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ARTICLE INFO ABSTRACT

Keywords: Coronavirus disease 2019 (COVID-19) has rapidly spread around the world causing global public health emer-
COVID-19 gency. In the last twenty years, we have witnessed several viral epidemics such as severe acute respiratory
SARS'COV'Z. . syndrome coronavirus (SARS-CoV), Influenza A virus subtype HIN1 and most recently Middle East respiratory
:ﬂg?;"ary fibrosis syndrome coronavirus (MERS-CoV). There were tremendous efforts endeavoured globally by scientists to combat
HDAC inhibitors these viral diseases and now for SARS-CoV-2. Several drugs such as chloroquine, arbidol, remdesivir, favipiravir
Epigenetics and dexamethasone are adopted for use against COVID-19 and currently clinical studies are underway to test

their safety and efficacy for treating COVID-19 patients. As per World Health Organization reports, so far more
than 16 million people are affected by COVID-19 with a recovery of close to 10 million and deaths at 600,000
globally.

SARS-CoV-2 infection is reported to cause extensive pulmonary damages in affected people. Given the large
number of recoveries, it is important to follow-up the recovered patients for apparent lung function abnormal-
ities. In this review, we discuss our understanding about the development of long-term pulmonary abnormalities
such as lung fibrosis observed in patients recovered from coronavirus infections (SARS-CoV and MERS-CoV) and
probable epigenetic therapeutic strategy to prevent the development of similar pulmonary abnormalities in
SARS-CoV-2 recovered patients. In this regard, we address the use of U.S. Food and Drug Administration (FDA)
approved histone deacetylase (HDAC) inhibitors therapy to manage pulmonary fibrosis and their underlying
molecular mechanisms in managing the pathologic processes in COVID-19 recovered patients.

1. Background

The latest Coronavirus disease 2019 (COVID-19) situation report
from World Health Organization (WHO) indicates that the disease has
spread to 213 countries with 16,558,289 confirmed cases and 656,093
deaths as on 29 July 2020. However, it continues to spread rapidly
worldwide. COVID-19 is caused by a recently discovered severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). This new virus
shares its similarity in terms of its genetic makeup and clinical mani-
festations closely to that of another coronavirus SARS-CoV, which is
identified to be responsible for 2013 respiratory illness outbreak [1].
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COVID-19 clinical presentations if not managed properly leads to acute
respiratory failure and mortality. Further, it has been observed that the
older people and people with existing medical concerns such as pneu-
monia, cardiovascular disease, diabetes and cancer with weakened im-
mune system are at greater risk [2]. In addition to ‘solidarity’ clinical
trials for COVID-19 treatments coordinated by the WHO, a large number
of country-specific clinical trials are underway to assess the effectiveness
of various pre-existing drugs to manage novel coronavirus infection.
Though currently much of the efforts have been on to help control
the coronavirus spread and to identify effective treatment options, data
on the post recovery scenario of patients with COVID-19 and apparent
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development of secondary complications/ailments due to the infection
are highly limited and warrant a detailed follow-up study. At present,
the worldwide recovery number is at around 10 million, a large number
of people who are at risk of development of secondary pathogenesis as a
result of damaged lungs and/or incomplete recovery state. In this re-
gard, considerable attempts are being made to understand the patho-
genesis of SARS-CoV-2 infection and manifestations caused in various
organs. Though the infection affects many vital organs, lung remains the
primary and chief organ of target. Some of the characteristic pre-
sentations in the lung include bilateral and peripheral ground-glass and
consolidative pulmonary opacities [3], unilateral and bilateral pneu-
monia, moderate to extensive lung lesions [4], thickening of broncho-
vascular bundles, pulmonary oedema, acute respiratory distress
syndrome (ARDS), and pulmonary fibrosis [5-7]. A chest computed
tomography (CT) scan has been employed by many studies to describe
the characteristic clinical presentations in lung and to assess the severity
of lung damage in both adult and aging populations affected due to
SARS-CoV-2 infection [8-12]. CT manifestations of COVID-19 include
ground glass opacity, consolidation, reticular pattern, crazy paving
pattern, gelatinous mucus bronchogram, airway changes such as bron-
chiectasis and bronchial wall thickening, pleural thickening and effu-
sion, thin curvilinear opacity, occurrence of fibrous stripes, pulmonary
vessels dilatation within and around the lesions and solid irregular
nodules or nodules with halo sign. Furthermore, manifestations such as
lymphadenopathy, pericardial effusion and reversed halo sign are
considered to be major risk factors in severe COVID-19 cases [13].
Children are equally susceptible to SARS-CoV-2 infection but Chest CT
observations shown to deviate and present atypical characteristics from
that of adults [14]. In addition, there is a large population of lung
transplant recipients who are at higher risk and the effect of SARS-CoV-2
infection could be detrimental [15]. It is important to note that the
clinical manifestations and progression of pulmonary dysfunction in
COVID-19 are quite diverse and rapid. Increase in the ground glass
density patches and fibrous stripes was observed in a span of 3-14 days
on a follow-up Chest CT, implying early CT imaging, including a follow-
up imaging could help us track the disease severity with greater clarity
[16].

A significant portion of patients recovered from COVID-19 could
develop lung fibrosis and therefore a need for rehabilitation and pul-
monary rejuvenation. Interestingly, histone deacetylase (HDAC) in-
hibitors are reported to show promising anti-fibrotic effects mainly
through suppressing transforming growth factor beta 1 (TGF-p1) sig-
nalling. In this review, we discuss our understanding about the long-
term pulmonary abnormalities observed in patients recovered from
coronavirus infections (SARS-CoV, MERS-CoV and SARS-CoV-2).
Further, we address the U.S. Food and Drug Administration (FDA)
approved HDAC inhibitors therapy to manage pulmonary fibrosis and
their underlying molecular mechanisms in managing the pathologic
processes.

2. Pulmonary abnormalities in patients recovered from SARS-
CoV and MERS-CoV infections

As the novel SARS-CoV-2 is genetically similar to previously
discovered strains of coronavirus such as SARS-CoV and MERS-CoV, it is
important to consider available data on follow-up studies of these pre-
vious infections (Table 1). At present, for COVID-19 recovered patients,
after discharge follow-up data in terms of physiological measurements
or imaging to assess the possible secondary damages are unavailable.
Considering the fact that the clinical presentations in lungs of SARS-
CoV-2 infected people mirror as that of SARS and MERS, it is highly
likely that the effect in COVID-19 recovered patients would be on similar
lines to that of SARS and MERS.

Jiang Gu et al. discussed the possible stage-specific pathogenic
changes leading to pulmonary dysfunction upon SARS-CoV infection. It
has been stated that pulmonary sequelae of the SARS-CoV infection
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Table 1
Overview of long-term pulmonary outcomes of SARS and MERS survivors.
No. No. of Age Follow-up Computed References
patients range time period tomography (CT)
(years) (after first findings (%
diagnosis) patients)
Severe Acute Respiratory Syndrome (SARS)

1 22 24-72 4 weeks Irregular linear Gaik C. Ooi
opacities with or 2004 [84]
without associated
ground-glass
opacities (55%)

2 24 23-70 36.5 days Ground-glass Gregory E
opacity and Antonio
interstitial 2003 [20]
thickening (38%),
fibrosis (62%)

3 19 22-65 25-38 days Ground-glass Hsian-He
opacity (36.8%), Hsu 2004
fibrosis (63%) [85]

4 40 42.8 51.8 days Ground-glass Yeun-

(mean) +20.2 opacity (90%), Chung
reticulation Chang
(70%), 2005 [86]
parenchymal band
(55%), air
trapping (92%),
bronchiectasis
(18%)

5 100 - 2 months Ground-glass Zheng-yu
opacity (47%), Jin 2003
reticular opacity [87]
(29%)

6 56 21-70 3 months Ground-glass Ka-tak
opacity (92.9%), Wong 2004
reticulation [21]
(87.5%), irregular
interlobular septal
thickening
(89.3%),
parenchymal band
(50%)

7 20 42.8 140.7 days Ground-glass Yeun-

(mean) +26.7 opacity (70%), Chung
reticulation Chang
(50%), 2005 [86]
parenchymal band
(60%), air
trapping (92%),
bronchiectasis
(10%)

8 44 21-70 6 months Ground-glass Ka-tak
opacity (86.4%), Wong 2004
reticulation [21]
(92.1%), irregular
interlobular septal
thickening
(92.1%),
parenchymal band
(43.2%)

9 57 38.1 6 months Pulmonary CKNg

(mean) abnormalities of 2004 [88]
varying degree
(75.4%)

10 47 9.9-16.0 6 months Ground-glass AMLi
opacity (17%), air 2004 [89]
trapping (23.4%),
fibrosis (6.4%)

11 47 1.5-17 6 months Ground-glass Winnie C.
opacity (14.9%), W. Chu
parenchymal scars 2005 [24]
(12.8%), air
trapping (23.4%)

12 47 1.5-17 12 months Ground glass Winnie C.
opacity (8.5%), W. Chu
parenchymal scars 2005 [24]

(17%), air

(continued on next page)
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Table 1 (continued)

No. No. of Age Follow-up Computed References
patients range time period tomography (CT)
(years) (after first findings (%
diagnosis) patients)
trapping (19%),
reticular opacities
(6.4%)
13 311 38.2 12 months Lung diffusion Lixin Xie
(mean) abnormalities 2005 [90]
(27.3%), lung
fibrosis (23%)
14 8 33-73 Late stage Ground-glass Gavin M
ARDS opacity (100%), Joynt 2004
interstitial [91]
thickening
(100%), fibrosis
(37.5%)
Middle East Respiratory Syndrome (MERS)
1 36 21-73 43 days Lung fibrosis Karuna M
(median) (33%), ground- Das 2017

glass opacity [25]
(5.5%), pleural
thickening (5.5%)

begins with the onset of edema followed by damage to alveolar epithelia
and formation of fibrotic scar. As the disease progress, interstitial and
airspace fibrosis and pneumocytic hyperplasia occur. Furthermore,
prominent and extensive fibrosis observed in severe SARS [17]. Reports
on long-term CT and follow-up studies of SARS recovered patients are
quite sparse. In a follow-up study of 71 patients recovered from SARS
infection, 4.6% of them showed interstitial abnormality in lungs at
around 15 years [18]. As the severity of the infection increased, devel-
opment of pulmonary fibrosis was observed during SARS infection.
Fibrosis progressed rapidly in patients with severe SARS aided by pre-
existing medical illness, and required ventilation support along with
extended stay in hospital. In this study, patients (mean age-71 years)
reported pre-existing cardiovascular disease, chronic obstructive airway
disease and chronic liver disease at the time of SARS diagnosis. The
duration of the illness was up to 20 days and patients were on ventilation
support for an average of 10 days [19]. Most importantly, in another
follow-up study, 62% of SARS recovered patients showed development
of pulmonary fibrosis. Patients (mean age-39 years) with evidence of
fibrosis were hospitalized on an average 22.3 days versus 16.4 days for
those with no evidence of fibrosis at follow-up. Other factors such as
percent intensive care admission (26.6% vs 11.1%), peak radiographic
opacification (13.6% vs 10.8%) and number of abnormal segments on
CT scans (10.8 vs 4.7) were higher in fibrosis group when compared with
non-fibrosis group [20]. In yet another 15-year follow-up study, which
included 78 medical staff infected with SARS, the percentage of pul-
monary lesions was noticed to be decreasing but then stabilised and
remained for the rest of the period. By the end of the 15-year period,
patients who had early diagnosis and treatment showed better recovery
from lung damage and superior pulmonary function than patients with
late diagnosis, thereby indicating that the improvement in pulmonary
function is possible when managed effectively during early phase of
infection [18]. Attempts were also made to correlate the chest CT
findings with lung function tests and other clinical parameters during
the follow-up care (at 3 and 6 months) of patients (mean age-39.4 years)
who recovered from severe SARS [21].

An available CT based 84 months data revealed characteristic ab-
normalities indicating lung fibrosis [22] and these CT presentations
observed were very similar to that of CT findings that one would nor-
mally see during early days of infection [23]. This could imply that the
pulmonary fibrosis could become a persistent challenge in COVID-19
recovered patients and need to be addressed, preferably, at the early
stages thereby giving a chance for the lung to heal better and lessen the
damage. With reference to the infection in children, the pulmonary
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abnormalities were persistent in 32% of children even after 12 months
since diagnosis [24]. In an another follow-up study of 36 adult patients
recovered from MERS, 33% indicated lung fibrosis within a range of
32-320 days post discharge [25].

3. Pathogenesis of lung injury and extracellular matrix
development followed by SARS-CoV-2 infection

Though the occurrence of SARS-CoV-2-mediated acute lung injury is
becoming increasingly evident, our understanding of the underlying
mechanisms of pathogenesis appears to be limited and obscure. The
epithelial cells of the nasal cavity represent the primary gateway of
SARS-CoV-2 that facilitates the spread of the infection in the respiratory
tract. Angiotensin-converting enzyme 2 (ACE2) receptors on the surface
of the pulmonary epithelium ensures the entry of SARS-CoV-2 to the
upper respiratory region. As the virus migrates to the lower respiratory
tract, it infects alveolar type II cells of the lungs [26,27] thereby
resulting in the development of edema, degeneration of alveolar
epithelial lining, followed by the emergence of hyaline membranes at
the damaged alveolar space leading to impaired gas exchange [28]. As
the disease progress, a range of host inflammatory responses such as
excessive cytokines production and an enhanced influx of inflammatory
cells were observed at the site of damage; ultimately resulting in severe
lung tissue scarring and fibrosis due to collagen deposition [29,30]. A
study by Ling Leng et al. on COVID-19 clinical samples revealed
extensive remodelling of the lung extracellular matrix (ECM) in SARS-
CoV-2-infected patients. Proteins that have a key role in manifestation
of pulmonary fibrosis were identified to be dysregulated. For example,
MMP2, MMP8 and cathepsin were found to be upregulated and E-cad-
herin was downregulated. In addition, the core ECM components of lung
basement membrane such as laminins, collagen VI, annexin A2 and
fibronectin were highly downregulated [31].

4. Pulmonary fibrosis and COVID-19

The development of scars and its gradual advancement as a result of
lung tissue damage leads to fibrotic disease of the lung called pulmonary
fibrosis. Further, pulmonary fibrosis is characterized by redox imbal-
ance, alveolar inflammation, inflammatory injury to the alveolar
epithelium, dysregulated epithelial-to-mesenchymal transition (EMT),
aberrant fibroblast proliferation and differentiation, and excessive
accumulation of ECM molecules in the lung parenchyma. All these
events lead to poor lung function and eventually respiratory failure
[32,33]. Hence, tissue fibrosis is a major contributing cause for
morbidity and mortality worldwide.

Fibrotic changes may result from infectious or non-infectious agents.
Myofibroblasts are the primary cell type responsible for the fibrotic
tissue, which possess enhanced fibrotic, contractile and migratory ac-
tivities [34]. Following tissue injury, myofibroblasts can be derived from
a large variety of cell types including epithelial cells, endothelial cells,
and fibroblasts. These cells can promote collagen deposition in the ECM.
Unlike in normal wound healing process, the myofibroblast formation
coupled with ECM production has been implicated in pulmonary
fibrogenesis [35]. Further, these myofibroblasts in turn secrete several
mediators, including TGF-B1 to further enhance the fibrotic process. In
addition, an imbalance in the expression of matrix metalloproteinases
(MMPs) and their tissue inhibitors (TIMPs), which are required for
inducing apoptosis in damaged cells and tissue remodelling, is also a
major contributing factor for development of pulmonary fibrosis [36].

With the available data so far with regard to COVID-19, it is apparent
that pulmonary fibrosis plays an important pathological role in patients
recovered from SARS-CoV-2 infection [37]. It has also been discussed
that fibrosis being the cause for COVID-19 mortality and suggested for
the use of anti-fibrotic agents to treat COVID-19 recovered patients [38].
In one study, about 41% of SARS-CoV-2 infected people developed
ARDS and further the risk of progression from ARDS to mortality was
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increased significantly with patients of advanced age [39]. Given the
fact that pulmonary fibrosis is a recognised outcome of ARDS and could
cause severe distress long term, it’s equally important to explore treat-
ment strategies to address this in COVID-19 recovered patients.
Although it is too early to expect expansive data with regard to
follow-up studies of COVID-19 survivors, a latest study from Wuhan has
made an attempt to understand pulmonary fibrosis development by
following up with CT imaging of COVID-19 recovered patients. The
study showed that fibrosis was a likely occurrence, especially with
increased severity of the infection. Interestingly, the presence of high
inflammatory molecules was observed in these patients [40].

5. Risk factors for pulmonary fibrosis in COVID-19 survivors

The potential risk factors for idiopathic pulmonary fibrosis (IPF) in
COVID-19 survivors include advanced age with reduced respiratory
capacity, pre-existing comorbidities such as hypertension, diabetes,
obesity, cardiovascular disease and ARDS. In addition, COVID-19
severity, prolonged hospitalization and extended ventilation support
also increase the risk of development of IPF [37,41-43]. At molecular
level, factors that play a role in pulmonary fibrosis development are the
extent of reticulation [37] and increased expression of angiotensin
converting enzyme 2 (ACE2) in high-risk groups [43]. Notably, patients
receiving anti-IL-6 therapy for severe COVID-19 could also be at risk of
pulmonary fibrosis, as IL-6 has been shown to be involved in the fibrotic
events of the lung [44]. IL-1 is the other regulatory molecule for fibrotic
response in pulmonary fibrosis whose increased secretion has been
observed in COVID-19 patients [37].

6. TGF-p signalling in pulmonary fibrosis

TGF-p belongs to a family of cytokines and is involved in wide range
of cellular functions including, but not limited to, cell growth, prolif-
eration, differentiation and death. TGF-p signalling pathway is known to
have central role in pathogenesis of fibrosis by promoting EMT, fibro-
blast proliferation and differentiation [45-48]. Upon binding of TGF-f1
to its own receptor kinases TGF-p receptor 1 (TGPI) and TGF-p receptor 2
(TGBID), autophosphorylated TGPII phosphorylates TGP, which subse-
quently phosphorylates Smad2 and Smad3 and mediates the effect. Of
various inflammatory cytokines, interleukin-13 (IL-13) has been shown
to have a regulatory role in activation of TGF-f and in turn induction of
tissue fibrosis [45]. TGF-p1 has been reported to induce lung fibrosis by
activating Smad-dependent and Smad-independent pathways. Through
Smad signalling pathways, TGF-p1 has been reported to directly increase
the transcription of ECM genes, mainly collagens that favour ECM
deposition [49-51]. In addition, MAP Kinases, namely, ERK1/2, JNK
and p38 kinase are also involved in TGF-p1-mediated fibrotic response.
Interestingly, TGF-f has been shown to dysregulate EGFR signalling by
modulating EGFR ligands, which in turn aide in development of fibrosis
[52].

Further, evidence of cross talk between Smad and Ras/MEK/ERK
cascade influenced by TGF-f provides much needed clarity in under-
standing pathogenesis of pulmonary fibrosis [53]. Interaction between
Smad3 and nucleocapsid protein of SARS-CoV has been shown to induce
fibrotic promoter PAI-1 synthesis [54]. Apart from Smad, other down-
stream proteins that aide and amplify TGF-p response are connective
tissue growth factor (CTGF) and fibronectin. Increased expression of
CTGF is observed during the pathogenesis of lung fibrosis [55]. Fibro-
nectin expression influences myofibroblast, a highly contractile
collagen-producing cell, which plays a major role during fibrotic process
[56]. Both CTGF and fibronectin promotes fibroblast proliferation and
ECM production. TGF-p directly regulates the expression of alpha
smooth muscle actin (a-SMA) in tissue myofibroblasts thereby aiding in
tissue granulation [57]. Other matrix proteins regulated by TGF-f dur-
ing fibrosis are collagen type I and III, and a-tubulin. Therefore, many
studies have demonstrated that utilizing proteins [58,59] or small
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chemicals [60] or microRNAs (miRNAs) [61,62] to disrupt TGF-p pro-
duction and/or block the associated signal transduction will be benefi-
cial in treating fibrosis.

7. HDACs in pulmonary fibrosis

Although pirfenidone and nintedanib have been approved by the U.
S. FDA for treating patients with idiopathic pulmonary fibrosis (IPF), the
results are rather disappointing and with no substantial gains in patient
recovery. Nintedanib and pirfenidone are shown to reduce the decline of
forced vital capacity (FVC) in patients with pulmonary fibrosis [33] and
suppress collagen production in activated fibroblasts [63,64]. However,
neither of them provides significant relief from the symptoms, nor im-
proves the quality of life. Further, these regimens have adverse effects
within the gastrointestinal tract such as diarrhea, nausea and vomiting
[64,65]. In addition, treatment with pirfenidone and nintedanib may be
associated with photoallergic dermatitis and cardiovascular risk,
respectively. Interestingly, pirfenidone, known for its anti-inflammatory
property, is being evaluated for use in patients with severe SARS-CoV-2
infection based on the premise that inflammatory cytokine storm and
ARDS are the leading cause of mortality in patients with severe COVID-
19 [66]. When the treatment strategies fail, the only effective option for
these patients is lung transplantation, but comes with its own risks such
as organ rejection, secondary complications and being expensive [67].
Due to a possible/likely overflow of patients from pulmonary fibrosis
complications as a result of COVID-19 infection is expected, alternative
treatment strategies are thereby warranted.

HDAGCs are known for their role in regulating the transcriptional
activity of targeted genes. They act by deacetylation of amino terminal
lysine residues of histone and non-histone proteins. HDACs have an all-
important role in cellular homeostasis and other fundamental cellular
processes such as differentiation, progression and apoptosis. Dysregu-
lation of HDACs activity has been reported in wide range of diseases and
therefore an attractive choice for treatment against various diseases
including tissue fibrosis and inflammatory diseases [68]. HDACs are
reported to play a prime role in regulating intermediates of TGF-f sig-
nalling pathway. Increased expression of HDACs has been shown to
prompt/trigger fibroblast differentiation to myofibroblasts and in turn
increased ECM formation [69,70]. Altered expression of HDACs in the
fibroblastic foci of IPF lung has also been observed [71]. Fibroblasts to
myofibroblasts differentiation generally mediated by TGF-pl require
HDAC4 [69]. Genes involved in regulation of ECM mediated by TGF-f,
particularly through ERK/PI3K pathway have been shown to be
controlled by HDACs [72]. HDAC7? found to be involved in repression of
key genes required for TGF-B-mediated activation of fibroblasts [73].
Differentiation of myofibroblasts from normal fibroblasts in lung is
HDAC4 and Akt-dependent process [70]. Aberrant expression of HDAC6
was observed both in myofibroblasts and type-II alveolar epithelial cells
(AECII) in sporadic IPF [71]. Similarly, HDACS is also reported to be
involved in fibroblast-myofibroblast differentiation during the patho-
genesis of IPF [74]. The aforementioned studies clearly indicate that
HDAGCs are capable of epigenetic regulation of TGF-B-mediated gene
expression resulting in pulmonary fibrosis. Consequently, exploring the
possibility of treating pulmonary fibrosis with HDAC inhibitors is
worthwhile.

HDAC inhibitors are quite versatile as they are shown to mitigate
myocardial ischemia, atherosclerosis, Alzheimer’s disease, including
fibrotic diseases (pulmonary fibrosis, renal fibrosis and hepatic
cirrhosis) [75]. As outlined in Table 2, substantial studies are carried out
to understand the usefulness of HDAC inhibitors in targeting pulmonary
fibrosis particularly modulated by TGF-p-mediated pathways. HDAC
inhibitors are shown to suppress TGFp1-induced profibrotic proteins
such as a-SMA, type 1 collagen, fibronectin, CTGF, PAI-1 and CCN1
[74]; likely through epigenetic mechanism/alterations (Table 2).
Moreover, effective inhibitions of COX-2 and Fas, and apoptosis resis-
tance in IPF are shown to be mediated by HDACs through epigenetic
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Table 2
HDAC inhibitors for pulmonary fibrosis.
HDAC inhibitors Target cell type Regulators/molecules Mechanism of action Type of References
involved fibrosis
Vorinostat and Primary human IPF fibroblasts COX-2, PGE2, TGF-f1, Restores COX-2 gene expression repressed by HDAC IPF William R.
panobinostat IL-1p corepressors. This in turn restores PGE2 expression Coward (2009)
required for inhibiting fibroblast proliferation [76]
Vorinostat IPF fibroblasts (ILF LL29) TGF- B 1, a-SMA, Prevents TGF-B-mediated fibroblasts differentiation IPF Z Wang (2009)
MMP1, a-tubulin into myofibroblasts [92]
Vorinostat Murine bleomycin-induced Bak, Bcl-xL Induces apoptosis of myofibroblasts by upregulation of ~ MLF Yan Y Sanders
pulmonary fibroblasts Bak and downregulation of Bcl-xL (2014) [93]
Vorinostat Fibroblasts from non-fibrotic lung TGF- p 1, COX-2, TIA-1 Upregulates COX-2 expression in TGF-pl-activated - Alice Pasini
fibroblasts and help reduce collagen deposition in (2018) [94]
fibrosis. COX-2 is an antifibrotic gene
Vorinostat Primary human IPF fibroblasts COL3A1 Decreases collagen production by repressing type 3 IPF Xiangyu Zhang
collagen gene expression in fibroblasts (2013) [95]
Romidepsin Primary parenchymal lung LOX, CDKN1A, Fnl, Inhibits fibroblast proliferation and myofibroblast IPF Franco Conforti
fibroblasts & bleomycin-induced COL3A1, COL1A1 differentiation (2017) [96]
murine pulmonary fibroblasts
Panobinostat Primary human IPF fibroblasts PSTATS3, cyclin D1, Reduces profibrotic phenotypes, induces cell cycle IPF Martina Korfei
a-tubulin, Bel-xL, arrest and apoptosis in fibroblasts (2018) [79]
survivin
Trichostatin A Human alveolar epithelial cells SFTPC Attenuates pulmonary fibrosis by restoration of SFTPC ~ MLF Chiharu Ota
(A549) (EMT induced) gene expression involved in maintaining alveolar (2015) [97]
integrity and repair
Trichostatin A Normal human lung fibroblasts TGF-p1, a-SMA, Blocks Akt-dependent TGF-p1 pathway required for - Weichao Guo
collagen I fibroblast-myofibroblast differentiation (2009) [70]
Trichostatin A Bleomycin-induced rat fibroblasts HDAC2, p-SMAD2 Attenuates pulmonary fibrosis MLF Qing Ye (2014)
[98]
Trichostatin A Primary rat lung fibroblasts Thy-1, histone Restores Thy-1 expression in fibrotic fibroblasts and MLF Yan Y. Sanders
acetylation, a-SMA induces changes in phenotype of the cells (2011) [93]
Spiruchostatin A Primary human IPF fibroblasts TGF-p1, a-SMA, p21, Reduces proliferation of IPF fibroblasts and their IPF Elizabeth R.
collagen III biosynthetic activity Davies (2012)
[99]
Pracinostat Primary human IPF fibroblasts TGF-f1, a-SMA, PGCla,  Inhibits fibroblasts contractility and ECM deposition IPF Dakota L Jones
ACTA2 (2019) [73]
Panobinostat and Primary human IPF fibroblasts HDAGCs, COL1A1, Decreases expression of genes associated with ECM Sporadic Martina Korfei
valproic acid COL3A1, PAHTM synthesis, proliferation and cell survival IPF (2015) [71]
Tubastatin Primary human IPF fibroblasts TGF-p1/PI3K/Akt, HIF-  Reduces type-1 collagen gene expression and IPF Shigeki Saito

la, VEGF, collagen I,
HDAC6

decreases Akt phosphorylation

(2017) [78]

IPF, idiopathic pulmonary fibrosis; MLF, murine lung fibrosis; COX-2, cyclooxygenase-2; TGF-B1, transforming growth factor beta 1; IL-1 §, interleukin 1 beta; PGE2,
prostaglandin E2; HDAGC, histone deacetylase; a-SMA, alpha smooth muscle actin, MMP1, matrix metalloproteinase-1; Bak, Bcl-2 homologous antagonist killer; Bel-
xL, B-cell lymphoma-extra large; TIA-1, T-cell-restricted intracellular antigen 1; COL3A1, collagen type III alpha 1 chain; LOX, lysyl oxidase; CDKN1A, cyclin
dependent kinase inhibitor 1A; Fn1, fibronectin-1; COL1A1, collagen type I alpha 1 chain; pSTAT3, phospho-signal transducer and activator of transcription 3; SFTPC,
pulmonary surfactant-associated protein C; Akt, protein kinase B; p-SMAD2, phospho- mothers against decapentaplegic homolog 2; Thy-1, cell surface glycoprotein;
p21, cyclin-dependent kinase inhibitor; PGCla, Pparg coactivator 1 alpha; ACTA2, actin alpha 2 smooth muscle; ECM, extracellular matrix; PAHTM, prolyl 4-hydrox-
ylase transmembrane; PI3K, phosphoinositide 3-kinase; HIF-1a, hypoxia-inducible factor 1-alpha; VEGF, vascular endothelial growth factor.

alterations [76,77]. HDAC inhibitor tubastatin was successful in
ameliorating fibrosis in murine bleomycin-induced pulmonary fibrosis
model, particularly triggered by TGF-f [78]. In fact, a study comparing
the performance of pirfenidone and panobinostat has demonstrated the
superior functionality of HDAC inhibitor over pirfenidone in acting
against IPF-derived fibroblasts [79].

Interestingly, shared similarities have also been discussed in terms of
risk factors and epigenetic alterations between IPF and cancer [80].
Furthermore, the use of HDAC inhibitors vorinostat (SAHA), romidep-
sin, panobinostat and belinostat are approved by U.S. FDA as anti-cancer
drugs for select cancer types. And many more are being evaluated at pre-
clinical and clinical stages for other malignancies [81-83]. Therefore,
the therapeutic potential and clinical application of HDAC inhibitors are
well established. As discussed earlier, a number of studies have estab-
lished a clear link between pulmonary fibrosis and COVID-19 and in
some cases attributing COVID-19 mortality to fibrosis. On the other side,
research data for efficiently addressing the issue of pulmonary fibrosis in
terms of various treatment strategies and the mechanism through which
it is affected is available. In terms of understanding the pathogenesis of
pulmonary fibrosis, TGF-p seems to assume a central role and shown to
modulate range of fibrotic molecules/mediators and thereby influencing
the pathogenesis. This could be effectively addressed by targeting TGF-f
through epigenetic intervention brought about by HDAC inhibitors.

Considering all of the above, HDAC inhibitors treatment could be
instrumental in efficiently ameliorating the development of pulmonary
fibrosis in COVID-19 recovered patients.

8. Conclusion

The world is under tremendous stress, still struggling to overcome
the devastation (suffering and death) caused by SARS-CoV-2 infection.
While the dynamics of the disease is being unravelled rapidly and on
priority, the data regarding some of the key aspects of COVID-19
recovered patients is limited. Even though number of infection con-
tinues to rise around the world, a great number of people are in the
recovery phase and are heading home. A large number of COVID-19
affected and recovered patients are of advancing age and are highly
unlikely to have mechanisms to recover efficiently. Consequently,
effective post recovery management of the illness is critical for full re-
covery of infected patients with minimum damage and to restore normal
functioning. Focus should also be to not let the damage left due to
infection further aggravate the problem in COVID-19 survivors owing to
inadequate recovery. Among the range of possibilities, recovered pa-
tients are more susceptible to development of pulmonary fibrosis. We
suggest that COVID-19 recovered patients who show unresolved patchy
areas of opacification, interstitial thickening and early signs of fibrosis
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during the follow-up chest CT after discharge should be considered for
HDAC inhibitors treatment to mitigate the effects of a likely develop-
ment of pulmonary fibrosis. Early intervention with strategic treatments
such as HDAC inhibitors addressing the secondary/late consequences of
SARS-CoV-2 infection will help reduce complications/mortality and
provide better quality of life for COVID-19 recovered patients.
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