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A B S T R A C T   

Background: COVID 19, a lethal viral outbreak that devastated lives and the economy across the globe witnessed 
non-compensable respiratory illnesses in patients. As been evaluated in reports, patients receiving long-term 
treatment are more prone to acquire Pulmonary Fibrosis (PF). Repetitive damage and repair of alveolar tis
sues increase oxidative stress, inflammation and elevated production of fibrotic proteins ultimately disrupting 
normal lung physiology skewing the balance towards the fibrotic milieu. 
Aim: In the present work, we have discussed several important pathways which are involved in post-COVID PF. 
Further, we have also highlighted the rationale for the use of antifibrotic agents for post-COVID PF to decrease 
the burden and improve pulmonary functions in COVID-19 patients. 
Conclusion: Based on the available literature and recent incidences, it is crucial to monitor COVID-19 patients 
over a period of time to rule out the possibility of residual effects. There is a need for concrete evidence to deeply 
understand the mechanisms responsible for PF in COVID-19 patients.   

1. Introduction 

In December 2019, a series of reports consisting of atypical 
pneumonia-like aetiology had surfaced from Wuhan, a province in 
China, of which the cause was later confirmed to be originated from a 
novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). 
Within the three months, the infection had spread in all the major 
countries, at a breakneck speed. The disease caused by SARS-CoV-2, 
known as Coronavirus Disease 2019, abbreviated as COVID-19 had 
escalated across the globe creating a major health crisis. This deadly 
virus belongs to a genus β-coronavirus [1], which had previously caused 
(SARS-CoV) and Middle East Respiratory Syndrome Corona Virus 
(MERS-CoV) infections. In 2003, SARS-CoV infected thousands of people 
and caused nearly 800 deaths whereas MERS-CoV killed around 700 
lives in 2012 [2,3]. Due to low transmissibility, the previous viral at
tacks did not invade much into the population count, but SARS-COV-2 
has put a halt to millions of breaths. As of 4th May 2022, the world
wide confirmed active cases numbered approximately 516 million and 
estimated death toll to about 6.25 million. Looking at the alarming sit
uation, WHO declared COVID-19 as a pandemic on 11th March 2020 
(see Figs. 1–4). 

The SARS-CoV-2 virus has a higher binding affinity towards Angio
tensin Converting Enzyme 2 (ACE2) and transmembrane serine protease 
2 (TMPRSS2), present in the lungs [4] due to certain protein residents 
(discussed ahead) in the viral structure. Apart from the previously 
described receptors the virus also binds to other receptors like Cathepsin 
L1, CD147 and GRP78 [5] and activates pro-inflammatory factors such 
as cytokines (IL-6, IL-2, IL-1 and TNFα), chemokines (IL-8 and oxanthin), 
Cell adhesion proteins (ICAM, V-CAM-I and ε-selectin) and inducible 
enzymes (NOS and COS II) thus, resulting into severe inflammation [6]. 
Once the virus invades into alveolar epithelial cells, it replicates and 
stimulates the production of various cytokines that starts agitating 
inflammation [7] accompanied with tissue injury, further provoking 
myofibroblast cells which not only initiates collagen deposition [8] but 
also stimulates mediators like TGF-β [9]. TGF-β belongs to the cytokine 
family which is known to play a substantial role in the activation of fi
broblasts and enhancing fibrosis, giving a signature mark of chronic 
vascular detriment, indicating Pulmonary Fibrosis (PF) [10]. 

During emergent cases, efforts were much concreted in controlling 
the infectious process to prevent further lung impairment [11,12] 
although patients recovered after a long-term treatment from SARS- 
CoV-2 infection unveiled pathological findings of PF. To observe the 
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progression of PF, CT scan images resulted to be a remarkable marker to 
identify the severity of the disease. Based on the percentage of infection 
in an experiment conducted by Yazan and associates where they 
developed FPN DenseNet201 encoder model which was proven to be 
more sensitive in determining the severity of PF [13]. CT scan images 
could also be used to differentiate between ILD and PF relying on the 
data of ground glass opacities [14]. PF usually arises after acute respi
ratory distress syndrome (ARDS). ARDS is divided into two phases: an 
immediate exudative inflammatory phase and a proliferative phase 
marked by alveolar epithelial cell hyperplasia [12] Along the line of 
understanding the unknown post-COVID-19 consequences, short follow- 
ups have demonstrated fibrotic changes in the lungs at various durations 
considering the severity spectrum [15,16]. There is a need to unveil the 
incomplete mechanistic pathway of PF interlinking post COVID obser
vations in patients lungs. Our review majorly focuses on the important 
pathways that can form a base in an attempt to identify the crucial 
targets and minimise the risk of post COVID PF for severely affected 
patients undergoing long term treatment. 

2. Structure & pathogenesis 

The coronavirus pertains to the order of nidovirales belonging to the 
family; coronaviridae, which are further categorized into 4 different 
genera namely: α, β, γ and δ coronaviruses [17]. Amongst the afore
mentioned viruses, α and β coronaviruses are more pathogenic and 
infect mammals, whereas γ and δ coronavirus afflict avians more than 
mammals [18]. The SARS-CoV-2 structure consists of a clustered enve
lope, positive-sense, single-strand RNA comprising of 30,000 bases 
along with a 5′cap structure and a 3′poly A tail [19]. The genomic 
sequence of SARS-CoV-2 is 89 % similar to that of Bat-CoV which 
possibly connotes bat origin [20]. 

The major structural proteins assembled in the viruses which are 
held accountable to penetrate host cells and initiate replications are 
Surface spike (S) protein, Membrane (M) protein, Envelope (E) protein, 

Nucleocapsid (N) protein. Surface spike (S) protein: The SARS-CoV-2 
entry is mediated by S-protein [21] which consists of 2 subunits spe
cifically S1 and S2 subunits. The S1 subunit consists of the N-terminal 
domain and receptor binding domain, both the domains help in binding 
with the hACE2 receptor. While S2 subunit is made up of seven com
ponents notably, Fusion peptide (FP), Heptad Repeat 1 (HR1), Central 
Helix (CH), Connector Domain (CD), Heptad Repeat 2 (HR2), Trans
membrane Domain (TMD) and Cytoplasmic tail (CT) as its main function 
is to initiate fusion between host-viral cell membrane [22]. The S protein 
undergoes 2 step cleavage events, the initial splitting of S1 and S2 fol
lowed by splitting of S2 into FP and S2′ which is common in both SARS- 
CoV-1 and SARS-CoV-2, however SARS-CoV-2 additionally contains 
furin cleavage. In particular, the furin cleavage initiates cell–cell union, 
which facilitates efficient viral entrance and propagation from one cell 
to another in human lung cells [23]. Membrane (M) Protein: It consists 
of three major domains; N-Terminal ectodomain, three transmembrane 
helices and C-Terminal domain, it plays a major role in the congregation 
of new virions by interacting with S, E & N proteins which are necessary 
for initiating membrane budding [24]. Envelope (E) protein: The E 
protein has the smallest transmembrane and includes 3 domains, an N- 
terminal hydrophilic ectodomain, a domain of hydrophobic trans
membrane lastly a long hydrophilic C-terminal endodomain. This pro
tein is responsible for causing loss of membrane potential and actuates 
host inflammasomes [25]. Nucleocapsid (N) protein: The N protein acts 
as a package of viral proteins that converts viral RNA into helical ribo
nucleocapsid proteins (RNP) which allows alteration with other struc
tural proteins during virion assembly further encompassing genome 
encapsidation [26]. There are two domains assembled into the N pro
tein, an N-terminal RNA binding domain and a C terminal domain that 
helps in the formation of dimers, as reported by Qiaozhen et al. N protein 
also possesses self-assemble properties and the N2b domain is relatively 
similar to beta coronavirus structure [27]. The S, M and E protein in
vades the endoplasmic reticulum whereas the N protein gets attached to 
the genomic RNA (+) strand to produce nucleoprotein complex [26]. 

Fig. 1. An overview of the EMT pathway. The alveolar injury results in decreased expression of ACE2 receptors, resulting microcytic injuries in epithelial cells. 
Epithelial injury can increase the expression of TGF-β and force reprogramming of the ZEB-1 gene to alter characteristic function of healing factors. Genetic 
reprogramming along with altered functions of the growth factors increase motility of epithelial cells and helps in their transition into mesenchymal subtype that 
ultimately increases the risk of pulmonary fibrosis. 
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Additionally, the virus also possesses 16 non-structural proteins (nsp 
1–16) [19] and 5–8 accessory proteins along with 14 open reading 
frames (ORF) that encompass 2/3rd part of the genome which is more 
prone to mutation. Repetitive mutations in the SARS-CoV-2 genome 
resulted in numerous variants which have altered its pathogenic ability, 
in due triggering new symptoms like conjunctivitis, blurred vision, 
itchiness, tingling in peripheral limbs, etc. leaving the physicians 
perplexed. A list of important mutations in SARS-CoV-2 is shown in 
Table 1. 

3. Pathogenesis 

The SARS-CoV-2 virus primarily binds to type-2 pneumocyte cells in 
the alveoli of the lungs which further invades into cell surfaces of spe
cific receptors like hACE2 and CD90L [43]. The two subunits of S pro
teins S1 and S2 have a significant and specific role; on the binding of the 
virus, the Receptor Binding Domain (RBD) present in the S1 subunit 
fosters down-regulation of ACE2 receptors, and the S2 subunit assimi
lates binding with ACE2 receptors and illustrates the fusion between 
host-viral cell membrane [44]. The ACE2 receptors play a key role in the 
regulation of the Renin-Angiotensin System (RAS) by maintaining a 
balance between homeostasis and fluidic ions. The Angiotensin Con
verting Enzyme (ACE) processes and converts Angiotensin I (AT1) to 
Angiotensin II (AT2) [45,46], further, the increased production of AT2 
activates myriads of signalling pathways. Moreover, AT2 helps in 
releasing aldosterone and induces vasoconstriction due to imbalance 
between the sodium ions and fluid, causing excess fluid retention as well 
as exacerbating pulmonary vascular permeability inducing profibrotic 
effects. AT II is also responsible to activate the collagen 1 gene through 
MAPK/ERK pathway and promoting TGF-β, being essential factors for 
provoking fibrotic responses. Apart from binding to ACE2 receptors, a 
transmembrane serine protease 2 (TMPRSS2) provides direct entry for 

the S protein of SARS-CoV-2 [47] and permits penetration into the tar
geted cells [48]. Upon invading the host’s cell, the virus enters into the 
Endoplasmic Reticulum (ER), and amplifies ER modification through 
promoting synthesis of viral RNA via orf1a and orf1ab proteins. These 
viral proteins are transported to the cell surfaces and get released 
through exocytosis. This transport is greatly involved in the replication 
and proliferation of the virus. Certain host kinases such as Casein Kinase 
II (CK2), Cyclic Dependent Kinase (CDK) and Protein Kinase C (PKC) 
phosphorylate the host receptors and play a pivotal role during repli
cation of the SARS-CoV-2 virus [49]. The aforementioned host kinases 
regulate the cell cycle and are also responsible for detaining cell function 
that abides cell death. Once the cell cycle is impaired, the viral proteins 
incorporated into the structural N protein of the SARS-CoV-2 are 
elevated and become liable for impeding host translation. 

During the infection, the virus gets replicated employing mitosis and 
facilitates migration assisting deeper invasion into the respiratory cells 
through a process known as cytoskeletal rearrangement. This rear
rangement induces internal as well as external mechanical forces, 
recognized by integrins and is further transduced through activating the 
mechano-sensitive pathways. The integrins act as a linker between the 
cytoskeleton and extracellular matrix (ECM) which provides a 
biochemical mechanism, commencing vascular contraction and 
compelling rigidity to the matrix present inside the alveolar lung 
epithelial cells, leading to fibroblast activation, macrophage phagocy
tosis and transmuting the endothelial barrier function [50]. Integrins 
such as αvβ3, αvβ5, αvβ6 not only induces profibrotic pathway but also 
directly activate TGF-β. The rise of TGF-β levels results in the actuation 
of fibroblasts, cellular contraction, stiffening of matrix and aggravated 
collagen deposition, these conformational changes instigate the host’s 
fibrinogenic mechanism ultimately causing the lung injury [46,51]. 
Considering the antigen-presenting cells (APC) in the SARS-CoV-2 virus 
also stimulate the release of pro-inflammatory cytokines [IL-6, IL-1β, IL- 

Fig. 2. TGF-β signalling pathway activation. The damaged alveolar epithelial cells stimulate TGF-β signalling, during this process the latent TGF-β escapes the LLC 
complex and binds with the TGF-β1 receptor which activates SMAD along the way interferes with the collagen genes like COL1A1, COL1A3, TIMP1 and increases the 
collagen deposition leading to varied ECM depositions. 

R. Hirawat et al.                                                                                                                                                                                                                                



International Immunopharmacology 116 (2023) 109418

4

12, IL-18, IL-33, TNF-α, TGF-β] and chemokines like IL-8, CCL2, CCL3, 
CCL5, CXCL8, CXCL9, CXCL10, etc. instigating cytokine storm, hence
forth mutilates the lining of epithelial cells and reaches into the blood 
circulation causing multi-organ injuries [43,52,53]. A retrospective 
cohort study analysed the chemokine levels of 72 patients infected from 
SARS-CoV-2. The report illustrated levels of different inflammatory cy
tokines including IL-6, IL-8, IL-10, TNF-α, etc. during the stay period 
right after hospitalisation till the unprecedented death. It was observed 
that IL-8 levels always remained high in severely affected COVID-19 
patients stating it as one of the prognostic marker for untimely death 
[54]. Similar conclusions were drawn by Francesco and associates in
clusive of 14 days. Observations were compared between IL and 6, IL-8, 
IL-10 and other pro-inflammatory factors, out of which levels of IL-8 
constantly surged during the hospital stay in severely ill patients. 
Thus, emphasising on the fact that IL-8 can be considered as one of the 
prognostic markers based on the evaluations [55]. Along the line of 
understanding the unknown post-COVID-19 consequences, short follow- 
ups have demonstrated fibrotic changes in the lungs at various durations 
considering the severity spectrum [15,16]. The direct viral mechanism 
involved in induction of lung fibrosis in recovered COVID-19 patients is 
still unknow (see Table 2). 

4. COVID-19 and PF 

PF (PF) is a sequela of the tissue repair responses which prevail 
following multiple tissue injuries during chronic inflammatory condi
tions. PF usually arises after acute respiratory distress syndrome (ARDS). 
ARDS is a severe, acute form of microvascular injuries present in lungs 
which can be divided into two phases: an immediate exudative inflam
matory phase and a proliferative phase marked by alveolar epithelial 
cell hyperplasia [12]. It has been observed that patients infected from 
SARS-CoV-2 virus are at higher risk for developing ARDS as reported in 
one of the cohort studies where 40 % patients acquired ARDS after 
hospitalisation marking it as one of the early death predictors. The 
characteristics of PF involve re-epithelialization, fibroblast activation 

and increased collagen deposition. PF can be evoked by SARS-CoV-2 
virus in two forms. 1) Direct lung injury caused by continuous viral 
latching of Spike proteins on the ACE2 receptors. The injuries caused 
during this process activates repair mechanism; however, due to 
excessive viral invasions there is abnormal healing. The irregular and 
incessant restoration of wound leads to development of PF. 2) During 
viral infection, immune mediated inflammatory responses are initiated 
because of continuous aggregation of macrophages, eosinophils, neu
trophils cells at the site of injury and propagate profibrotic and pro- 
inflammatory cytokines/factors [68]. Particularly in PF, ECM deposi
tion is hugely increased and infuriates normal lung parenchyma further 
contributing to the expansion of interstitial matrix that weakens the 
capillaries, leading to ventilatory failure [60–62]. Whenever the lung 
tissue is injured, collagen and fibronectin help in the formation of 
fibrotic tissue being an important and normal step of the tissue resto
ration process. Initially, these injuries activate fibroblasts, helping 
induce vascular contractions along with the secretion of inflammatory 
mediators that aid in the healing of impaired tissue [69,70]. Repetitive 
and extended repairing of lung tissues induce many inflammatory me
diators and disturbs the normal architecture of the lungs. In general, 
alveolar epithelial injury induced from exogenous (infections, toxin, 
radiation) or endogenous stimuli (inflammation, oxidative stress and 
aberrant immune response) trigger the release of profibrotic cytokines 
like TGF-β, TNF-α, Connective Tissue Growth Factor (CTGF), Insulin-like 
Growth Factor-1 (IGF-1) and Platelet Derived Growth Factor (PDGF) 
which collectively initiate PF. The increased circulating levels of profi
brotic cytokines/growth factors stimulate and enhance the proliferation 
of lung fibroblasts [69,71–73]. Activated lung fibroblasts also known as 
myofibroblasts are liable for the production of excess amount of ECM. 
These myofibroblasts alter ECM balance between matrix, metal
loproteinases and their natural inhibitors (tissue inhibitor of MMPs) to 
promote PF [72,74]. 

Usually, myofibroblasts are not circulated in tissue in normal con
ditions [75]. As a study done by Hinz, during the restoration of scars 
present on lung tissue, myofibroblasts emerge for a brief period and are 

Fig. 3. A simplified diagrammatic representation of WNT signalling pathway: During inactive state β-catenin and Cadherin form a conjugate that combine with 
other factors like Casein kinase 1 CK1, Glycogen synthase kinase 3 GSK3, APC, Axin, which are degraded with the help of a β-trcp protein. Apparently, in the active 
phase the WNT signalling helps β-catenin to transduce from the membrane while it forms the complex at the same time stimulation of Dishevelled protein results in 
inhibition of GSK3 and frees the β-catenin, this unbundled β-catenin accumulates in the cytoplasm and target genes like MMP7, MMP14, RAS, FSP1 and alters their 
mechanism leading to myofibroblast activation causing excess ECM deposition. 
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released in a controlled manner for maintaining the normal tissue 
framework utilizing intense collagen formation on the scars [76]. 
Various progenitors that activate myofibroblasts are smooth muscle cells 
in the arterial wall, chondrocytes present in cartilage, osteoblasts in 
bones and pericytes in vascularized tissues [77]. Apart from these pro- 
activators, cells of the epithelium and/or endothelium also generate 
myofibroblasts upon activation via a process known as an epithelial 
mesenchymal transition (EMT) [78]. An overview of EMT pathway is 
shown in Fig. 1. Abhijeet P. D and associates exemplified cases and 
suggested a detailed study considering cytokine TGF-β1 as a critical key 
factor inducing cellular and molecular changes that interfere with EMT 
signalling. According to the data obtained it was observed that SARS- 
CoV-2 induced viral infection could deplete the epithelial and endo
thelial cellular activity and restrain the easy permeability of spike pro
teins of SARS-CoV-2. The enhanced permeation via cellular changes 
could make respiratory cells more prone to edema and increase the risk 
of PF [79]. 

5. Molecular mechanism of PF 

To understand the molecular mechanism of PF various studies were 
put forth, it was noted that trans-differentiation of epithelial cells into 
mesenchymal is a major contributor for progression of PF. EMT itself is 
an intricate mechanism that has both protective and detrimental effects 
in normal and pathological lung conditions, respectively. It has been 
demonstrated that EMT plays a necessary role in embryogenesis, 
gastrulation, and during the formation of the neural crest, heart, and 
other organs [80]. EMT is responsible for the healing of abrasive tissue 
in the lung that utilizes several transcription factors like Snail, Slug, 
Twist, β-catenin, Zinc-finger E box-binding (ZEB), Zeb-1 Zeb-2 and Basic 
helix-loop-helix that collectively help in regulating the transcriptional, 
translational and post-translational sequences [81,82]. Initially, 

epithelial cells lose their apical-basal polarity and change their cyto
skeleton structure by redefining their cell shape, encroaching a 
reprogrammed gene of ZEB1 which directly suppress ACE2 expression 
and consequently elevate vimentin levels, inferring increased mesen
chymal shifts; as a result, cells become more motile and advance its 
invasion [83–86]. EMT is flexible and varies according to the cell type, 
tissue context and signalling pathways that are responsible to activate 
them. The normal infrastructure of lung has organised matrix fibres and 
uniform basal lamina of alveolar epithelial tissue. ECM consists balanced 
proportions of proteins such as elastin, laminins, collagens while in PF 
conditions, the orientation of the matrix fibres in lungs get disrupted 
along with the upregulation of collagens. There is over expression of 
TGF-β, glycosaminoglycans (GAGs) and decreased production of lam
inins [87]. Imbalanced proteins expressed during the continuous repair 
of alveolar tissues hamper the normal ECM flora making it denser fol
lowed by differentiation of fibroblasts [88] which initiate EMT allowing 
epithelial cells to undergo apoptosis and gain senescence resistance 
[89]. Likely, endothelial cells transit themselves into mesenchymal cells 
known as Endothelial Mesenchymal Transition (EndMT) also stimulate 
myofibroblasts genes [90]. When TGF-β activates EMT and EndMT via 
SMAD pathway it unveils the expression of Vascular Endothelin (VE) – 
Cadherin, CD 31 and claudins. However, SMAD4′s dominant-negative 
form blocks TGF-β induced EndMT, decreases Snail expression and VE- 
Cadherin as well as CD 31 which in a way increases the Fibroblast – 
Specific Protein 1 (FSP1) and alpha-smooth muscle actin (α-SMA) 
expression [91]. The downregulation of E-cadherin in EMT destabilizes 
the adherent junctions in the epithelial cells and alters the gene 
expression that impairs the barrier function of epithelial cells [92]. The 
E-cadherin downregulation is balanced by upregulation of Neural (N) 
cadherin which is expressed in mesenchymal cells results in a cadherin 
switch, which changes cell adhesion. The affinity towards N-cadherin 
acquires via homotypic N-cadherin interactions and causes epithelial 

Fig. 4. YAP/TAZ Signalling pathway. In the active state, a kinase complex is formed between LATS1/2 and MST1/2 via stimulation of MOB, which inhibits the 
YAP/TAZ and further initiates nucleus transduction where YAP and TAZ bind with RUNX, TEAD whilst upregulating targeted genes CTGF, AXL, BIRC5, AREG, JAG1, 
that activates myofibroblasts ultimately exceeds ECM deposition. 
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cells to lose their adherence whilst connecting more towards mesen
chymal cells [93]. Summarizing EMT, it signifies dynamic interconver
sion of epithelial cells to quasi mesenchymal cells being reversible as 
these mesenchymal cells can be converted back to epithelial cells 
through a mechanism known as mesenchymal epithelial transition 
(MET). It plays a central role in repeated wound healing and exhibiting 
features like invasiveness, increased motile function of quasi cells, 
shedding of epithelial cells, unbalanced ECM, leading to fibroblast 
activation that elevates the collagen deposition, aggravated fibronectin, 
causing deeper abrasions and finally subjecting it into an aggressive 
form of PF. 

6. Pathways that may interlink COVID-19 and PF 

In most cases, COVID-19 death is a result of lung failure due to severe 
acute respiratory distress syndrome. This syndrome is particularly 
attributed as an uncontrolled inflammatory response by a “cytokine 
storm”, ultimately leading to edema and fibrosis in the lungs at later 
stages. Hypothesizing the below pathways may allow us to understand 

Table 1 
Few important mutations reported in SARS-CoV-2.  

Sr 
No. 

Variant Mutation reported Effects References 

1 B.1.17 17 mutations in 
spike protein (Δ69- 
70, Δ144 deletion 
N501, P681H, 
T7161, S982A) 

Enhances the affinity 
towards ACE2 
receptor 

[19,26–32] 

2. B.1.351 9 mutations in 
spike protein 
(L18F, D80A, 
N501Y, D215G, 
R2461, K471N, 
D614G A701V, 
E484) 

Decreased 
monoclonal antibody 
therapy 

[33–36] 

3. B.1.1.28.1 P1 Lineage, 10 
mutations in spike 
protein (LI8F, 
501Y, D138Y) 

Decreased 
convalescent & post 
vaccination sera 

[36–38,40] 

4. B.1.617.2 Delta variant 
harbours 10 
mutations, was 1st 
detected in India, 
December 2020. 

Increased 
transmissibility, 
decreased monoclonal 
antibody therapy 

[38,41] 

4. B.1.427 
&B.1.429 

Specific mutation 
(427: L452R, 
D614G & 429: 
W152C, S131, 
L452R, D614G) 

Increased 
transmissibility 
related to wild type 

[39,42] 

5. B.1.525 & 
B.1.526 

Harbors spike 
mutations (A67V, 
Δ69/70, Δ144, 
E484K, Q677H, & 
526: T951, D253G, 
D614G) 

Increased 
transmissibility 
related to wild type 
circulating strains 

[38] 

6. B.1.1.28.2 Spike mutations 
(L18F, T20N, P265, 
F157L, E484K, 
D614G, S929I, 
V1176F) 

Potential reduction of 
monoclonal antibody 
and vaccine sera 

[38] 

7. B.1.1.28.3 Key spike 
mutations 
(141–143 deletion, 
E484K, N501Y, 
P681H) 

Reduction in 
convalescent therapy 

[38] 

8. B.1.617.1 Variant harbour 
key mutations 
(G142 Deletion, 
D66H, Y144V, 
D215G, V483A, 
D614G, H655Y, 
G669S, Q949R, 
N1187D) 

Decreased plasma 
convalescent therapy 
and monoclonal 
antibody 

[38]  

Table 2 
Cases of pulmonary dysfunctionalities observed in patients post COVID-19.  

S 
no. 

Title Studies 
conducted 

Complications / 
findings 

References 

1. Risk factors 
associated with 
ARDS & death 
in patients with 
coronavirus 
disease 2019 
pneumonia in 
Wuhan, China. 

40 % COVID 
infected patients 
developed ARDS 
of which 20 % 
cases were severe 

Diffused alveolar 
damage (DAD) 
characterized by 
an initial acute 
inflammatory 
exudative phase 
with hyaline 
membrane, 
followed by the 
fibrotic phase 

[56] 

2. Risk factors 
associated with 
disease severity 
and length of 
hospital stay in 
COVID-19 
patients. 

61 patients with a 
disease duration of 
more than 3 weeks 
developed fibrosis 

Duration of 
disease plays an 
important role in 
signifying lung 
fibrosis. 

[57] 

3. Impaired 
pulmonary 
function in 
discharged 
patients with 
COVID-19:- 
more work 
ahead. 

In a cohort study, 
25.45 % of 
patients 
manifested lung 
abnormalities post 
COVID 

Impaired diffusion 
capacity 
Decreased alveolar 
volume Decreased 
coefficient of the 
lung for carbon 
monoxide (kCO) 

[53] 

4. Pulmonary 
post-mortem 
finding series of 
COVID-19 cases 
from Northern 
Italy: a two- 
centre 
descriptive 
study. 

38 patient’s lung 
tissue samples 
were analysed 
who died from 
COVID-19 and 
reported 33 cases 
in which platelet 
fibrin thrombi 
were found, an 
ideal marker for 
Interstitial lung 
disease (ILD) 

DAD Capillary 
congestion 
Interstitial and 
intra-alveolar 
edema Type-2 
pneumocyte 
hyperplasia 
Squamous 
metaplasia Atypia 
and Coagulopathy 

[59] 

5. Rapid Onset 
honeycombing 
fibrosis in 
spontaneously 
breathing 
patient with 
COVID-19 

Individual case 
report 

High ACE2 
expression, 
indicative with IPF 
in the intimal, 
medial and 
advential layers of 
pulmonary 
arteries. 
Expression of 
mesenchymal 
proteins like 
S100A4 and 
vimentin and 
EndMT 

[60] 

6. Fatal 
Pulmonary 
fibrosis, a post- 
COVID-19 
autopsy case 

Individual case 
report of 
Caucasian Female 
aged 80 

CT scan revealed 
bilateral 
development of 
widespread 
fibrosis DAD 
Fibrosis 
honeycomb-like 
remodelling 
Bronchial 
metaplasia 

[61] 

7. Abnormal 
pulmonary 
function in 
COVID-19 
patient at the 
time of hospital 
discharge. 

In a cohort study 
of 110 patients of 
which 47.2 % 
cases reported 
features of Lung 
fibrosis 

Decreased 
diffusion capacity 
in the alveolar 
septal fibrous 
proliferation 
Capillary damage 

[62] 

8. Clinical 
characteristics 
of 138 
hospitalised 
patients with 

A cohort study of 
138 patients 
revealed that most 
patients with 
ARDS or severe 

CT Scans revealed 
bilateral ground- 
glass opacities 
with or without 
consolidation 

[63] 

(continued on next page) 
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the connections between pro-inflammatory factors and other signalling 
mechanisms giving an undue rise of deaths even after complete 
treatment. 

6.1. TGF-β signalling pathway 

According to a few pieces of evidence reported during COVID-19 
infection, the infection cases were associated with a sharp rise in in
flammatory and immune response, resulting in activation of various 
mediators particularly, TGF-β, right after declined lung function [93]. In 
most of the patients, the severe infection had worsened the lung con
dition, probably considering ARDS which is the main stakeholder of 
inducing edema and fibrosis in the lungs at later stages [93]. It is stated 
that the uncontrolled release of TGF-β retrogrades the homeostasis fluid 
in the lungs and causes improper coagulation cascade along with 
irregular fibrinolytic pathway [94]. SARS-CoV-2 causes apoptosis of 
bronchial cells, alveolar cells, pneumocytes and T-lymphocytes which 

further subjugate to death of neutrophils, to clear the debris, macro
phages wander and invade into the lungs where they engulf and digest 
the dead cells and subsequently releases more amount of TGF-β [95]. 
Usually, in normal circumstances, TGF-β forms a Large Latent Complex 
(LLC) which is conjoined with Latency Associated Peptides (LAP’s) and 
Latent TGF-β Binding Proteins (LTBP’s) [96,97]. Subordinate to this any 
injury or inflammation in lung tissues compel TGF-β to escape the LLC 
and forces it to bind with type 2 receptor (TGF-β-2) present on the 
membrane of epithelial cells. Furthermore, the continuous activation of 
TGF-β-2 results in the down-streaming of signal molecules namely, 
Suppressor of Mothers against Decapentaplegic homologues (SMAD 2) 
and (SMAD 3) [98]. SMADs are a cluster of intracellular proteins that 
help in transmitting the nuclear signals from TGF-β towards the surface 
of cell [97]. [99]During the SARS-CoV outbreak, it was noted that the 
Nucleoprotein (NP) present inside the virus increased the levels of TGF- 
β1 in mucosal tissue [100]. Moreover, SARS-CoV-2 NP is 90 % homol
ogous to SARS-CoV which indicates direct stimulation of TGF-β medi
ating the gene expressions via SMAD3 activation. The SMAD 2/3 and 4 
interact with DNA sequence-specific binding sites primarily, transcrip
tion factor (TF) and CBP at the promoter, which brings out stimulation of 
fibrosis-related gene (COL1A1, COL3A1, TIMP1 etc.) and excess depo
sition of ECM [101]. Thus, an uncontrolled amount of TGF-β released via 
activated cytokines and pro-inflammatory factors results in edema and 
fibrosis which block the airway, finally causing irreversible lung failure 
and death. The activation and critical role of TGF-β signalling in path
ophysiology of COVID-19 is shown in the Fig. 2. 

6.2. WNT-signalling pathway 

WNT plays a crucial part in controlling cell proliferation and 
migration during inflammation and PF [102]. This pathway is distorted 
in various pathological conditions such as CNS disorders, disturbed 
psychological behaviour, improper metabolism, etc. [103] In presence 
of TGF-β, the WNT pathway is upregulated and as reported by COVID-19 
survivors, some clinical findings exhibited increased WNT expression 
[104,105]. WNT is encoded by a large family of secreted protein factors 
in humans [106,107]. WNT signal transduction can be classified as 1. 
Canonical pathway or (WNT/ β-Catenin pathway), 2. WNT/PCP (Planar 
Cell Polarity pathway), 3. WNT/Ca+2 pathway [108]. Amongst these 
pathways, the canonical pathway influences majorly during inflamma
tion and helps in the activation of the fibroblasts [108–110]. In the 
present scenario, there is some evidence which points out WNT canon
ical pathway being somehow linked to cytokine storm syndrome which 
is the considerable factor responsible for inducing ARDS in severe 
COVID-19 infected patients [106,111]. To explore more, researchers 
analysed reports of COVID-19 patients who were severely infected, 
observed higher WNT levels than that of normal, specifically WNT5a in 
blood samples, which if over stimulated induces ARDS and makes one 
prone to PF in short span [106]. A study forecasted on WNT and TGF-β 
showed synchronized positive feedback to each other [112,113]. WNT 
ligands play a very crucial role in repairing injured tissues, by several 
mechanisms, including signal control, embryogenesis, cell proliferation, 
apoptosis, organogenesis, migration and sustains polarity [102]. To 
maintain normal tissue function in the lungs one of the foremost activ
ities is to knock off the accumulated β-catenin by destructive complexed 
proteins, like Casein kinase 1 (CK1), Glycogen synthase kinase (GSK3), 
Axis inhibitors (Axin) and Adenomatous polyposis colon (APC), under 
the phosphorylation process. It also interacts with β-Transduction repeat 
containing protein (β-trcp), which regulates the protein mechanism 
resulting in ubiquitination of β-Catenin and simultaneous proteasome 
decay. The transduction takes place via Seven transmembrane receptors 
of the frizzled family and the co-receptor of Lipoprotein Receptor 
Related Protein 5/6 (LRP 5/6). During inflammation in lung tissues, the 
WNT pathway is upregulated at higher levels and it further stimulates 
Dishevelled (Dsh) protein plays a major role in inhibiting GSK3 protein, 
hindering the destructive process, which releases unresolved β-Catenin 

Table 2 (continued ) 

S 
no. 

Title Studies 
conducted 

Complications / 
findings 

References 

2019 Novel 
Coronavirus- 
Infected 
Pneumonia in 
Wuhan, China. 

pneumonia were 
susceptible to 
Pulmonary 
fibrosis 

9. Residual ground 
glass opacities 
3 months after 
COVID-19 
pneumonia 
correlate to 
alteration of 
respiratory 
function. The 
post COVID M3 
study 

A retrospective 
study amongst 145 
patients reported 
79.3 % bilateral 
pneumonia along 
with extensive 
intra alveolar 
fibrin deposition 

Extensive injury of 
alveolar epithelial 
cells and 
endothelial cells 
Secondary 
fibroproliferation 
Pulmonary 
hypertension 

[10] 

10. Post COVID-19 
Pneumonia 
Pulmonary 
Fibrosis 

Individual case 
report of a male 
patient aged 48 

Chest imaging 
reported fibrotic 
changes in the 
form of traction 
bronchiectasis, 
architectural 
distortions and 
septal thickening 

[64] 

11. Evolution of 
COVID-19 
Pulmonary 
Fibrosis – Like 
Residual 
Changes Over 
Time- 
Longitudinal 
Chest CT up to 
9 months after 
Disease Onset: a 
Single-Centre 
Case Series 

Follow ups of 
COVID-19 
infected patients 
were conducted 
after a long-term 
treatment. Out of 
192 patients, 22 
patients CT chest 
images were 
observed with 
some deformities 
in lungs. 

CT images 
signified persistent 
signs of lung 
interstitial 
damages along 
with DAD. 

[65] 

12. CT Lung 
Abnormalities 
after COVID-19 
at 3 Months and 
1 Year after 
Hospital 
Discharge 

73 patients CT 
scan images post 
COVID follow up 
lead to identify 
some 
histopathological 
changes. 

The CT scan 
images consisted 
of persistent 
abnormalities in 
lungs. 

[66] 

13 Temporal 
Patterns of 
COVID-19- 
Associated 
Pulmonary 
Pathology: An 
Autopsy Study 

Autopsy images of 
pulmonary tissues 
of 27 patients who 
were severely 
infected with 
COVID-19 
represented 
anomalies in the 
reports. 

The morphological 
oddity after 
histopathological 
studies included 
deteriorated 
hyaline membrane 
and DAD. 

[67]  
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to rack up in the cytoplasm. Consequently, these free β-Catenin bind to 
other ancillary factors viz. T Cytokines/Lymphokines TCF/LEF, Tran
scription Factors, p300, CREB and CBP and regulate targeted genes like 
MMP7, MMP14, RAS, FSP1 that directly or indirectly aid in the pro
gression of PF by increasing the levels of ECM along with hyper
activation of myofibroblasts [114–116]. A simplified diagrammtic 
presentation of WNT signalling is demonstrated in Fig. 3. 

6.3. YAP/TAZ signalling pathway 

Yes-Associated Proteins (YAP)/Transcriptional co-activator with 
PDZ-binding motif (TAZ) combinedly is transcriptional co-activator that 
acts as a key regulator in maintaining organ size and as a mechanical 
property it also activates fibroblasts, through down-streaming hippo 
pathway [117]. The hippo pathway is a type of inhibitory pathway, its 
main function is to regulate cell proliferation, stem cell differentiation 
and apoptosis. In humans, the hippo pathway constitutes of complexed 
protein structures of MST1/2 with Salvador (SAV) that imparts direct 
stimulation of Mps One Binder (MOB) and Long-Acting Thyroid Stim
ulator (LATS1/2) [118]. Further, the MOB activation propels MST1/2 
and LATS1/2 to form a kinase complex (MST1/2-LATS1/2) that initiates 
phosphorylation of the YAP/TAZ and degrades the complex proteosome 
considering the fact that it is a normal process [119]. In a situation 
where the addition of serine residues consisting of Ser127, S381 in YAP 
and TAZ, respectively [106,109], interferes with the normal phosphor
ylation process and inactivates it. Further assisting, YAP/TAZ to get 
transferred into the nucleus from the cytoplasmic origin and forcing it to 
interact with transcription factors like Runt Related Transcription factor 
(RUNX) and TEA domain (TEAD) family that regulates the targeted 
genes and causes up-regulation of (Connective tissue growth factor) 
CTGF, AXL, Baculoviral inhibitor of apoptosis repeat-containing 5 
(BIRC5) genes and ultimately increases ECM deposition and progresses 
PF [118,120]. An in-vitro study was conducted by Gustavo G. and as
sociates, wherein the lung samples of normal control and COVID-19 
patients were collected to observe the level of YAP. The study 
revealed significant increase in the level of YAP in COVID-19 lung 
samples when compared to normal [118,119,121,133–140]. Fig. 4 
shows activation of myofibroblasts in response to YAP/TAZ signalling. 

To summarize, the above-discussed pathways give an explanation 
towards the significance of fibrosis in the long term treated and severely 
infected COVID-19 patients, where repeated repairing in lung tissue 
results in uncontrollable inflammatory response of TGF-β [122] and 
other cytokines [97,123,124] causing an increased series of inflamma
tory pathways, myofibroblasts activation [8,125–129], dysregulated 
collagen deposition [70,130] and pro-fibrotic factors stimulation [126]. 
Moreover, these inducers damage the barrier function of the cells and 
continuously delineate epithelial cells present in alveoli [131,132] 
giving rise to impaired pulmonary function resulting in untimely death 
in COVID-19 patients. According to the studies performed, a clear 
indication is imparted where the rise of TGF-β results in fibrosis and also 
activates other mechanistic pathways including WNT/β-catenin and 
YAP/TAZ, which unwillingly triggers fibroblasts and disturbs the 
normal homeostasis in lungs. These pathways are yet elusive and stip
ulated, hence it becomes important to unveil the incomplete pathways 
to understand the liable risks preceding post COVID. 

7. Can post COVID-19 PF resolve with time? 

In a wake of the existing quo, the rise of new cases is being witnessed 
in some countries, the strains of the mutated virus didn’t spare 
embarking the new symptoms along with unknown multiple complica
tions even after being successfully treated [141]. One of the major 
threats still wandering is PF; an unavoidable consequence emerging just 
after ARDS in patients undergoing long COVID-19 treatment, the re
petitive detriment of capillaries causes plasma protein to leak, which 
implies an inevitable risk of ARDS [142]. A proportion of acute ARDS 

survivors are likely to develop a fibroproliferative response, which 
comprises fibroblast accumulation, collagen deposition, and perhaps 
other pulmonary ECM components [143], the severity of which has 
been linked to the duration of the disease [144]. Furthermore, despite 
the fact that invasive mechanical ventilation has profoundly altered 
ARDS care, ventilator-associated lung damage is thought to be a sig
nificant contributor to PF in ventilated ARDS patients [145]. In addition 
to Diffuse alveolar damage (DAD) and hyaline membranes, literature 
analysis of reported histopathological findings of COVID-19 lungs post- 
mortem highlighted the frequent occurrence of PF, whereas aberrant 
pulmonary architecture and functioning have been described in many 
recovered COVID-19 patients [62,146,147], it has been revealed that 
SARS-CoV-2 infection causes the production of many pro-fibrotic fac
tors, including TGF- β [148]. Interstitial lung diseases (ILD) patients, on 
the other hand, had a higher risk of developing ARDS and severe COVID- 
19 [149–152], and COVID-19 related ILD acute exacerbations had a 
worse prognosis than non-COVID-19 ILD acute exacerbations, [59] 
suggesting PF as an inevitable risk and a possible COVID-19 complica
tion. Taking into account one of the studies evidenced 41 % of SARS- 
CoV-2 infected patients developed ARDS. Foreseeing the cytokine 
storm syndrome, the patient’s condition worsens because of uncon
trolled release of pro-inflammatory factors resulting in repetitive 
inflammation making patients susceptible for hyperactive reactions, 
untimely combating of immune cells circulated from blood to the site of 
infection along with destructive effects [2,141,142]. However, the 
mechanism of PF, occurring post-COVID-19 is yet to be precisely 
resolved. Initially, during the onset of infection, neutrophils, macro
phages and helper T-cells attack the SARS-CoV-2 invaders but due to the 
absence of specific antibodies in humans these saviour cells encounter 
apoptosis, and results in cell death [153]. Although complete treatment 
does not guarantee whether the patient survives or gets succumbed to 
death, if the patient has some prior pulmonary disease, then infection 
makes the patient’s case worrisome and later at the end-stage it in
creases the fatality risk thriving patient to a condition where it becomes 
impossible to survive without an Extracorporeal membrane oxygenation 
(ECMO) [154]. Most of the evidence set forth, manifests a worrisome 
condition PF, due to prolonged COVID-19 treatment in severe and co
morbid cases. Even after accurate treatment is attested it is hard to 
escape from post COVID illnesses faced by the infected population, not 
only does it subsidize the daily lifestyle but also has rampant effects 
etched onto the livelihood. Considering the duration and spectra of post 
COVID management does not either promise or repay a healthy life once 
infected with SARS-CoV-2. This arises an uncertainty whether fatal PF is 
itself resolved with time or does it need a permanent solution? 

8. Future perspective 

In a plight to impose, the review article mainly focuses on pathways 
that may interlink PF with post-COVID complications. However, the 
concept of persistent PF in COVID-19 is debatable issue due to avail
ability of contrasting reports. Although, there are definite evidence of 
the residual fibrosis in the COVID-19 survivors; the developed fibrosis 
seems to be self-resolutory in nature. The PF developed in the COVID-19 
patients resolved over time without any need of antifibrotic regimen 
(Pirfenidone and Nintedanib). Some reports also highlight the use of 
anti-inflammatory drugs like ibuprofen, naproxen, could be used to 
improve the pulmonary condition in severely affected COVID-19 pa
tients. According to a case study conducted by Castro et al., the use of 
ibuprofen and naproxen at an early stage would help patients avoid the 
risk of mechanical ventilation during their hospital stay and would slow 
down the inflammatory responses [155]. Interestingly, Hong and col
leagues discovered the potential use of celecoxib, a COX-II inhibitor that 
improved pulmonary ground opacities and prevented disease progres
sion in severely affected COVID-19 patients [156]. These findings may 
suggest the possible role of anti-inflammatory drugs to impede PF pro
gression. In the absence of any long-term data in COVID-19, it is quite 
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early to reach a consensus on whether PF persists or resolves automat
ically gradually. However, in the light of previous viral attacks, it seems 
more plausible to state that the PF could become one of the major 
complications associated with COVID-19. Due to widespread and high 
number of affected individuals by COVID-19, we cannot neglect the 
development of PF in a minor fraction of the population. In addition, the 
residual effects of viral attacks generally persist over a considerable time 
of period. As the development of PF is a slow progressive phenomenon; 
there are chances that PF in COVID-19 survivors can appears after 
months or even years of the infection. Due to these issues, the PF pro
gression in COVID-19 patients demands our attention. However, the 
development of PF in COVID-19 survivors seems to be an indirect effect 
of proinflammatory mechanisms and current treatment of COVID-19 
patients with anti-inflammatory agents might have an inhibitory effect 
on the development of PF making antifibrotic therapy redundant. Our 
limited knowledge about the basic pathological mechanisms behind the 
development of PF in COVID-19 is still limited which hinders our deci
sion to add antifibrotic therapy to the ongoing regimen or not. Further, 
as the COVID-19 infection affects multiple signalling pathways impli
cated in PF; focusing on a single pathway may not be a good approach 
for the management of COVID-induced PF. Furthermore, the presence of 
comorbid conditions adds to the complexity to an already complex 
pathological phenomenon. However, with increasing horizon of our 
knowledge in this respect will ultimately help to achieving better 
management of PF observed in COVID-19 survivors. Nevertheless, the 
emergence of PF in COVID-19 patients represent itself as one of the 
greatest concerns associated with COVID-19 infection. There is an ur
gent need to focus on this neglected aspect of the deadly viral infection 
for better management of COVID-19 associated complications. 

9. Conclusion 

PF in COVID-19 patients is one of the most fatal, post COVID com
plications. COVID-19 induced damage to the lungs could result into a 
progressive PF leading to multiple organ failure. Moreover, rapid mu
tations and newly hijacked pathways also make it difficult to delineate 
the underlying mechanisms responsible for PF. However, in the light of 
recent incidences, it is clear that PF in COVID-19 survivors resolved over 
time, at least, in a considerable number of patients. On the other hand, 
there are reports to demonstrate persistence of PF in other subjects 
which complicates the picture. Nevertheless, PF in COVID-19 remains a 
challenge given the lack of suitable antifibrotic agents. At present, we 
are far from reaching the consensus on developed fibrosis in COVID-19 
infection. A deeper understanding of the novel mechanisms used by 
virus to cause/sustain PF will likely result in better management of PF 
and other associated complications to serve mankind. 
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