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Abstract
Background Post-Covid Pulmonary Fibrosis (PCPF) has emerged as a significant global issue associated with a poor 
quality of life and significant morbidity. Currently, our understanding of the molecular pathways of PCPF is limited. 
Hence, in this study, we performed whole transcriptome sequencing of the RNA isolated from the bronchoalveolar 
lavage (BAL) samples of PCPF and compared it with idiopathic pulmonary fibrosis (IPF) and non-ILD (Interstitial Lung 
Disease) control to understand the gene expression profile and associated pathways.

Methods BAL samples from PCPF (n = 3), IPF (n = 3), and non-ILD Control (n = 3) (individuals with apparent healthy 
lung without interstitial lung disease) groups were obtained and RNA were isolated for whole transcriptomic 
sequencing. Differentially Expressed Genes (DEGs) were determined followed by functional enrichment analysis and 
qPCR validation.

Results A panel of differentially expressed genes were identified in bronchoalveolar lavage fluid cells (BALF) of PCPF 
as compare to control and IPF. Our analysis revealed dysregulated pathways associated with cell cycle regulation, 
immune responses, and neuroinflammatory processes. Real-time validation further supported these findings. The PPI 
network and module analysis shed light on potential biomarkers and underscore the complex interplay of molecular 
mechanisms in PCPF. The comparison of PCPF and IPF identified a significant downregulation of pathways that were 
more prominent in IPF.

Conclusion This investigation provides crucial insights into the molecular mechanism of PCPF and also outlines 
avenues for prospective research and the development of therapeutic approaches.
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Background
In 2019, COVID-19 emerged as global health emergency 
affecting millions of people across the globe [1]; among 
survivors of COVID-19, approximately 70 to 80% of 
patients experienced a range of short- or long-term post-
infectious sequelae, particularly among those who had 
severe disease [2, 3]. Among these sequelae, post-COVID 
pulmonary fibrosis (PCPF) has emerged as a significant 
health concern and has been reported even after mild or 
asymptomatic infection also [4–6]. The PCPF manifest as 
fibrosis-like alterations (in some cases true fibrosis) on 
computed tomographic scan of thorax and severe reduc-
tions in diffusing capacity for carbon monoxide (DLCO) 
on pulmonary function testing [7]. The affected individu-
als experience a diminished quality of life and necessitate 
extra medical attention [8]. Currently, the best therapeu-
tic approach of PCPF is not known. Hence, molecular 
pathway analysis of PCPF is imperative to understand the 
potential therapeutic targets or strategies.

The molecular mechanism underlying some of the 
fibrotic lung diseases such as idiopathic pulmonary 
fibrosis (IPF), silica-induced pulmonary fibrosis, and 
hypersensitivity pneumonitis has been studied to some 
extent [9–12]. The understanding of these molecular 
mechanisms led to the discovery of specific antifibrotic 
drugs, such as pirfenidone, and nintedanib for IPF and 
other fibrotic lung diseases. Superficially, there are few 
similarities between IPF and PCPF such as both exhibit 
a diminished DLCO, disrupted alveolar-capillary integ-
rity, imbalanced renin-angiotensin-aldosterone system 
(RAAS), and heightened oxidative stress [13, 14]. How-
ever, there are glaring differences also; for example - IPF 
is progressive disease whereas PCPF is reversible in many 
patients, PCPF is usually manifest as NSIP or NSIP/OP 
pattern on HRCT whereas IPF present as UIP. Nonethe-
less, our knowledge of the molecular mechanisms gov-
erning PCPF remains limited. The significance of delving 
into PCPF lies in our potential to not only elucidate the 
molecular landscape of PCPF but also to discern poten-
tial commonalities between PCPF and IPF. Furthermore, 
it offers an avenue to explore the functional attributes of 
these molecular entities.

The main objective of this pilot study was to identify 
the DEGs in BAL of PCPF compared to non-ILD control 
with apparently unaffected lung and IPF. We employed 
Gene Ontology (GO)/Kyoto Encyclopedia of Genes and 
Genomics (KEGG) enrichment analysis and Gene Set 
Enrichment analysis (GSEA) to investigate the function-
alities and pathogenic pathways of various DEGs. The 
study aims to elucidate the association and causality of 
these genes to the pathogenesis of PCPF. Also, we aim 
to explore the commonality between PCPF and IPF. For 
this, we used next generation sequencing technology for 

transcriptomics analysis and further validated our find-
ings using real time PCR.

Materials and methods
Ethical statement
This study was approved by the institutional review 
board of All India Institute of Medical Sciences, New 
Delhi (IEC-388/02.07.2021). Only patients who provided 
a written informed consent were included in the study.

Sample collection
The inclusion criteria for PCPF were as follow: Adults 
with a known history of SARS-CoV-2 infection con-
firmed by real-time PCR, having radiologically proven 
pulmonary fibrosis, and recovered from acute COVID-
19 infection. All the recruited subjects had moderate to 
severe infection and required hospitalization.

A BAL sample of approx 10–15 mL were collected 
from PCPF patients (n = 3), controls (n = 3), and IPF 
(n = 3) as per the standard guidelines [15, 16]. The sample 
were collected and stored in a sterile container for fur-
ther processing.

RNA isolation, QC, RNA-sequencing, and data analysis
Following the sample collection, the cells from the BAL 
were pelleted down and the RNA was isolated using 
TRIzol™ reagent (Invitrogen, Thermo Fisher Scientific, 
Massachusetts, USA) as per the manufacturer’s recom-
mendation. The RNA samples were subjected to a qual-
ity check using a bioanalyzer (Agilent Technologies). 
We kept only those samples possessing an RNA integ-
rity (RIN) score of more than 7 (Supplementary Fig. 1). 
Strand-specific libraries were prepared as per manufac-
ture’s recommendation (NEB labs™, Massachusetts, US). 
Paired-end whole transcriptomic sequencing was per-
formed on Illumina NovaSeq 6000 platform.

The raw sequencing reads underwent processing to 
determine expression profiles. The reads were aligned to 
the human genome hg38. Identification of Differentially 
Expressed Genes (DEGs) including lncRNAs were car-
ried out using iDEP. iDEP integrates data from Ensembl 
and other comprehensive annotation databases to distin-
guish lncRNAs from protein-coding genes. For differen-
tial expression analysis, a threshold of|log2FC| ≥ 1 and 
an FDR cut-off of 0.1 were applied (refer supplementary 
Fig. 2).

Functional enrichment analysis
To determines the specific GO (Gene Ontology) terms 
i.e., Biological Processes (BP), Molecular Functions 
(MF) and Cellular Components (CC) as well as KEGG 
pathways (Kyoto Encyclopedia of Genes and Genom-
ics) we employed SRplot. We also used GSEA (Gene set 
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enrichment analysis) [17] for functional enrichment anal-
ysis using preranked gene list file.

Ingenuity Pathway Analysis (IPA)
We used IPA software for comprehensive pathway deter-
mination of differential gene expressed in PCPF as com-
pare to control samples. The DEGs list was subjected to 
analysis using the IPA core expression analysis tool with 
a focus on utilizing the tool’s canonical pathways and 
upstream functions.

Network analysis and module extraction
The interactions between the DEGs were identified using 
string-db database and Protein-Protein Interaction (PPI) 
network was constructed using cytoscape. Additionally, 
we used MCODE plugin for module extraction from the 
network and cytohubba to identify the hub genes using 
default parameters.

Validation
We employed SYBR-green qPCR to validate expression 
of 6 DEGs in PCPF patients, including 3 samples from 
RNA-seq.  Target genes (FN1, FBN2, CCL13, CCL7, 
TIMD4, CCL24) were compared against controls, using 
GAPDH for normalization. Primers were designed with 
Primer3 software (Supplementary Table 1). Additionally, 
we compared gene expression in PCPF patients to whole 
blood samples from 3 healthy volunteers.

Cell-type composition characterization
To determine the cell composition of RNA-seq data of 
PCPF and IPF patients we used the CIBERSORTX algo-
rithm. The raw count data of RNA-seq was processed and 
converted to CPM (count per million). Subsequently, the 
data was uploaded and run on the cibersortx platform 
with 100 permutation and LM22 was used as signature 
matrix.

Statistical analysis
Statistical analysis for real time PCR as well as ciber-
sortx results were conducted using GraphPad Prism soft-
ware (version 8.0.2). The comparison of gene expression 
between the PCPF and control groups was performed 
using the non-parametric Mann–Whitney U test. A 

p-value of less than 0.05 was considered statistically 
significant.

Results
The median age of participants was 53, 66, and 35 years 
for PCPF, IPF, and control groups, respectively, with no 
significant difference (p = 0.4643). 1 subject from each 
PCPF and IPF were exposed to smoking, in both PCPF, 
and IPF all subjects were males, while in control group 
there was a solitary male (p = 0.25) (Table 1).

Clustering analysis and identification of DEGs in PCPF vs. 
Control
The RNA-seq analysis was conducted on samples derived 
from 3 individuals with PCPF, and 3 control subjects. The 
t-SNE plot of the DEGs showed that the samples clus-
tered into PCPF (n = 3) and controls (n = 3). The sample 
tree linkage analysis confirmed the results of the t-SNE 
plot (Fig. 1a and b).

Based on|log2FC| ≥ 1, and FDR cutoff 0.1, the analy-
sis between PCPF and control groups revealed a total of 
4374 DEGs, including both protein-coding and non-cod-
ing genes (volcano plot and heatmap given in Fig. 1c and 
d). Using filter of a p-value of ≤ 0.05 and removal of the 
non-coding RNA, we got a total of 2076 (upregulated 370 
and down regulated 1706) DEGs (supplementary data). 
The top 5 highly upregulated genes include - CCL13, 
CCL24, TIMD4, MAMDC2, and FBN2. Whereas, 
top 5 downregulated genes were – HAS2, KRT24, 
ADAMTS19, DIPK2B, and TRPM5 (Table 2).

LncRNA expression profile in PCPF compared to control
We found a total of 993 (73 upregulated and 920 down 
regulated) differentially expressed lncRNA in PCPF as 
compared to control. As shown in Table 2, the major-
ity of upregulated differentially expressed lncRNAs are 
novel and are not yet annotated. On the other hand, 
XIST, TARID, AIRN are among the top downregulated 
lncRNAs.

Functional enrichment and pathway analysis of PCPF vs. 
control
The gene set enrichment analysis (GSEA) revealed a 
number of upregulated pathways associated with cell 
cycle such as E2F targets, G2M checkpoints, and mitotic 
spindle function highlighting potential dysregulation of 
cell division machinery. Interestingly, dysregulation of 
immune-related pathways, including allograft rejection 
and inflammatory response indicates potential involve-
ment of immune signaling in PCPF.

Conversely, there was only one pathway downregulated 
in PCPF i.e., KRAS signaling pathway (Fig. 2), indicating 
suppression of KRAS signaling pathways in PCPF. The 

Table 1 Patient’s demographic characterstics
PCPF IPF Control p-Value

Age (median) 53 66 35 0.4643
Gender
Male 3 3 1 0.25
Female 0 0 2 0.25
Race Indian Indian Indian
Smoking exposure 1 (33.3%) 1 (33.3%) 0 > 0.9999
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Fig. 1 Summarizes the RNA-Seq analysis of PCPF and control samples. a shows a t-SNE plot highlighting the distinct separation of PCPF (red) and control 
(blue) samples based on their gene expression profiles. b presents a hierarchical clustering dendrogram, demonstrating clear grouping of PCPF and 
control samples. c is a volcano plot showing differentially expressed genes (DEGs) between the two groups, with upregulated genes in red, downregu-
lated genes in green, and non-significant genes in gray. Finally, d is a heatmap of DEGs, with a color gradient representing gene expression levels (red for 
upregulation and green for downregulation
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findings of these analysis are given in the supplementary 
Table 2.

We also performed the enrichment analysis with SRplot 
that uses clusterprofiler and pathview tools to deter-
mine the GO terms and KEGG pathways in the given 

datasets. The biological processes mainly included the 
microtubule movement, formation, membrane potential 
regulation, cilium movement etc., while molecular func-
tion included various activities related to gated channel, 
ion channel, cation channel, etc. While cAMP signaling, 

Table 2 Top 10 DEGs (protein-coding & lncRNA) in PCPF as compared to control and IPF
PCPF vs. Control
Regulation Ensembl ID log2 Fold Change Adj.Pval Symbol
Top 10 DEGs (protein-coding)
Up ENSG00000181374 5.667076576 1.82E-10 CCL13
Up ENSG00000106178 5.474349103 3.87E-21 CCL24
Up ENSG00000145850 4.385833287 1.81E-05 TIMD4
Up ENSG00000165072 4.195600396 2.63E-07 MAMDC2
Up ENSG00000138829 3.755964263 3.20E-03 FBN2
Down ENSG00000170961 -7.055256938 6.49E-03 HAS2
Down ENSG00000167916 -6.510791933 8.16E-03 KRT24
Down ENSG00000145808 -6.485634646 1.79E-03 ADAMTS19
Down ENSG00000147113 -6.453179274 3.55E-03 DIPK2B
Down ENSG00000070985 -6.39532631 5.79E-04 TRPM5
Top 10 DElncRNA
Up ENSG00000229019 4.818954866 1.83E-02
Up ENSG00000259094 3.322362934 2.80E-04
Up ENSG00000235843 2.994813936 2.31E-02
Up ENSG00000224532 2.965714319 4.66E-02
Up ENSG00000280382 2.739452742 9.67E-02
Down ENSG00000229807 -8.9995467 4.22E-06 XIST
Down ENSG00000227954 -6.77518376 6.73E-03 TARID
Down ENSG00000268257 -6.595220455 4.18E-03 AIRN
Down ENSG00000285569 -6.573342122 1.71E-03
Down ENSG00000253452 -6.561947339 1.55E-03
PCPF vs. IPF
Regulation Ensembl ID log2 Fold Change Adj.Pval Symbol
Top 10 DEGs (protein-coding)
Up ENSG00000134184 9.743764403 1.44E-03 GSTM1
Up ENSG00000016490 6.840135496 4.60E-02 CLCA1
Up ENSG00000269711 6.62481711 6.91E-04
Up ENSG00000152467 6.237656979 5.42E-02 ZSCAN1
Up ENSG00000178473 6.229234454 6.20E-03 UCN3
Down ENSG00000229894 -7.676491296 6.52E-04 GK3P
Down ENSG00000196946 -6.802460602 2.96E-03 ZNF705A
Down ENSG00000196611 -6.772002245 3.18E-08 MMP1
Down ENSG00000121742 -6.613044034 5.91E-05 GJB6
Down ENSG00000142319 -6.566829032 2.06E-02 SLC6A3
Top 10 DElncRNA
Up ENSG00000251611 6.110480546 1.91E-02 FAM160A1-DT
Up ENSG00000224057 5.990518818 3.08E-02 EGFR-AS1
Up ENSG00000234665 5.907536472 1.36E-02 LERFS
Up ENSG00000231720 5.646051044 9.48E-02
Up ENSG00000248673 5.134530065 2.93E-02 LINC01331
Down ENSG00000234389 -10.50956925 1.67E-03
Down ENSG00000249086 -9.094032834 7.42E-05
Down ENSG00000259342 -7.985121381 1.86E-04
Down ENSG00000237927 -7.926862277 1.76E-07 ENSG00000237927
Down ENSG00000228318 -7.795711785 1.08E-04
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ECM-receptor interaction, cell cycle were the top altered 
KEGG pathways in PCPF (Fig. 3).

To further explore the canonical pathways and 
upstream regulators, we performed the IPA analysis, 
wherein all DEGs were mapped to the curated pathways 
within the IPA database. The Glutaminergic Receptor 
Signaling Pathway emerged as the top altered canoni-
cal pathway. Additionally, we identified multiple altered 
pathways that includes S100 family signaling pathway, 
pulmonary fibrosis idiopathic signaling pathway, GPCR 
signaling pathway, Calcium signaling etc. A compre-
hensive list of these significant pathways is presented 
in supplementary Fig.  3. The most prominent upstream 

regulator as well as causal gene identified was CKAP2L 
(supplementary Fig. 4).

Validation by qPCR
To validate our RNA-seq data, we selected 6 highly 
DEGs with potential biological relevance to determine 
their expression by quantitative real time PCR. CCL13, 
CCL24, TIMD4, FBN2, FN1, CCL7 were selected for 
validation. The validation was performed in 6 PCPF 
patients. We observed a marked increase in expression of 
all the selected genes (except CCL24) in PCPF group as 
compared to control (Fig. 4a).

Fig. 3 Top Gene Ontology (BP, CC, and MF) terms and KEGG pathways in PCPF compared to control

 

Fig. 2 The figure displays enrichment plots from Gene Set Enrichment Analysis (GSEA) highlighting key pathways differentially enriched between ex-
perimental groups. E2F Targets, G2M Checkpoint, Mitotic Spindle, MTORC1 Signaling, and Allograft Rejection are positively enriched, indicating their 
activation in the PCPF. Conversely, pathways such as KRAS Signaling Down, Complement, Myogenesis, Hypoxia, and Epithelial Mesenchymal Transition 
are negatively enriched, suggesting their suppression
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Furthermore, we conducted a comparison of gene 
expression for all the aforementioned genes with blood 
samples obtained from healthy volunteers (n = 3). we 
found consistent outcomes as observed with BAL control 
samples. Except for the FBN2 gene, all other genes exhib-
ited significantly elevated expression in PCPF patients 
(Fig. 4b).

PPI network construction and module analysis
We generated a PPI network from the top 500 DEGs with 
default settings. Then, we applied the MCODE plugin to 
pinpoint highly interconnected networks and selected 
the top two modules with scores exceeding 10. As deter-
mined by the ClueGO plugin for functional enrichment 
analysis, the majority of genes within these modules 
were associated with cell cycle activities, regulation, and 
immunological processes (supplementary Fig. 5a, & 5b). 
Additionally, we used the Cytohubba plugin to identify 
the top 10 genes based on their degree rank, the results of 
the same are shown in supplementary Fig. 6 and supple-
mentary Table 3.

Principle component and differential gene expression 
analysis between PCPF and IPF
We used PCA plot to show the clustering of samples. 
Normalized gene expression was used as input. We 
observed a distinct clustering of both PCPF and IPF 
samples. Though the distance between the samples were 
rather prominent but both the samples were clustered 
differently. Tree linkage analysis also showed that the 
PCPF and IPF samples are differently clustered (Fig. 5).

We have used the same pipeline for DEG analysis. Our 
analysis revealed a total of 5143 differentially expressed 
genes (3203 upregulated and 1940 downregulated) 
including both protein coding as well as non-coding. 
After filtering out the non-coding genes the number of 
differentially expressed protein coding genes was found 
to be 3230 (upregulated 1687 and downregulated 1543) 
in our data. Some of the top upregulated gene in PCPF 
includes GSTM1, CLCA1, UCN3, PRB3, HIF3A. on the 
other hand, GK3P, ZNF705A, MMP1, GJB6, SLC6A3 are 
among the top downregulated genes in PCPF as compare 
to IPF (Table 2).

Unique LncRNA signatures distinguishing PCPF from IPF
We have found a total of 1035 differentially expressed 
lncRNA in PCPF as compared to IPF. A total of 127 
lncRNAs were upregulated while 908 lncRNAs were 
downregulated in PCPF. FAM160A1-DT, EGFR-AS1, 
LERFS, ENSG00000231720, LINC01331 are the most 
significantly upregulated lncRNAs in PCPF. While 
most of the top downregulated lncRNAs are novel 
for example ENSG00000234389, ENSG00000249086, 
ENSG00000259342, and ENSG00000237927 (Table 2).

Functional enrichment analysis of PCPF compared to IPF
In gene ontology the BP terms associated with the PCPF 
were mainly related to immune cell dysfunction including 
neutrophil degranulation, T-cell activation, T-cell differ-
entiation etc. while NAD + nucleosidase, NAD(P) + nucle-
osidase activity, TLR binding, cytokine receptor activity 
were among the prominent molecular functions. On the 
other hand, NF-kappa B signaling pathway, TNF signaling 

Fig. 4 a. qRT-PCR validation of top DEG in PCPF vs. Non-ILD Control (BAL sample), b. qRT-PCR validation of top DEG in PCPF vs. Healthy Control (PB 
sample)
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Fig. 5 a Shows a PCA plot with clear separation between IPF (red) and PCPF (blue). b volcano plot highlighting significantly upregulated (red) and down-
regulated (green) genes in IPF. c presents a hierarchical clustering dendrogram showing distinct sample groupings by expression similarity. d displays a 
heatmap of differentially expressed genes, with red and green indicating upregulation and downregulation, respectively, emphasizing distinct molecular 
signatures in IPF
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pathway, NOD-like receptor signaling, and apoptotic 
pathways were among the top altered KEGG pathways in 
PCPF as compared to IPF (Fig. 6).

We have used GSEA to analyse the functional enrich-
ment of protein coding genes, we did not observe any 

significant upregulated hallmark pathway in PCPF as 
compare to IPF. However, in PCPF a number of hallmark 
pathways were downregulated that includes; TNFA sig-
naling via NFKB, inflammatory response, IFN gamma 
response, complement activation, hypoxia, EMT among 
the most prominent pathways as given in the Table 3.

Commonalities between PCPF and IPF
To identify shared features between PCPF and IPF, we 
utilized the DEG from both cohorts compared to the 
control groups. We employed a Venn diagram to identify 
genes commonly upregulated and downregulated. Subse-
quently, we conducted functional enrichment analysis on 
these commonly identified genes.

We have found a total of 139 commonly upregulated 
genes and 1886 commonly downregulated genes between 
PCPF and IPF (Fig. 7). Functional enrichment of upreg-
ulated genes revealed the involvement of the cellular 
processes that includes: mitotic nuclear division, chro-
mosome segregation, nuclear division, cell division etc. 
For MF, Plus-end-directed microtubule motor activity, 
Microtubule motor activity, ATPase activity, Microtubule 
binding, were the main functions. On the other hand, 

Table 3 GSEA hallmark pathways downregulated in PCPF as compare to IPF
Name SIZE ES NES NOM p-val
HALLMARK_TNFA_SIGNALING_VIA_NFKB 108 -0.62962 -3.93488 0
HALLMARK_INFLAMMATORY_RESPONSE 84 -0.55236 -3.34064 0
HALLMARK_INTERFERON_GAMMA_RESPONSE 71 -0.41462 -2.38424 0
HALLMARK_COMPLEMENT 60 -0.41 -2.25602 0
HALLMARK_HYPOXIA 55 -0.40864 -2.21896 0
HALLMARK_IL6_JAK_STAT3_SIGNALING 22 -0.53735 -2.16349 0
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 43 -0.40913 -2.0622 0.001667
HALLMARK_IL2_STAT5_SIGNALING 53 -0.3766 -1.99473 0
HALLMARK_KRAS_SIGNALING_UP 44 -0.38679 -1.92633 0
HALLMARK_INTERFERON_ALPHA_RESPONSE 37 -0.39574 -1.92295 0.0033

Fig. 7 Venn diagram of number of DEGs common in IPF and PCPF

 

Fig. 6 Top Gene Ontology (BP, CC, and MF) terms and KEGG pathways in PCPF compared to IPF

 



Page 10 of 13Ali et al. BMC Medical Genomics           (2025) 18:54 

KEGG pathway revealed the upregulation of the follow-
ing pathways: Cell cycle, cellular senescence, p53 signal-
ing, oocyte meiosis pathway (supplementary Fig. 7a).

Functional enrichment of commonly downregulated 
genes revealed following GO terms; BP: Cilium move-
ment, axoneme assembly, mictubule movement, and 
bundle formation. MF: various cellular channel activities 
including; ion channel, gated channel, cation channel, 
sodium channel etc. while KEGG pathways includes; glu-
tamatergic, cAMP signaling, nictotine addiction, calcium 
signaling as the top pathways (supplementary Fig. 8).

Cell type characterization between PCPF and IPF
We used CIBERSORTX algorithm to characterize the 
cellular composition in the two groups, and determined 
the fractions of 22 immune cell types. As expected, the 
macrophage was the most prominent cell type in our data 
as the BAL sample is mostly consists of macrophage.

The expression of B-naïve cells, T cells CD4 memory 
resting, NK cells resting, monocytes, macrophage M0, 
M1, and M3, and neutrophils were quite prominent in 
both PCPF as well as IPF but statistically they were not 
significantly differed from each other. Likewise, there 
were obvious difference observe among the following cell 
types; T cells CD8, plasma cells, dendritic cells resting, 
dendritic cells activated but were again no significant dif-
ference was observed between IPF and PCPF.

Discussion
Although our sample size is small, but according to 
Conesa A, et al., even with three replicates per group, 
when considering a fold change of 2, the statistical power 
to detect Differentially Expressed Genes (DEGs) becomes 
well over 85%. Simultaneously, the sequencing depth 
also plays a key role. For example, a sequencing depth 
of 15  million has a statistical power of 38% to detect 
DEGs [18]. In our case the sequencing depth is 100 mil-
lion which makes it more efficient in detecting DEGs. 
Although some previous studies have even lesser depth 
with 3 replicates per group [19, 20].

In this study, we report a distinct gene signature in 
PCPF compared to the control group that are primarily 
associated with immunological and extracellular matrix-
related genes. Among the top upregulated genes in PCPF, 
we observed the inclusion of CCL13, CCL24, TIMD4, 
MAMDC2, and FBN2 [21]. Moreover, from our finding 
pathways related to inflammatory response, TNF-α, IL2- 
STAT5 as well cell cycles related pathways were the most 
important pathways suggesting that immune response 
and inflammation are key hallmarks of PCPF. Our find-
ings align with reports that SARS-CoV-2-induced cyto-
kine storm exacerbates inflammation, especially in the 
elderly, contributing to pulmonary fibrosis [22, 23].

The top upregulated signature genes in PCPF patients 
are mainly inflammatory and immune related genes. 
Both CCL13, and CCL24 are proinflammatory genes 
and are upregulated in PCPF. Although CCL13 was also 
reported in IPF but its expression was not found signifi-
cant in our dataset. Despite its variable expression across 
different studies these genes acts as chemokine signature 
in these conditions and are responsible for fibrogenesis 
[24]. TIMD4 also called T-cell membrane protein 4 and 
is mainly expressed on antigen presenting cells includ-
ing macrophage. Though the role of TIMD4 is not well 
explored in any fibrotic lung disease but its high expres-
sion is observed in CHP [25].

Gene Set Enrichment Analysis (GSEA) provides valu-
able insights into molecular pathway dysregulation in 
post-COVID pulmonary fibrosis. It reveals upregulated 
pathways related to cell cycle regulation, cellular growth, 
and metabolic processes, alongside immune response 
pathways. The prominence of cell cycle regulation, high-
lighted by both GSEA and KEGG pathway analyses, 
underscores its pivotal role in PCPF molecular changes. 
Elevated E2F TARGETS suggest enhanced cell prolifera-
tion contributing to tissue remodeling, while upregulated 
G2M checkpoint pathway implies increased cell divi-
sion aiding tissue repair. These dysregulated pathways 
observed in PCPF, shared with other IPF and pulmonary 
fibrosis model, emphasize their central role in pulmonary 
fibrosis [26, 27]. In our study KRAS signaling pathway 
was the solitary downregulated pathway involved in the 
PCPF. Studies suggest its association with lung inflamma-
tion and tumor growth, with KRAS mutations implicated 
in interstitial pneumonia-related lung adenocarcinoma. 
Its downregulation in PCPF may signify loss of control 
over cell growth and survival pathways, yet also indicates 
a complex regulatory response to the disease [28, 29].

The KEGG and the IPA both revealed the Glutamater-
gic Synapse and glutaminergic receptor signaling path-
way respectively as the top pathways altered in PCPF. 
Hamanaka et al., has demonstrated that the biosynthesis 
of amino acids derived from glutamine and glutamate is 
essential for both myofibroblast differentiation and the 
production of collagen proteins in human lung fibro-
blasts [30]. These results suggest that the genes involved 
in these pathways are important for the pathogenesis of 
pulmonary fibrosis and can be targeted for therapeutic 
purposes.

cAMP (cyclic adenosine monophosphate) is a key 
intracellular messenger involved in various cellular pro-
cesses. Elevated levels of cAMP have been shown to 
hinder fibroblast proliferation and extracellular matrix 
(ECM) synthesis, demonstrating anti-fibrotic effects both 
in laboratory settings and within living organisms [31]. 
Dysregulation of this pathway could affect signaling and 



Page 11 of 13Ali et al. BMC Medical Genomics           (2025) 18:54 

cellular responses in lung tissue, potentially contributing 
to fibrosis in PCPF.

The extracellular matrix (ECM) offers structural sup-
port to tissues and participates in processes like wound 
healing and tissue remodeling. Given that ECM deposi-
tion and interactions with ECM receptors have histori-
cally been significant factors driving pulmonary fibrosis 
[32, 33], it is entirely expected to observe alterations in 
this pathway in PCPF as well.

IPA analysis revealed changes in neuroinflammatory 
pathways, implicating COVID-19 with long-term neuro-
logical symptoms and psychological disorders [34]. The 
presence of these pathways in PCPF patients’ molecu-
lar profiles also indicates a possible connection between 
neurological and synaptic processes and the development 
or progression of pulmonary fibrosis. A previous report 
have suggested that many of the proinflammatory mole-
cules can lead to CNS inflammation that can cause respi-
ratory center in brain to dysfunction which can cause the 
number of lung problems [35].

The results of the Protein-Protein Interaction (PPI) 
network analysis using the MCODE and cytohubba plu-
gin have identified the top modules and hub genes with 
high centrality and potential significance in the con-
text of the study. Almost all the hub genes we identi-
fied were associated with cell cycle and cell division. For 
instance, TOP2A gene encodes for DNA topoisomerase 
and involve in chromosome condensation and is associ-
ated with a number of pathways including cell cycle, and 
mitosis. TOP2A is highly expressed in many solid tissue 
cancers and is also a chemotherapeutic targets in many 
cancers [36, 37]. AURKB is involve in cell cycle regula-
tion and interact with each other. Targeting this gene can 
be handy in treatment of pulmonary fibrosis. A previous 
study has also shown that by inhibiting the AURKB pul-
monary fibrosis can be attenuated [38].

We observed a significant downregulation of many 
pathways in PCPF as compare to IPF. The results obtained 
from the GSEA analysis comparing PCPF with IPF reveal 
intriguing insights into the nature of PCPF progression 
and potential reversibility. Firstly, the absence of signifi-
cant upregulated hallmark pathways in PCPF compared 
to IPF suggests that the molecular mechanisms driving 
fibrosis in PCPF may differ from those in IPF. This dis-
tinction could imply that PCPF may have a less aggressive 
or slower progression compared to IPF, which is known 
for its relentless and often fatal course [39].

Secondly, the observation of downregulated hallmark 
pathways in PCPF, such as TNFA signaling via NFKB, 
inflammatory response, IFN gamma response, comple-
ment activation, hypoxia, and epithelial-to-mesenchymal 
transition (EMT), suggests a potential avenue for revers-
ibility. Downregulation of these pathways could indicate 
a dampening of pro-inflammatory and fibrotic processes, 

possibly due to resolution of the underlying COVID-19 
infection or a different inflammatory response pattern 
compared to IPF.

The less pronounced activation of inflammatory and 
fibrotic pathways in PCPF, as evidenced by the down-
regulation of hallmark pathways, may contribute to its 
observed reversibility in many cases. Additionally, the 
potential ability of PCPF to resolve or stabilize could 
be influenced by factors such as the timing and severity 
of the initial COVID-19 infection, individual immune 
responses, and treatment interventions. Further research 
is warranted to elucidate the precise mechanisms under-
lying the differences between PCPF and IPF and to 
explore strategies for optimizing treatment outcomes in 
PCPF.

It is crucial to emphasize that the specific mechanisms 
underpinning these associations necessitate further 
investigation. Currently, there are no studies available 
that have examined these pathways in the context of 
post-COVID pulmonary fibrosis. This study on PCPF 
represents a pioneering effort that not only uncovers the 
molecular landscape of the condition but also lays the 
groundwork for transformative advancements in diagno-
sis, prognosis, and therapeutic interventions. Our study 
has some limitation first one is the sample size, second 
one is the use of BAL sample, if we have used all three 
samples’ types i.e., blood, BAL, and tissue that would 
have given as a more comprehensive picture.

Conclusion
This study explores Post Covid Pulmonary Fibrosis at 
molecular level. It emphasizes the scarcity of informa-
tion on PCPF’s molecular pathogenesis and how it is dif-
ferent from IPF. Transcriptome analysis reveals distinct 
gene expression patterns, identified key genes and path-
ways involved in PCPF. While we have confirmed our 
results through real-time PCR, it’s important to note that 
the sample size was limited. Nevertheless, these prelimi-
nary findings offer valuable insights for guiding future 
research in this area.
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