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MATERIAL AND METHODS 

Donor 

The surgical lung explant from end-stage EAA was retrieved from the Institute of Pathology 

of Hannover Medical School with the approval of the Hannover Medical School Ethics 

Committee (No. 990-2011). The donor of the lung was a male patient, born in 1971, who was 

initially diagnosed with an EAA in 1984. From 2008 onward the patient had received 

medicinal therapy (Azathioprin 200mg 1-0-0, Acetylcystein 600mg 1-1-1, Prednisolon 

22.5mg 1-0-0). In 2009 this therapy was supplemented with long-term oxygen therapy (16 

h/d, 1.5-4 l/min). The last pretransplantation pulmonary function test showed a forced vital 

capacity (FVC) of only 23% and a forced expiratory volume in one second (FEV1) of 26% 

(amount of oxygen 3l/min). Based on clinical testing and a progressive decline in physical 

performance, the patient was listed for lung transplantation in September 2013. In October 

2013, bilateral orthotopic lung transplantation was performed by the Department of 

Cardiothoracic, Transplantation and Vascular Surgery (HTTG) at Medical School Hannover 

(MHH) (age of patient at transplantation: 42 years, weight 79kg, height 184cm). 

Sample preparation 

Samples were taken from an explanted right middle lung lobe from a patient suffering from 

EAA (Figure S1). Directly after explantation the lung was inflated with a standardized air 

pressure of 1.96hPa and high resolution computer tomography (HRCT) scanning was 

performed using a HRCT scanner (General Electric Lightspeed 16-Slice CT). Based on 

HRCT scan, severity and distribution of fibrotic changes were assessed by an experienced 

radiologist. After fixation samples were taken at representative areas with minor, moderate 

and severe remodelling using a custom-made stainless steel trepan of 6mm inner diameter. 
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Clearing and SLOT microscopy 

For scanning laser optical tomography (SLOT)-imaging, the biopsies were dehydrated by 2 

hour incubation steps in an increasing ethanol series (J.T.Baker, Center Valley, Philadelphia, 

USA) followed by an increasing xylene series (J.T.Baker). Thereafter, lung biopsies were 

transferred into an increasing resin mixture series (Norland Products Inc., Cranbury, New 

Jersey, USA) with an incubation time of 1 day per step. The refractive index n in the resin 

mixture monomer, which includes a combination of NOA68 and NOA71, was adjusted to n = 

1.523 resulting in a refractory index of n = 1.556 in the polymer. Throughout the whole 

procedure lung samples were kept in a vacuum chamber to avoid the formation of gas 

bubbles. In order to avoid optical artifacts from the edges of the resin blocks during laser 

scanning, samples had to be placed in the middle of the resin pool. To this end, biopsies were 

mounted on spacer located in a disposable syringe filled with the resin mixture. After 

polymerizing for several minutes in UV-light at 4°C, the syringes were turned upside down, 

spacers were removed and polymerization was allowed to continue for a total of 24 hours. 

Following polymerization, the syringes were removed and the specimens were mounted on 

the rotation stage of the SLOT system. 

To adapt the resin block to the external atmosphere during the measurement, a combination of 

two different silicone oils (High Vacuum Diffusion Pump Oil, Onlink Technologies GmbH, 

Hainburg, Germany and Indomet Penta, Gründau, Germany) were combined to achieve the 

same refractive index as for the specimen. 

SLOT datasets were obtained in the transmission via the photodiode (PD) and fluorescence 

scan mode via the photomultiplier tube (PMT),[1, 2] at a wavelength of 532nm with a 570nm 

optical long pass filter,[3] (Figure S2). For one measurement the biopsies were rotated 360° 

and 800 projection images were taken by 1000 x 1000 pixels. Via a filtered back projection 

algorithm 3D reconstruction was performed to obtain volumetric data stacks,[4]. 
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Histology and immunohistochemistry 

Serial cut slides from every biopsy cylinder previously analysed by SLOT were stained by 

toluidine blue, Hematoxylin and Eosin (HE) and van Gieson's Stain (EvG) (Figure S3A-C) for 

conventional histopathological assessment of tissue remodelling and inflammation (e. g. 

presence of fibrosis, structural changes of the airways, remodelling of vascular structures, 

presence of leukocytes). Serial slides were also immunohistochemically stained for different 

markers of tissue remodelling (fibrosis, inflammation and smooth-muscle differentiation), 

following a standard ABC protocol (α-1-antitrypsin, CD34 and smooth muscle actin) (Figure 

S3D-F). 

The immnuohistochemistry results observed in different compartments and histological 

patterns were scored semiquantitatively in at least three locations of the specimens, ranging 

from no apparent reaction (score 0), positivity in less than 30% (score 1), positivity in 30% 

and more / less than 60 % (score 2) and positivity in 60% of cells or more (score 3). 

The staining intensity was assessed – where applicable – in the different entities / 

morphological compartments, ranging between no apparent reactivity, barely visible reactivity 

at high magnification (x400 weak), well recognizable reactivity at medium magnification 

(x100 intermediate) and high protein expression levels visible even at low magnification (x20 

strong). For negative controls, the primary antibody was replaced by bovine serum albumin 

(BSA). 

Data visualisation and image analysis 

To quantify fibrotic changes different analytic approaches were applied (Figure S4). The grey 

value intensities in the PD datasets were visualised using a 6 shades colour lookup-table 

(LUT) (Figure S4B),[5]. In order to analyse the thickness profile the PD datasets were 

converted into binary datasets by an otsu threshold filter,[6] and 3D distance map,[7, 8] was 

computed. The resulting distance maps were colour coded with a 16 colour LUT (Figure S4C-
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G). In addition, remodelled areas with a diameter of at least 300µm were extracted from the 

binary threshold datasets by a 3D opening filter,[9] to create a distance cut off model (Figure 

S4D red lines and Figure S5A-F). Thereafter 3D skeleton models of these regions were 

generated to analyse their complexity via branching analysis (Figure S5G-K). The 3D 

adaptive brush,[10] and the “snake tool” of ITKsnap,[8] was used for any manual 

segmentation. The virtual endoscopy was created with a combination of VMTK,[11], 

VTK,[12], python, Blender,[13], ImageMagick and mencoder. 

Laser-assisted microdissection and RNA extraction 

The embedded specimens were cut in sections of 3µm thickness and were mounted on a poly-

L-lysin-coated membrane. After toluidine blue staining, the CellCut Plus system (Molecular 

Machines & Industries AG, Glattbrugg, Switzerland) was used for laser-assisted 

microdissection of target compartments: fibrotic parenchyma (FP) and normal parenchyma 

(NP) (excluding large vessels and small bronchi / bronchioli). Approximately 8500 cells were 

collected from each compartment and suspended in a proteinase K digestion buffer. After 

overnight digestion, mRNA was isolated using phenol-chloroform extraction and 

precipitation.  

Complementary DNA (cDNA) was generated using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA, USA) and preamplified in 14 PCR 

cycles following the manufacturer’s protocol. An amplicon size below 100bp was one of the 

criteria for target genes, enabling reliable gene expression analysis in fixed samples, 

essentially as previously described by us for formalin-fixed paraffin embedded (FFPE) 

tissues,[14, 15]. The microRNA analysis was performed as described previously,[16, 17] 

according to the manufacturer´s description (Applied Biosystems). 
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Gene expression analysis for mRNA (genes and abbreviations are listed in Table S1 and 

Figure S6) and microRNA was performed as double runs on a 7500HT Fast Real-Time PCR 

system and recorded by the 7500HT SDS 2.3 software (Applied Biosystems). 

Table S1 

No. target genes synonym / full name 

1 ACTA2 α smooth muscle actin 

2 CD14 cluster of differentiation 14 

3 CD34 cluster of differentiation 34 

4 COL3A1 collagen, type III, alpha 1 

5 MMP2 matrix metalloproteinase 2 

6 TIMP1 tissue inhibitor of metalloproteinases 1 

7 POLR2A (reference gene) RNA-polymerase 2 subunit A 

For negative controls, preamplificated cDNA was replaced by water. Cycle threshold (CT) 

values were calculated by normalization to the mean expression of the endogenous control 

gene POLR2A and were converted into 2
-
 ∆CT.

RESULTS 

The overall approach to assess remodelling in lung explants is illustrated in Figure 1. A 

fixation protocol was established (Figure S1A) that inflates explanted lungs in a physiological 

state, as can be seen by HRCT (Figure S1B) before fixation. In order to allow sample 

preparation from remodelled areas of different severity, the HRCT tomogram was examined 

by an expert radiologist using a maximal intensity projection with a volume thickness of 

1.5cm and a soft tissue reconstruction image kernel. Finally the slice indicated in red in Figure 

S1B and shown as a frontal view in Figure S1C, which contained areas with no visible 

remodelling (“minor” remodelling, approximately -800HU), moderately remodelled areas 
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(approximately -600HU) and severely remodelled areas (approximately -300HU) was 

prepared and sampled at indicated sites (Figure S1D). After embedding in the resin mixture 

and UV polymerization, biopsies became transparent and were usable for SLOT imaging 

(Figure S1E-G). 

Images from the SLOT projection datasets scanned at 532nm are shown in Figure S2A-C and 

Movie S1. After reconstruction of projection images, the results allowed a specific 

identification of small airways and blood vessels, as well as the overall parenchymal 

architecture by using endogenous autofluorescence and absorption information as described in 

Kellner et al.,[7] for mouse lungs. A virtual endoscopy of the transmission tomogram is 

illustrating a path through the bronchus into the parenchyma (Movie S2). For a better 

understanding the topology of the airways and parenchyma is shown as a segmentation model 

(Figure S2D). 

In order to identify areas of fibrotic remodelling and localise these areas within the 3D 

environment, samples were sectioned and used for histology. Areas showing fibrotic 

remodelling, identified by a qualified pathologist based on histology (Figure S3A-C) and 

immunohistochemistry (Figure S3D-F), are highlighted in Figure S4A (black line). These 

fibrotic areas correlated well with two parameters in corresponding slices from SLOT 

datasets: absorption intensity (Figure S4B) and tissue thickness (Figure S4C and D, Movie 

S3). Remodelled parenchyma in the absorption intensity model shows higher absorption 

labelled in green to blue compared to healthy tissue labelled in red, as indicated by an 

artificial colour set from Fiji. 

To employ tissue thickness as a parameter to analyse lung samples, a distance map analysis 

was established (Figure S4C). The colour code represents the distance of tissue in µm at any 

point in the sample to the closest surface. Parenchyma consists of thin structures not 

exceeding 40µm in diameter. The connective tissue surrounding the veins and the bronchio-

arterial bundle showed a maximum thickness of approximately 250µm. It can be seen that a 
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cut off value of 300µm (labels in yellow, red and white) can be used to discriminate between 

samples containing fibrotic remodelling (“moderate” and “severe”) and healthy looking 

samples (control and “minor”). Figure S5A-D shows the visualisation of areas exceeding the 

distance cut off of 300µm. The samples differ in both an increase in number (Figure S5E) and 

an increase in volume (Figure S5F) of fibrotic remodelled areas. However, healthy control 

lungs cannot be discriminated from minor fibrotic samples. In addition, the complexity of 

these areas was visualised. For this, corresponding skeleton models were calculated and 

analysed (Figure S5G-K). Healthy control samples as well as minor fibrotic samples were 

characterized by very simple structures of the areas exceeding 300µm in diameter, since 

almost no branching was observed. In contrast, moderate fibrotic samples exhibit a higher 

complexity. Not only size but also the number of branches within these areas was 

significantly increased. 

To allow the correlation of 3D pathomorphology data from individual fibrotic areas with 

molecular analysis, the resin embedding method was optimized towards mRNA and miRNA 

isolation, as well as histological and immunohistological staining. As a proof of principle, we 

demonstrate expression analysis after laser-assisted microdissection of a subset of target genes 

involved in fibrosis (Table 1 and Figure S6B and C). The areas from where mRNA was 

isolated are visualised in red and green in the 3D SLOT dataset (Figure S6A), virtual sections 

in Figure S6D and F as well as histological sections in Figure S6E and G respectively. For 

orientation the segmentation of a small airway opening in two acini is highlighted in blue 

Amplification products from the quantitative reverse transcriptase polymerase chain reaction 

(qRT-PCR) are shown quantitatively and qualitatively in Figure S6B and C. The 

complementary immunohistochemical stainings were observed to be compatible with the 

mRNA expression results. 
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In addition, a range of miRNA expressions of the lung tissue within the clearing resin block 

could be detected that are associated with vascular remodelling (miRNAs are listed in Table 

S2). 

Table S2 

miRNA relative expression miRNA relative expression 

miRNA-17-5p 1.29 miRNA-92a 2.33 

miRNA-18a 0.21 miRNA-126 1126.71 

miRNA-19a 8.61 miRNA-143 39.07 

miRNA-19b 109.83 miRNA-145 231.78 

miRNA-20a 16.44 miRNA-204 0.17 

miRNA-21 10.46 

DISCUSSION 

In our study, a correlative approach was established to visualise morphological changes of 

fibrotic remodelling in biopsies from human lungs. The goal was to develop a method which 

allows the analysis of lung fibrosis on a histological and molecular level in a three-

dimensional (3D) context. The healthy lung is a highly efficient organ optimized towards a 

maximized surface and minimal diffusion distances for gas-exchange. The tensegrity 

architecture, which facilitates this organisation, is based on thin elements of connective tissue 

providing stability as well as flexibility. Understanding this architecture in health and disease 

is therefore of great importance. Fibrotic remodelling is associated with a multitude of 

pulmonary diseases. Generally, the severity of disease is linked to the connectivity of fibrosis, 

which is responsible for the mechanical impairment of parenchymal dynamics,[18, 19]. We 

hypothesize that different pathological interstitial changes can be studied even in end-stage 

lungs in the transition from healthy appearance to severely remodelled parenchyma. In 
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samples from idiopathic pulmonary fibrosis (IPF) patients from areas appearing unaffected in 

HRCT, Coxson and co-workers observed a considerable increase in the thickness of 

parenchymatous tissue by means of design-based stereology,[20]. However, initial changes of 

disease arise on a cellular level on a scale of microns, which is not depicted by HRCT scans 

and therefore difficult to study in 3D, particularly in humans.  For this, a variety of novel 

methods have been established over the last few years. These range from detection of 

collagens via second harmonic generation microscopy (SHG),[21, 22] in lung fibrosis to 

highly sophisticated micro computed tomography (µCT) approaches in a variety of lung 

diseases,[23-25]. However, SHG microscopy is limited to small sample sizes and currently 

only applied in basic research due to costs and availability of SHG microscopes. µCT offers 

very high resolution and allows 3D analysis of relatively large biopsies. However, when used 

on chemically fixed samples, osmium or other metals are needed to get good µCT contrast 

and therefore samples are no longer usable for correlation of molecular approaches such as 

immunohistochemistry or RNA expression analysis. For that reason additional adjacent 

biopsies are usually taken and used for protein and / or RNA expression analysis and therefore 

correlation of 3D information and expression analysis is only indirect. In 2012 we therefore 

published the first description of SLOT on mouse lungs that had been cleared using 

methylsalicylate / benzylbenzoate (MSBB). However, the correlation of 3D SLOT images 

with histology was challenging due to deformation and shrinking of samples during the 

sample preparation procedure, since samples were first embedded in MSBB for 3D imaging 

and then rinsed with solvent until further embedding in Technovit 8100. Other methods 

developed over the last few years, e.g. Scale,[26], Clarity,[27, 28] or BABB,[29, 30] also 

suffer from the same deformation effects, especially when applied to a soft and deformable 

tissue like the lung. In all these studies correlation of 3D imaging with histology is never 

demonstrated. Our investigation strategy was designed to assess the pathogenic micro-

architecture and correlate morphological findings with histology, immunohistochemistry and 
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gene expression within the very same biopsy. Since the shape of the lung in the air-inflated 

and post-fixed state is comparable, different states of disease can be identified and sampled, 

allowing a correlative approach. 

Based on the HRCT scan and macroscopic appearance, we defined three magnitudes of 

fibrotic tissue remodelling: minor, moderate and severe. By embedding in the novel resin, 

samples were cleared, which is a prerequisite for analysis with light microscopical methods 

such as SLOT or light sheet microscopy. 

The images generated by SLOT are based only on endogenous contrast features, such as 

absorption and autofluorescence. Bronchi and blood vessels can be reliably identified with 

their absorbance and autofluorescence and can be discriminated from small airways and 

alveoli. This is mostly due to the strong autofluorescence of collagen in these structures. 

Fibrotic areas showed high levels of collagen, but were more difficult to visualise by 

fluorescence due to the presence of newly formed blood vessels of irregular shape in these 

areas. These contained numerous erythrocytes, which blocked significant amounts of the 

fluorescent signal. However, the absorption channel combined the absorption of the blood 

vessels, collagen and cellular components of the fibrosis, and provided a reliable way to 

identify fibrotic changes (compare Figure S4A with S4B). Based on these tomograms 

segmentation models of lung topology can be made and correlated with areas of fibrotic 

remodelling (Figure S2D, S6A and Movie S4). 

Another defining characteristic of fibrosis is an overall change in tissue thickness. Our data 

indicate that thickness analysis via 3D distance mapping is an appropriate way to identify 

individual fibrotic remodelling areas (compare Figure S4A and S4C). In the chronic form of 

EAA the focal changes, which are responsible for an increase in thickness, are characterized 

as regions of new blood vessels, fibroblasts, myofibroblasts and newly formed collagen,[31, 

32]. In genuine IPF, these foci are thought to play a decisive role in the progression of 

disease, since the number of fibroblastic foci per lung biopsy correlated well with progressive 
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physiologic deterioration and shortened survival [33]. In order to analyse number, volume and 

complexity of the individual remodelled areas a cut off value of distance was used, which 

discriminates between different severities of remodelling and correlates well with histology 

(compare Figure S4A and S4D). The comparison of the percentage of tissue exceeding 

300µm in diameter revealed significant differences between the respective biopsies (Figure 

S5A-D) with regard to number (Figure S5E) and tissue volume (Figure S5F). However, it 

should be noted that quantification of number, volume or shape of individual fibrotic areas is 

only possible if the fibrotic area is completely contained within the sample volume, and 

therefore the results shown at least for the “severe” sample are biased. 

In addition, the number of fibrotic foci in 3D might not be the relevant parameter for the 

estimation of the severity of disease. Since the lung is composed of tubular airways organized 

by mostly dichotomous branching, surrounded by the interstitium, fibrotic foci are most likely 

a complex network, which only appears to be organized as individual foci in histological 

slices,[18]. In order to describe the complex network of the fibrotic areas the binary distance 

cut off models were transformed into skeletons. Here, the number of branches and the total 

branch lengths are indications of complex shapes. Our analysis showed that branching occurs 

in “moderate” and “severe” samples, but is almost non-existent in control samples and 

“minor” samples. 

In order to show that individual analysis of 3D characteristics of fibrotic foci can be correlated 

with molecular analysis, we performed thin sectioning with the same biopsy that had been 

used for imaging before and successfully applied histology, immunohistochemistry and 

miRNA and mRNA extraction after laser-assisted microdissection to individual fibrotic areas. 

This can be regarded as a proof of concept using a variety of established markers of tissue 

remodelling. 

Our novel embedding technique allows the identification of characteristic changes during 

fibrotic remodelling by SLOT and a subsequent preparation for histology, 
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immunohistochemistry and mRNA expression analysis within the very same sample in a 

correlative way. The visualisation of fibrotic areas as well as bronchi and blood vessels 

provides the possibility for a topological analysis. Therefore, our correlative approach 

encompassing changes from macroscopical down to the molecular level opens up a whole 

new perspective for diagnosis and research in a multitude of diseases. 
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FIGURE LEGENDS 

Figure S1: Sampling procedure. Schematic illustration of lung explant inflation, High 

Resolution Computed Tomography (HRCT) and fixation by immersion (A). Localization of 

the sampling slice (thickness 1.5cm) in the HRCT-dataset (selected slice are labelled in red) 

(B). Grading of remodelling intensity in the slice visualised by a soft tissue analysis mode 

using a maximal intensity projection (C) and the corresponding lung slice (sampled areas are 

marked by black circles) (D). Extracted human lung biopsy after fixation (E) and clearing in 

the resin mixture (F). Through sectioning, three complementary analytic procedures 

(Scanning Laser Optical Tomography (SLOT), histology and mRNA expression) were 

combined for a comprehensive assessment of the development and progression of diffuse 

parenchymal lung disease (DPLD) (G). 



17 

Figure S2: Projection datasets. Transmission image (A) and fluorescence image (B). Overlay 

of the transmission mode in red and the fluorescence mode in green (C). Segmentation of 

conducting airways with the related acini (white), artery (red) and fibrotic changes (yellow) 

(D). Pulmonary blood vessel (*), conducting airways (●) and parenchyma (#). For more detail 

see Movie S1. 

Figure S3: Resin staining. Histological sections of the “minor” biopsy with a staining of 

toluidine blue (A), Hematoxylin and Eosin (HE) (B), van Gieson's Stain (EvG) (C), as well as 

immunohistochemistry staining for α-1-antitrypsin (D), CD34 (E) and smooth muscle actin 

(F). 

Figure S4: Correlation of different analysis methods. Histological section imaged by light 

microscopy with outlines of the pathological fibrotic findings (black lines) combined with an 

overlay of the distance cut off model (red lines) (A). Grey value intensity analysis (6 shades 

lookup-table (LUT) shows relative fluorescence intensity) (B) and distance analysis (16 

colour LUT shows distance of tissue in µm at any point in the sample to the surface) (C) 

combined with the outlines of the distance cut off model marked in white. Otsu threshold of 

the reconstructed Scanning Laser Optical Tomography (SLOT) data stack combined with the 

distance cut off model (diameter 300µm) in white with red outlines (D). 

Figure S5: Visualisation of fibrotic remodelling by distance cut off models. Rendered 

absorption tomograms with combined distance cut off models (red). Human biopsy from a 

healthy lung (A) and an extrinsic allergic alveolitis (EAA) explant showing minor (B), 

moderate (C) and severe fibrotic changes (D). Analysis results of number of fibroblastic foci 

per biopsy (E) and volume of fibrotic remodelled tissue in percent (F) of different stages of 
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remodelling. Quantification of branching as a measure for complexity (G) of the skeletons 

models (H-J). 

Figure S6: RNA analysis. Rendered SLOT-dataset of a biopsy with “moderate” fibrotic 

remodelling. Two fibrotic foci are highlighted in green and red correspondingly (A) and the 

complementary gene expression profiles of the fibrotic parenchyma (FP) and the surrounding 

normal parenchyma (NP): selected target genes include ACTA2, CD14, CD34, COL3A1, 

MMP2 and TIMP1 (B). Gelelectrophoresis of qPCR products (C). Isolated areas (green (D) 

and red (F)) marked in SLOT slices and the corresponding histological sections (E and G). 

Insets show laser-assisted microdissection of selected areas. 




