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Spatial transcriptomic 
and morpho‑functional information derived 
from single mouse FFPE slides allows in‑depth 
fingerprinting of lung fibrosis
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Abstract 

Background  Transcriptome profiling by RNA sequencing (RNAseq) can provide insightful information on the molec-
ular processes underlying disease development and progression. Although fresh tissue represents the preferred 
source material for RNAseq, here, we investigated the feasibility of applying RNAseq analysis to single 10 μm thick 
formalin-fixed and paraffin-embedded (FFPE) lung slides from the lungs of control and bleomycin (BLM)-treated mice. 
This approach aims at providing spatial-oriented transcriptomic data, that can be integrated with in vivo and ex vivo 
readouts obtained on the same sample, as a way to enhance the mechanistic information and biomarker/target dis-
covery potential of preclinical models of fibrotic lung diseases.

Methods  RNAseq analysis was conducted on individual FFPE slides from the lungs of both controls and BLM-treated 
mice. The results were initially validated by comparison with publicly available bulk data from fresh-frozen (FF) mouse 
tissues, both untreated and BLM-treated, as well as human idiopathic pulmonary fibrosis (IPF) biopsies. Unsupervised 
cluster analysis was performed on Differentially Expressed Genes (DEGs) distinguishing untreated and BLM-treated 
fibrotic lung samples. For each sample, Pearson correlation analysis was used to compare expression levels of indi-
vidual gene clusters with Ashcroft Scores and aeration compartments quantitatively assessed on the matched 2D 
micro-CT coronal slice.

Results  Over 90% of annotated genes within the FFPE dataset were shared with gene signatures retrieved from FF 
bulk datasets. Differentially modulated gene clusters were mainly found to be associated with extracellular matrix 
(ECM) organization, tissue remodeling, and inflammatory response pathways. For each sample, expression levels 
of individual gene clusters were highly correlated with 2D histology readouts and aeration compartments determined 
on matched 2D coronal slices by micro-CT imaging.

Conclusions  FFPE lung tissue represents a valuable alternative to fresh tissue for RNAseq analysis, allowing 
to achieve a more precise, spatially oriented picture of pulmonary disease development. This approach is thus 
instrumental to a better characterization of the molecular changes associated to each sample. It can also contribute 
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to a more informed interpretation of histology and micro-CT imaging data, paving the way to the identification 
of translationally relevant biomarkers as well as novel candidate targets for the development of more effective thera-
peutic interventions.
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Background
Recent advances in next generation sequencing tech-
nologies have broadened our understanding of animal 
models of pulmonary disease [1] and paved the way to 
the discovery of new players and potential drug targets 
through the identification of key dysregulated pathways 
[2].

Given the limited availability of fresh tissue, Fresh 
Frozen (FF) tissue samples are the preferred source 
material for RNAseq, even though they are often dif-
ficult to handle and not compatible with other ex vivo 
investigational procedures such as histomorphometric 
analysis [3]. The above limitations could be overcome 
with the use of Formalin-Fixed and Paraffin-Embedded 
(FFPE) tissue samples, which, thanks to recent advances 
in RNA extraction methods and cross-linking reversal, 
lend themselves as valid alternatives to FF samples. An 
additional advantage of FFPE tissue samples is their 
suitability for long-term storage at room temperature, 
with the preservation of lung parenchyma morphology 
for subsequent immuno-histochemical staining, which 
makes them a cost-effective resource for large-scale ret-
rospective studies [4, 5].

FF and even more so FFPE tissue samples thus rep-
resent the most common source materials for RNAseq 
analysis applied to clinical and preclinical studies of dif-
ferent disease models [6–9].

In addition to storage conditions, local tissue sam-
pling for RNA extraction is a critical step that can 
significantly impact data quality and results interpre-
tation, especially when the pathological (fibrotic) state 
is unevenly distributed across lung lobes [10]. Further-
more, exceedingly limited amounts of available tissue 
may hinder detection of lowly expressed mRNAs, since 
the transcript signature in more severe lesions can 
markedly differ from that present in mildly or moder-
ately damaged areas.

Many studies failed to adequately address the above 
issues, reporting RNAseq data either from randomly 
selected portions of FF lung tissues without stringent 
control over the tissue sampling protocol or from the 
whole lung [11]. Similar shortcomings were encoun-
tered in investigations conducted on the bleomycin 
(BLM)-induced model of lung fibrosis, which is used 
as a representative ‘case study’ in the present work. In 
fact, BLM administration in mice predominantly affects 

the left compared to the right lung lobe, with a particu-
larly strong impact on the apical rather than the caudal 
pulmonary regions, which may trigger local compensa-
tory effects [10, 12].

Although for soft tissues such as the lungs, FF samples 
are the preferred source material for RNAseq analyses 
applied to the molecular study of mouse models of pul-
monary diseases [11, 13–15], here, we investigated the 
possibility of using a single FFPE lung slide from indi-
vidual mouse tissue samples to extract an amount of 
RNA quantitatively and qualitatively adequate for whole 
transcriptome profiling. We verified a possible negative 
impact of formalin fixation and mode of sampling by 
comparing our RNAseq results with those retrieved from 
public datasets obtained with the use of fresh-frozen lung 
mouse tissue11.

In the present, proof-of-concept preclinical study, indi-
vidual mice were monitored longitudinally by in-vivo 
micro-CT imaging, followed by mice sacrifice and lung 
tissue fixation for histological examination. Based on 
three-dimensional (3D) CT lung scans, we first selected 
and analyzed the two-dimensional (2D) coronal slice 
that best matched the FFPE histological slide, followed 
by sampling of an additional adjacent slide to be used 
for RNA extraction and transcriptome analysis. The ulti-
mate goal of this stepwise targeted visualization and sam-
pling pipeline was to accurately compare RNAseq results 
with CT- and histology-derived data, thus enhancing the 
investigational interconnection between molecular and 
morpho-functional alterations associated with pulmo-
nary fibrotic lesions of different severity.

This approach, which is applicable to various preclini-
cal models of pulmonary diseases in addition to lung 
fibrosis, may pave the way to a more detailed understand-
ing of pathology development and progression as well as 
to the transcriptomics-driven discovery of clinically rele-
vant biomarkers, novel drug targets and innovative thera-
peutic interventions.

Methods
Ethics statement
The animal procedures performed in this study were in 
compliance with the principles specified in the Euro-
pean Directive 2010/63 UE, Italian D.Lgs 26/2014 and 
the revised “Guide for the Care and Use of Laboratory 
Animals” (National Research Council Committee, US, 
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2011) [16]. All animal procedures were conducted in an 
AAALAC (Association for Assessment and Accreditation 
for Laboratory Animal Care) certified facility at Chiesi 
Farmaceutici and were authorized by the Italian Ministry 
of Health with protocol number 742/2022-PR and by the 
internal AWB (Animal Welfare Body) committee.

Animal model
Male C57Bl/6 mice (7–8 weeks of age), purchased from 
Envigo Italy (San Pietro al Natisone, Udine, Italy), were 
used for this study. Animals were housed in a patho-
gen-free facility and were provided with food and water 
ad  libitum for at least a 5-days acclimatization period 
prior to being employed for experiments. Sterile sun-
flower seeds and hydrogel were supplied as diet integra-
tion to prevent excessive body weight loss.

All necessary measures were taken to minimize pain 
or discomfort to the animals, and Visual Analogue Scale 
(0–10) was used for daily pain assessment evaluation by 
a designated veterinarian or trained technicians. VAS 
≥ 6 and/or body weight loss ≥ 20% were considered as 
humane endpoints; signs of dyspnea or apathy were also 
evaluated by a designated veterinarian.

Pulmonary fibrosis was induced by administration at 
days 0, 2, and 4, under 2.5% isoflurane anesthesia, of 6 μg 
of bleomycin hydrochloride (Baxter) diluted in 50 μL of 
saline via oropharyngeal aspiration (OA) following previ-
ously described procedures [17–19]. The control group 
(Ctrl) was given only saline at the same time-points.

At the endpoint (day 14 for Ctrl and day 21 for BLM 
mice) all animals were subjected to in  vivo micro-CT 
imaging in order to quantify the extent of lung fibro-
sis induced by BLM instillations. Following CT imaging 
mice were sacrificed, and the lungs were explanted for 
histological and transcriptomic analyses (see the work-
flow reported in Fig. 1). A total of 8 BLM and 5 Ctrl mice 
from two independent experiments (performed between 
March 2022 and March 2023) were included in the study. 
The dataset was chosen based on the following criteria: 
i) availability of FFPE lung tissue specimens in amounts 
sufficient for both histological and transcriptomics analy-
ses; ii) availability of FFPE samples for both lung lobes; 
iii) presence of a coronal section orientation suitable for 
accurate matching with CT imaging; and iv) samples col-
lected not later than 12 months prior to RNA extraction.

Micro‑CT acquisition protocol
Free-breathing mice, anesthetized with 2% isoflurane 
inhalation, were imaged with a Quantum GX Micro-CT 
(PerkinElmer Inc., Waltham, MA). CT acquisition was 
performed with an intrinsic retrospective two-phase res-
piratory gating technique, over a total angle of 360° and a 
total scan time of 4 min, using the following parameters: 

X-ray tube current 88 μA, X-ray tube voltage 90 kV. Mice 
were placed supine on the bed of the scanner and paws 
were immobilized with tape to allow for chest exposure. 
Mouse chest position was adjusted to fit the chest inside 
the field of view (FOV) under live-view radiographic 
observation conditions at 0 and 90-degree gantry posi-
tions using X, Y, and Z axis motorized stage controls 
[20]. The gated strategy is available in the ‘high speed’ 
scan mode and consists of a region of interest (ROI) set 
above the diaphragm to monitor the breathing rate dur-
ing image acquisition. During the 4  min of acquisition 
time the software automatically sorted and utilized about 
900 projections to reconstruct two distinct datasets cor-
responding to the two main breathing phases, i.e. end-
inspiration and end-expiration [10]. For each acquisition, 
two stacks of 512 cross-sectional images were automati-
cally reconstructed using a filtered back-projection algo-
rithm with a Ram-Lak filter and converted into two 3D 
datasets with a 50 μm isotropic reconstructed voxel size. 
Before and after individual imaging sessions an air/water 
phantom was acquired over a total angle of 360° with a 
scan time of 8  s using the same parameters utilized for 
in vivo lung imaging but without respiratory gating. The 
mean values of air and water were then used to convert 
CT lung scans from gray levels to a Hounsfield Units 
(HU) scale by setting air and water to −1000 and 0 HU, 
respectively [21]. The CT scanner was calibrated monthly 
using standard phantoms for noise, uniformity, low-con-
trast, and resolution [22].

Histological analysis
Following CT imaging, mice were culled by an anesthetic 
overdose, followed by bleeding from the abdominal 
aorta. Lungs were inflated by gentle intra-tracheal infu-
sion of 10% neutral-buffered formalin (0.6 mL), excised, 
and kept at 4 °C for 24 h. Lung samples were dehydrated 
by treatment with a graded ethanol series, consisting of 
six steps (40 min each) carried out at increasing ethanol 
concentrations (70%, 80%, 90%, and 100% three times). 
This was followed by a clearing step consisting of a 1 h 
incubation in 100% xylene, repeated three times. Finally, 
samples were infiltrated three times with paraffin (Lab-
O-Wax Plus) at 56–58 °C (1 h for each treatment).

For each lung, a dorsal Sect. 5 μm thick was cut using 
a rotary microtome (Slee Cut 6062, Slee Medical, Mainz, 
Germany). Slides were stained with Masson’s Trichrome 
(MT) and the resulting images acquired with the use of 
a NanoZoomer S-60 Digital slide scanner (NanoZoomer 
S-60, Hamamatsu, Japan). Morphological alterations, 
e.g. extracellular collagen deposition and inflammatory 
cells recruitment, were semi-quantitatively determined 
through a revised version of the Ashcroft score (AS) 
method [23, 24] and subsequently validated according to 
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the protocol for the assessment of pulmonary fibrosis in 
mice [25]. The whole stained sections were divided into 
10X magnification fields (at least 35 for each section) 
and were analyzed and classified as mild (score from 
0 to 3), moderate (4), and severe (≥ 5) fibrosis severity 

(see Supplementary Fig.  1). An average Ashcroft score 
for each sample as well as the Ashcroft score frequency 
distribution, expressed as percentage of each fibrosis 
severity class (i.e. %mild, %moderate, %severe), were then 
determined.

Fig. 1  Analysis workflow performed on FFPE lung slides from a mouse model of BLM-induced pulmonary fibrosis. Following in-vivo imaging 
mice were euthanized and lungs explanted for FFPE fixation. A 5 μm thick FFPE slide was MT-stained for histological assessment of Ashcroft 
score and matched with the corresponding 2D micro-CT coronal slice. RNA for RNAseq analysis was extracted from an adjacent 10 μm thick 
FFPE slide and results were compared with bulk data derived from fresh frozen tissues. Transcriptomic data were then correlated with histology 
and CT-derived biomarkers
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Matching 2D micro‑CT and histology
For pre-processing of CT scans, only the end-inspira-
tion phase was considered and processed with the use 
of a deep learning (DL)-based segmentation model, as 
described by Vincenzi et  al. [26]. Briefly, the algorithm 
converted each CT scan from gray levels to a HU scale 
using as reference the mean gray levels of air and water 
derived from phantom acquisition [21]. After conversion, 
the whole lung was automatically segmented and the 
aeration compartments (%normo-, %hypo-, %non-, and 
%hyper-) were extracted by applying HU density ranges 
[21].

A previously described semi-automated algorithm was 
used for the 2D alignment of CT with histology [27]. 
Briefly, the tool rotates individual CT scans on the x, y, 
z axes in order to spatially re-orient the lung to the same 
position it occupied when paraffin-embedded, using the 
spinal column and the airways as spatial references. Fol-
lowing selection of the best-matched coronal CT slide, 
aeration compartments were quantified and expressed as 
percentage of the area covered by normo-, hypo-, non-
aerated and hyper-inflated tissue with respect to the total 
slice area (mm2/mm2).

RNAseq from FFPE lung slide
Total RNA was extracted from a 10 µm thick coronal slice 
using the RNeasy FFPE Kit (Qiagen), which uses special 
lysis and incubation conditions to reverse formaldehyde-
induced RNA modifications and stored at −80 °C (Fig. 1). 
FFPE fixation and embedding often cause RNA fragmen-
tation and the lysis buffer provided with the kit effectively 
releases RNA from FFPE tissue samples while minimiz-
ing further degradation. The amount of extracted RNA 
in each sample was determined with the Qubit RNA 
High-Sensitivity (HS) Assay Kit using a Qubit 4 fluo-
rometer (Thermo Fisher Scientific). RNA quality was 
assessed with a TapeStation 4200 system (Agilent Tech-
nologies) using the Tape RNA Assay Kit. Indexed librar-
ies were prepared from 8 ng of purified total RNA using 
the SMARTer Stranded Total RNA-Seq Kit v3 – Pico 
Input Mammalian (Takara Bio USA, Inc), following the 
manufacturer’s instructions. Library quantification was 
performed with the Tape D1000 HS Assay Kit (Agilent 
Technologies) and the Qubit DNA HS Assay Kit (Thermo 
Fisher Scientific). The indexed libraries were then pooled 
in equimolar amounts to achieve a final concentration 
of 1.5 nM. Sequencing of the pooled libraries was con-
ducted on an Illumina NovaSeq 6000 System, using a 2 
× 100 paired-end format.

Public dataset selection
The National Center for Biotechnology Information 
(NCBI) Gene Expression Omnibus (GEO) database 

was searched to identify an appropriate mouse dataset 
to be used as a FF reference. The keywords utilized for 
this search were “(lung mouse) AND (bleomycin) AND 
(pulmonary fibrosis) AND"Mus musculus"[porgn:_
txid10090), with “Expression profiling by high through-
put sequencing” as study type. Sixty-nine candidate 
datasets were initially retrieved, which were then filtered 
by excluding datasets containing “single-cell RNA-seq”, 
“only non-coding RNA data”, “data not relative to adult 
C57BL/6 male”, “not containing control group”, “obtained 
from PCLS” and “not generated on Illumina platform” 
as qualifying terms. Of the seven remaining candidates, 
dataset “GSE218997” [11] was selected as the closest to 
our experimental setup. This dataset is comprised of tran-
scriptomic data derived from 8- to 12-week-old C57BL/6 
male mice, both control (n = 5) and BLM-treated (n = 4), 
analyzed at days 14 and 21.

Raw gene expression data, analyzed in RStudio (version 
4.3.2), were used for comparing FFPE and FF tissue sam-
ples as sources of RNA in Ctrl and BLM groups. After 
pre-filtering to select for genes covered by at least 10 
reads, data were normalized and differentially expressed 
genes (DEGs) were identified using the DESeq2 package 
(version 1.42.1) [28]. The ComBat-Seq package (version 
3.52.0) was used for batch effect adjustment [29]. A first 
data exploration aimed at identifying possible outliers, 
was then made using the Principal Component Analysis 
(PCA) function of the DESeq2 package and a transcript 
was considered as expressed if the total number of reads 
per group was > 10 reads.

A similar GEO search approach, which initially yielded 
99 candidates, was used to identify an appropriate human 
dataset. The keywords used were “(idiopathic pulmonary 
fibrosis) AND"Homo sapiens"[porgn:_txid9606], with 
“Expression profiling by high throughput sequencing” 
as and as study type. Datasets based on single-cell RNA-
seq, not containing a healthy reference group, obtained 
from PCLS or cell lines and not generated on an Illumina 
platform were excluded. “GSE92592” [29], a dataset rely-
ing on 19 healthy controls and 20 IPF patients samples, 
was then selected among the eight remaining datasets for 
comparison with our dataset.

RNAseq data analysis
For the identification of Differentially Expressed Genes 
(DEGs), raw expression data from FFPE, FF and human 
IPF samples were analyzed using the DESeq2 package in 
RStudio with pre-filtering as described above. The ‘sva’ 
package (version 3.50) was used to correct for technical 
batch effects [30]. After a first data evaluation through 
PCA, statistically significant DEGs were selected by fil-
tering out for a p-adjust value < 0.05 and an absolute log2 
fold change (FC) > 1.
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Heatmap. Normalized DEGs counts were z-scored and 
then subjected to hierarchical clustering by applying a K 
value of 7 and a distance between genes was calculated 
using Pearson correlation. Cluster expression levels for 
different samples were estimated averaging the z-scores 
of genes in a cluster. Samples were also clustered by 
Spearman correlation and assigned to different groups 
based on their transcriptomic and phenotypic profiles.

Pathway enrichment analysis. Gene ontology (GO) 
annotation, particularly ‘biological process’ (BP), and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
term enrichment were performed using g:Profiler [31], 
setting a p-adjust < 0.01 threshold for significant path-
ways. REVIGO was used to reduce redundancy and iden-
tify representative clusters of GO terms [32].

Quantification and statistical analysis
Statistical analysis was performed using the Prism 10 
software (version 10.2.2) (GraphPad Software Inc., San 
Diego, CA). Unpaired t-test was used to identify statisti-
cally significant changes between the Ctrl and the BLM 
groups for each histological and CT-derived parameter; 
p < 0.05 was considered as statistically significant. The 
correlation between pre-filtered genes (26,606 and 20,982 
Ctrl, and 27,461 and 20,265 BLM genes for the FFPE and 
FF datasets respectively), was assessed by negative bino-
mial regression, as implemented in the DEeSeq2 package. 
Correlation between RNAseq cluster expression and his-
tology as well as CT-derived data was assessed on both 

the FFPE and the FF datasets by Pearson’s correlation 
analysis.

Results
Quantification of 2D micro‑CT and histological matched 
slices
As outlined in Fig. 1, for each FFPE block, one 5 µm thick 
slide was cut and stained for the histological assessment 
of lung fibrosis by Ashcroft score, whereas an underlying 
10 µm thick slide was collected and digested for RNAseq 
analysis. The 2D coronal CT slice that best matched the 
histological slide was semi-automatically selected and 
aeration compartments were quantified. Cumulative his-
tology and CT data, i.e., individual values for each sample 
and average values ± SD for each group, are reported in 
Table 1.

The control (Ctrl) group (C_1 to C_5) did not display 
any parenchymal alteration and the average Ashcroft 
score was equal to 1.4 ± 0.3 with low variation between 
samples. Quantification of CT-derived aeration com-
partments, performed on the matched 2D slide, con-
firmed that, in keeping with previous data obtained in 
BLM-untreated mice, an average 80% of the area was 
normo-aerated [17, 18, 21] and 9% was classified as 
hyper-inflated tissue, corresponding to lung regions with 
a high air/tissue ratio, which is typical of the end-inspira-
tory phase (i.e., characteristic of an air-filled lung).

A very different scenario was apparent in samples from 
BLM-treated animals (B_1 to B_8), in which the Ashcroft 

Table 1  Ashcroft Score and aeration compartments (%Normo, %Hypo and %Non) determined on 2D matched CT slides

* Unpaired t-test comparing the BLM vs. the Ctrl group for each parameter. 2D Two-dimensional, CT Computed Tomography, AS Ashcroft Score, BLM Bleomycin, Ctrl 
Control, sd standard deviation

ID sample 2D histology 2D CT

AS % Mild %Moderate %Severe %Moderate + Severe %Normo %Hypo %Non %Hyper %Poorly

C_1 1.3 100 0 0 0 80 12 1 7 13
C_2 1.1 100 0 0 0 80 15 1 4 16
C_3 1.5 100 0 0 0 78 11 1 10 12
C_4 1.7 100 0 0 0 80 15 1 5 16
C_5 1.7 100 0 0 0 67 9 1 22 10
mean ± sd Ctrl 1.4 ± 0.3 100 ± 0 0 ± 0 0 ± 0 0 ± 0 77 ± 6 12 ± 2 1 ± 0 9 ± 8 13 ± 2
B_1 4.8 11 40 49 89 43 32 16 9 48
B_2 4.8 11 27 61 88 62 27 7 4 34
B_3 4.5 15 41 44 85 64 22 5 8 27
B_4 4.5 15 46 39 85 59 21 11 9 32
B_5 3.4 61 34 5 39 66 24 8 3 32
B_6 6.4 0 4 96 100 44 26 30 0 56
B_7 4.0 38 32 30 62 56 25 15 4 40
B_8 5.3 0 25 75 100 28 34 35 2 69
mean ± sd BLM 4.7 ± 0.9 19 ± 21 31 ± 13 50 ± 28 81 ± 21 53 ± 13 26 ± 5 16 ± 11 5 ± 3 42 ± 14
p-value*  < 0.0001  < 0.0001 0.0003 0.0023  < 0.0001 0.0027  < 0.0001 0.0127 ns 0.0012
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score reached an average value of 4.7 ± 0.9 (p < 0.0001 
vs. the Ctrl group) due to a significant increase in mod-
erately and severely affected areas and a concomitant 
decrease of mildly affected regions. The Ashcroft Score 
frequency distribution for each sample is reported in 
Table  1, which shows that B_6 and B_8 were the most 
severely affected animals, with more than 60% of the ana-
lyzed fields featuring an Ashcroft score higher than 5.0. 
These findings were supported by CT data obtained from 
the matched 2D slices, which highlighted an overall sig-
nificant increase in Hypo- and Non-aerated regions, due 
to late-stage inflammation with active tissue remodeling 
and collagen deposition in the lung parenchyma. This 
was accompanied by a marked drop of Normo-aerated 
areas in all BLM-treated samples compared to controls, 
which was especially evident in mice B_6 and B_8.

The percentages of moderate and severe pathology 
areas as well as Hypo- and Non-aerated regions were 
grouped together to facilitate correlation of histological 
and 2D micro-CT data with transcriptomic profiles. This 

allowed to overcome the difficulty of directly correlat-
ing Ashcroft score categories and densitometric features 
derived from CT imaging with the specific biological 
processes involved in BLM-induced lung fibrosis (e.g., 
inflammation, immune response activation and ECM 
organization/remodeling) revealed by pathway enrich-
ment analysis of transcriptomic data (see below).

Transcriptome analysis on FFPE lung slides 
from BLM‑treated and control mice
A comprehensive analysis, aimed at identifying gene 
expression differences between BLM-treated and 
untreated control animals, was performed on FFPE 
samples by RNAseq, paying special attention to BLM-
induced lung injury and fibrosis. A total of 54,513 genes 
was retrieved, 29,273 of which, covered by at least 10 
reads each, were retained for further analysis (Fig. 2a).

Principal component analysis (PCA) showed a clear 
separation of the BLM and Ctrl groups. Differen-
tial expression analysis using DESeq2 revealed 2,534 

Fig. 2  RNAseq analysis on FFPE lung slides from BLM-treated and untreated control mice​. a RNAseq analysis (n = 5 untreated controls; n = 8 
BLM) identified a total of 54′513 genes, 29′273 of which (number of reads > 10) were used for PCA and DESeq analysis. Up- (red) and down- (blue) 
regulated differentially expressed genes (DEGs; pAdj < 0.05 and |log2(FC)|> 1) are displayed as a volcano plot (genes not significantly regulated 
in a differential manner are shown in gray). b Pathway enrichment analysis was performed on the identified DEGs and the main significant (pAdj 
< 0.05) biological process GO terms and KEGG pathways are reported



Page 8 of 15Ferrini et al. Respiratory Research          (2025) 26:225 

genes displaying significantly different expression levels 
between the BLM and the Ctrl groups (pAdj < 0.05), with 
1,031 and 1,503 genes identified as down-regulated and 
up-regulated, respectively (Fig. 2a).

Pathway enrichment analysis, performed on the 2,534 
differentially expressed genes (DEGs) identified by tran-
scriptome profiling of BLM-treated vs. control mice, 
retrieved a total of 558 GO and KEGG terms, the most 
relevant of which are reported in Fig.  2b. A number 
of genes and pathways previously found to be associ-
ated with lung fibrosis development are present among 
the GO/KEGG terms revealed by this analysis. These 
included genes related to collagen biosynthesis, extracel-
lular matrix (ECM) organization and remodeling, ECM-
receptor interaction, and tissue remodeling. In particular, 
genes belonging to the collagen (Col1a1, Col3a1, Col4a2, 
Col5a2) and metalloprotease (Mmp13, Mmp2, Timp1) 
families, but also elastin (Eln) and fibronectin (Fn1) 
genes, were found to be significantly up-regulated (see 
Supplementary Table 1).

Positive regulation of a subset of the above genes upon 
BLM treatment was independently verified by qPCR 
analysis performed on the same RNA samples utilized 
for RNAseq (Supplementary Fig. 2a). The presence of an 
increased collagen content in BLM vs. Ctrl tissue samples 
was also directly assessed by PicroSirius staining (Supple-
mentary Fig. 2b).

In addition to collagen and ECM, GO/KEGG terms 
related to immune system function were also found to be 
enriched in BLM DEGs. These included positive regula-
tion of the immune response, leukocyte proliferation, B 
cell receptor signaling, Th17 cell differentiation, com-
plement system, Th1 and Th2 cell differentiation and 
toll-like receptor signaling. Many of the involved genes, 
such as members of the interleukin family (Il1b, Il2rb, 
Il6, Il10ra), immunoglobulin chains, chemokines and 
cytokines (Ccl2, Ccl7, Cxcl5, Cxcl9), were found to be 
upregulated, thus pointing to the key role of inflamma-
tion and immune response as drivers of fibrosis develop-
ment in BLM-treated animals.

FFPE RNAseq validation by comparison with fresh‑frozen 
lung tissue transcriptomic data
To assess the potential impact of different tissue storage 
conditions (FFPE vs. FF) on gene expression profiles, we 
compared our FFPE transcriptome data with those from 
available mouse FF lung tissue datasets for both the ble-
omycin-treated (Bulk FF BLM: 4 samples) and control 
(Bulk FF Ctrl: 5 samples) groups [11].

Following data normalization and correction for batch 
effects using CombatSeq, a total of 26,606 and 20,982 
control, and 27,461 and 20,265 BLM genes were iden-
tified in our FFPE samples and in FF public datasets, 

respectively. As shown in Figs.  3a (FFPE Ctrl vs. Bulk 
FF Ctrl) and 3b (FFPE BLM vs. Bulk FF BLM), despite 
some inter-laboratory variability and storage-related 
differences, a fairly clear separation between the FFPE 
and the FF groups was revealed for both conditions by 
PCA. Importantly, a marked overlap between FFPE and 
FF transcripts was revealed for both conditions (Ctrl 
and BLM) by the Venn diagrams reported in Figs.  3c-
d. Specifically, a total of 20,772 and 20,220 genes were 
shared by the FFPE and the FF samples in the Ctrl and 
the BLM groups, respectively. This indicates that for both 
groups, approximately 99% of the transcripts retrieved 
from the public bulk FF lung tissue dataset is in common 
with those of the experimentally acquired FFPE dataset, 
thus pointing to a marked conservation of gene expres-
sion profiles across different storage conditions. In fact, 
based on genes identified by comparative DESeq2 analy-
sis of FFPE and FF transcriptomic data (Ctrl and BLM), 
the FFPE and the FF datasets were found to be strongly 
correlated, with Pearson’s correlation coefficients (r) of 
0.942 and 0.964 for the control (FFPE Ctrl vs. Bulk FF 
Ctrl) and the BLM (FFPE BLM vs. Bulk FF BLM) groups, 
respectively.

Altogether, these findings indicate that core gene 
expression signatures appear to be largely conserved 
between the two tissue storage conditions (FFPE and 
FF). Such conservation, which supports the use of FFPE 
alongside fresh-frozen tissue samples for transcriptome 
profiling, is crucial for trusting the gene expression infor-
mation that can be retrieved from archival FFPE lung 
samples.

Comparison of the FFPE transcriptomic profiles 
with transcriptome data derived from fresh‑frozen lung 
fibrotic mice tissue and IPF patients
A total of 1,929 DEGs were retrieved from a BLM vs. 
Ctrl comparison performed in the FF datasets. A siz-
able fraction (41%) of such FF DEGs was found to be in 
common with those identified in the FFPE BLM mice 
lungs and enriched in GO terms related to molecular 
mechanisms known to be associated with fibrosis devel-
opment [33, 34]. For example, as shown in Fig. 3e, path-
ways associated with ECM alterations, the response to 
inflammatory and immune system stimulators such as 
chemokines, ERK1 and ERK2 signaling components 
and tumor necrosis factor. However, more than 1,700 
DEGs on a total of 2,534 appear to be unique to the 
FFPE dataset and mainly enriched in terms related to 
lymphocyte, particularly T lymphocytes, activity and 
to major histocompatibility complex-mediated immune 
responses. Despite some divergence, comparison of 
the two datasets highlights an overall significant simi-
larity between the transcriptional modulation profiles 
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Fig. 3  Comparison of BLM vs. control RNAseq data from FFPE and bulk FF lung tissue samples. RNAseq data from the FFPE dataset (n = 5 Ctrl FFPE; 
n = 8 BLM FFPE) compared with bulk data from fresh-frozen (FF) tissue (GSE218997; n = 5 Ctrl Bulk FF; n = 4 BLM Bulk FF). Untreated controls (Ctrl) 
and BLM-treated mice were compared by PCA (a, b) and Venn plot (c, d) analyses. DEGs (pAdj < 0.05 and |log2(FC)|> 1) derived from the BLM vs. 
Ctrl comparison performed on each dataset were subjected to GO biological process analysis and the GO terms found to be enriched in common 
genes are shown in panel (e)
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derived from FFPE lung slices and the transcriptional 
dysregulation signatures previously reported for the 
mouse model of BLM-induced lung fibrosis [33, 34].

To assess the clinical translation potential of the 
BLM-induced mouse model of lung fibrosis, we per-
formed a similar comparative analysis with transcrip-
tome data derived from an IPF patients’ public dataset 
[29]. We found that 37% of the genes that turned out to 
be modulated in FFPE lung samples from BLM-treated 
mice have a human ortholog among the 9,620 genes 
that are expressed above background in lung samples 
from IPF patients. Furthermore, 68% of the genes pre-
sent in this shared subset display the same trend of 
expression modulation (Supplementary Fig.  3). Some 
of these shared genes are related to ECM organization 
and remodeling, but also include members of the colla-
gen and metalloprotease (e.g., Mmp2, Mmp11, Mmp13, 
Mmp14) gene families as well as elastin (Eln) and com-
ponents of the TGF-β receptor (Tgfb3, Tgfb1r, Tgfb3r, 
Fbn1, Lox, Itgb5, Smad1) and TNF (Ccl22, Ccl7, Gata3, 
Mapk3) signaling pathways.

The above findings suggest that transcriptomic data 
derived from individual FFPE lung slices may effectively 

contribute to the discovery of novel, clinical translation 
relevant lung fibrosis biomarkers.

Integration of transcriptomic profiles 
with morpho‑functional data derived from the same slide
Having ruled out potential artefacts associated with the 
use of FFPE slices as mRNA source material, we set out 
to perform a more detailed investigation of our dataset, 
analyzing each sample individually and clustering DEGs 
and samples, also taking into account transcriptome and 
morpho-functional (histology plus micro-CT) data cor-
relation (Fig. 4).

Gene expression patterns clearly distinguish BLM and 
Ctrl samples (Groups 2–3: BLM; Group 1: Ctrl).

Interestingly, unsupervised clustering highlighted 
some differences between individual samples belong-
ing to the same treatment group and separated the 
BLM gene expression profiles into two groups (Groups 
2 and 3), one of which (Group 3) more markedly distin-
guishes itself from controls. Sample B_5 was assigned 
to Group 2 because of its closer morpho-functional 
(but not transcriptomic) resemblance with such group 
(Table 1). In fact, its transcriptomic profile did not clearly 
align with either BLM group (Fig.  4a), showing notable 

Fig. 4  Clustering of transcriptomic data from individual FFPE samples and correlation with morpho-functional parameters​. a Clustermap displaying 
z-score values of DEGs (pAdj < 0.05 and |log2(FC)|> 1) for each sample. Three distinct groups (i.e., Group 1, 2 and 3, shown in gray, yellow and brown, 
respectively) characterized by different transcriptomic profiles and three main gene clusters (i.e., Cluster I, II and III) were revealed by unsupervised 
analysis. b Three main functional gene clusters (i.e., Cluster I, II and III, as indicated) were retrieved from pathway enrichment analysis. For each 
sample, %Hypo + Non derived from micro-CT imaging and %Moderate + Severe areas (i.e., with Ashcroft score ≥ 4) were determined and correlated 
with expression levels of the three gene clusters. A representative micro-CT 2D slice with aeration compartment mask and the corresponding 
histological slide from a BLM-treated mouse are shown on the left
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dissimilarities with both B_1 (Group 3, k = 0.76) and B_3 
(Group 2, k = 0.73).

Since animals from two independent experiments were 
mixed across groups, it is reasonable to imagine that the 
observed differences are not simply due to technical bias, 
but rather to genuine, albeit fairly small gene expression 
differences, somehow characteristic of individual sam-
ples. This also holds for the control group (#1), where a 
cluster of protein synthesis-related genes is expressed at 
significantly higher levels in sample C_2 than in the other 
control samples.

GO pathway analysis identified three main classes of 
biological processes associated to the clusters of genes 
differentially expressed among groups (Fig.  4a). Clus-
ter I, which is highly expressed in Group 2, especially in 
samples B_3 and B_4, is related to the adaptive immune 
response, particularly B cell activity and proliferation, 
and is enriched in genes coding for immunoglobu-
lin chains (IgA and IgM) and B cell biomarkers (Cd19, 
Cd22). Cluster II, which is highly represented in Group 
3, is comprised of genes involved in pro-fibrotic pro-
cesses such as ECM remodeling and collagen biosynthe-
sis (Col1a1, Col3a1, Fn1, Loxl2, Loxl3). It also includes 
a subset of immune response-related genes, specifically 
genes involved in monocyte and macrophage activity 
and chemotaxis, which are crucial for tissue homeosta-
sis and repair. Cluster III is associated with inflammatory 
process- and immune system-related genes, including 
the response to external stimuli such as bleomycin and 
its pro-fibrotic activity. It is enriched in genes encod-
ing interleukins, cytokines, chemokines and other genes 
involved in the activation and chemotactic activity of B 
and T lymphocytes (e.g., Ccr2 and Cxcl5).

To gain further insight into the role of these processes 
in fibrosis progression, we correlated transcriptome 
profiles with the morphological and functional features 
provided, for each sample, by histological (%Moderate 
+ Severe) and 2D CT (%poorly) analyses (see the repre-
sentative images shown in the left-side part of Fig. 4b and 
the data reported in Table 1).

A closer examination of the clusters related to inflam-
mation and adaptive immunity (clusters I and III; 
Fig.  4a), shows that while the Ctrl and BLM groups 
remain well-separated, some samples from BLM-treated 
mice belonging to Groups 2 and 3 are somewhat scat-
tered and intermixed. Instead, as further shown in Fig. 4, 
the highly variable expression levels displayed by BLM 
Groups 2 and 3 genes belonging to cluster II, which are 
associated with ECM remodeling, strongly correlate with 
histological (AS) and 2D CT morpho-functional parame-
ters (p < 0.001; Pearson’s correlation coefficient r ≥ 0.925; 
Fig. 4b). In fact, Group 2 and Group 3 samples appear to 
be well-separated in this cluster, strongly suggesting that 

collagen deposition and fibrosis development are indeed 
key processes driving lung fibrotic pathology. Specifically, 
among the genes that were found to be significantly mod-
ulated in a pathology severity-dependent manner, there 
are genes such as collagens Col28a1 and Col1a2 as well 
as Loxl3 and Fkbp10 (FK506 binding protein) that are 
known to be causally related to fibrosis development [35].

An even closer examination of the correlation data, 
shows that mice sharing similar morpho-functional 
parameters not necessarily share similar expression lev-
els and transcriptional signatures, and vice versa. For 
instance, mice B_2 and B_4 share a similar histologi-
cal and CT densitometric profile but belong to different 
groups: B_2 to Group 3 and B_4 to Group 2. Both mice 
display comparable expression levels of ‘tissue remod-
eling’ and ‘inflammatory response’ gene clusters (Fig. 4a 
II and II), whereas the ‘adaptive immune response’ clus-
ter I is less expressed in B_2 compared to B_4 (Fig. 4a I), 
suggesting that the latter animal has likely entered the 
resolution phase. Taken together, these findings under-
line the advantages of a multimodal analysis and the need 
to integrate transcriptomic, CT and histological data for 
a more comprehensive and insightful characterization of 
fibrosis progression.

Discussion
In recent years, omics technologies, particularly tran-
scriptomics and RNAseq, have advanced the identifica-
tion of previously unknown molecular drivers of disease, 
thereby contributing to bridge the gap between preclini-
cal and clinical research [1, 2].

The preferred source material for RNAseq is fresh tis-
sue, even though it often does not represent a readily 
accessible and fully convenient matrix. In fact, for long-
term preservation, tissue samples are generally fresh-fro-
zen or fixed and included as formalin-fixed and paraffin 
embedded specimens. Many studies, focused particu-
larly on tumors and parenchymal organ diseases, have 
documented the feasibility of RNAseq applied to tissues 
stored with either method and the overall concordance of 
data generated with both types of samples [6, 8, 9, 36, 37].

To our knowledge, the use of FFPE tissue samples for 
transcriptomic analysis of lung diseases is largely under-
explored. This is likely due to the complex structure of 
the pulmonary parenchyma, which is mainly composed 
of air spaces rather than dense tissue, potentially leading 
to a biased representation of transcript abundance. The 
main advantage of FFPE lung samples, besides suitabil-
ity to long-term storage, is their widespread use as ref-
erence material for various (pre)clinical investigational 
and diagnostic applications. In fact, by fully preserving 
tissue morphology, FFPE specimens lend themselves as 
key tools for retrospective histo-morphometric analyses, 
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which can be essential for a detailed pathological inves-
tigation and the validation of new potential biomarkers. 
In particular, our choice of a single coronal FFPE lung 
slide as study material was motivated by the need to use a 
well-characterized specimen for guiding RNAseq analy-
sis. This approach provides precise, spatially-resolved 
information that can be more accurately integrated 
with other in-vivo and ex-vivo data compared to bulk 
approaches based on FF tissue samples, thereby enhanc-
ing the informativeness of transcriptomic and morpho-
functional analyses performed on the same sample, while 
also reducing the number of animals required to achieve 
significant results.

In this work, using pulmonary fibrosis as a case study 
and public FF mouse lung datasets as a reference, we 
first demonstrated that RNA extracted from a single 10 
μm thick histological slide is sufficient and qualitatively 
suitable for a comprehensive transcriptomic analysis. Idi-
opathic pulmonary fibrosis, for which BLM-induced lung 
fibrosis represents a widely accepted preclinical model 
[38, 39] with also a few transcriptome profiling studies 
available [11, 13, 15], is considered an unmet medical 
need and a key drug discovery target for many pharma-
ceutical companies.

Over 50′000 annotated genes were recovered from 
transcriptome profiling and more than 29′000, suffi-
ciently covered transcripts were retained for subsequent 
DEseq analysis. Comparison of our FFPE dataset with 
publicly available bulk data derived from FF lung tissue 
samples [11], showed that over 90% of the genes com-
prised in the bulk FF dataset are also present among 
the genes identified by FFPE RNAseq analysis. Further-
more, approximately 40% of the DEGs retrieved from 
bulk analysis of fibrotic FF samples were found to be in 
common with those comprised in our FFPE dataset. As 
somewhat expected, these DEGs are primarily related 
to ECM organization, inflammatory process activation 
and cytokine production. Overall, these initial findings 
strongly suggested that FFPE lung tissue samples can 
indeed represent a viable alternative to fresh tissue for 
transcriptome profiling, especially in the context of retro-
spective studies, where the latter samples may no longer 
be available.

A key component of our integrated approach is micro-
CT, which we have extensively utilized in recent years 
as a highly effective in-vivo tool allowing high-reso-
lution 3D visualization of pulmonary architecture as 
well as functionality, and capable of providing detailed 
information on the spatial distribution and severity of 
pathology in different mouse models of BLM-induced 
lung fibrosis [10, 12, 40]. In this study, in particular, we 
aimed to provide a proof-of-concept demonstration of 
the spatial details and extended information on fibrosis 

development that can be obtained by integrating RNAseq 
with histological data obtained on adjacent FFPE slides as 
well as with quantitative micro-CT parameters derived 
from in-vivo scans of the corresponding 2D slice.

For each CT scan, acquired with the use of a respira-
tory-gated technique [10], two distinct datasets, cor-
responding to end-inspiratory and end-expiratory 
breathing phases, were automatically reconstructed. The 
former phase, which more closely resembles the struc-
ture and overall size of lung tissue perfused with forma-
lin and fixed for histology, was chosen for the present 
study, which relied on the selection of the coronal 2D CT 
slice that best matched the corresponding MT-stained 
histological slide. CT densitometry-derived param-
eters, determined on each scan, revealed significant dif-
ferences between lung tissue samples from fibrotic and 
healthy mice. The increase in poorly-aerated compart-
ments, including hypo- and non-aerated areas, observed 
in fibrotic tissue samples was generally associated to the 
inflammatory responses triggered by BLM installation, 
which resulted in de novo collagen deposition and extra-
cellular matrix reorganization [21]. Such changes in tis-
sue density were accompanied by a significant increase 
in areas with moderate and severe fibrotic lesions, as 
indicated by ex-vivo assessment of fibrosis based on Ash-
croft score determination [10, 12, 25]. This was particu-
larly evident in samples B_6 and B_8 of the BLM group, 
for which functional impairment appeared to be closely 
linked to the extent of fibrosis.

The morpho-functional information provided by his-
tological and micro-CT analyses, especially with regard 
to different stages of response to BLM treatment and 
fibrosis development, was effectively complemented and 
enriched by transcriptome profiling. In fact, correlation 
of transcriptomic and morpho-functional data extracted 
from adjacent regions of a single FFPE slide allowed the 
identification of specific molecular signatures (e.g., colla-
gens Col1a2 and Col28a1, metalloproteases, chemokines 
Cxcl5 and Cxcl9) that distinguish, and are likely causally 
associated with, a moderate-to-severe loss of lung func-
tion. For example, lung tissue samples from BLM-treated 
mice that displayed a transcriptomic profile more closely 
resembling that of control mice (Group 2; Fig. 4a) show 
varying percentages of moderate to severe lesions (above 
39% on average) but significantly lower %poorly aerated 
tissue (27–32%) (Fig.  4b). This condition is driven by a 
prevalence of immune response (cluster I)- rather than 
fibrosis (cluster II)-related DEGs (Fig. 4b I). On the con-
trary, lung tissue samples from BLM mice that based 
on unsupervised clustering were assigned to Group 3 
(Fig.  4a), were found to be predominantly enriched in 
cluster II, i.e., ECM organization- and tissue remodeling-
related DEGs. This group included mice B_6 and B_8, 
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which displayed the highest %poorly aerated tissue and 
fibrosis severity values. A slightly divergent situation was 
observed in the case of the transcriptome profile of sam-
ple B_7, which clustered in Group 3 but displayed a more 
uniform distribution of upregulated genes, especially 
across clusters II and III. We interpret the concomitant 
upregulation of fibrosis-related (ECM organization and 
tissue remodeling; cluster II) and inflammatory response-
related (cluster III) genes as indicative of a borderline 
condition, in which fibrosis is present but not yet fully 
established –an intermediate situation that is also sup-
ported by morpho-functional parameters that appear to 
be not so severely affected as in other mice belonging to 
the same group.

The presently described integrative approach, aimed 
at matching CT-derived parameters with the corre-
sponding ex  vivo histology [27], can be automated and 
easily adapted to other lung pathologies such as asthma 
and chronic obstructive pulmonary disease (COPD). 
Furthermore, the data clearly showed that lung regions 
identified by micro-CT as more severely affected tend 
to display distinct gene expression profiles compared to 
less severely affected regions, thus indicating that dis-
ease severity has a significant impact on transcriptome 
profiles, underscoring the importance of spatial context-
defined transcriptomic analysis and its higher informa-
tion potential compared to bulk sampling. Given the clear 
separation between BLM and control groups revealed by 
PCA (Fig.  2a), it is reasonable to imagine that further 
investigation of specific DEGs can lead to the discovery 
of translationally relevant biomarkers for lung fibrosis. 
We also showed that combination of RNAseq and imag-
ing data enables the identification of gene expression pat-
terns that appear to be causally associated with specific, 
yet distinct histopathological features such as fibrosis and 
inflammation. For instance, CCR2, a chemokine involved 
in the recruitment of inflammatory monocytes to fibrotic 
tissue [41], has previously been proposed as a valuable 
PET imaging biomarker for patient stratification as well 
as for evaluating the response to anti-fibrotic drugs [41, 
42]. In our dataset, Ccr2 is present in cluster III and is 
preferentially expressed in mice with high fibrosis sever-
ity (Group 3, Fig. 4a). Its expression levels, however, dis-
play some degree of intragroup variability in animals 
sharing similar morpho-functional features, likely reflect-
ing a variable contribution of inflammation to disease 
progression.

The presently described multimodal approach, which, 
despite the generally higher RNA quality afforded by 
fresh tissue, is best exploited with the use of FFPE sam-
ples, effectively links molecular and morpho-functional 
data and is thus instrumental to a deeper understand-
ing of disease pathogenesis and progression. Candidate 

biomarkers indicative of pathology severity, particularly 
genes and pathways related to ECM remodeling, were 
identified in our analysis (Fig.  4b). These included, for 
example, Fkbp10, a known regulator of fibroblast migra-
tion and adhesion [35], which has previously been pro-
posed as a promising biomarker and possible therapeutic 
target for IPF due to its strong association with fibrosis 
progression [43].

Furthermore, the integration of micro-CT imaging 
within a multimodal analytical framework can offer sig-
nificant advantages to high-resolution spatial transcrip-
tomic platforms (e.g. CosMX, VisiumHD and others). 
In fact, by providing a three-dimensional anatomical 
context, micro-CT can enhance the discovery potential 
of these advanced omics technologies. It can also sup-
port accurate anatomical region annotation and inform 
optimal sampling strategies aimed at precisely targeting 
specific areas of interest for spatial omics analysis, thus 
providing a robust structural framework that can aid the 
interpretation of complex transcriptomic data. This ana-
lytical synergy not only can provide insightful informa-
tion in future studies but also strengthen the relevance 
and applicability of our proposed approach for elucidat-
ing disease mechanisms.

Despite its promising results and broad application 
perspectives, the present study has some limitations. 
First, the relatively small number of animals included in 
each group. Second, the fact that BLM-treated mice were 
derived from two independent experiments, thus poten-
tially increasing inter-group variability.

Although individual transcriptomic profiles were 
matched to the corresponding histological slides and 
micro-CT images to exclude intra-group variability, a few 
differences were observed, indicating the high sensitiv-
ity of our multimodal approach. Additionally, we would 
like to point out that the deep-learning algorithms used 
for automatic histological matching [27] and respira-
tory phase segmentation require cloud computing tools, 
which may not be freely available to all research groups. 
Furthermore, although BLM-induced mouse pulmonary 
fibrosis is by far the most popular preclinical model of 
human IPF, its clinical relevance is still debated.

Conclusions
FFPE lung tissue represents a valuable alternative to 
fresh tissue samples for RNAseq analysis, which, as 
shown in this work, allows to achieve a more precise, 
spatially oriented picture of pulmonary disease devel-
opment. Combination of RNAseq performed on FFPE 
tissues with parallel histological analyses and micro-
CT imaging represents a powerful strategy for studying 
complex diseases such as pulmonary fibrosis. This inte-
grated approach allows a more comprehensive analysis, 
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bridging the gap between the dysregulation of specific 
sets of genes and its phenotypic manifestation, ulti-
mately advancing our understanding of the disease and 
the development of targeted therapeutic interventions.
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