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58 Abstract 

59 Previous research has highlighted dysregulation in lipid metabolism during lung fibrosis. 

60 However, the impact of cholesterol immunometabolism during lung fibrosis progression 

61 remains unclear but has been related to the NLRP3-inflammasome activation in cardiovascular 

62 diseases. The main objective of this work was to investigate the link between altered 

63 cholesterol metabolism and NLRP3 inflammasome activation in fibrotic lungs. Different 

64 pulmonary fibrosis patient cohorts (from 2 centers and a publicly available dataset) and a 

65 murine model of lung fibrosis (aged SP-C–/–) were included. Expression of cholesterol 

66 metabolism proteins and cholesterol content were determined in lungs from patients and 

67 bronchoalveolar lavage fluid (BALF) cells of aging SP-C–/– mice. Metabolomic and lipidomic 

68 analyses were conducted in BALF and BALF cells of SP-C–/– versus wild-type (WT) mice. NLRP3 

69 inflammasome components were assessed by immunoblotting, ELISA, and 

70 immunofluorescence. Lung samples from fibrosis patients showed higher cholesterol content, 

71 altered cholesterol metabolism and higher IL-18 levels, compared to controls. Moreover, key 

72 genes related to inflammasome activation and cholesterol metabolism were differentially 

73 expressed in alveolar macrophages from IPF patients. Accordingly, BALF cells of SP-C–/– mice 

74 showed alteration of their cholesterol metabolism and inflammasome activation with age and 

75 fibrosis development. Lipidomic analysis pointed at cholesterol esters as potential activating 

76 agent. The molecular mechanism linking cholesterol esters to NLRP3 inflammasome and 

77 fibrosis markers was confirmed in vitro in a human macrophage model. In conclusion, altered 

78 cholesterol esterification activates the NLRP3 inflammasome in AM during pulmonary fibrosis 

79 in a murine model and fibrosis patients. 

80

81 Word count: 246 (max 250)

82

83 Keywords: alveolar macrophages, inflammasome activation, cholesterol immunometabolism, 

84 cholesterol ester, pulmonary fibrosis, IL-18
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85 Introduction

86 Idiopathic pulmonary fibrosis (IPF) is a chronic interstitial lung disease with a poor prognosis, 

87 characterized by progressive scarring of the lung, eventually leading to worsening of dyspnea 

88 and lung function, with fatal consequences for the patients. Histologically, IPF is characterised 

89 by a usual interstitial pneumonia pattern, which is defined by non-uniform and subpleural 

90 changes of lung tissue architecture associated with honeycombing and fibroblast foci 

91 formation (1, 2). Recently, progressive pulmonary fibrosis (PPF) has also been defined for 

92 pulmonary fibrosis patients (other than IPF) with worsening respiratory symptoms and 

93 evidence of disease progression (2).

94 In the last few years, a growing body of literature has focused on the role of lipids, and their 

95 alterations (3, 4) in the onset of pulmonary fibrosis, as extensively reviewed (5-10). Among 

96 lipids, cholesterol is the major neutral lipid in lung surfactant, where its concentration is tightly 

97 regulated, partially by alveolar macrophages (AM), via the reverse cholesterol transport (RCT) 

98 pathway (11). However, disruption in lipid homeostasis leads to lipid-laden AM, called foam 

99 cells, a common pathological feature in animal models of lung fibrosis (12, 13). From a clinical 

100 point of view, the use of cholesterol-lowering drugs seems to have controversial results in 

101 pulmonary fibrosis, with clinical trials showing a positive effect and others showing no effect 

102 (14-17). Likewise, altered cholesterol metabolism and accumulation of foam cells in lungs 

103 precede the appearance of fibrotic foci in surfactant protein C knockout (SP-C–/–) mice, a 

104 model of sporadic age-related lung fibrosis (18). SP-C mutation is characteristic of the human 

105 familial form of interstitial pneumonia (19), and SP-C deficiency has been demonstrated in 

106 human IPF patients (20, 21).

107 In cardiovascular diseases, elevated cholesterol levels in circulating macrophages (22-24) 

108 eventually activate the nucleotide-binding oligomerization-(NOD)-like receptor, pyrin domain 

109 containing 3 (NLRP3) inflammasome pathway via lysosomal destabilisation (25, 26). The 

110 NLRP3 inflammasome is a multiprotein complex, formed by NLRP3, apoptosis 

111 associated speck-like protein containing a C-terminal caspase recruitment domain (ASC) and 

112 procaspase 1 (pro-Casp1). Upon activation, soluble cytoplasmic ASC oligomerizes into speck 

113 structures, which serve as a scaffold for the active caspase-1 responsible for the proteolytic 

114 cleavage of pro-interleukin 1β (pro-IL-1β) and pro-interleukin 18 into their mature forms (IL-

115 1β and IL-18) (27, 28). The NLRP3 inflammasome was also proven to drive pulmonary fibrosis 
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116 in mice (29), most likely by an autocrine loop leading to the continual release of IL-1β and IL-

117 18 (30). 

118 In this study, we addressed the hypothesis that altered cholesterol metabolism may lead to 

119 activation of the NLRP3 inflammasome during lung fibrotic remodelling. The study provides a 

120 new insight on the role of cholesterol immunometabolism and alveolar macrophages as the 

121 main responsible cells for NLRP3 inflammasome activation and IL-18 production, contributing 

122 to the pathogenesis.
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123 Materials and Methods 

124 Detailed materials and methods are available as supplementary data.

125 Human patient cohorts

126 Patient cohort 1: Human lung tissue samples were obtained from patients (N=14) with end-

127 stage IPF or PPF (from now on called PPF/IPF) who underwent lung transplantation at the 

128 Hannover Medical School, Hannover, Germany. Histologically normal lung tissue adjacent to 

129 tumour site was used as a healthy control (N=14). All investigations using human tissue were 

130 approved by the ethics committee of the Hannover Medical School (MHH, Hannover, 

131 Germany) and follow “The Code of Ethics of the World Medical Association” (renewed on 

132 2015/04/22, number 2701–2015). All patients gave written informed consent for the use of 

133 their lung tissue for research. Demographics of the patients are provided in table 1.

134 Patient cohort 2: Formalin fixed paraffin embedded (FFPE) lung sections from IPF patients 

135 (N=12) and controls (N=6) (donors with non-lung related diseases), as described in table 2, 

136 were obtained from the UTHealth Pulmonary Centre of Excellence Biorepository. Patient 

137 consent and use of tissue were obtained after approval by the institutional review board of 

138 the UTHealth Houston with the reference number: HSC-MS-08-0354 and HSC-MS-15-1049.

139 An online available dataset from published patient cohorts was used and re-analysed from 

140 Adams et al 2020 (31) (Dataset GSE136831) to complete the human data analysis at the  single 

141 cell level.

142 Study animals

143 SP-C–/– mice (background Sv129/S2) were previously described (32). Wild-type (WT) mice 

144 (background Sv129/S2) served as a control group. For metabolomic and lipidomic analyses 

145 both groups were kept under same diet conditions for at least 4 months. Approval of 

146 experimental procedures was granted by the institutional regulatory bodies 

147 ("Tierschutzbeauftragte" and "Tierschutzausschuss") at Charité Universitätsmedizin Berlin, 

148 Germany, with the permission of the local government authorities (State Office for Health and 

149 Social Affairs Berlin, Germany - LAGeSo). Bronchoalveolar lavage fluid (BALF), BALF cells and 

150 lungs from 10, 30, and 60 weeks old SP-C–/– and WT mice were isolated for further analysis.

151 Cholesterol and lipid analysis
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152 A fluorometric assay was performed to determine the total cholesterol level, normalised by 

153 the tissue weight (mg) in human samples, the phospholipid content in BALF and protein 

154 content in BALF cells. Phospholipid content was determined by lipid extraction, followed by a 

155 colorimetric phosphorus assay. Expression of cholesterol metabolism related proteins were 

156 assessed by western blotting. Untargeted metabolomics/lipidomic analysis was performed in 

157 BALFs and BALF cells of 30 weeks old SP-C–/– and sex-matched WT mice.

158 NLRP3 activation assessment

159 Expression of NLRP3 inflammasome related proteins was assessed by western blotting. ASC 

160 specks were visualized by immunofluorescence, as described in supplementary methods. 

161 Concentration of IL-18 was measured in non-diluted BALFs and lung lysates by ELISA. 

162 To investigate cholesterol-dependent NLRP3 activation, THP-1 cells were differentiated into 

163 macrophage-like cells (MLC (33)) and treated with cholesterol ester (18:1) for 48h, in presence 

164 or absence of NLRP3 inflammasome inhibitor, MCC950.

165 Statistical analysis

166 GraphPad Prism version 9.5.1 (GraphPad Software, San Diego, CA, USA) was used for data 

167 analysis. Data are expressed as median. Statistical analysis was performed using a Mann-

168 Whitney, when comparing 2 groups, and a Kruskal-Wallis nonparametric test, followed by 

169 Dunn`s multiple comparison (>2 groups). Significant p-values are depicted as asterisk 

170 (*p<0.05; **p<0.01). For lipidomics, univariate analysis was performed. 

171
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172 Results

173 PPF/IPF patients exhibit altered lung cholesterol metabolism

174 Samples from patient cohort 1 (Table 1) were used to study relative amount of proteins 

175 related to cholesterol metabolism (Figure 1a-e). Statistically significant increase in LXR (Figure 

176 1c) and decrease of CD36 (Figure 1d) were found in PPF/IPF patient samples compared to 

177 control. Moreover, there was a trend towards an increase in ApoE (Figure 1b) in PPF/IPF 

178 patient lungs. Total cholesterol content (Figure 1f) and cholesterol esters (Figure 1g) were also 

179 increased in PPF/IPF patient compared to control samples. These results indicate altered 

180 cholesterol metabolism in lungs of PPF/IPF patients.

181

182 NLRP3 inflammasome is activated in lungs and AM of different IPF and PPF patient cohorts 

183 and datasets

184 Samples from patient cohort 1 were also used to immunodetect protein components of the 

185 NLRP3 complex (Figure 2a). In particular, ASC and proCasp-1 (Figure 2a and Supp Figure 1e-f) 

186 showed no changes in PPF/IPF patient compared to control samples and neither NLRP3, pro-

187 IL-1β (Figure 2a) nor IL-1β were detected in any of the samples. However, IL-18, considered 

188 the end-product of the activation of the NLRP3 inflammasome, was also significantly increased 

189 at the protein level in lung tissue lysates of PPF/IPF patients compared to control samples 

190 (Figure 2b). Together with the cholesterol ester (CE) data shown before (Figure 1g), higher IL-

191 18 and CE was found in the PPF/IPF patient sample compared to controls (Figure 2c), 

192 suggesting a relationship between altered cholesterol metabolism and NLRP3 inflammasome 

193 activation in fibrosis. However, as ASC is constitutively expressed in many cells, we 

194 investigated the formation of the ASC-Speck, the complex formed by ASC and NLRP3 (27, 28) 

195 upon activation of this inflammasome in lung tissue. 

196 Immunofluorescence against ASC (Figure 2d-g) showed cytosolic ASC in healthy control (Figure 

197 2e and Supp Figure 1a) and perinuclear ASC-Speck in IPF patients (around 1µm fluorescence 

198 structures indicated by the white arrows in Figure 2f-g and Supp Figure 1a) in the patient 

199 cohort 2 (patients details in table 2) compared to secondary antibody control (Figure 2d and 

200 Supp Figure 1a). In addition, immunofluorescence of ASC and CD68 (pan-macrophage marker) 

201 (Figure 2h and 2i) showed co-localization of ASC Speck in CD68+ cells in IPF patient samples, 

202 indicating that the activation of NLRP3 inflammasome is mostly located in macrophages (see 
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203 also Supp Figure 1a). Other lung regions, such as bronchiolar or highly remodeled regions did 

204 not show ASC speck in CD68- cells (Supp Figure 1b). Moreover, the quantification of ASC specks 

205 in CD68+ cells showed increased ASC specks in IPF patient samples (Supp figure 1c) according 

206 to the increase in IL-18 release (Figure 2b).

207 Moreover, to confirm the findings in our sample set, open single cell sequencing data from 

208 Adams et al 2020 (31) (GSE136831), comprising lung tissue from 46 control and 32 IPF patients 

209 (Figure 2j-l), were analyzed. Cell annotations were used according to the original paper and 

210 confirmed using cell marker genes that can be found in Supp Figure 1d. Differential expression 

211 analysis of IPF versus control samples (Figure 2l) showed statistically significant over-

212 expression of NLRP3 and PYCARD (gene encoding for ASC) in AM of IPF patients, along with 

213 genes involved in cholesterol metabolism, such as CD36, ABCA6, and LPL. Moreover, 

214 profibrotic genes, such as genes encoding for metalloproteases (MMP-7) and collagen type 1 

215 and 3 (COL1A1), were found to be over-expressed in AM from IPF patients. Although other 

216 cell populations showed overexpression of either cholesterol metabolism, NLRP3 

217 inflammasome, or profibrotic genes, only AM showed overexpression of genes of the three 

218 pathways at the same time. These results indicate an interplay among cholesterol pathway, 

219 NLRP3 inflammasome, and fibrosis mediators preferentially located in AM. 

220 Taken together, these results point at a link between cholesterol metabolism, NLRP3 

221 inflammasome activation in alveolar macrophages in lungs of fibrotic patients.

222

223 SP-C–/– mice exhibit age-dependent accumulation of cholesterol esters in BALF cells

224 The SP-C–/– animal model has been previously described to spontaneously develop lung 

225 fibrosis with age by showing a combination of overdistended air spaces and fibrotic wounds, 

226 analogous to the combined emphysema and pulmonary fibrosis typical of IPF (34). Therefore, 

227 this mouse model allowed us to study cholesterol metabolism and activation of the 

228 inflammasome before and during the onset of fibrosis. Moreover, since single cell sequencing 

229 data linked and located the NLRP3 inflammasome and cholesterol metabolism genes in AMs 

230 we investigated in detail the cholesterol metabolism in BALF cells of SP-C–/– mice (34). 

231 Therefore, expression of proteins involved in cholesterol esterification (i.e. carboxylesterase 

232 1 (CES1)), uptake of cholesterol (i.e. CD36), lipid droplet storage (Perilipin 1, (Plin1)), and efflux 

233 of cholesterol (liver X receptor alpha (LXRα)) were investigated in BALF cells, mainly composed 
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234 of AM (18), from 10, 30, and 60 weeks old SP-C–/– mice (Figure 3a). WB band densitometry 

235 (Figure 3b-d) showed statistically significant higher protein content of LXRα in the 60 weeks 

236 group (Figure 3d). Whereas CES1 and CD36 were elevated at 30 weeks of age (Figure 3b and 

237 3c) then decreased at 60 weeks of age, correlating with the fibrotic onset in this murine model 

238 and consistent with the human data presented above. No significant changes were observed 

239 in Plin1 with aging. Furthermore, total cholesterol and cholesterol esters were quantified in 

240 BALF (Figure 3e and 3f) and BALF cells (Supp Figure 2a) of 10, 30, and 60 weeks SP-C–/–and WT 

241 mice (Supp Figure 2b and 2c). BALF of SP-C–/– mice showed increasing total cholesterol (Figure 

242 3e) and cholesterol esters (Figure 3f) with age and higher total cholesterol level compared to 

243 the WT group (Supp Figure 2c). BALF cell cholesterol decreased with age in SP-C–/– and WT 

244 mice (Supp Figure 2a and 2c, respectively). Moreover, we performed a metabolomic and 

245 lipidomic analysis in 30 weeks old mice BALF and BALF cells. A total of 561 and 120 metabolites 

246 in BALF cells and BALF, respectively, were present at statistically significant different levels in 

247 SP-C–/– compared to WT mice (Supp Figure 2e and 2f). Among these metabolites, 96% and 88% 

248 respectively, were lipids, indicating substantial variations predominantly in lipid metabolism 

249 (Figure 3g). In terms of cholesterol metabolism, data revealed a up to 3-fold increase of three 

250 cholesterol esters (CE) (CE18:1, CE19:0, CE22:6) in SP-C–/– mice (Figure 3h). Also, overall 

251 increases of lipid species involved in the cytidine diphosphate-diacylglycerol pathway, 

252 triglycerides, cardiolipins and ceramides were observed. Taken together, these results point 

253 at an altered lipid and cholesterol metabolism in AM of aging SP-C–/– mice, with an increase in 

254 CE species. 

255

256 NLRP3 inflammasome is activated in AM of aging SP-C–/– mice 

257 The NLRP3 inflammasome activation pathway was investigated by immunoblotting in BALF 

258 cell lysates from 10, 30, and 60 weeks old SP-C–/– mice (Figure 4a-e). A significant increase in 

259 NLRP3 (Figure 4b) and pro-Casp1 (Figure 4d) was accompanied by a tendency to lower 

260 intracellular soluble ASC and IL-18 (Figure 4c and 4e) with aging. Concentrations of IL-18 were 

261 found to be higher in BALF of 60 weeks old SP-C–/– mice (Figure 4f) and up to 1.5-fold increase 

262 compared to WT (Supp Figure 2d), indicating an elevated release with aging. Furthermore, 

263 ASC speck was visualized in BALF cells (Figure 4g) of the 60 weeks old group, demonstrating 

264 activation of NLRP3 inflammasome at the onset of fibrosis in the SP-C–/– mouse model (34). 

265
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266 AM are the main leukocyte population activating the NLRP3 inflammasome and source of 

267 IL-1β

268 The 60 weeks old SP-C–/– mice group showed increased released IL-18 and CE in BALF (Figure 

269 5a), suggesting again a relationship between altered cholesterol metabolism and NLRP3 

270 inflammasome in fibrotic lungs. Yet again ASC is constitutively expressed in many cells, we 

271 further wanted to pin down the cell population activating the NLRP3 inflammasome.

272 After harvesting the BALF cells, the viability was assessed by dye exclusion assay with trypan 

273 blue. The viability of the BALF cells resulted in 97.8 ± 0.7% for the 10 weeks old group, 98.6 ± 

274 0.6% for the 30 weeks old group and 98.1 ± 0.7% for the 60 weeks old group. The localization 

275 of ASC among the leukocyte populations was then investigated by flow cytometry. The 

276 analysis of lung leukocytes showed that ASC was associated to the AM population (Figure 5b-

277 d and Supp Figure 3a-b), with the CD11b+ macrophage population increasing with age. 

278 Percentage of AM positive for ASC was increased at the age of 60 weeks (Figure 5c), even 

279 though the total number of ASC positive AM was not increased (Figure 5d). Together with the 

280 above presented data in isolated BALF cells, these results point at activation of the NLRP3 

281 inflammasome in aging mice, preferentially located in AM. 

282 To explore the link between the NLRP3 inflammasome activation to the accumulation of 

283 cholesterol esters in BALF cells, we incubated differentiated human MLC (PMA-differentiated 

284 THP-1 after 24h rest (35)) with cholesteryl oleate (CE18:1) for 48h, in the presence or absence 

285 of an NLRP3-inhibitor (MCC950). As result of the inflammasome activation, IL-1β release into 

286 the medium was assessed by ELISA and shown in figure 5e. The presence of MCC950 

287 effectively inhibited the release of IL-1β in the presence of CE, confirming the NLRP3-

288 dependent activation of the inflammasome by cholesteryl oleate. Taken together these results 

289 point at an activation of the NLRP3 inflammasome in AM of SP-C–/– mice. In addition, we 

290 confirmed the CE-dependent activation of the NLRP3 inflammasome in an in vitro model of 

291 macrophage cells. 
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293 Discussion

294 In the different PPF and IPF patient cohorts studied here, evidence of altered cholesterol 

295 metabolism and NLRP3 inflammasome activation were found. In addition, the analysis of a 

296 public omics dataset from another patient cohort linked the two pathways and localized them 

297 in AM, along with upregulation of genes encoding for pro-fibrotic markers. In particular, LXR 

298 was found to be upregulated in PPF/IPF patient samples, which is normally activated by 

299 oxysterols and protects the cells from cholesterol overload by regulating RCT genes to 

300 promote cholesterol efflux (36). Moreover, CD36, which is a cholesterol transporter 

301 responsible for its uptake, was accordingly found to be down-regulated in PPF/IPF patient 

302 samples. Higher total cholesterol and cholesterol ester content in the lungs of PPF/IPF 

303 patients, compared to controls, confirmed an altered cholesterol metabolism/esterification. 

304 These data hint at the initiation of the RCT pathway as negative feedback mechanism for 

305 cholesterol overload in lungs of PPF/IPF patients. Cholesterol overload was previously 

306 correlated to NLRP3 inflammasome activation in cardiovascular diseases (25). Here, the 

307 formation of ASC speck and the accumulation of IL-18 in fibrotic lungs, compared to controls, 

308 support the activation of NLRP3 inflammasome in PPF/IPF patients. Moreover, the same set 

309 of samples used for WB of cholesterol metabolism in figure 1 was also analysed for IL-18 

310 showing that the results from the cholesterol and NLRP3 pathways relate to each other.  

311 Another human dataset confirmed the differential expression of the inflammasome in 

312 immune cells, mainly alveolar macrophages, monocytes and dendritic cells from patients 

313 compared to controls. Moreover, the same cells showed a higher expression of genes involved 

314 in cholesterol metabolism, such as ABCA6, and in fibrogenesis, such as metalloprotease-7(37) 

315 and collagen type 1. NLRP3 inflammasome activation was also found to be related to 

316 monocytes in patients with alpha-1 antitrypsin deficiency (38). Taken together, altered 

317 cholesterol immunometabolism, with changes in cholesterol metabolism and NLRP3 

318 inflammasome status, was a common feature in different and heterogenous patient cohorts. 

319 Of note, our data point toward AM as main actors in the activation of the NLRP3 

320 inflammasome for the first time in lung fibrosis.

321 In order to investigate the changes in cholesterol metabolism and NLRP3 inflammasome in 

322 the progression of the disease, we provide supportive pre-clinical data in a murine model 

323 which spontaneously develops lung fibrosis with age (34). Moreover, the murine model 
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324 allowed us a closer examination at BALF cell level, mainly composed of AM, as preferential 

325 site for cholesterol-mediated inflammasome activation. 

326 According to the findings in the human cohorts, BALF cells in mice clearly showed altered 

327 cholesterol metabolism and activation of the NLRP3 inflammasome with age. At the age of 30 

328 weeks, a lipidomic analysis of the BALF cells evidenced three cholesterol ester species being 

329 3-fold higher in the SP-C–/– compared to their age-matched WT controls. The cholesterol ester

330 species elevated in the SP-C–/– mice, CE18:1, and CE22:6, have been related to atherosclerotic 

331 plaques, where NLRP3 inflammasome activation have also been reported (39). Along with 

332 changes in cholesterol metabolism, we found upregulation of NLRP3-related protein and ASC-

333 speck in BALF cells, and increased levels of IL-18 in BALF of 60-weeks old mice, confirming the 

334 activation of the inflammasome. Of note, this age correspond to the formation of fibrotic foci 

335 in this model, as described before (18).    

336 In accordance with our data, Lasithiotaki et al (2016) (40) also showed higher IL-18 in 

337 supernatants of non-stimulated macrophages of IPF patients compared to control patients. 

338 Moreover, upon canonical inflammasome stimulation with LPS+ATP, IPF BALF macrophage 

339 cultures showed increased IL-18 secretion, but not IL-1β. The IL-18 secretion increase is 

340 however inhibited in the presence of caspase-1 inhibitor, demonstrating that human alveolar 

341 macrophages can produce and release IL-18 following in vitro stimulation of the NLRP3 

342 inflammasome activation (40). In sarcoidosis, NLRP3 inflammasome activation was also 

343 demonstrated as increase in IL-1β in unstimulated BALF cells (41). In contrast, in agreement 

344 with Jäger et al (2021) (42), under unstimulated conditions, BALF cells from healthy and IPF 

345 patients showed no differences in the release of IL-1β. However, in contrast to the reported 

346 presence of cleaved caspase 1, we were not able to detect the 20kDa, but the 50kDa pro-

347 Casp1 form of the enzyme responsible of the transformation of the precursors into the mature 

348 forms of IL-1β and IL-18. While the IL-1β precursor is not constitutively expressed in the cells, 

349 the IL-18 precursor is found in many cells, including immune and epithelial cells. In addition, 

350 it was also described that IL-18 expression is stimulated and sustained after NLRP3 

351 inflammasome activation, whereas IL-1β was induced but not sustained (43). IL-18 has been 

352 already linked to IPF before (44, 45), without mentioning its origin. In addition, the caspase 1-

353 independent processing of IL-1β and IL-18 after NLRP3 inflammasome activation was already 

354 shown (46). Our clinical and preclinical data support the activation of the NLRP3 
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355 inflammasome as a potential origin of IL-18 in lung fibrosis progression. In addition, our data 

356 points at AM as the population responsible for NLRP3 activation in both humans and in mice. 

357 The potential role of cholesterol esters in the activation of the NLRP3 inflammasome was also 

358 confirmed in vitro. Accordingly, human cell macrophage models release IL-1β after exposure 

359 with CE. The addition of MCC950, confirmed the dependence on the NLRP3-inflammasome 

360 pathway. However, the effect in vitro is limited by the lack of a classical NLRP3-priming stimuli 

361 (such as LPS, DAMPs or PAMPs), but the presence of PMA, known to prime MLCs increasing 

362 the pro-IL-1β production (33), which may explain the preference in IL-1β release and not IL-

363 18. In vivo, however, the co-existence of AM and inflammatory (MHCII+) macrophages, may

364 contribute with the right niche to amplify the activation of NLRP3 at the alveoli.

365 The impact of cholesterol immunometabolism in the lung or during fibrosis progression 

366 remains unclear. Our data supports an association between cholesterol metabolism and 

367 immune activation of macrophages through the NLRP3 inflammasome. The molecular 

368 mechanism of immune activation by cholesterol metabolism signalling has been previously 

369 described in experimental models and cell lines (26, 47-50). In conclusion, we collected here 

370 evidence for the association of altered cholesterol metabolism and the activation of the NLRP3 

371 inflammasome in IPF and PPF patients. In addition, preclinical data suggest that cholesterol 

372 esters may play a key role in activating the inflammasome in AM, resulting in increased release 

373 of IL-18 in the development of fibrosis. This opens up new targeted therapeutic options, not 

374 only to specific cell populations, but also to a specific immunometabolic pathway in lung 

375 fibrosis.

376
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377 Tables: 

378 Table 1: Details of patient cohort 1 

Anonymized 

sample ID
Age (years) Sex Smoking status Disease diagnosis

GLR276 78 M N/A Control

GLR312 64 F N/A Control

GLR323 59 M N/A Control

GLR437 69 F Former smoker Control

GLR738 66 F Former smoker Control

GLR945 57 M Smoker Control

GLR35 70 F N/A Control

GLR39 62 M Former smoker Control

GLR119 70 M Smoker Control

GLR276 78 M N/A Control

GLR786 54 M Smoker Control

GLR861 65 M N/A Control

GLR961 72 F N/A Control

GLR988 57 F N/A Control

GLE830 54 M Non-smoker PPF (EAA)

GLE997 53 M Former smoker PPF (sarcoidosis)

GLE1033 62 M Former smoker IPF

GLE1054 60 M Former smoker IPF

GLE1062 65 M Former smoker PPF (EAA)

GLE1064 55 M Non-smoker PPF (EAA)

GLE593 39 F N/A IPF

GLE733 54 M N/A IPF

GLE808 61 M Non-smoker IPF

GLE975 54 M N/A IPF

GLE1029 66 M Former smoker PPF (EAA)

GLE1036 63 M Former smoker PPF (SSC)

GLE1047 59 M Former smoker PPF (EAA)

GLE1085 49 M Non-smoker PPF (DIP)

379
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380 Table 2: Details of patient cohort 2 

Anonymized 

slide number
Age (years) Sex Smoking status

Disease 

diagnosis

1086 67 M N/A Control

1072 62 F Non-smoker Control

1063 47 F Smoker Control

1051 62 M Former smoker Control

1050 59 M Non-smoker Control

1041 56 M N/A Control

167 65 M N/A IPF

189 62 F Non-smoker IPF

104 46 F Non-smoker IPF

188 62 M Non-smoker IPF

138 65 M Non-smoker IPF

134 59 M Non-smoker IPF

171 62 M Non-smoker IPF

136 63 F Non-smoker IPF

96 46 F Non-smoker IPF

81 65 M Non-smoker IPF

110 60 F Non-smoker IPF

H23L060 65 M Non-smoker IPF

381

382

383

384

385
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514 Table legends

515 Table 1: Details of patient cohort 1. ID: identification; M: male; F: female; IPF: idiopathic 

516 pulmonary fibrosis; PPF: progressive pulmonary fibrosis; EAA: extrinsic allergic alveolitis; SSC: 

517 systemic sclerosis; DIP: desquamative interstitial pneumonia; N/A: not available.

518 Table 2: Details of patient cohort 2. M: male; F: female; IPF: idiopathic pulmonary fibrosis; 

519 N/A: not available.

520

521 Figure legends

522 Figure 1: Altered cholesterol metabolism in PPF/ IPF patients. a) Representative WB of ApoE, 

523 LXR, CD36 and LDLR with their corresponding loading control (β-actin) in control (N=6) and 

524 PPF/IPF (N=6) patient lung tissue samples. A technical positive control (OxLDL+), cell lysate of 

525 PMA-differentiated THP-1 cells treated with OxLDL, as described in the supp methods section, 

526 was added to confirm specificity of the band analysed. Band densitometry corrected by β-actin 

527 of b) ApoE c) LXR, d) CD36, e) LDLR. f) Total cholesterol and g) cholesterol esters in lung tissue 

528 of control (N=6) and PPF/IPF (N=6) patients. Data presented as median, non-parametric Mann 

529 Whitney test, *p<0.05, **p< 0.01 statistically significant.

530

531 Figure 2: Activation of NLRP3 inflammasome in different PPF and IPF patient cohorts. a) 

532 secreted IL-18 and CE (µM/mg tissue) in lung tissue samples of control and PPF/IPF patients. 

533 Group average and standard deviation (error bars) of N=6 per group for CE and N=12 for IL-18. 

534 b) Representative WB of NLRP3, ASC, pro-Casp1 and pro-IL-1β with their corresponding

535 loading control (β-actin) in lung tissue from control (N=6) and PPF/IPF (N=6) patients. A 

536 technical positive control (PMA-differentiated THP-1 cells treated with LPS and NIG, as 

537 described in the supp methods section, Ctrl+) was added to confirm specificity of the band 

538 analyzed. c) IL-18 in lung tissue from control (N=12) and PPF/IPF (N=12) and samples. Data are 

539 normalized by total protein content and presented as median, non-parametric Mann Whitney 

540 test, *p<0.05, **p< 0.01 statistically significant. d-g) Representative immunofluorescence 

541 staining of cytosolic ASC (white) and ASC-Speck (white arrow, activated complex of ASC and 

542 NLRP3) in d) secondary antibody control; e) healthy control and; f) IPF patient (scale bar= 

543 20µm), with a g) high magnification picture of the ASC speck.  h-i) Co-localization of ASC in 
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544 macrophages. Immunofluorescence staining of CD68 (red), ASC (white) in h) a healthy control 

545 and i) and IPF sample. j-l) single cell sequencing data from Adams et al 2020 (Dataset 

546 GSE136831) with j) patient cohort details, k) UMAP plot with cell annotations and l) dot plot 

547 indicating statistically significant differentially expressed genes of the NLRP3-inflammasome 

548 and cholesterol metabolism pathway. The color code indicates the average logarithmic 2-fold 

549 change (log2FoldChange) and the dot size, the the absolute log2FoldChange in the comparison 

550 of control vs IPF samples. AT= alveolar type; cDC= classical dendritic cell; NK= natural killer; 

551 VE= vascular endothelial; cMonocyte= classical monocyte; B=B lymphocytes; T= T 

552 lymphocytes.

553

554 Figure 3: SP-C–/– mice exhibit age-dependent alteration in cholesterol metabolism and 

555 accumulation of cholesterol in BALF. a) Representative WB of CES1, CD36, and LXR-alpha 

556 (LXRα) with their corresponding loading control (β-actin) in BALF cells of SP-C–/– mice at 10, 30 

557 and 60 weeks of age. WB band densitometry corrected by β-actin of b) CES1, c) CD36, and d) 

558 LXRα in SP-C–/– mice at 10, 30 and 60 weeks of age. e) Cholesterol and f) cholesterol esters 

559 normalized by phospholipid (PL) in BALF from SP-C–/– mice at 10, 30 and 60 weeks of age. Data 

560 presented as median; Kruskal-Wallis followed by Dunn`s multiple comparisons test, *p<0.05, 

561 **p< 0.01 statistically significant. g) Representative lipidomic analysis showing lipid classes at 

562 increased level in BALF cells from 30 weeks old SP-C–/– mice compared to WT controls. h) Main 

563 cholesterol metabolism related species increased in BALF cells in SP-C–/– 30 weeks old mice 

564 compared to WT controls. CE = cholesterol ester. 

565

566 Figure 4: Expression of NLRP3 inflammasome components, IL-18 extracellular release and 

567 ASC oligomerization confirm inflammasome activation in aging SP-C–/– mice. a) 

568 Representative immunoblots of NLRP3 inflammasome related protein levels in BALF cells from 

569 10, 30, and 60 weeks old SP-C–/– mice (N=4 mice/group) with their corresponding loading 

570 control (β-actin). WB densitometric analysis of b) NLRP3, c) ASC, d) pro-Casp1 and e) IL-18 level 

571 to β-actin (as loading control). f) IL-18 extracellular release assessed by ELISA in BALF samples 

572 of 10, 30, and 60 weeks old SP-C–/– mice (N=6 mice/group). Kruskal-Wallis followed by Dunn`s 

573 multiple comparisons test, *p<0.05, **p< 0.01 statistically significant. g) Immunofluorescence 

574 staining of cytosolic ASC and ASC-Speck (white arrow, activated complex of ASC and NLRP3) in 
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575 60 weeks old SP-C–/– mice (upper panels) and secondary antibody control (lower panels), scale 

576 bar=20µm.

577

578 Figure 5: AM in aging mice are the leukocyte population activating NLRP3-inflammasome and 

579 exposure of macrophage cell models to CE showed IL-1β NLRP3-dependent release. a) 

580 secreted IL-18 and CE (CE/PL) in BALF from aging SP-C–/– mice. Group average and standard 

581 deviation of N=5 per age group. b-d) Flow cytometry analysis of immune cells upregulating 

582 inflammasome components. b) Number of lung leukocytes, mainly AM, F40/80lo CD11b+ 

583 interstitial macrophages (iM), containing Ly6Chigh and MHCII+ iMs. Percentage c) and number 

584 d) of ASC+ AM in different age groups. e) IL-1β concentration in medium of MLC exposed to CE

585 in the presence or absence of MCC950 for 48h (ND=not detected).

586

587 Data availability

588 Data will be made available by the authors, upon reasonable request. 

589 The code used for data analysis is available through github.com at https://github.com/Lopez-

590 Giambelluca/LungChol. 
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Figure 1: Altered cholesterol metabolism in PPF/ IPF patients. a) Representative WB of ApoE, LXR, CD36 and 
LDLR with their corresponding loading control (β-actin) in control (N=6) and PPF/IPF (N=6) patient lung 

tissue samples. A technical positive control (OxLDL+), cell lysate of PMA-differentiated THP-1 cells treated 
with OxLDL, as described in the supp methods section, was added to confirm specificity of the band 

analysed. Band densitometry corrected by β-actin of b) ApoE c) LXR, d) CD36, e) LDLR. f) Total cholesterol 
and g) cholesterol esters in lung tissue of control (N=6) and PPF/IPF (N=6) patients. Data presented as 

median, non-parametric Mann Whitney test, *p<0.05, **p< 0.01 statistically significant. 

533x755mm (236 x 236 DPI) 

Page 25 of 49



Figure 2: Activation of NLRP3 inflammasome in different PPF and IPF patient cohorts. a) secreted IL-18 and 
CE (µM/mg tissue) in lung tissue samples of control and PPF/IPF patients. Group average and standard 

deviation (error bars) of N=6 per group for CE and N=12 for IL-18. b) Representative WB of NLRP3, ASC, 
pro-Casp1 and pro-IL-1β with their corresponding loading control (β-actin) in lung tissue from control (N=6) 

and PPF/IPF (N=6) patients. A technical positive control (PMA-differentiated THP-1 cells treated with LPS 
and NIG, as described in the supp methods section, Ctrl+) was added to confirm specificity of the band 

analyzed. c) IL-18 in lung tissue from control (N=12) and PPF/IPF (N=12) and samples. Data are normalized 
by total protein content and presented as median, non-parametric Mann Whitney test, *p<0.05, **p< 0.01 
statistically significant. d-g) Representative immunofluorescence staining of cytosolic ASC (white) and ASC-

Speck (white arrow, activated complex of ASC and NLRP3) in d) secondary antibody control; e) healthy 
control and; f) IPF patient (scale bar= 20µm), with a g) high magnification picture of the ASC speck.  h-i) 
Co-localization of ASC in macrophages. Immunofluorescence staining of CD68 (red), ASC (white) in h) a 
healthy control and i) and IPF sample. j-l) single cell sequencing data from Adams et al 2020 (Dataset 
GSE136831) with j) patient cohort details, k) UMAP plot with cell annotations and l) dot plot indicating 
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statistically significant differentially expressed genes of the NLRP3-inflammasome and cholesterol 
metabolism pathway. The color code indicates the average logarithmic 2-fold change (log2FoldChange) and 
the dot size, the absolute log2FoldChange in the comparison of control vs IPF samples. AT= alveolar type; 
cDC= classical dendritic cell; NK= natural killer; VE= vascular endothelial; cMonocyte= classical monocyte; 

B=B lymphocytes; T= T lymphocytes. 

530x750mm (38 x 38 DPI) 
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Figure 3: SP-C–/– mice exhibit age-dependent alteration in cholesterol metabolism and accumulation of 
cholesterol in BALF. a) Representative WB of ACAT1, CES1, CD36, and LXR-alpha (LXRα) with their 

corresponding loading control (β-actin) in BALF cells of SP-C–/– mice at 10, 30 and 60 weeks of age. WB 
band densitometry corrected by β-actin of b) ACAT1, c) CES1, d) CD36, and e) LXRα in SP-C–/– mice at 10, 

30 and 60 weeks of age. f) Cholesterol and g) cholesterol esters normalized by phospholipid (PL) in BALF 
from SP-C–/– mice at 10, 30 and 60 weeks of age. Data presented as median; Kruskal-Wallis followed by 

Dunn`s multiple comparisons test, *p<0.05, **p< 0.01 statistically significant. h) Representative lipidomic 
analysis showing lipid classes at increased level in BALF cells from 30 weeks old SP-C–/– mice compared to 
WT controls. i) Main cholesterol metabolism related species increased in BALF cells in SP-C–/– 30 weeks old 

mice compared to WT controls. CE = cholesterol ester. 
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Figure 4: Expression of NLRP3 inflammasome components, IL-18 extracellular release and ASC 
oligomerization confirm inflammasome activation in aging SP-C–/– mice. a) Representative immunoblots of 
NLRP3 inflammasome related protein levels in BALF cells from 10, 30, and 60 weeks old SP-C–/– mice (N=4 
mice/group) with their corresponding loading control (β-actin). WB densitometric analysis of b) NLRP3, c) 

ASC, d) pro-Casp1 and e) IL-18 level to β-actin (as loading control). f) IL-18 extracellular release assessed 
by ELISA in BALF samples of 10, 30, and 60 weeks old SP-C–/– mice (N=6 mice/group). Kruskal-Wallis 

followed by Dunn`s multiple comparisons test, *p<0.05, **p< 0.01 statistically significant. g) 
Immunofluorescence staining of cytosolic ASC and ASC-Speck (white arrow, activated complex of ASC and 
NLRP3) in 60 weeks old SP-C–/– mice (upper panels) and secondary antibody control (lower panels), scale 

bar=20µm. 
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Figure 5: AM in aging mice are the leukocyte population activating NLRP3-inflammasome and exposure of 
macrophage cell models to CE showed IL-1β NLRP3-dependent release. a) secreted IL-18 and CE (CE/PL) in 

BALF from aging SP-C–/– mice. Group average and standard deviation of N=5 per age group. b-d) Flow 
cytometry analysis of immune cells upregulating inflammasome components. b) Number of lung leukocytes, 

mainly AM, F40/80lo CD11b+ interstitial macrophages (iM), containing Ly6Chigh and MHCII+ iMs. 
Percentage c) and number d) of ASC+ AM in the different age groups. e) IL-1β concentration in medium of 

MLC exposed to CE in the presence or absence of MCC950 for 48h (ND=not detected). 

533x755mm (118 x 118 DPI) 

Page 30 of 49




