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Short running title: The morphological progression of fibrotic hypersensitivity pneumonitis 

(fHP) is characterized by six molecular traits, which determine in vivo clinical behaviour of 

fHP patients. 
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6.10 Hypersensitivity Pneumonitis

Word count:

Abstract: 248

Main text: 4197

This article has an online data supplement, which is accessible from this issue’s table of 

content online at www.atsjournals.org. 

AT A GLANCE:

Scientific Knowledge on the Subject: The transcriptome landscape of pulmonary fibrosis 

has been studied almost univariably in the context of idiopathic pulmonary fibrosis (IPF). In 

fibrotic hypersensitivity pneumonitis (fHP), T cell activation has been shown, but it remains 

unclear what the most prevailing molecular traits are in fHP.

What This Study Adds to the Field: In this explant lung study, we characterised the six most 

prevailing molecular traits including extracellular matrix, antigen presentation/sensitization, 

honeycombing, B-cell activation, endothelial dysfunction and progressive disruption in 

normal cellular homeostatic processes. The molecular traits differently associated with 

disease progression dynamics and correlated with in vivo disease behaviour in a separate 

clinical fHP cohort. Comparing IPF with fHP, the transcriptome landscape was determined 

considerably by local disease extent, rather than diagnosis alone.
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Abstract: 

Rationale: Fibrotic hypersensitivity pneumonitis (fHP) is an interstitial lung disease caused by 

sensitization to an inhaled allergen. 

Objectives: We aimed to identify the molecular determinants associated with progression of 

fibrosis. 

Methods: Nine fHP explant lungs and six unused donor lungs (as controls) were systematically 

sampled (4 samples/lung). According to microCT measures, fHP cores were clustered into a 

mild, moderate and severe fibrosis group. Gene expression profiles were assessed using 

Weighted Gene Co-expression Network Analysis (WGCNA), xCell, gene ontology and structure 

enrichment analysis. Gene expression of the prevailing molecular traits was also compared 

with IPF. The explant lung findings were evaluated in separate clinical fHP cohorts using tissue, 

bronchoalveolar lavage samples and computed tomography scans. 

Results: We found six molecular traits that associated with differential lung involvement. In 

fHP, extracellular matrix and antigen presentation/sensitization transcriptomic signatures 

characterized lung zones with only mild structural and histological changes, whereas 

signatures involved in honeycombing and B-cells dominated the transcriptome in the most 

severely affected lung zones. With increasing disease severity, endothelial function was 

progressively lost and progressive disruption in normal cellular homeostatic processes 

emerged. All six were also found in IPF, with largely similar associations with disease 

microenvironments.  The molecular traits correlated with in vivo disease behaviour in a 

separate clinical fHP cohort. 
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Conclusion: We identified six molecular traits which characterise the morphological 

progression of fHP and associate with in vivo clinical behaviour. Comparing IPF with fHP, the 

transcriptome landscape was determined considerably by local disease extent, rather than by 

diagnosis alone. 

MeSH terms: 

Extrinsic Allergic Alveolitis, Pulmonary Fibrosis, Transcriptome
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Introduction

Hypersensitivity Pneumonitis (HP) is one of the most frequent interstitial lung disease, 

caused by sensitization to avian, microbial or fungal antigens(1). Both immunological 

activation (2–7) and fibrotic pathways (5) have been associated with its fibrotic form (fHP), 

however which pathways prevail in its pathophysiology still needs to be elucidated. The aim 

of this study is to provide an overview of molecular determinants driving fHP and to 

determine whether these prevailing molecular traits are unique to fHP compared to IPF.

We analyzed RNA seq data of human whole explant lung tissue from well-

characterized fHP patients. As fHP radiologically is very heterogeneous with severe fibrotic 

zones usually interspersed with mildly affected zones, we compared multiple samples within 

the same fHP explant lungs with unused donor lungs (as controls), after in-depth microCT-

derived assessment of the local disease severity, hypothesizing that spatial heterogeneity 

might be seen as a proxy for morphological progression. We validated the molecular 

signatures retrieved from explant fHP lungs twofold. First, we used a publicly available RNA 

seq dataset retrieved from HP patients at diagnosis (GSE47460) to show the relevance of 

these signatures in early disease.  Secondly, we associated CT- and bronchoalveolar lavage-

derived biomarkers with clinical outcome in a separate clinical cohort of fHP cases (Leuven 

fHP cohort) to show the impact of these molecular determinants on clinical behavior of fHP 

(Figure 1). Finally, we analyzed whether these molecular signatures are found in (similarly 

processed) IPF samples as well.

Materials and Methods

Methods are described in detail in Supplementary Appendix 1. 
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Patient selection, lung collection and processing

The lung processing protocol (Ethical Board approval S52174) has been described 

extensively elsewhere(8, 9) (Figure 1A-B). Nine fHP explant lungs and six unused donor lungs 

(declined for a non-pulmonary reason) were cannulated and inflated, followed by freezing in 

liquid nitrogen vapour and scanned using high-resolution computed tomography (HRCT). 

After explant CT scanning, lungs were (while still frozen) processed into cores of 2 cm height 

and 1.5 cm diameter (Supplementary Figure 1-2). Four variably affected cores per lung were 

included. Information regarding diagnostic confidence of the fHP diagnoses can be found in 

Supplementary Table 1.

Morphological analysis

The cores were scanned while frozen using microCT (Skyscan, Belgium)(10). All tubulo-

cystic structures (including airways) were segmented using ITK-SNAP software(11). Disease 

extent of each sample was calculated using a microCT-derived parameter called Surface 

Density (SfD), shown to negatively correlate with Ashcroft scoring (lower SfD representing 

higher disease severity)(8). Based on SfD, fHP cores were clustered in 3 groups with mild, 

moderate and severe disease extent, named HP1, HP2 and HP3, respectively, using 

hierarchical clustering. 

Transcriptome analysis

Library preparation, sequencing and data processing has been previously described in 

detail in McDonough et al(8) and in the supplement (Ethical Board approval for lung 

processing morphological analysis and transcriptome analysis all included in S52174). As cores 

from the same individual cannot be regarded as independent data points, fold change of gene 
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expression between fHP and controls was calculated as the estimate of the log2 transformed and 

normalised gene expression data, in a linear mixed model, correcting for age and gender as fixed 

effects and subject/individual as random effect (a similar approach was used for microCT analysis). 

Statistical significance of gene expression differences was defined as the combination of false 

discovery rate (FDR)-corrected p-values <0.05 (using the Benjamini-Hochberg algorithm) in 

the mixed model combined with a log2 fold change > 0.585 or < -0.585 (corresponding to a 

fold change of >1.5 or < 0.667).Transcriptome analysis consisted of consensus Weighted gene 

co-expression network analysis (WGCNA) to determine clusters (so called ‘Modules’) with co-

expressed genes (12, 13), cellular deconvolution using xCell to retrieve immune cell-specific 

enrichment scores and a scRNA seq cellular marker dataset(14) for non-immune cell-specific 

enrichment, gene set enrichment analysis (GSEA), using GAGE(15) (generally applicable gene 

set enrichment analysis) and differential expression of HGNC gene groups(16). 

Explant lung validation techniques

The gene products of selected module hub genes were stained using 

immunohistochemistry (CTHRC1, PCDHGC3, CD3 and CD20), trichrome Masson staining and 

differential airway cell immunofluorescence staining. One fHP explant lung sample was used 

for microvascular corrosion casting and scanning electron microscopy to assess vascular 

abnormalities. Moreover, a piece of each core was used for Relative telomere length (RTL) 

measurement using a modified quantitative real-time PCR (qPCR) technique was used for, as 

previously described(17). Six adjacent cores were used for in depth immunocytochemistry of 

damaged telomeres (TIF) by the co-localization of TRF2 shelterin protein, a marker of 

telomeres, and gamma-H2AX, a marker of DNA damage. RTL differences were evaluated with 
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mixed models (similar to the gene expression data), all stainings were done for visualisation 

of spatial differences (a proof of concept) and were not quantified/statistically tested.

External validation techniques

To validate differentially expressed modules and xCell-derived enrichment scores, we 

analysed 30 HP patients and 60 age- and gender-matched controls from a publicly available 

gene expression GEO dataset GSE47460 (http://www.ncbi.nlm.nih.gov/geo). Moreover, we 

validated the molecular traits using the Leuven fHP cohort: since 2005 all fHP cases were 

included in a prospective research cohort (Ethical Board approval S51293), including clinical 

information, diagnostic biopsy tissue and broncho-alveolar lavage material. FFPE-embedded 

diagnostic biopsies of 10 fHP patients were stained for H&E, CD3 and CD20. Additionally, 61 

BAL samples were used to quantify targets identified from the transcriptome analysis, using 

a custom-made Luminex assay (R&D Systems) and concentrations were associated with 

baseline FVC% and DLCO%, FVC% evolution and survival (more information in the 

supplement). Finally, 86 high-resolution chest CT scans performed at the time of diagnosis 

were visually scored for honeycomb presence and reticulation abundance and associated 

with baseline FVC% and DLCO%, and survival. 

Comparison with IPF

Forty cores from ten IPF lungs which were processed similar to the fHP lung and 

formerly used in earlier work of the group(8) were re-sequenced for this study. Gene 

expression was assessed using the same techniques as the fHP cores. Gene clustering was 

applied according to the fHP modules and xCell-derived enrichment scores were calculated 

and compared with fHP.
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Results 

Morphological variation and gene expression signatures associate with fHP morphological 

progression

Patient demographics: Nine fHP explant lungs and six age- and gender-matched 

unused donor lungs as controls were included in the study. Four samples were taken per lung 

resulting in a total of 60 samples for microCT and gene expression analysis. The baseline 

characteristics of patients and lungs are presented in Table 1and Supplementary Table 1. 

Morphological variation resembles fHP morphological progression (Figure 2A and 

Supplementary Figure 2): Based on SfD hierarchical clustering, fHP samples were clustered in 

three groups: HP1 (n=15), HP2 (n=11), HP3 (n=10) with progressive decrease in SfD (i.e., 

increase in fibrosis, p<0.001) (Figure 2B-C). SfD of HP1 cores was only minimally reduced 

compared to controls (with borderline significance, p=0.057), whereas SfD in HP2 (p<0.001) 

and HP3 (p<0.001) were significantly lower. Disease severity as defined by SfD on microCT 

correlated with other microCT-derived parameters of HP disease progression aspects (i.e., 

tissue percent and relative proportion of airway-like structures (i.e., honeycombing), as 

shown Figure 2B) as well as histological disease characteristics (i.e., fibrosis zones, zones of 

honeycombing, decline in normal alveoli; shown in Figure 2C and Supplementary Figure 3). 

Gene expression profiles associate with disease severity: Of the 21865 genes 

included in the analysis 2206, 7098 and 12942 genes were differentially expressed in HP1, 

HP2 and HP3 respectively, compared to control cores (Figure 2D-E). 1397 genes were 

differentially expressed in all three disease groups compared to controls. Principal 

Component Analysis for all gene expression data is shown in Figure 2F. 14006 genes were 
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differentially expressed in at least one disease group, whereof 83.3% followed one of three 

distinct expression patterns (Figure 2G): 423 genes were highly increased in HP1, moderately 

increased in HP2 and only slightly increased in HP3 (FCHP1>FCHP2>FCHP3, with FCHP3>0 or not 

significantly changed (FC: fold change); further referred to as ‘degressive increase’; expression 

of CTHRC1 is shown in Figure 2H as an example of the degressive increase expression pattern), 

whereas 5973 genes were progressively increased from HP1 through HP3 (FCHP1<FCHP2<FCHP3, 

with FCHP1>0 or not significantly changed; further referred to as ‘progressive increase’; 

expression of HYDIN is shown in Figure 2H as an example of the progressive increase 

expression pattern). The third pattern (n= 5264 genes) showed initial similar expression 

compared to controls (in HP1) with progressive decrease from HP1 through HP3 

(FCHP1>FCHP2>FCHP3, with FCHP1<0 or not significantly changed; further referred to as 

‘progressive decrease’; expression of PCDHA6 is shown in Figure 2H as an example of the 

progressive decrease expression pattern). 

A global overview of the differences between controls and fHP can be found in 

supplementary appendix 2. Here, we will provide a detailed analysis of the strongest 

transcriptomic signals.

Transcriptome analysis reveals 6 prevailing molecular traits

Degressive increase of ECM accumulation (Figure 3): Module 1 (Mod1) showed a 

degressive increase expression pattern (Figure 3A) and was enriched for extracellular matrix 

genes and collagen functions (Figure 3B). Accordingly, xCell analysis revealed degressive 

increase of fibroblast enrichment score (Figure 3A) and degressively increased genes were 

enriched for fibroblast, myofibroblast and aberrant basaloid cell markers (Supplementary 

Figure 8). Top degressively increased gene ontologies (GOs) and HGNC groups related to ECM 
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accumulation, all shown in Figure 3A. While Masson’s trichrome staining showed increase in 

collagen deposition with increased disease severity (Figure 3C), CTHRC1 

immunohistochemical (IHC) staining of companion cores showed staining of fibrotic stroma 

in fibrotic zones adjacent to normal lung parenchyma (Figure 3D). 

This was further validated in tissue retrieved from the GSE47460 RNA seq dataset 

comprised of diagnostic tissue of HP patients and controls (baseline characteristics in 

Supplementary Table 5). WGCNA module construction was applied to the GSE47460 dataset. 

Mod1-consisting genes were upregulated (p=3.36x10-29, shown in Figure 3E). 

ECM involvement also correlated with in vivo disease behaviour in the Leuven fHP 

cohort (baseline characteristics in Supplementary Table 6). Collagen Ia and N-cadherin 

quantified in 61 fHP BAL samples associated with baseline disease severity (Figure 3F), a more 

rapid decline in FVC (Figure 3G) and worse survival (p=0.051). Relative abundance of 

reticulation (which is the CT correlate of ECM deposition) determined in in vivo chest CT of 86 

fHP patients at diagnosis, associated with baseline severity (Figure 3H) and survival (per 10% 

increase in parenchyma taken in with reticulations: HR 1.45, CI 1.20 - 1.76, p0.001), as shown 

in Figure 3I. 

Degressive increase in antigen presentation and sensitization functions (Figure 4): 

xCell revealed degressive increase of T-cells signatures (Figure 4A). Moreover, immature 

dendritic cells (iDC) and plasmacytoid dendritic cells (pDC) were increased irrespective of 

disease extent. Interestingly, macrophage signatures were not increased. Top 50 degressively 

increased GOs and HGNCs showed involvement in antigen presentation and T-cell mediated 

sensitization (all shown in Figure 4A). CD4+ and CD8+ cells were more abundant in HP cores 
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compared to controls (CD4 p<0.001; CD8 p<0.001) but showed no association with disease 

severity within HP cores (CD4 p=0.67; CD8 p=0.59), depicted in Figure 4B.  

These findings were also present in the external GSE47460 transcriptome dataset 

which included tissue retrieved at HP diagnosis: xCell-derived genes specific to CD4+ T-cells 

(and subgroups), as well as a broad group of dendritic cells were also increased compared to 

controls (Figure 4C). 

CD3 cells were dispersed diffusely in diagnostic biopsies of 10 separate fHP cases from 

the Leuven fHP cohort, mostly in the mildly affected zones (Figure 4D). 

Finally, interferon gamma (IFNy) levels, a marker of this pathway, quantified in fHP 

BAL samples (at time of diagnosis) from the Leuven fHP cohort, associated with baseline 

disease severity (Figure 4E).

Progressive increase of B-cell functions (Figure 4): xCell revealed progressive increase 

of B-cells and B-cell subtypes signatures (Figure 4A). CD20+ cells were more abundant in HP 

cores compared to controls (p<0.001) and associated with disease severity within HP cores 

(p=0.03), forming tertiary lymphoid aggregates (Figure 4B). 

B cell involvement was also found at diagnosis: in the external GSE47460 

transcriptome dataset, xCell-derived B-cell enrichment scores were also increased (p<0.001, 

Figure 4C). 

Similarly, in diagnostic fHP biopsies of the Leuven fHP cohort CD20+ cells formed 

lymphoid follicles in the neighbourhood of intra-parenchymatous fibrotic patches (Figure 4D). 
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B-cell activating factor was quantified in BAL samples from the Leuven fHP cohort and 

correlated with baseline disease severity (Figure 4E).

Progressive increase in honeycombing-associated signatures (Figure 5): Module 2 & 

3 showed the progressive increase expression pattern (Figure 5A). Module 2 (Mod2) was 

enriched for cilia functions, while module 3 (Mod3) was enriched for keratinization and 

cytoskeleton functions (Figure 5A-B). Progressively increased genes were enriched for ciliated 

cell markers (Supplementary Figure 8). Top progressively increased GOs and HGNCs related 

to honeycombing as well (all shown in Figure 5A). Ciliated cells were highly abundant in 

honeycombing regions (Figure 5C) and dominated the epithelial lining of honeycombing. 

These findings correlate with the progressive increase in the volume of airway-like structures 

on microCT and the progressive increase in honeycomb surface, already shown in Figure 2B-

C. Interestingly, MUC5B also followed a progressive increased expression pattern (Figure 5D).

Ciliated cells signatures were also shown to be involved in the GSE47460 dataset: 

genes involved in either Mod2 (cilia) or Mod3 (keratinisation) module were increased 

(p=1.76x10-17, shown in Figure 5E).

These findings were validated in the in vivo CT scans of the Leuven fHP cohort: the 

presence of honeycombing was associated with baseline disease severity (Figure 5F) and 

predicted survival (HR 2.78, CI 1.13 - 6.9, p=0.026), as shown in Figure 5G.

Progressive decrease of cell adhesion/endothelial functions (Figure 6): xCell revealed 

decrease of endothelial cells subtypes signatures, shown in Figure 6A. Moreover, three 

modules were enriched for cell adhesion functions (Mod4 to Mod6, Figure 6B). All three 

modules were progressively decreased (Figure 6A). Top progressively decreased GOs and 
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HGNCs related to cell adhesion (all shown in Figure 6A). Expression of genes involved in the 

cell adhesion modules showed high positive correlation with xCell endothelial cells 

enrichment scores (p=5.72x10-184). Moreover, protocadherin IHC specifically stained the 

microvascular structures, suggesting decreased expression of cell adhesion genes is linked 

with endothelial function (Figure 6C). As a proof of concept, scanning electron microscopy of 

one explant fHP lung sample after microvascular corrosion casting showed decreased 

angiogenesis in the more affected lung zones, whereas a small increase was found in less 

affected lung zones (Figure 6D); however, as only 1 sample was analysed, this finding merits 

additional study. 

Endothelial dysfunction was involved at diagnosis as well: genes involved in cell 

adhesion modules were also downregulated in the GSE47460 dataset (p<10-16, Figure 6E), 

whereas enrichment scores for endothelial subsets were decreased (Figure 6F).

Progressive decrease of intracellular (IC) homeostasis functions (Figure 7): Five 

modules (Modules 7 to 12) were enriched for diverse intracellular functions, dominated by 

catabolism, autophagy, RNA homeostasis and organelle and mitochondrion functions 

(Supplementary Table 2); all were progressively decreased (Figure 7A-B). Top progressively 

decreased GOs and HGNCs included IC functions (all shown in Figure 7A). 

Loss of intracellular homeostasis was also shown to be involved at diagnosis: the 

GSE47460 transcriptome dataset analysis replicated HGNC gene groups involved in RNA 

metabolism while GOs involved in autophagy were decreased as well (data not shown). 

However, modules involved in homeostasis were increased in GS47460 (p=0.003, Figure 7C). 
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We sought to investigate whether these changes correlate with ageing signatures. 

Relative telomere length was lower in HP cores compared to controls (CTRL 0.89 vs HP 0.70, 

p=0.027; shown in Figure 7D) but not between disease severity group (p=0.14). Telomere 

length correlated with all six molecular traits but most specifically with the expression pattern 

of the genes involved in the five IC homeostasis modules (p=5.64x10-155), even after 

correction for local disease severity (i.e. SfD). Similarly, immunofluorescent staining of TIF and 

yH2AX staining showed telomere damage in the HP cores compared to controls (Figure 7E). 

However, while gene expression of ageing-related genes showed increased expression in fHP 

compared to control, association with disease extent was more complex: whereas some 

ageing genes showed a degressively increased pattern (e.g. COL1A1, CDKN2A, TP53, PDGFA, 

…), others were progressively increased (e.g. MMP10, MMP12, MMP13, XBP1, …), depicted 

in Figure 7F. 

The fHP transcriptome shows important similarities with IPF

Patient characteristics: We compared the expression patterns of the aforementioned 

six molecular traits in fHP with 36 IPF cores without emphysema (retrieved from 10 age-

matched IPF lungs), processed similarly as the HP lungs. Median age of IPF patients was 57 

years (IQR 9.75 years, p-value vs controls: 0.83), all IPF patients were male (p-value vs control 

<0.001). 

Morphological analysis: The IPF cores were also stratified according to disease 

severity in three groups: ten mildly affected cores (IPF1, median SfD 0.013, p vs control: 

0.007), nine moderately affected cores (IPF2, median SfD 0.009, p vs control: <0.001) and 17 

severely affected cores (IPF3, median SfD 0.006, p vs control: <0.001), as depicted in Figure 

8A. Surface density (i.e. morphological disease extent) differed with controls and was 
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generally comparable with the corresponding HP group (IPF1 vs HP1: p=0.79; IPF2 vs HP2: 

p=0.043; IPF3 vs HP3: p=0.40). 

IPF gene expression of 6 pathways show major overlap with fHP transcriptome:  To 

assess whether these 6 molecular traits were also found in IPF, we additionally performed 

RNA sequencing in these 36 IPF cores. In general, gene expression in IPF correlated 

moderately with fHP (spearman’s correlation rho: HP1-IPF1: 0.33, HP2-IPF2: 0.46, HP3-IPF3: 

0.46; Figure 8B), although principal component analysis revealed both disease-specific as well 

as disease extent-specific signals (Figure 8C). Regarding the six molecular traits dominating 

the fHP transcriptome, all were involved in IPF as well, with most modules involved in the 6 

molecular traits and cells enriched in fHP showing comparable associations with disease 

extent in IPF (Figure 8D-E), although differences in the magnitude of differential expression 

did occur. Importantly, both T cell and B cell signatures in IPF showed increased expression as 

seen in fHP. Moreover, xCell derived enrichment scores for several T cell subtypes showed 

degressively increased expression whereas the enrichment scores for several B cell subtypes 

showed similar patterns regarding disease-severity-dependent expression compared to IPF 

(i.e. degressively increased expression for T cell subsets and progressively increased 

expression for B cell subsets). None of the prevailing molecular traits was found restricted to 

fHP. 

Discussion 

This study is the first analysing the fibrotic HP transcriptome stratified by local disease 

severity, using multi-region sampling of HP explant lungs and comparing gene expression data 

with unused donor lungs as controls. We quantified the local disease severity using microCT 

and showed that architectural distortion within HP explant lungs correlated with gene 
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expression signatures. Six molecular traits were associated with fHP morphological 

progression: extracellular matrix and antigen presentation & sensitization (including T-cell 

subtypes and dendritic cells) signatures were most increased in the mildly affected lung zones, 

humoral immunity and honeycombing dominated the transcriptome of more severely 

affected lung zones. Endothelial dysfunction and loss of intracellular homeostasis emerged 

with progressive disease severity. These transcriptome results broadly correlated with 

transcriptome data of diagnostic HP biopsies, and these molecular traits associated with in 

vivo disease behaviour. Based on these findings, we propose a model of disease progression 

as depicted in Figure 8F. All six molecular traits were found to be similarly associated with 

morphological progression in IPF. 

One of our key findings is that the prevailing molecular traits are highly dependent on 

the disease extent of the microenvironment. McDonough showed that gene expression 

signatures were highly associated with the local disease severity in IPF and that fibrosis was 

differentially regulated in less affected and more affected regions(8). Moreover, de Pianto 

showed that in advanced IPF scar tissue 2 processes occurred in spatially distinct regions: a 

bronchiolar signature (associated with MMP3 expression) and a lymphoid signature 

(associated with CXCL13 expression)(18). Finally, telomere length associated with the disease 

extent of the microenvironment(19). 

T-cell activation in fHP was shown to be important in zones with mild disease extent, 

which is a finding of particular interest. Selman et al.(20) showed T cell-associated genes to 

be upregulated in HP compared to IPF. A recently published study by Furasawa et al. 

replicated this finding(21). However, the biopsy tissue used for the Selman study contained 

only minimal fibrosis(22) and showed high abundance of lymphocytes in BAL (median of 66%), 
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which is seen in only a minority of fHP cases in recent cohorts(23, 24). In the Furusawa study, 

30% of the included samples had only minimal fibrosis, and only 23% of cases had moderate 

to severe honeycombing. Hence, the observed T-cell upregulation compared to IPF in both 

studies probably reflect differences between HP samples which would morphologically fit into 

HP1 and IPF samples which would morphologically fit more into IPF2-IPF3 categories. Hence, 

the Selman and Furusawa findings are in line with our results. Stratifying the tissues according 

to extent of disease, we could not show immune pathways uniquely increased in HP 

compared to IPF. The increased expression of T cell signatures was shared with IPF. Although 

not regarded as an essential part of pulmonary fibrosis, upregulated T cell signatures were 

also found in IPF literature(8) and has been suggested to predict prognosis(25). Considering 

the complexity of the immune response, more advanced immunophenotyping approaches 

will be required to resolve this topic.   

The degressive increase in Mod1 gene expression might seem contradictory to the 

increased ECM deposition in the trichrome Masson stained fHP tissue and to the disease 

extent-associated increase in protein ECM markers in the BAL fluid. In our opinion, the crux 

of this apparent paradox lies in the concept that ECM deposition should be regarded as the 

resulting cumulative of all past ECM gene expression. In this sense, degressive increase in ECM 

gene expression implies that the addition of new ECM molecules slows down with increasing 

disease extent. Figure 2C also supports this idea: the relative area occupied by fibrosis is 

increasing, although the median value in the HP3 group is only slightly higher compared to 

the median value in HP2.  Moreover, the high expression of ECM genes in quasi normal-

histology lung regions (i.e. HP1) supports this concept.Finally, the fHP transcriptomic 

landscape showed remarkable similarities with IPF in this study, having all 6 most important 
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molecular traits in common. Moreover, extracellular matrixaccumulation, honeycombing, 

endothelial dysfunction, cell organelle dysfunction and both T-cell and B-cell upregulation are 

also described in IPF(8, 26, 35, 27–34). In the Furusawa study(21), a strong correlation was 

shown between IPF and chronic HP as well, both for the biopsy tissue (Pearson correlation 

coefficient (PCC) 0.72) and explant tissue (PCC 0.62). In our view, this does not imply that IPF 

and HP are the same. While the mechanisms that induce fibrosis seems to be shared, 

differences might exist in their spatial localisation within the micro-environment (i.e. 

centrilobular or more in the periphery of the secondary pulmonary lobule), in the regulation 

of these molecular traits and in the expression of transcriptomically less abundant molecular 

traits. 

This study has some limitations. Explant lung research has inherent limitations, as it is 

often thought of as end-stage material. However, 6886 genes were found increased in the 

most severely affected cores (i.e. HP3 cores) compared to controls, whereas 5859 showed 

progressive increased expression throughout HP disease stages. These findings do not 

support the hypothesis that explant lung material should be regarded as metabolically 

moribund. Stronger, based on these results, explant lung research is deemed invaluable to 

study structural variation within the lung against the same genetic background and the same 

degree of exposure. Moreover, we intensively validated the most important findings of the 

explant lung transcriptome analysis in tissue, BAL and CT scans of fHP patients at diagnosis 

using two separate fHP cohorts (i.e. GSE47460 and the Leuven fHP cohort), globally 

confirming the explant lung results in early disease and their impact on disease behaviour. 

We hypothesized spatial heterogeneity as a proxy for morphological progression. 

Although plausible, this hypothesis is an intrinsic limitation of the study. The concept of 
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disease extent in the microenvironment as proxy for a morphological progression is indeed 

impossible to validate, as the same region cannot be biopsied multiple times throughout 

disease evolution. However, several indirect clues support this rationale. First, the microCT 

variables associated with morphological disease extent (i.e. reticulation, airway changes 

including honeycombing) clearly follow the clinical disease evolution as visualized with in vivo 

CT during clinical follow-up. Moreover, the idea of assessing stages of disease progression 

within tissue taken at one specific moment is not new. The histopathological diagnosis of IPF 

include the assessment of temporal heterogeneity within the biopsy specimen. Hence, the 

IPF diagnostic guidelines acknowledge that temporal heterogeneity can be observed within 

tissue taken at one specific moment - a rationale very similar as the one we used in our 

approach. 

Assessing specific cell involvement using bulk RNA seq data is tempting, as it is 

hampered by inherent methodological issues. Single cell RNA (scRNA) analysis is needed to 

support these data and to refine the impact of specific subsets of T-, B- and dendritic cells, as 

recently published in IPF(36, 37). However, IHC validation provides additional evidence on 

protein level that these cell types are involved in fHP pathogenesis. Moreover, scRNA analysis 

could evaluate whether the ECM gene expression is declining with increased disease severity 

or merely attenuated secondary to the increased expression of other genes.

In conclusion, we defined six essential molecular traits involved in fHP morphological 

progression, which associated with in vivo clinical behaviour. Compared to IPF, the fHP 

transcriptome landscape was determined considerably by local disease extent, rather than 

by diagnosis alone.
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Figure legends

Figure 1: Study design and morphological analysis. (A) Explant lung processing flow. Nine HP 

explant lungs and 6 control lungs were used for the study. From each lung, 4 cores were 

retrieved, resulting in a total of 60 cores include in the study. After explantation, lungs were 

processed into cores, scanned using microCT, analysed using histology. Based on microCT-

determined disease extent, these cores were classified into mild (HP1), moderate (HP2) and 

severe (HP3). (B) Overview of explant lung analyses. RNA seq data were analysed using 

WGCNA, xCell, Gene Ontology enrichment and HGNC gene group enrichment. To validate 

transcriptome findings on protein and morphological level, additional immune 

histochemistry, immunocytochemistry of damaged telomeres, telomere length qPCR and 

scanning electron microscopy.  (C) Analyses performed on validation cohorts. In order to 

assess whether the identified molecular traits were involved in early disease and whether 

these molecular traits impact on fHP disease behaviour, additional validation analyses were 

performed.  Definition of abbreviations: WGCNA: weighted gene co-expression network 

analysis, HGNC: Hugo Gene Nomenclature Committee, IHC: immunohistochemistry, ICC-TIF: 

immunocytochemistry of damage telomeres (TIF), telo qPCR: telomere quantitative 

polymerase chain reaction, SEM: scanning electron microscopy, LTRC: lung tissue research 

consortium, BAL: bronchoalveolar lavage, CT: computed tomography, fHP: fibrotic 

hypersensitivity pneumonitis

Figure 2: Transcriptome signature reveals 3 distinct expression patterns. (A) Variability in 

local disease severity: far left: explant lung CT in sagittal plane, left: axial plane explant CT 

slices of upper and lower explant lung lobe showing variability in fibrosis. right and far right: 

microCT slice and corresponding H&E slice of core taken in the respective lung zones. (B) 
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MicroCT-derived disease severity parameters in HP and control cores. (C) Histological disease 

severity parameters in HP and control cores. (D) Volcano plots of HP1, HP2 and HP3 fold 

change data. Colored point represent genes with significantly different gene expression vs 

control based on FDR-corrected p-value and expression (see methods section) (E) Euler 

diagram showing numbers of differentially expressed genes. (F) Principal component analysis: 

Dimension 1 and 2 are plotted. (G) Heatmap of WGCNA module eigen genes showing 3 

distinct expression patterns. (H) Example of genes following one of these 3 distinct expression 

patterns: HYDIN, hub gene of Mod2 showing a progressive increase pattern, CTHRC1 hub 

gene of Mod1 showing a degressive increase pattern and PCDHA6, showing a progressive 

decrease pattern. Definition of abbreviations: PC: principal component, ECM: extracellular 

matrix. Significance levels: *** p<0.0001, ** p<0.01, *p<0.05.

Figure 3: Extracellular matrix gene expression dominates the transcriptome of mildly 

affected lung zones. (A) Fold change of gene expression of Module 1, its hubgenes as well as 

gene ontologies (GO) and HGNC gene groups involved in extra-cellular matrix gene expression 

showing a degressively increased expression pattern. (B) Functional enrichment of Module 1. 

Circles represent the proportion of Mod1 genes that are included in the GO. (C) 

Representative Trichrome Masson-stained slices for all 4 subgroups showing increased 

collagen deposition (blue, arrows). Scalebar: upper panels: 1mm, lower panels: 250 µm. (D) 

CTHRC1 staining in an HP2 core showing staining in the fibrotic stroma adjacent to normal 

lung tissue (arrows). Scalebar: left panel 250 µm, middle and right panel: 50 µm. (E) fold 

change of gene expression of Mod1 genes in the independent GSE47460 gene expression 

dataset (n=90: 30 HP cases and 60 age- and gender-matched controls). (F) Collagen Ia and N-

cadherin concentrations in BAL fluid from fHP cases included in the Leuven fHP cohort (n=61). 
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Patients with severe pulmonary function impairment showed increased concentrations for 

Collagen Ia and N-cadherin compared to cases with mild impairment. (G) Collagen Ia and N-

cadherin concentration in BAL fluid is associated with FVC decline in the Leuven fHP cohort  

(H) Scoring of the percentage of parenchyma taken in by reticulation (i.e. the macroscopic 

correlate of ECM deposition) on baseline CT of fHP cases. The extent was associated with 

baseline pulmonary function in the Leuven fHP cohort. (I) Kaplan Meier curve showing survival 

stratified by reticulation scoring in fHP cases from the Leuven cohort (n=86). Definition of 

abbreviations: ECM: extracellular matrix, TGFb: transforming growth factor beta, ER: 

endoplasmic reticulum, BAL: bronchoalveolar lavage. 

Figure 4: While antigen presentation & sensitization is highly abundant in mildly affected 

lung zones, B-cell involvement prevailed in severely affected lung zones. (A) Fold change of 

xCell enrichment scores of B-cells showing a progressively increased expression pattern 

whereas fold change of xCell enrichment scores of T-cell subsets, as well as gene ontologies 

and HGNC gene groups involved in antigen presentation & sensitization showing a 

degressively increased expression pattern. (B) Abundance of CD4-, CD8- and CD20-positive 

cells in explant lung samples. (C) Fold change of xCell enrichment scores for B- and T-cell 

subsets in the GSE47460 dataset (n=90). 

(D) Abundance of CD3- and CD20-positive cells in fHP diagnostic biopsies (n=10). Left: mildly 

fibrotic lung zone, Right severely fibrotic lung zones. For each lung zone: left upper: overview 

H&E, right upper: detailed H&E view, left lower: CD3 staining, right lower: CD20 staining. CD3 

dominates in mild fibrosis (arrows left lower panel) whereas CD20 tertiary lymphoid 

aggregates are highly abundant in severe fibrotic zones compared to CD3 cells (arrows lower 

right panel). Scale bars: upper panels: left 600 µm, middle left 250 µm, middle right 1mm, 
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right 150 µm; lower panels: left and middle left: 100µm, middle right and right: 150 µm (E) 

IFNy- and BAFF-concentrations in BAL fluid of fHP patients at diagnosis (n=61) associated with 

pulmonary function impairment. Definition of abbreviations: Ag: antigen, SymInt: symbiotic 

interaction, Tcm: central memory T-cells, Tem: effector memory T-cells, Tgd: gamma-delta T-

cells, Th: T-helper cells, Tregs: regulatory T-cells, NKT: natural killer T-cells, DC: dendritic cells, 

aDC: activated DC, cDC: conventional DC, iDC: immature DC, pDC: plasmacytoid DC, Bx: 

biopsy, BAL: bronchoalveolar lavage. Significance levels: *** p<0.0001, ** p<0.01, *p<0.05.

Figure 5: Honeycomb formation dominate the transcriptome of severely affected lung zones

(A) Fold change of gene expression of Module 2 and 3, their hubgenes as well as gene 

ontologies and HGNC gene groups involved in honeycombing showing a progressively 

increased expression pattern. (B) Functional enrichment of Module 2 & 3. Circles represent 

the proportion of genes that are included in the GO. (C) Immunofluorescent staining showing 

high abundance of ciliated cells in honeycomb regions: ciliated cells (red), club cells (orange), 

and basal cells (green). (D) Expression of MUC5B shows a progressive increase. (E) Fold change 

gene expression of Mod2 and Mod3 genes in the independent GSE47460 gene expression 

dataset (n=90). (F) The presence of honeycombing on baseline CT in the Leuven fHP cohort 

associated with baseline pulmonary function (n=86). (G) Kaplan Meier curve showing survival 

data stratified by presence of honeycombing. Significance levels: *** p<0.0001, ** p<0.01, 

*p<0.05.

Figure 6: Endothelial dysfunction emerges with progressive fibrosis

(A) Fold change of gene expression of Module 4-6 and their hub genes, fold change of xCell 

enrichment score for endothelial cells as well as fold change of gene expression of gene 
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ontologies and HGNC gene groups involved in cell adhesion and endothelial function, showing 

a progressively decreased expression pattern. (B) Functional enrichment of Module 4-6. 

Circles represent the proportion of Mod4-6 genes that are included in the GO. (C) 

Protocadherin IHC staining show intense staining in vascular endothelium (arrows) and 

smooth muscle cells but not in epithelium. (D) Scanning electron microscopy images. Upper 

panel: overview of the sample. Middle and lower panels: microvasculature corrosion casting; 

left: decreased angiogenesis in more affected lung zone, right: increased angiogenesis in less 

affected lung zones. The holes in the lower panels are the microvascular corrosion casting 

correlate of intussusceptive transluminal pillars, an early sign of intussusceptive angiogenesis. 

(E) Fold change of gene expression of genes included in Module 4-6 in the independent 

GSE47460 gene expression dataset (n=90). (F) Fold change of xCell enrichment scores of 

endothelial cell subsets in the independent GSE47460 gene expression dataset (n=90). 

Figure 7: Intracellular homeostatic functions are compromised with progressive fibrosis

(A) Fold change of gene expression of genes included in Module 7-12 and their hub genes, as 

well as gene ontologies and HGNC gene groups involved in intracellular homeostasis, showing 

a progressively decreased expression pattern. (B) Functional enrichment of Module 7-12. 

Circles represent the proportion of Module 7-12 genes that are included in the enriched GO. 

(C) Fold change of gene expression of genes included in Module 7-12 in the independent 

GSE47460 gene expression dataset (n=90). (D) qPCR-based relative telomere length in all 4 

subgroups.  (E) Fluorescent staining for TRF2, y-H2AX and DNA of cells in and outside the 

respiratory epithelium. Arrowheads indicate co-localization events between telomeres and -

H2AX signals. 42-58 nuclei from epithelial cells were counted in one tissue section of each 

donor. For non-epithelial cells, 48-61 nuclei were analysed for each donor. Cells were 
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classified as belonging to the epithelium based on their morphology. Telomere damage is 

increased in HP cores. (F) fold change of ageing-associated gene expression showing a 

complex expression pattern with some genes degressively increased whereas others 

progressively increased. 

Figure 8: Comparison with IPF and visual overview of the HP transcriptome. (A) Surface 

density in the 3 IPF severity groups, compared with controls and fHP. (B) Scatter plot of log2 

fold change gene expression in IPF and HP corresponding disease severity groups. (C) Principal 

component analysis of all sequenced samples, showing both disease-specific signals as well 

as disease severity-specific signals. (D) Heatmaps of fold change and enrichment scores in HP 

and IPF vs controls for the most important modules and xCell subtypes. (E) Correlation plot 

based on genes involved in the respective molecular trait. The plots shows correlations 

between IPF and fHP samples, stratified by disease severity. (F) Visual representation of gene 

expression of the 6 most important molecular traits in the fHP disease process. Definition of 

abbreviations: ECM: extra-cellular matrix, AP&S: antigen presentation and sensitization
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CTRL (n=6) HP (n=9) p-value

Age 56.5 ± 13 56.0 ± 5.0 0.64

Sex (female) 2 (33%) 5 (56%) 0.61

Patient height (cm) 170 ± 10 166 ± 16 0.68

Patient weight (kg) 80 ± 15 74 ± 7 0.52

Lung volume (l) 3.36 ± 0.53 0.961 ± 0.32 <0.001

FVC (% predicted) NA 43 NA

DLCO (% predicted) NA 31 NA

Mould exposure 

(mould/bird/unknown)*

NA 3/5/3 

(33%/56%/33%)

NA

Exposure until LTx† NA 5 (83%) NA

Table 1 Baseline characteristics. 

Data presented as mean ± SD or as frequency with (%). P-value are retrieved from t-tests for 

continuous data and chi square or fisher exact (where applicable) for categorical data.  * 2 

cases had both bird and mould exposure. †Percentage calculated based the 6 cases with 

known exposure. Definition of abbreviation: FVC: forced vital capacity, DLCO: Diffusing capacity 

of the lung for carbon monoxide, LTx : lung transplantation.
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Supplementary Appendices

Supplementary appendix 1: Extensive methods section

Patient selection, lung collection and processing

Since 2009, explant lungs have been prospectively collected from all HP patients undergoing 

lung transplantation (Ethical board approval S52174). Diagnosis of HP was based on a multidisciplinary 

discussion of ILD experts (pulmonologists, radiologists, pathologists, rheumatologists and 

occupational physicians, all with specific expertise in ILD) according to international guidelines1,2. All 

patients were followed at the UZ Leuven clinical department before transplantation. Patient 

demographics can be found in Table 1 and Supplementary Table 1. The lung processing protocol has 

been described extensively elsewhere3,4. Explant lungs were cannulated and inflated until total lung 

capacity (TLC), by applying a transpulmonary pressure of 30 cmH2O. Afterwards, they were deflated 

to 10 cmH2O transpulmonary pressure, followed by freezing in the fumes of liquid nitrogen vapour. 

This technique guarantees preservation of morphology and RNA quality4. Afterwards, these lungs 

were scanned using high-resolution computed tomography (HRCT) (Siemens definition flash 120 kV; 

110 mAs), hereafter referred to as the ‘explant CT’. Clinically relevant variables were collected from 

clinical chart review.

Since 2010, unused donor lungs have been prospectively collected, which is legally allowed 

under Belgian legislation. Initially, 11 donor lungs that were declined due to a non-pulmonary reason 

(i.e. kidney neoplasm, recipient dying, logistical problems, low-quality contralateral lung; all with 

normal appearing lung parenchyma) were eligible for inclusion in the study and were processed as 

previously described3,4; five were excluded to match the donor lungs with fHP explant lungs for age, 

gender and smoking status.
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After explant CT scanning, the lungs were (while still frozen) cut into slices of 2 cm using a 

band saw, from apex to base, and systematically sampled and photographed. Four cores per lung were 

selected for further analysis (Supplementary Figure 1-2). To correct for spatial heterogeneity, 2 cores 

were retrieved from the upper lung lobe, the 2 others from the basal lung zones. From each lung zone, 

1 minimally affected and 1 more extensively affected sample was randomly selected, based on 

macroscopic interpretation of the lung slices. 

Morphological analysis

microCT: The frozen cores were scanned in frozen condition with the microCT (Skyscan 1172; 

Skyscan, Kontich, Belgium) using an optimized protocol (resolution 10 µm; 40 kV, 226 mA, 0.5° rotation 

steps, by applying a cooling stage which preserves the temperature at -30°C)5. After scanning, the 

images were reconstructed with NRecon (Bruker Belgium) and processed using CTan to calculate 

Surface Area, Tissue Volume and Core Volume after manual thresholding for differentiating tissue 

from air. Surface density (SfD) was calculated as the ratio of Surface Area by Core Volume. Tissue 

percentage (Tperc) was calculated as the ratio of Tissue Volume by Core Volume. All tubulo-cystic 

structures (including airways) were segmented using ITK-SNAP software6. Afterwards, volume fraction 

of these structures was calculated per core as the ratio of the volume occupied by these tubulo-cystic 

structures and the total core volume. Based on surface density, HP cores were clustered in 3 groups 

with mild, moderate and severe disease state, named HP1, HP2 and HP3, respectively. Clustering was 

performed using the complete linkage hierarchical clustering method. Eight fHP lungs contributed HP1 

cores,7 fHP lungs contributed HP2 cores and 8 lungs contributed HP3 cores. Core groups were evenly 

distributed between subjects/lungs (chi square test, p=0.75)

MicroCT variables (i.e. surface density, tissue% and % of tissue consisting of airway-like 

structures) were compared between controls and every HP-group separately using mixed effect 

models, correcting for subject as random effect and age and gender as fixed effect. 
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Histology: After microCT scanning, the cores were divided in multiple pieces. One was used for 

transcriptome analysis (cf infra), another was used for histology. The portion used for histology was 

vacuum embedded in OCT (Sakura), then cryosections (8µm) were made. H&E staining were assessed 

and structural elements were quantified using QuPath7: surface occupied by honeycomb structures, 

by intra-parenchymatous fibrosis, by vessels and by apparently normal alveolar structures (shown in 

Supplementary Figure 3). These histological variables were compared between controls and every HP-

group separately using mixed effect models, correcting for subject/individual as random effect and 

age and gender as fixed effect.

To assess the presence of relevant immune cells, immunohistochemical stainings for T-

lymphocytes (CD4: M7310, Dako Heverlee, Belgium, dilution 1:50; and CD8: M7103, Dako Heverlee, 

Belgium, dilution 1:50) and B-lymphocytes (CD20: M0755, Dako Heverlee, Belgium, dilution 1:250) 

were made using an AEC chromogen (K3464, Dako Heverlee, Belgium). Slides were digitalised using 

Aperio digital pathology slide scanner (Leica Biosystems Inc., Canada) and analysed using Qupath7 and 

ImageJ. The number of positively stained cells relative to all identified cells was calculated and 

compared (HP vs controls and between HP subgroups), using mixed models correcting for age, gender 

(fixed effects) and subject (random effect).

Transcriptome analysis

Processing for transcriptome analysis: From each core, RNA was extracted using the miRNeasy 

micro kit (Qiagen). cDNA libraries were prepared from 20 ng of total RNA, using the Ion AmpliSeq 

Transcriptome Human Gene Expression Kit (Thermo Fisher Scientific). Raw reads were mapped to the 

human genome (UCSC hg38) using a two-stage mapping strategy as recommended by Ion Torrent, 

which maps reads to the human genome using STAR in the first stage and the unmapped reads with 

local alignment strategy using bowtie2 in the second stage. The trimmed mean of M-values (TMM) 

normalization was applied to the dataset. Principal component analysis (PCA) was conducted to 

identify and remove outlier samples. In total gene expression data were retrieved for 26,485 genes. 
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Library preparation, sequencing and data processing has been previously described in detail in 

McDonough et al4. 

 All low-expressing genes were removed from the dataset, defined as genes with > 0.01 reads 

in > 90% of HP samples. After removing, 21865 genes were retained for analysis. Afterwards, log2 

transformation and quantile normalisation was performed. 

As cores from the same individual cannot be regarded as independent data points, fold 

change of gene expression between fHP and controls was calculated as the estimate of the log2 

transformed and normalised gene expression data, in a linear mixed model, correcting for age and 

gender as fixed effects and subject/individual as random effect (a similar approach was used for 

microCT analysis). The same model was used to calculate fold change between every specific HP 

subgroup (i.e. HP1, HP2 and HP3) and controls. Statistical significance of gene expression differences 

was defined as the combination of false discovery rate (FDR)-corrected p-values <0.05 (using the 

Benjamini-Hochberg algorithm) in the mixed model combined with a log2 fold change > 0.585 or < 

-0.585 (corresponding to a fold change of >1.5 or < 0.667).

Weighted gene co-expression network analysis (WGCNA): To cluster genes with similar 

expression patterns (i.e. co-expressed genes), a consensus WGCNA approach8,9 was used, including 

gene expression data of HP1, HP2 and HP3 cores as separate datasets. The clusters of co-expressed 

genes are called ‘Modules’. Settings included:

- Soft-thresholding power: this was based on scale free analysis and set as the lowest power 

with a scale free topology Model Fit >0.8 (Supplementary Figure 4)

- Type of correlation: biweight midcorrelation was used to account for outliers

- Signed type of correlation, to account for the sign of correlation
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- A more specific module detection (i.e. deepSplit = 2) was used to ascertain only importantly 

correlated genes

- Minimum of 20 genes per module

- Cut height for merging modules of 0.15

Raw module attribution is shown in Supplementary Figure 5. One module accounted for > 2000 genes 

and was further split based on interactome data: based on the string dataset10 which records all known 

interactions between molecules, a graph was created including all interactions between genes 

included in the original module. The graph was restricted to strong interaction (combined score ≥ 400). 

Using spinglass community detection algorithm (using the igraph R package11), 9 communities were 

retrieved from the initial module. These sub-modules were regarded as separate modules for further 

analyses. 

For every module, the median fold change of all genes included in the module was calculated 

for every HP subgroup separately (i.e. HP1, HP2, HP3).  Hub genes were calculated for all modules 

using the dhga package12. The 20 most important hub genes were considered for further analysis and 

were selected further for functional relevance. 

Biological enrichment and clustering: Biological enrichment of the modules was performed 

using several methods:

- For each module, gProfiler13 was used to determine enrichments for gene ontologies (GO) and 

Reactome Pathways. Enriched pathways and GOs were introduced in Cytoscape (v3.7.0) to 

determine modules with overlapping functions and cluster the modules accordingly 

(Supplementary Figure 6). 

Page 53 of 81

 AJRCCM Articles in Press. Published November 01, 2021 as 10.1164/rccm.202103-0569OC 
 Copyright © 2021 by the American Thoracic Society 



- Based on the Rcistarget database14, enriched motifs were retrieved for every module. 

Similarly, these enriched motifs were introduced in Cytoscape to determine overlapping 

motifs and cluster the modules accordingly (Supplementary Figure 7). 

- COMPARTMENTS15 is a database integrating all available evidence regarding the subcellular 

localization of gene products, classified according to the weight of evidence in confidence 

scores. Based on this database, enrichment for specific subcellular localisation were 

determined for every module. Only data with evidence score >3 was used. 

- Using the lung sorted gene cell (LUNGens) database16, enrichment for specific cell origins (i.e. 

epithelial vs endothelial vs mesenchymal vs immune) was retrieved for every module 

separately. 

- In order to link modules with specific cells in the microenvironment, we assessed the Cibersort 

database17 and sought whether genes specifically attributed to a specific cell type were 

enriched in a specific module. 

Based on these enrichment techniques, modules were clustered according to their function. 

xCell approach: xCell is a tool for cell type enrichment analysis based on numerous pure cell 

gene signatures, applying a new spill-over compensation technique to reduce associations of closely 

related cell types, validated using cytometry immunophenotyping and in-silico simulations18. Log2 

transformed and normalized gene expression data were imputed in the xCell R package.  Fold change 

(vs control) was then calculated based on Enrichment scores, correcting for age, gender (as fixed 

effects) and subject (as random effect) in a mixed model. Separate models were used for HP1, HP2 

and HP3 cores (vs controls).

Cellular enrichment based on scRNA cell-specific markers: To assess the cellular enrichment of 

non-immune cells, cell-specific gene expression data from an IPF scRNA-seq dataset was used. In this 
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dataset, the authors provided a diagnostic odds ratio (DOR) for a specific gene with regard to a specific 

cell type against all other cell populations. In Supplementary Figure 8, log transformed DOR values 

were plotted for every gene, stratified according the specific SfD-associated expression pattern. 

Moreover, the percentage of genes with log2 DOR values >4 was plotted as barplots to show the 

relative number of genes highly associated to a specific cell type. 

GSEA/HGNC-EA: Validation of the modules was performed by gene set enrichment analysis 

(GSEA), using GAGE19 (generally applicable gene set enrichment analysis). Gene expression data was 

inputted for every disease state separately. Specific WGCNA module functions and cell-specific GOs 

were screened for in the top 50 gene ontologies of every expression pattern category (i.e. degressive 

increase, progressive increase, progressive decrease; described in the results section). Differential 

expression of HGNC gene groups20 were checked as well using a mixed effect model, assessing fold 

change of gene expression (vs control cores) of a specific HGNC gene group, correcting for age and 

gender as fixed effects, and subject and gene as random effects. Differentially expressed HGNC gene 

groups were classified according to their expression pattern. Top 50 HGNC gene groups of every 

expression pattern category were checked for WGCNA module functions and cell-specific gene 

groups.

Ageing genes analysis: Gene lists of ageing genes where retrieved from 2 landmark papers 

regarding the transcriptomic signature of ageing in pulmonary fibrosis.21,22 

Validation techniques

Histology and IHC

As the tissue cores used for transcriptome analysis were fully used for transcriptome analysis and 

initial histology (cf supra), we used cores in the neighbourhood of the cores used earlier, further called 

‘companion cores’. The companion cores were characterized by microCT. Based on SfD, 2 companion 

cores per disease states (HP1, HP2, HP3) were randomly selected.  
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Additional immunohistochemistry histology on companion cores: The gene products of 

selected module hub genes were stained using immunohistochemistry (IHC): CTHRC1 (dilution 1:500, 

HPA059806, Sigma Aldrich), PCDHGC3 (dilution 1:250, HPA008755, Sigma Aldrich), as well as IHC for 

CD3 (Agilent, CD3, nr 76197 with DAKO Omnis Autostainer) and CD20 (Agilent, CD20cy, nr 76218 with 

DAKO Omnis Autostainer), and trichrome Masson staining using conventional protocols. These 

companion cores were then processed in an optimized protocol: the cores were fixed in 1/9 

formaldehyde solution and embedded in paraffin. Afterwards, they were sliced at 5 µm and stained 

using an optimized protocol based on the Human Protein Atlas protocol23: slices were deparaffinized 

and rehydrated using standard xylene and graded ethanol series, with antigen blocking using a 0.3% 

H2O2 in 95% ethanol blocking solution. Antigens were retrieved in a TrisEDTA retrieval buffer by 

heating the slices (45 min boiling in microwave oven, 30 min of cooling in room temperature). 

Immunohistochemical staining was performed via the human Protein Atlas staining protocol using 

Ultra V block, primary antibody (applied overnight), primary antibody enhancer, labelled HRP polymer 

and DAB Quanto. Counterstaining was performed with haematoxylin. Re-dehydration according to 

classical protocol. Antibodies and dilutions are mentioned in the main manuscript. 

Additional FISH staining of airway epithelial cells on companion cores: Differential airway cell 

immunofluorescence staining (ciliated cells (anti-beta-tubulin), club cells (also staining goblet cells, 

anti-uteroglobin) and basal cells (anti-p63)) was performed. Companion core slices were 

deparaffinized and rehydrated using standard xylene and graded ethanol series, after which antigen 

heat retrieval was performed using citrate buffer (20 min boiling in microwave, 20 min cooling in room 

temperature) and blocking using BloxallTM (Lab Consult, Brussels, Belgium). FISH staining was 

sequentially performed for basal cells, ciliated cells and club cells, by applying primary antibody and 

secondary antibody (and amplifier when needed, cf infra). Finally slices were stained for nuclei using 

DAPI. 

Following compounds are used:
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Staining target Primary Antibody (PA) PA Dilution Secondary Antibody Amplifier/dye

Basal cells p63 antibody1 1/1000 Anti-mouse Ab-polyHRP4 Dye 4886

Ciliated cells Anti-ß-Tubulin2 1/5000 Anti-mouse Ab-polyHRP4 Dye 5467

Club cells Anti-Uteroglobin3 15µg/ml Anti-rat - Alexa Fluor 6475

Nuclei DAPI8

1p63 Protein (Concentrate), M731729-2, Agilent

2Monoclonal Anti-ß-Tubulin IV antibody produced in mouse, T7941, Merck (Sigma)

3Anti-Uteroflobin antibody, Mab4218, R&D systems

4SuperboostTM Goat anti-Mouse Poly HRP, B40961, Thermo Fisher

5Anti-rat Alexa Fluor, A-21247, Thermo Fisher

6Alexa FluorTM 488 Tyramide reagent, Thermo Fisher

7Alexa FluorTM 546 Tyramide reagent, Thermo Fisher

8DAPI, Invitrogen

FISH images were visualised with the EVOS microscopy system (Thermo Fisher) and analysed using the 

Celleste Software Package (Thermo Fisher) and Qupath7. 

Scanning electron microscopy: As a proof of concept, one fHP explant lung sample was used for 

microvascular corrosion casting and scanning electron microscopy to assess vascular abnormalities. 

The lung explant sample was processed within 30 minutes with a routine formalin-fixation and 

paraffin-embedding (FFPE) protocol, analysed using conventional light microscopy and microCT 

scanned. Afterwards the microvascular corrosion casting was performed using an formerly published 

protocol24. The afferent vessels were cannulated and flushed with a glutaraldehyde fixation solution 

after saline flushing. Prepolymerized PU4ii resin mixed with a hardener (40% solvent) and a blue dye 
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was injected as casting medium.  Afterwards, the lung tissue was removed using a 10% KOH solution 

at 40°C for 2-3 days. The cast were rinsed and frozen in distilled water. When ready for analysis, the 

casts were freeze-dried and gold-sputtered in an argon atmosphere. Scanning electron microscopy 

was performed using a Philips ESEM XL-30 scanning electron microscope (15keV and 21 µA; Philips, 

Eindhoven, The Netherlands).

Relative telomere length (RTL) using qPCR: Another piece (diameter: 7mm, height: 5mm) of 

each core was used for RTL measurement. DNA was extracted using the QiAmp DNA Mini Kit (Qiagen 

Inc., Venlo, The Netherlands). NanoDrop (Thermo Scientific NanoDrop Technologies, Wilmington, 

Delaware, USA) was used for determining DNA concentration and purity. DNA integrity was assessed 

using agarose gel electrophoresis. A modified quantitative real-time PCR (qPCR) technique was used 

for average RTL measurement, as previously described25. 

Telomere staining: Damaged telomeres (TIF) were detected by the co-localization of TRF2 

shelterin protein, a marker of telomeres, and -H2AX, a marker of DNA damage. Cryosections (5-µm 

thick) were processed as described previously26. The primary antibodies were as follows: TRF2 (Rabbit, 

Novus Biologicals, NB110-57130), 1:2000 and -H2AX (Mouse, Millipore, 05-636), 1:1000. The 

secondary antibodies were: anti-rabbit-Alexa488 (Thermo Fisher Scientific, A11008), 1:400 and anti-

mouse-Alexa647 (Thermo Fisher Scientific, A31571), 1:400. Images were acquired with a confocal 

microscope (Cell Observer Spinning Disk, Zeiss) using a 100x objective and processed with ImageJ 

software (National Institute of Health). Hereafter, the number of nuclei studied for this analysis are 

depicted.
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EPITHELIUM OUTSIDE EPITHELIUM
CNTRL 42 56

HP1 50 48
HP2 46 51
HP3 58 61

 GSE47460 transcriptome: To validate differentially expressed modules, we analysed a 

separate, publicly available gene expression GEO dataset GSE47460 

(http://www.ncbi.nlm.nih.gov/geo). Gene expression was determined on tissue from diagnostic 

biopsies. The dataset comprised of 254 patients with ILD, 220 with COPD and 108 controls. Control 

tissue was obtained from patients undergoing thoracic surgery for the investigation of a nodule, which 

came out negative.

We used the data of all 30 HP patients; 60 controls were selected for age- and gender-matching, using 

the MatchIt R package27. Gene expression data was log2 processed and normalised using quantile 

normalisation. Fold change was defined as the estimate of a linear mixed effect model, correcting for 

age and gender as fixed effects and platform and lobe as random effects. Median fold change was 

calculated for all genes per pathway, as determined in the analysis of HP cores (as explained above). 

Statistical significance of differential module expression was based on a mixed model analysing the 

normalised data of all genes of the pathway, correcting for age and gender as fixed effects and gene 

as random effect. xCell enrichment scores were calculated similarly compared to controls, using linear 

models, correcting for age and gender.

Histology and immunohistochemistry on diagnostic biopsies: FFPE-embedded diagnostic 

biopsies of 10 fHP patients were retrieved, sectioned (5µm) and stained for H&E, CD3 and CD20, using 

the same protocols mentioned above (i.e. the companion core protocols). 

Multi-analyte profiling in bronchoalveolar lavage (BAL): Since 2008, BAL samples of ILD 

patients are being collected prospectively during diagnostic workup (Ethical Board approval S51293). 
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BAL collection was performed using conventional protocols: 4x50ml was instilled, recuperated fluid 

from the last 3 instillations were pooled, immediately stored at +4°C, centrifugated within 6 hours and 

stored directly after at -80°C until analysis. We used all available BAL samples of fibrotic HP patients 

(n=61). The 6 pathways retrieved from transcriptome analysis were validated using targets hereafter 

mentioned. For ECM: Collagen I alpha, N-cadherin, matrix metalloproteinase 7 (MMP7) and 

Fibronectin; for Antigen Presentation and Sensitization: Interleukin-2 (IL-2), Interferon gamma (IFNy), 

leukaemia inhibitory factor (LIF); and for B-cell functions: B-cell activating factor (BAFF). No adequate 

targets for vascular involvement, airway malformation and intracellular homeostasis could be 

identified, hence these pathways were not tested in the BAL. 

Protein quantification was performed using a custom-made Luminex assay (R&D Systems), 

using 50 µl of 2-fold diluted BAL fluid. Values below the standard curve were attributed as 50% of the 

lowest level of the standard curve; values higher than the standard curve were attributed the highest 

level of standard curve. To analyse association between Multiplex targets and baseline disease 

severity, patients were stratified according to pulmonary function (i.e. FVC% and DLCO%; using 

hierarchical clustering). Student’s t-tests were performed to analyse association between baseline 

characteristics/protein values and disease severity group (Supplementary Table 6). Moreover, 

associations with survival were analysed using cox proportional hazard models with survival as 

outcome measurement, correcting for age, gender and baseline FVC measurements. Finally, the 

impact of protein values on FVC% evolution was determined using mixed effect models. FVC% and 

DLCO% values were used as outcome measurements (in separate analyses), while correcting for time 

since BAL sampling, age and gender as fixed effects. Random effects were the subject (both random 

intercept and independent random slope) and the hospital where the PFT was performed (as random 

intercept).
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Analysis of temporal evolution of HRCT features

All fibrotic HP patients followed at the University Hospitals Leuven between 2005 and 2015 were 

included in the study if a high-resolution chest CT at the time of diagnosis was available (n=86). 

Honeycomb presence and reticulation abundance was visually scored (honeycombing: 

absent/present; reticulation abundance: percentage of parenchyma taken in by reticulations). We 

assessed the effect of reticulation and honeycombing on survival using cox proportional hazards 

models, correcting for age at diagnosis, gender and baseline FVC% with 10-year survival as outcome 

variable. Transplanted cases were censored at the day of transplantation, other cases were censored 

at the end of the study (i.e. July 1, 2019). Moreover, a multivariate linear regression model was 

constructed determining the association between baseline lung function and the CT variable, 

correcting for age and gender. Baseline FVC% and baseline DLCO% were used as outcome variables in 

separate models.

Comparison with IPF

Forty cores from ten IPF lungs were processed similar to the fHP lungs. Based on microCT data, the 

cores were also stratified according to disease severity in 3 groups. Four emphysema-containing cores 

were excluded. Gene expression was assessed similar to fHP. Gene clustering was applied according 

to the fHP modules. Moreover, IPF gene expression data was analysed using xCell, identical to fHP 

analysis. Enrichment scores were visualised and compared using heatmaps. 
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Supplementary appendix 2: Global overview of transcriptomics differences between 

controls and fHP.

Gene co-expression network analysis: WGCNA analysis identified 25 functionally enriched co-

expression modules. One module accounted for 3882 genes and was further divided in 9 sub-modules 

using interactome data (see methods section). Further analyses were performed on these in total 33 

modules which all followed one of the three above-mentioned expression patterns: one was 

degressively increased (i.e. Mod1 module), 16 were progressively increased, 16 others were 

progressively decreased (Figure 2G). An overview of the function of these modules can be found in 

Supplementary Table 2, median expression data can be found in Supplementary Table 3. Modules 

were grouped according to biological enrichment: extracellular matrix, honeycombing, cell adhesion, 

homeostasis functions, sensory perception/cell signalling, unspecified transcription and broad 

immunological functions (Supplementary Table 2). 

Assessing involvement of specific cell types: In order to assess involvement of specific cells, 

the dataset was analysed using the xCell tool18, which determine cell-specific enrichment scores in 

order to define the abundance of a specific cell type in the diseased cores. From the 39 cell types 

analysed, 12, 12 and 17 cell types were differentially expressed in HP1, HP2 and HP3 respectively. 

Twenty cell types were differentially expressed in at least one disease stage. Broadly, the three 

expression patterns described above (i.e. degressive increase, progressive increase and degressive 

increase) were found as well (Supplementary Table 4).

Gene ontology (GO) and structure enrichment analysis (GSEA/HGNC): The major 

transcriptome findings, including their expression pattern were validated internally via gene set 

enrichment analysis (GSEA) and analysis of expression patterns of HGNC groups. 133 GO annotations 

were degressively increased, 189 were progressively increased and 1589 were progressively 
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decreased. From the 1150 HGNC gene groups tested, 31 were degressively increased, 224 were 

progressively increased and 337 were progressively decreased.
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Supplementary Tables
Supplementary Table 1: baseline characteristics: additional data on HP patients

Parameter cases
Exposure
  history of exposure (positive / negative) 6/3
  specific IgG (positive / negative / not performed) 5/0/3
CT
   at diagnosis (typical HP / compatible with HP / indeterminate for HP)* 7/2/0
   preLTx (typical HP / compatible with HP / indeterminate for HP)* 7/2/0
BAL 
   (0-15% / 15-20% / 20-30% / > 30% / not quantified) 5/1/0/0/3
Pathology
  biopsy at diagnosis (HP / probable HP / indeterminate for HP / not performed)* 3/1/0/5
  explant lung (HP / probable HP / indeterminate for HP )* 1/4/4
HP diagnostic confidence (base on all data)
  definite / high / moderate / low confidence* 4/2/2/1

* patterns according to the 2020 HP guidelines 
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Supplementary Table 2: Overview of WGCNA Modules

Module Function Functional cluster Expression pattern Hubgenes
Mod1 extra-cellular matrix, collagen formation ECM Degressive increase CTHRC1, COL1A1, COL1A2, COL3A1, THY1
Mod2 cilia honeycombing Progressive increase RSPH1, CFAP53, HYDIN, DNAAF3, DNAAF1
Mod3 keratinization, cytoskeleton honeycombing Progressive increase LCE1B, KRTAP17.1, KRTAP13.4, KRTAP1.1, KRTAP9.2
Mod4 cell adhesion cell adhesion Progressive decrease PCDHA6, PCDHA8, PCDHA2, PCDHA11, PCDHA1
Mod5 cell adhesion, vascular development cell adhesion Progressive decrease EMP2, CAV2, FERMT2, LIMCH1, ACVRL1
Mod6 cell adhesion/development cell adhesion Progressive decrease PCDHGC3, PCDHGB6, PCDHGA10, PCDHGA4, PCDHGA2
Mod7 RNA metabolism, ubiquitination intracellular homeostasis Progressive decrease PRPF4B, USP47, SF3B1, COMMD10, LUC7L2
Mod8 ER, Golgi, vesicles intracellular homeostasis Progressive decrease SEC61A1, SEC13, SURF4, AGPAT2, PTPN11
Mod9 autophagy, RNA metabolism, ubiquitination intracellular homeostasis Progressive decrease TPR, STK3, RAP2A, PJA2, EIF1B
Mod10 ubiquitination, RNA metabolism, intracellular homeostasis Progressive decrease BLVRB, SRSF4, EGLN2, DRG1, PTP4A2
Mod11 RNA metabolism intracellular homeostasis Progressive decrease KMT2C, STAG1, MCPH1, PCF11, DIS3
Mod12 mitochondria, organelles intracellular homeostasis Progressive decrease MLLT10, CWC27, COPS3, PTCD3, PPP2R5A
Mod13 arginine/proline metabolism cell signaling Progressive increase PRODH2
Mod14 NAD activity/retinol metabolism cell signaling Progressive increase ADH1C
Mod15 spingosine-1-phosphate cell signaling Progressive increase
Mod16 GTPase cell signaling Progressive increase
Mod17 sensory perception/GPCR cell signaling Progressive increase OR52R1, OR10C1
Mod18 cell metabolism cell signaling Progressive increase PCK1, PKLR, PLB1
Mod19 sensory perception, GPCR cell signaling Progressive increase OR52A1, OR6C75, OR14C36, OR4D10, OR52A5
Mod20 sensory perception, GPCR signaling cell signaling Progressive increase MC3R, DRD5
Mod21 transcription, DNA methylation transcription Progressive increase HIST1H2AJ, HIST1H2AI, HIST1H2AH, HIST1H4K, HIST1H3G
Mod22 transcription transcription Progressive increase
Mod23 transcription transcription Progressive increase
Mod24 transcription transcription Progressive increase ATOH1, NEUROG1, FOXL2, SOX1, MYH3
Mod25 RNA processing transcription Progressive increase ELL3, TAF1L, DQX1, SARS2, FBLL1
Mod26 DNA repair/transcription transcription Progressive increase PRDM9, HIST1H2BA, HIST1H4G, CCNE1, HIST1H2BB
Mod27 cellular response to stimulus immunity Progressive decrease SEMA6A, ARHGAP29, ERG, LDB2, GIMAP8
Mod28 immunity immunity Progressive decrease CASP1, IFIT2, MFNG, FNIP1, NOD2
Mod29 innate immunity immunity Progressive decrease RPS6KA2, SSH2, MAP2K1, ARMC8, DPYD
Mod30 innate and adaptive immunity immunity Progressive decrease SON, AGO3, UBE2G2, GPBP1L1, PARN
Mod31 protein binding, response to stimulus immunity Progressive decrease SPAG9, PTPN12, SDR16C5, LRPPRC, NPC1
Mod32 innate immunity immunity Progressive decrease CD68, FCER1G, LTA4H, PSMC3, FTH1
Mod33 innate and adaptive immunity immunity Progressive decrease KPNB1, ELMO1, UBE2D3, LCP2, DNM2
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Supplementary Table 3: expression data of WGCNA modules

Module HP1 HP2 HP3

Median 
expression p-value Median 

expression p-value Median 
expression p-value

Mod1 0.536076 0.006801 0.379509 0.04259 0.010276 0.888532
Mod2 0.093263 0.847117 0.412696 0.058691 0.701442 0.003711
Mod3 0.332245 0.019401 0.706272 0.001997 1.229016 2.41E-06
Mod4 0.004652 0.847117 -0.20211 0.130782 -0.39381 0.0111
Mod5 -0.1877 0.209535 -0.43786 0.001997 -0.86204 2.45E-05
Mod6 0.098651 0.44069 -0.14347 0.314688 -0.54176 0.003507
Mod7 -0.35788 0.019401 -0.53076 0.00531 -0.70747 0.000344
Mod8 0.126184 0.235448 -0.06975 0.364796 -0.54805 0.003711
Mod9 -0.2012 0.061749 -0.45315 0.000652 -0.80655 3E-05

Mod10 -0.23781 0.213612 -0.40277 0.004974 -0.81729 2.96E-05
Mod11 -0.28719 0.020221 -0.54008 0.000652 -0.87932 5.45E-06
Mod12 -0.29951 0.019401 -0.50809 0.001302 -0.80063 2.59E-05
Mod13 0.365871 0.010747 0.6902 0.001583 1.043553 2.45E-05
Mod14 0.027723 0.847117 0.367648 0.031346 0.844687 0.000102
Mod15 0.421148 0.004181 0.844893 0.00068 0.844062 0.000257
Mod16 0.444827 0.004181 0.824334 0.000652 0.826357 0.00029
Mod17 0.225013 0.031657 0.520812 0.009542 1.086846 5.45E-06
Mod18 0.241688 0.047188 0.524853 0.009542 1.013645 1.77E-05
Mod19 0.209041 0.128373 0.584339 0.009915 1.221814 1.43E-06
Mod20 0.264264 0.018323 0.594709 0.004974 1.079875 7.12E-06
Mod21 -0.02737 0.664025 0.099885 0.268366 0.485855 0.003724
Mod22 -0.08959 0.294568 0.178092 0.314688 0.555917 0.010938
Mod23 0.248636 0.023838 0.533573 0.006825 1.063409 5.45E-06
Mod24 0.264066 0.019401 0.561622 0.004974 1.013127 9.14E-06
Mod25 0.15461 0.294568 0.442737 0.04259 0.989428 2.96E-05
Mod26 0.238165 0.031657 0.520793 0.009542 1.036198 7.12E-06
Mod27 -0.21636 0.192616 -0.43925 0.009542 -0.80689 4.19E-05
Mod28 -0.08912 0.726271 -0.31943 0.156122 -0.63734 0.000504
Mod29 -0.05786 0.972028 -0.26461 0.058691 -0.69317 0.000682
Mod30 -0.20146 0.282786 -0.37459 0.029185 -0.58172 0.000338
Mod31 -0.10994 0.710164 -0.32959 0.019034 -0.77385 0.000257
Mod32 -0.06358 0.847117 -0.22147 0.072337 -0.59805 0.000344
Mod33 -0.06533 0.847117 -0.31601 0.080323 -0.74115 2.96E-05
Mod34 -0.14542 0.188093 -0.04034 0.619991 0.475181 0.003289
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Supplementary Table 4: Fold change in enrichment scores for xCell celltypes

GO HP1 HP2 HP3
estimate p-value estimate p-value estimate p-value

Activated dendritic cells 0.772792 0.000949 0.372956 0.202621 0.069714 0.804594
B-cells 0.724116 0.117801 1.085750 0.009560 1.236849 0.001419
Basophils -0.067056 0.796514 0.189984 0.305341 0.525692 7.15258E-05
CD4+ memory T-cells 0.271252 0.477465 0.056924 0.927949 -0.330483 0.076366
CD4+ naive T-cells 0.252724 0.508194 -0.031158 0.947469 0.008718 0.961253
CD4+ T-cells 0.479764 0.295851 0.244138 0.480159 0.215833 0.427806
CD4+ central memory T-cells 0.286495 0.295851 0.217267 0.278019 0.336011 0.047845
CD4+ effector memory T-cells 0.697219 0.009090 0.538726 0.000572 0.263646 0.091908
CD8+ naive T-cells -1.481532 0.448979 0.138234 0.480159 0.414784 0.025716
CD8+ T-cells 0.024559 0.930073 0.021157 0.950459 0.100092 0.739912
CD8+ central memory T-cells 0.330538 0.493055 0.474550 0.228133 0.234320 0.472332
CD8+ effector memory T-cells 0.357139 0.562046 0.323225 0.601777 0.067805 0.900722
Conventional dendritic cells 0.985397 0.000042 0.673129 0.009514 0.727996 0.001883
Class-switched memory B-cells 0.623026 0.009297 0.871718 0.000044 1.072799 3.77918E-06
Dendritic cells 1.321677 0.000594 1.430282 0.000126 1.484710 7.42266E-05
Endothelial cells -0.260166 0.485951 -0.398293 0.163865 -1.024677 0.054515
Eosinophils 0.707924 0.066386 1.206282 0.000530 1.570544 8.62354E-06
Epithelial cells 0.213495 0.615435 0.656664 0.136419 0.829101 0.043376
Fibroblasts 0.308095 0.194669 0.036551 0.938681 -0.698384 0.064440
Immature dendritic cells 1.272235 0.000132 1.424112 0.000126 1.228667 0.000888
Lymphatic endothelial cells -0.294848 0.376135 -0.528743 0.104107 -1.145247 0.061070
Macrophages 0.188617 0.562046 0.051434 0.938681 -0.329092 0.319065
Macrophages M1 0.357117 0.477465 0.408470 0.339974 0.123062 0.788129
Macrophages M2 0.182212 0.577748 0.017613 0.950459 -0.642664 0.091908
Mast cells 0.273577 0.295851 -0.613581 0.480159 0.210594 0.329447
Memory B-cells 0.971354 0.000844 1.510280 1.08918E-06 1.743575 5.40057E-08
Monocytes -0.161085 0.562046 -0.206770 0.307523 -0.446882 0.061070
Microvascular endothelial cells -0.377050 0.295851 -0.867297 0.012897 -1.537095 0.011016
naive B-cells 0.805738 0.028824 1.175849 0.000569 1.457077 6.26165E-05
Neutrophils -0.253033 0.477465 -0.251934 0.278019 -0.815839 0.001039
NK cells -0.534864 0.295851 -0.524402 0.171398 -0.902058 0.006805
Natural killer T-cells 0.492617 0.117801 0.595617 0.057933 0.866159 0.004770
Plasmacytoid dendritic cells 1.166798 0.003656 1.331533 0.002956 1.365673 0.000888
Plasma cells 1.097016 0.000314 1.431649 2.55555E-10 1.418656 6.80937E-11
pro B-cells 0.605458 0.026798 1.271447 9.89982E-05 1.623888 3.44144E-06
Gamma delta T-cells 0.053060 0.930073 0.107043 0.927949 -0.161542 0.788129
Type 1 T-helper cells -0.050600 0.893522 0.172101 0.678952 0.022657 0.958008
Type 2 T-helper cells 0.496801 0.363427 0.751255 0.104107 0.848569 0.037138
Regulatory T-cells 0.664176 0.009090 0.516672 0.019111 0.481279 0.017619
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Supplementary Table 5: Baseline characteristics of GSE47460

HP (n=30) Control (n=60) p-value
age (y) 57.0 ± 11.9 59.3 ± 10.7 0.37

sex (female) 21 (70%) 44 (73.3%) 0.93
ever smoker 15 (50%) 34 (57.7%) 0.71
FVC (% pred) 65.5 ± 15.1 93.0 ± 13.5 <0.001
DLCO (% pred) 59.3 ± 17.3 86.1 ± 15.4 <0.001

Data presented as mean ± SD or as frequency with (%). P-value are retrieved from t-tests for 
continuous data and chi square or fisher exact (where applicable) for categorical data.

Supplementary table 6: Multi-analyte profiling in broncho-alveolar lavage

Supplementary Table 6A: Standard curve of analytes

Lowest level of
Standard curve (pg/ml)

Highest level of
standard curve (pg/ml)

Collagen Ia 13 3170

MMP7 350 85082

IFNy 58.5 14209

LIF 26.9 6530

N-Cadherin 700.7 170260.0

BAFF 17.4 4240.0

Fibronectin 3761 914030

Supplementary Table 6B: baseline characteristics according to disease severity group*

Mild HP (n=32) Severe HP (n=30) p-value
Age 62.7 ± 13.4 66.8 ± 11.3 0.22
Sex (female) 13 (40.6%) 11 (36.7%) 0.95
Ever smoker 12 (48%) 11 (42.3%) 0.9
FVC (% predicted) 78.2 ± 21.2 69.4 ± 19.1 0.094
DLCO (% predicted) 58.5 ± 9.6 34.6 ± 5.8 <0.001

Collagen Ia (pg/ml) 118.2 ± 126.5 193.2 ± 181.8 0.063
MMP7 (ng/ml) 4.24 ± 9.22 9.74 ± 14.20 0.074
IFNy (pg/ml) 53.4 ± 41 77.3 ± 61.9 0.076
LIF (pg/ml) 78.6 ± 50.4 98.7 ± 53.8 0.14
N-Cadherin (ng/ml) 4.80 ± 2.13 6.74 ± 5.27 0.058
BAFF (pg/ml) 46.5 ± 34.7 80.5 ± 100.6 0.077
Fibronectin (ng/ml) 456.36 ± 472.29 456.02 ± 339.74 1
CD3-cells (%) 31.9 ± 14.8 31 ± 20.2 0.88
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* Disease severity group was determined based on hierarchical clustering of FVC% and 
DLCO% data.
Data presented as mean ± SD or as frequency with (%). P-value are retrieved from t-tests for 

continuous data and chi square or fisher exact (where applicable) for categorical data.

Page 73 of 81

 AJRCCM Articles in Press. Published November 01, 2021 as 10.1164/rccm.202103-0569OC 
 Copyright © 2021 by the American Thoracic Society 



Supplementary Figures

Inflated
explant lungs

HRCT scan in
frozen state

Slicing (2 cm)
the frozen lung

Drilling of cores
(ø 1.5 cm)

Example of
lung core

microCT scan
of lung core

Supplementary Figure 1: Long processing workflow

After explantation, lungs are inflated and frozen in the fumes of liquid nitrogen. Afterwards, 

the lungs are sliced and cores are drilled. Four cores per lung are selected, after which the 

selected lungs were scaned using microCT. 
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Supplementary Figure 2: Visual Inspection of explant slices reveal morphological variation

3 lung slices are shown with the respective CT image.
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Supplementary Figure 3: Annotated cores

Left: HP1 core, middle: HP2 core, right: HP3 core; Cyan = approximated core surface, green 

= fibrosis, blue = airway, red = vessel, pink = honeycombing, salmon = (apparently) normal 

alveoli
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Supplementary Figure 4: Scale Free Topology Model Fit data on WGCNA clustering. 
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Supplementary Figure 5: Consensus gene dendrogram and attributed module colors
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Supplementary Figure 6: Clustering of modules based on overlapping enriched gene 

ontologies
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Supplementary figure 7: Clustering of modules based on shared enriched motifs
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Supplementary figure 8: Enrichment of specific cell markers in the 3 expression patterns

log transformed diagnostic odds ratio (DOR) values were plotted for every gene, stratified according 

the specific SfD-associated expression pattern. Moreover, the percentage of genes with log2 DOR 

values >4 was plotted as barplots to show the relative number of genes highly associated to a specific 

cell type. 
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