10 5

92.13.77

0-103 103 104 105

0

-10 3

10 3

10 4

10 5

MHCII+CD11c+

Csf2rb-/-

MHCII

CD
11

c

CD11b

XC
R1

Csf2rb-/-WT WT

+ HDM

WT 

Csf2ra-/- + AM

Jo
urn

al 
Pre-

pro
of


