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ABSTRACT

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Although it has been a fatal disease
for many patients, the development of treatment strategies and vaccines have progressed
over the past 3 years, and our society has become able to accept COVID-19 as a
manageable common disease.

However, as COVID-19 sometimes causes pneumonia, post-COVID pulmonary fibrosis
(PCPF), and worsening of preexisting interstitial lung diseases (ILDs), it is still a concern
for pulmonary physicians. In this review, we have selected several topics regarding the
relationships between ILDs and COVID-19.

The pathogenesis of COVID-19-induced ILD is currently assumed based mainly on the
evidence of other ILDs and has not been well elucidated specifically in the context of
COVID-19. We have summarized what has been clarified to date and constructed a
coherent story about the establishment and progress of the disease.

We have also reviewed clinical information regarding ILDs newly induced or worsened
by COVID-19 or anti-SARS-CoV-2 vaccines. Inflammatory and profibrotic responses
induced by COVID-19 or vaccines have been thought to be a risk for de novo induction or
worsening of ILDs, and this has been supported by the evidence obtained through clinical
experience over the past 3 years.

Although COVID-19 has become a mild disease in most cases, it is still worth looking
back on the above-reviewed information to broaden our perspectives regarding the
relationship between viral infection and ILD. As a representative etiology for severe viral
pneumonia, further studies in this area are expected.

(250 words)
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Abbreviations

ACE: angiotensin-converting enzyme

AE: acute exacerbation

AEC: alveolar epithelial cell

Ang: angiotensin

ARDS: acute respiratory distress syndrome
COVID-19: coronavirus disease 2019

CT: computed tomography

CTD: connective tissue disease

DAD: diffuse alveolar damage

DLco: diffusing capacity of the lungs for carbon monoxide
ECM: extracellular matrix

EMT: epithelial-mesenchymal transition
FGF: fibroblast growth factor

GGO: ground-glass opacity

HP: hypersensitivity pneumonitis

HR: hazard ratio

IL: interleukin

ILD: interstitial lung disease

IPF: idiopathic pulmonary fibrosis
MDA-5: melanoma differentiation-associated gene-5
NET: neutrophil extracellular trap

OP: organizing pneumonia

PCPF: post-COVID-19 pulmonary fibrosis

PDGEF: platelet-derived growth factor
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PM/DM: polymyositis/dermatomyositis

QOL: quality of life

RA: rheumatic arthritis

ROS: reactive oxygen species

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2
SSc: systemic sclerosis

STAT1: signal transducer and activator of transcription 1
TGF-B: transforming growth factor-$

TNF-a: tissue necrosis factor-o

UIP: usual interstitial pneumonia

VEGF: vascular endothelial growth factor

WHO: World Health Organization
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1. Introduction

Interstitial lung disease (ILD) is a group of heterogeneous pulmonary diseases affecting
the lung interstitium. Damaged interstitium that is thickened with infiltration of
inflammatory cells and/or fibrosis reduces oxygen diffusion to the bloodstream and lung
elasticity. ILDs have various causes, including connective tissue diseases (CTDs),
occupational or environmental dust exposure, drugs, radiotherapy, and viral infections.

Coronavirus disease 2019 (COVID-19) is a respiratory infectious disease caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). After the first case was
reported in December 2019 in Wuhan, China, over 600 million confirmed cases of
COVID-19 across the world, including over 6 million deaths, had been reported to World
Health Organization (WHO) by October 2022 [1]. Although it was a fatal disease for a
significant number of patients at the beginning of the pandemic, the development of
treatment strategies and vaccines have progressed through the 3-year experience of
fighting against SARS-CoV-2, and our society has gradually become able to accept
COVID-19 as a common and manageable disease.

However, as COVID-19 can sometimes present as pneumonia, including acute
respiratory distress syndrome (ARDS), and cause post-COVID pulmonary fibrosis (PCPF),
and as pulmonary infections generally worsen respiratory status in patients with chronic
lung diseases, COVID-19 is still a concern for pulmonary physicians. In this review, we
have selected the following topics to shed light on the relationships between ILDs and
COVID-19: the pathogenesis of COVID-19 and the establishment of ILD, the impact of
COVID-19 on preexisting ILDs, and ILDs newly induced by COVID-19 or anti-SARS-
CoV-2 vaccines, including manifestation of latent CTD-ILDs. We hope this review will be

helpful for understanding and managing ILDs in this “with-COVID-19” era.
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2. Etiology of COVID-19, ARDS and following pulmonary fibrosis

The exact etiology of COVID-19 and subsequent pulmonary fibrosis is not yet fully
understood. Although respiratory viral infections, not only from SARS-CoV-2 but also
from other viruses, are strongly correlated with the development of pulmonary fibrosis [2],
the molecular mechanisms that lead to fibrosis following viral infections have not been
thoroughly investigated. Therefore, current understanding is partially based on similarities
in clinical features and biomarker profiles with other diseases. The summary of this section

is illustrated in Figure 1.

2.1. Establishment of SARS-CoV-2 infection in the respiratory tract

When SARS-CoV-2 establishes an infection, spike proteins on the surface of the virus
bind to the angiotensin-converting enzyme (ACE)-2 receptors of host cells [3]. Type 2
alveolar epithelial cells (AECs) are one of the cell types known to express ACE-2 receptors
[4] and may be the target cells for infection by SARS-CoV-2.

ACE and ACE-2 receptors are regulators of the renin-angiotensin system. ACE converts
angiotensin (Ang) I to Ang II [7], which has proinflammatory and profibrotic properties
through the activation of various signaling pathways, such as transforming growth factor-§
(TGF-p) [8-10], interleukin (IL)-1p, tissue necrosis factor-a (TNF-a), IL-6 and IL-8
pathways [11, 12], other than releases aldosterone. On the other hand, ACE-2 mediates the
conversion of Ang II into Ang1-7 [13], which has anti-inflammatory and antifibrotic roles
[14], such as downregulation of TGF-P and its downstream pathways [15, 16] and
reduction of reactive oxygen species (ROS) production [17]. Thus, these ACE and ACE-2
activities counteract each other.

In COVID-19, higher viral loads in airway secretions are accompanied by significantly

increased serum Ang II levels in patients with severe COVID-19 pneumonia [19]. The



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

binding of SARS-CoV-2 to ACE-2 receptor and damage in type 2 AECs may cause
downregulation of ACE-2 receptors and promote lung damage in COVID-19.

In addition to ACE-2 receptors, SARS-CoV-2 can also infect host cells via other
receptors, such as integrins avp3 and 6 [20]. Integrin avp6 promotes the
transdifferentiation of fibroblasts into myofibroblasts and the epithelial-mesenchymal
transition (EMT) mediated by TGF-B1 in idiopathic pulmonary fibrosis (IPF) [21, 22].

Thus, the binding of SARS-CoV-2 to those integrins may be a trigger for fibrogenesis.

2.2. Cytokine storm induced in the early phase of COVID-19

Clinically, severe COVID-19 usually develops several days after the onset and can
potentially worsen even after the viral antigens have decreased. Since the distribution of
viral RNA and protein throughout the body does not correspond to the location of damaged
tissues and organs [23], it is believed that the primary cause of severe COVID-19 is an
over-reaction of activated immune cells, known as a “cytokine storm,” which continues
even after the virus has been eliminated. Pro-inflammatory and profibrotic cytokines such
as IL-1PB, IL-6, TGF-B, and TNF-a are secreted by activated AECs, fibroblasts, endothelial
cells, and immune cells [24]. Alveolar macrophages produce IL-1, which stimulates mast
cells to produce IL-6. IL-6 activates neutrophils and promotes their accumulation at the site
of injury and the production of proteases and ROS, resulting in pulmonary interstitial
edema and a severe inflammatory response causing ARDS.

Neutrophil extracellular traps (NETs) are currently in the spotlight as a promoter of
cytokine storms. NETs are web-like structures composed of chromatin decorated with
proteases and released from neutrophils through programmed cell death. NETs promote
cytokine storms by mediating the interaction between neutrophils and macrophages [26],

AEC death [27], and EMT [28]. SARS-CoV-2 promotes the production of NETs, and
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serum NET levels are increased in correlation with the disease severity in ARDS induced
by COVID-19 [29]. A decrease in NETs in the first 3 days of severe COVID-19 is shown

to be correlated with better 28-day survival [30].

2.3. Three pathological phases of ARDS and transition to the wound healing process
Three sequential pathological phases are recognized in the clinical course of ARDS: the
exudative, proliferative, and fibrotic phases [31, 32]. In the exudative phase, diffuse
alveolar damage (DAD) characterized by alveolar interstitial edema, hyalin membrane
formation and inflammatory infiltrate [32, 33] occurs, and the alveolar epithelial-
endothelial barrier is disrupted. COVID-19-induced ARDS is specifically characterized by
impairment of microvasculature, activation of endothelial cells, and coagulopathy [34, 35],
which can cause thromboembolic diseases. In the proliferative phase, the injured lesions
are repaired through re-establishment of the alveolar barrier by epithelial cell regeneration,
fibroblast proliferation and clearance of exudative fluid. The fibrotic phase only occurs in a

subset of patients subsequently.

2.4. Development of pulmonary fibrosis
2.4.1. Lung injury and secretion of TGF-8

Some reports on SARS-CoV, another coronavirus that causes SARS, suggested that the
regulation of the immune response in the acute phase of infection may be related to the
subsequent development of pulmonary fibrosis. For example, signal transducer and
activator of transcription 1 (STAT1) mediates signals from interferons that are protective
against viral infection and regulate the phenotype of macrophages to the more
proinflammatory (M1) rather than the anti-inflammatory and profibrotic (M2) [36]. In mice

infected with SARS-CoV, those lacking STAT1 have shown more severe disease and
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extended pulmonary fibrosis [37, 38].

Additionally, though the mechanism is not well studied in COVID-19, injuries to
alveolar epithelium or endothelium are generally thought to trigger profibrotic reactions. In
the context of COVID-19, viral infection and subsequent inflammation causing DAD can
cause injuries to both AECs and microvasculature. When the alveolar epithelium is
damaged, type 2 AECs proliferate to cover the injured epithelium. Those stressed AECs
induce cell senescence and secrete profibrotic mediators. Transitional epithelial cell types
that express typical features of cell senescence are persistent in IPF lungs [39, 40], and
they are also enriched in COVID-19 lungs [41]. As in IPF [42], shorter telomere length is
associated with more severe disease and the development of pulmonary fibrosis in
COVID-19 [43, 44].

TGF-B is one of the profibrotic mediators secreted by those injured AECs as well as by
endothelial cells and activated inflammatory cells, and it plays a central role in the
pathogenesis of pulmonary fibrosis. It promotes the accumulation of fibroblasts into the
injured site by promoting the migration of fibroblasts all through the lung structures,
recruitment of circulating fibrocytes [45, 46], transdifferentiation of epithelial cells and
endothelial cells via EMT [21, 47, 48], and endothelial-mesenchymal transition [49, 50].
TGF-p also induces activation and proliferation of fibroblasts and their differentiation into
myofibroblasts, and deposition of extracellular matrix (ECM), resulting in basal membrane
disruption and abnormal wound repair.

Signaling from TGF-f is mainly mediated by the Smad2/3 pathway [51], while the
interaction of TGF-B/Smad signaling with other profibrotic pathways, including the
platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and vascular
endothelial growth factor (VEGF) pathways, has also been reported [52, 53]. In COVID-

19, the biomarkers involved in the TGF-§ pathway are increased in lung specimens from
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increased in COVID-19 patients [10, 55], they may be factors correlated with the

formation of PCPF.

2.4.2. Oxidative stress and ventilator-induced lung injury

Oxidative stress 1s considered to be another cause of AEC damage in the context of
COVID-19. Hyperoxia promotes ROS production in mitochondria, which is observed in
IPF pathogenesis [56]. ROS activates TGF-, and TGF-B induces ROS production [57]. On
the other hand, hypoxia may also cause pulmonary fibrosis via EMT induced by hypoxia-
inducible factor-1a [58, 59]. Thus, excessive oxygenation, particularly during mechanical
ventilation, as well as hypoxia due to pneumonia in severe COVID-19 patients, may lead
to the formation of pulmonary fibrosis.

Pulmonary fibrosis can also be induced by excessive airway pressure due to mechanical
ventilation [60, 61], especially under inappropriate ventilator settings. Mechanical
stretching of alveolar spaces may induce profibrotic signaling, apoptosis, and EMT of type
2 AECs [60, 62]. Due to a similar etiology, intense inspiratory effort in spontaneous
breathing may also cause self-inflicted lung injury [63]. Such ventilator-induced lung
injury and post-ARDS pulmonary fibrosis can be reduced with adherence to lung-
protective ventilation strategies, which have already been proven to be effective in
reducing mortality in ARDS [64, 65]. Prone positioning therapy can reduce inspiratory
oxygen concentration by attenuating ventilation-perfusion mismatch and facilitating lung-
protective ventilation by reducing inspiratory driving pressure through a redistribution of

pulmonary edema from the dorsal to the ventral region [66].
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3. The impact of COVID-19 in patients with pre-existing ILD

The presence of comorbidities is a well-known predictor of severe disease in patients
with COVID-19. Chronic lung disease is recognized as one of those comorbidities.
However, not much has been elucidated about the impact of preexisting ILD on COVID-
19. As there is significant concern about the development of acute exacerbation (AE) of
ILDs by COVID-19, it is important to correctly understand how SARS-CoV-2 is
transmitted and harms patients with preexisting ILD.

Moreover, since the use of immunosuppressants is regarded as one of the risk factors for
the severity and mortality of COVID-19, there is also a concern for ILD patients who are

on immunosuppressive treatments.

3.1. The impact of preexisting ILD on susceptibility to COVID-19

The combined evidence regarding chronic ILDs and COVID-19 suggests that patients
with preexisting ILDs may be more susceptible to SARS-CoV-2 infection. The expressions
of ACE-2 and integrin avp6 in AECs, which are the keys for SARS-CoV-2 in entering the
body, are increased in patients with ILDs, particularly in those with IPF [67-69].

A report from South Korea analyzing the data from 8,070 COVID-19 cases and matched
controls showed that the adjusted odds ratio for the presence of ILD compared with
matched controls was 2.02 in the COVID-19 cohort, especially high in young people and
males. IPF, CTD-ILDs, and other diseases were more frequent in the COVID-19 group, but

hypersensitivity pneumonitis (HP) was not [70].

3.2. COVID-19 as a trigger of AE-ILD
Though not a major trigger, viral infection is regarded as one of the triggers of AE-IPF

[71, 72], which is a fatal complication of both IPF and other fibrosing ILDs [73]. As AE-
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IPF is more common in winter and spring than in summer and autumn [74, 75], there may
be a significant number of AEs triggered by viral infections which are not recognized.
There are several case reports of AE-ILDs triggered by COVID-19 [76-79]. As the
clinical symptoms, time course, and radiological features of severe COVID-19 and AE-
ILD resemble each other; it is difficult to differentiate between cases that are simply severe
viral pneumonia and AE-ILD triggered by COVID-19 [80, 81]. In any case, acutely
worsened respiratory failure in COVID-19 patients with preexisting ILD is a devastating
condition like AE-ILD, and some patients are refractory to treatment and pass away [79,
80]. A case series by Kondoh et al. revealed that AE-ILD triggered by COVID-19 showed
higher 30- and 90-day mortalities (50% and 75%, respectively) than AE-ILD not related to
COVID-19 (15% and 16%, respectively) [82]. Based on a review of the relevant literature,
the majority of patients with AE-ILD triggered by COVID-19 are treated with medium-
high dose corticosteroids, including steroid pulse therapy and antiviral agents, with or
without immunosuppressants. COVID-19 should be kept in mind as a trigger when
managing patients with AE-ILD in this COVID era, and further studies regarding proper

treatment strategies are warranted.

3.3.  The impact of preexisting ILD on the severity and prognosis of COVID-19
Preexisting ILDs have had a consistently negative impact on the clinical course of
COVID-19 throughout all studies. According to a report from Wuhan, China, preexisting
ILD was related to an elevated prevalence of cough, sputum, fatigue, difficulty in
breathing, and diarrhea. It was also related to elevated blood neutrophil count and levels of
IL-8, IL-10, IL-1B, and D-dimer [83], which might reflect increased disease activity in
patients with preexisting ILD. In terms of the prognosis, preexisting ILD causes elevated

mortality in COVID-19 [70, 83-90]. It was also associated with higher rates of
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hospitalization, ICU admission, use of mechanical ventilation, and longer hospital stay [84-
87], which reflect a higher severity in patients with preexisting ILD [70, 84]. Drake et al.
reported that the hazard ratio (HR) for mortality in COVID-19 patients with preexisting
ILD was 1.60 [88]. Aveyard et al. analyzed the data from a national registry including
7,454 patients with IPF and 5,677 with non-IPF ILDs and revealed similar trends in
mortality (HR 1.47 for IPF and 2.05 for other ILDs) and hospitalization (HR 1.59 for IPF
and 1.66 for other ILDs) [86].

The prognostic factors for COVID-19 patients with preexisting ILD were also assessed
in several studies. Yamaya et al. reported that diabetes was a risk factor for more severe
COVID-19 [84]. Older age, male sex, history of cancer/hemopathy, long-term oxygen
therapy use, no use of antifibrotics, obesity, impaired diffusing capacity of the lungs for
carbon monoxide (DLco) or forced vital capacity, and consolidation on chest computed
tomography (CT) were reported to be factors correlated with mortality [85, 88, 89, 91].

Among ILD subtypes, Drake et al. revealed that IPF patients have a higher risk of death
than non-IPF ILD patients [88]. Among non-IPF ILDs, HP and rheumatic arthritis (RA)-
related ILD were associated with higher mortality, while other CTD-ILDs and sarcoidosis
were associated with lower mortality [88]. According to a study from France, the 1-month
mortality of COVID-19 patients with fibrotic idiopathic interstitial pneumonia was 35%. In
contrast, the mortality of patients with other ILDs, including CTD-ILD, vasculitis, and
sarcoidosis, was 19%, which was comparable with the mortality of all French COVID-19
patients [89]. On the other hand, there were also studies that found no adverse effect of IPF
on survival and hospitalization [86, 90]. A study using a large-scale database with over 130
million patients with COVID-19 has revealed that IPF, RA-ILD, systemic sclerosis (SSc)-
related ILD, and HP were associated with increased mortality, while Sjogren’s syndrome-

related ILD was associated with decreased mortality [90].
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3.4. The impact of immunosuppressive treatment for preexisting ILDs on the severity and
prognosis of COVID-19

The use of corticosteroids or other immunosuppressive drugs is generally regarded to be
a risk for the elevated incidence and severity of COVID-19 [92-94]. Several reports insist
that patients with autoimmune diseases, including CTD-ILD, have an increased risk of
COVID-19 infection [95, 96] and severe COVID-19 [97]. Though it is unclear whether
autoimmune diseases themselves could be a risk for COVID-19, as most patients with
autoimmune diseases might be on treatment with immunosuppressive agents, it is not
surprising that those patients showed worse outcomes.

Conversely, some articles have reported favorable outcomes in patients with CTD-ILD
treated with immunosuppressants and/or corticosteroids [85, 98]. Ye et al. reported that
though rheumatic diseases were associated with respiratory failure due to COVID-19, they
were not related to the length of hospital stay or mortality rate [99]. Given that
corticosteroids [100], baricitinib [101], and tocilizumab [102] are now used for treating
moderate-severe COVID-19, those agents may possibly be effective in improving
outcomes in COVID-19. Therefore, further information is necessary to confirm whether
any immunosuppressive treatments for ILDs have a negative impact on COVID-19

management.
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4. Pulmonary fibrosis as a sequelae of COVID-19

As longer-term follow-up data is accumulated, persisting symptoms after the recovery
from acute COVID-19 have been recognized as post-COVID-19 complications [103].
Pulmonary fibrosis is one of them, which may deteriorate patients’ quality of life (QOL)
and pulmonary function significantly. As pulmonary fibrosis is a common complication of
ARDS [104] and viral infection is suspected to cause chronic fibrotic ILDs [105, 106], it is
not surprising that pulmonary fibrosis may also develop after COVID-19.

As the severity and mortality of COVID-19 have become much lower than at first due to
the establishment of treatment/prevention strategies and possibly due to the repeated
mutations of SARS-CoV-2, the prevalence of PCPF should have reduced significantly.
However, as there is still a subset of patients with severe COVID-19 and following residual
pulmonary fibrosis, we need to be familiar with the clinical features of PCPF and

recognize SARS-CoV-2 as a potential inducer of pulmonary fibrosis.

4.1. Pulmonary function impairment and radiological abnormalities in PCPF

In findings within a few weeks from disease onset, “fibrotic” abnormalities on chest CT
can be seen as early as 3 weeks after the onset, regardless of the original severity [107,
108]. Baseline chest CT abnormality of moderate COVID-19 is mainly comprised of
ground-glass opacity (GGO) and consolidations [109]. In terms of pulmonary function, the
prevalence of DLco and total lung capacity impairment was reported to be 25-50% at
discharge and was particularly worse in patients with severe disease [110]. Though PCPF
is generally thought to be formed in the acute phase of COVID-19 and become stable
afterward, there are several reports describing cases with extensive pulmonary fibrosis that
progressed over several weeks after recovery from COVID-19 [111-114].

At several months after the diagnosis of COVID-19, the prevalence of consolidation on
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chest CT becomes lower, while GGO is still a predominant finding [115, 116].
Additionally, mosaic attenuations, reticulation, architectural distortion, and, particularly in
patients recovered from ARDS, bronchiectasis/bronchiolectasis are common CT
abnormalities at 3-4 months [115, 117].

According to findings at 1-year follow-up after hospitalization, there were still 25% of
patients who showed CT abnormalities, the majority of which were GGO, reticulation, and
traction bronchiectasis/bronchiolectasis [118, 119]. As GGO represents not only alveolar
exudate in the acute phase of inflammation but also fine fibrotic lesions, GGO observed at
1-year follow-up may reflect the latter. Thus, fibrotic abnormalities are thought to become
a more common finding as time passes.

In a meta-analysis of 70 studies conducted by Fabbri et al., inflammatory findings on
chest CT, such as GGO and consolidation, were observed in 50% of follow-up CTs within
1 year, while fibrotic findings such as reticulation, architectural distortion, interlobular
septal thickening, traction bronchiectasis, and honeycombing were observed in 29% [120].
The prevalence of DLco impairment was 38%, and of restrictive disorder was 17%. Among
the above parameters, the prevalence of CT inflammatory findings was the only parameter
that significantly reduced over time (3.6%/month) [120]. However, the prevalence of each
radiological and functional parameter varied significantly among studies, partly because
the definition of fibrotic and inflammatory CT findings and disease severity of the included
patients varied from study to study and because most studies included in this meta-analysis
were cross-sectional and lacked longitudinal follow-up data from the same patients.

From 2022 onwards, a number of reports with relatively longer-term longitudinal
follow-up data have become available. Bocchino et al. have reported that the prevalence of
GGO was high at 3-month follow-up (94%) but dropped to 20% at 6 months and 2% at 1

year. The prevalence of consolidations dropped from 71% to 13% at 3 months and totally
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disappeared at 6 months, while fibrotic abnormalities became evident at 3 months (2%)
and persisted until the 1-year follow-up [109]. Other studies also showed that the
prevalence of chest CT abnormality and DLco impairment gradually reduced over time
until 1-year follow-up [116, 119, 121, 122]. Meanwhile, some reports showed no
significant improvement in those parameters, particularly in fibrotic CT abnormalities,
between 6 and 12 months [123, 124].

Although data on longer-term follow-up are lacking in the field of COVID-19, we can
assume the natural course of PCPF through our experience of the previous coronavirus
outbreak. According to 15-year observational data on patients with severe acute respiratory
syndrome, the severity and prevalence of residual pulmonary fibrosis was reduced within
the first year after recovery from the acute phase but remained unchanged in the next 14

years [125]. We should obtain further observational data on COVID-19 in the near future.

4.2. Histopathology of PCPF

The early reports on lung histopathology of COVID-19 were mainly on findings from
autopsy or explant samples from patients with fatally severe disease in the acute phase.
According to those reports, a significant number of patients showed a histopathological
transition from DAD to pulmonary fibrosis [126, 127].

In recent studies, biopsy findings from milder diseases and particularly from PCPF have
been reported. Doglioni et al. performed transbronchial lung cryobiospy in patients with
non-severe COVID-19 within 20 days from the onset. The distortion of alveolar
architecture, type 2 AEC hyperplasia, diffuse vascular dilatation, and hyperplastic
interstitial capillaries/venules were observed [128]. In another study, transbronchial biopsy
samples from 6 patients with PCPF 4-15 months after discharge showed bronchiolocentric

interstitial pneumonia, most of which presented with architectural distortion and



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

peribronchial remodeling with ECM deposition [129]. In findings from surgical lung
biopsy samples obtained at 2-4-month follow-up, diffuse interstitial fibrosis and areas of
microscopic honeycombing were present [130]. Konopka et al. summarized the findings
from 18 PCPF patients at 3-6 months after the onset, which showed that a usual interstitial
pneumonia (UIP) pattern [131] was the most common finding (7 out of 18 cases), while a
mixture of organizing DAD with fibrotic changes (cicatricial organizing pneumonia (OP)
or nonspecific interstitial pneumonia-like fibrosis) was also common. Patients with a UIP
pattern were older than those without and likely presented persistent respiratory symptoms

[132].

4.3. Risk factors of PCPF

Various clinical and radiological parameters have been reported to be correlated with the
development of PCPF, such as older age [119, 124, 133-139], male sex [133-135, 140],
higher body mass index [136, 137], comorbidities [134-136], parameters related to disease
severity such as mechanical ventilation or ICU admission [124, 133, 134, 138-140],
dyspnea [134, 138, 140], lower blood lymphocytes [134, 141], higher C-reactive protein
level [134, 138], and more severe and broader abnormalities on the initial or the worst
chest CT [124, 138]. In a meta-analysis, older age, chronic obstructive pulmonary disease,
higher CT score, ICU admission, mechanical ventilation, and longer hospital stay were
significantly associated with the development of PCPF, and cough, chest pain, and fever
were more common in the acute phase in patients who eventually developed PCPF [142].
As the severity of COVID-19 is an important predictor of PCPF, these clinical parameters
are in common with the prognostic factors of COVID-19 itself. In addition to those cross-
sectional parameters, Huang et al. studied the impact of changes in several blood test

markers over time. In patients who developed PCPF, lactate dehydrogenase levels
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increased in the first 4 weeks and decreased afterward, and C-reactive protein was
consistently high even 4 weeks after the onset of COVID-19. In patients who did not
develop PCPF, those parameters started to decline at 2 weeks after the onset [134].
Though not routinely measured in clinical practice, some experimental markers related
to the severity of inflammatory and fibrotic reactions have also been reported to be related
to an elevated risk of PCPF. McGroder et al. revealed that shorter age-adjusted telomere
length was independently associated with PCPF at 4 months after hospitalization [44].
Circulating IFN-y has also been reported to be correlated with PCPF [143]. Krebs von den
Lungen-6, which is a glycoprotein and an extracellular region of human MUCI mucin
cleaved from the cell surface in response to injury of type 2 AECs [144], is increased in the
acute phase in patients who later develop PCPF [145, 146]. It predicts the reversibility of

the CT fibrotic changes, and it may decrease after the formation of fibrosis [147].

4.4. Prevention and treatment of PCPF

For the moment, there is no specific drug that has been shown to be effective for PCPF.
Based on the experience of other fibrotic diseases and theoretical background, several
treatments have already been tried for PCPF. We have picked out some of them here and

introduced the information available so far.

4.4.1. Antifibrotics

Pirfenidone and nintedanib have become key drugs for controlling the disease
progression of IPF and other fibrotic ILDs in the last 8 years. Pirfenidone regulates the
levels of TGF-B and TNF-a in vitro [148, 149] and reduces the proliferation of fibroblasts
and the production of collagen in animal models of lung fibrosis [150, 151]. It is also a

scavenger of ROS [152] and downregulates ACE receptor expression [153]. Nintedanib is
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an inhibitor of receptor tyrosine kinases of multiple growth factors, including VEGF, FGF,
and PDGF [154], whose downstream pathways interact with the TGF-f pathway.

In 2014, two large-scale international phase 3 randomized controlled trials revealed a
positive effect of pirfenidone and nintedanib in suppressing disease progression and
preventing AE of IPF [155, 156]. Moreover, these drugs have shown a survival benefit as
well [157, 158], though this was not proven as a primary outcome in a clinical trial. More
recently, these drugs have shown a similar treatment effect on non-IPF fibrosing ILDs,
which are progressive despite other possible treatments, such as anti-inflammatory agents
[159, 160].

There are some case reports of PCPF treated by pirfenidone or nintedanib, which were
well tolerated, resulting in the improvement of fibrosis [161-163]. In an interventional
study from Japan, nintedanib led to improvement in the length of mechanical ventilation
and CT volumetry in patients with mechanically ventilated COVID-19, though no benefit
on mortality was found [164]. According to a recent randomized controlled trial for
pirfenidone in severe COVID-19 conducted in China, pirfenidone did not improve chest
CT findings, but the levels of inflammatory markers such as IL-2R, TNF-a, and D-dimer
were decreased [165]. As some other clinical trials of those agents for PCPF are or soon

will be underway (Table 1), evidence is expected to be updated in the near future.

4.4.2. Corticosteroid

Dexamethasone was the first drug proven to have a positive effect on acute COVID-19
[100]. As disease severity is one of the robust predictors of PCPF, it may be true that
prevention of deterioration in the acute phase is important for preventing the development
of PCPF. However, the effect on PCPF of corticosteroids commenced after recovery from

the acute phase has not been well studied.
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In a preliminary study from the UK, patients with abnormal parenchymal shadows on
chest CT at 6 weeks after a diagnosis of COVID-19 took up to 0.5 mg/kg/day of
prednisolone for their extensively remaining OP-like shadows. All patients showed
significant improvement in their breathlessness, pulmonary function, and chest CT findings
3 weeks later [166]. The dose of prednisolone was evaluated in a controlled trial comparing
a high dose (starting from 40 mg/day and tapered every 1-2 weeks down to 10 mg/day) and
a low dose (10 mg/day), both of which were started 3-8 weeks after the onset of COVID-
19, continued for 6 weeks and showed a similar effect on dyspnea and radiological
improvement. Treatment-related adverse events were not different between the groups
[167]. Although these studies showed a potential benefit of corticosteroid on PCPF as long
as it is commenced within 2 months after disease onset, it is still unknown whether the
improvement was due to the treatment or was just the natural course of the disease since

they lacked control groups.

4.4.3. Other therapeutic strategies

Though the evidence in the field of pulmonary fibrosis is limited, some other drugs, such
as sirolimus (rapamycin), treamide, and the Chinese herbal medicine fuzheng huayu, are
now under study for the treatment of PCPF (Table 1). In addition, medicines used for
controlling acute COVID-19, such as remdesivir, baricitinib, and tocilizumab, are also
considered to be important drugs that can attenuate the severity of the disease.

Apart from drug therapies, a lung-protective mechanical ventilation strategy may also be
important [64, 65], as discussed in section 2.4.3. Moreover, pulmonary rehabilitation is
generally effective for decreasing dyspnea and improving exercise capacity and QOL in
patients with pulmonary fibrosis [168]. In a randomized controlled trial for the efficacy of

pulmonary rehabilitation on post-COVID-19 conditions, a 6-week intervention group



showed significant improvement in pulmonary function, exercise capacity, QOL, and
anxiety/depression assessment score [169].
Further treatment approaches may be presented in the near future through the various

trials that are already underway.
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5. ILD induced by mRNA vaccine for SARS-CoV-2

COVID-19 vaccination induces a Thl-cell response [170], releasing cytokines such as
IL-2, TNF-a, and IFN-y, which upregulate macrophage activation and may cause acute
lung injury. Alternatively, it is possible that the adjuvants included in the vaccines could
also induce abnormal immune reactions causing lung injury. Although no vaccine-related
ILD or death has been reported in large clinical trials of mRNA vaccines for SARS-CoV-2
[171, 172], as those vaccines have become used broadly, it has been revealed that some
people experience development or exacerbation of ILD possibly induced by the vaccines.
The WHO global pharmacovigilance database (VigiAccess) shows 5,262 cases, which
account for 0.05% of all registered vaccine shots, of abnormal lung shadows or
pneumonitis, such as the words “ARDS,” “ILD” and “pulmonary fibrosis™ after
administration of the BNT162b2 vaccine (Pfizer/BioNTech) [173].

To date, case-based information has been accumulated, starting with the first case report
of vaccine-related ILD induced by an mRNA vaccine [174]. These cases have consistently
shown that ILD occurred within 1-10 days after the first or second shot of the vaccine and
sometimes improved spontaneously [175-177] but sometimes was accompanied by
respiratory failure and treated with corticosteroid (methylprednisolone 0.5-1mg/kg and/or
pulse therapy) [177-182]. The major radiological findings are GGO and consolidation
represented by an HP or OP pattern [175, 181]. Histopathological lymphocytic alveolitis,
or OP, was proven in some of these cases [181, 182]. Barrio Piqueras et al. reported a case
of acute eosinophilic pneumonia induced by mRNA vaccine [176].

For the viral vector vaccines, there is a reported case of acute eosinophilic pneumonia
induced 1 day after the first vaccination [183]. Another report showed ILD induced 18
days after vaccination and successfully treated with methylprednisolone pulse therapy

followed by gradual tapering of prednisone [184]. For the inactivated vaccines, there is a
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case report of ILD induced 2 days after administration that required mechanical
ventilation, which was treated with methylprednisolone pulse therapy [185].

Vaccines may also cause AE of preexisting ILDs. There are some case reports of AE-
ILDs induced 1-14 days after administration of mRNA vaccines that were successfully
treated with corticosteroids and/or immunosuppressants [186-189] or were refractory to the
treatment and resulted in death [189, 190].

Although ILD and AE-ILD are relatively rare among the complications induced by
vaccines, physicians, especially those who care for patients with ILDs, should be aware of

those complications.
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6. Manifestation of latent CTD-ILD induced by COVID-19 or anti-SARS-CoV-2
vaccines

Molecular mimicry, which happens when the same lymphocyte receptor recognizes both
a self-protein and a foreign antigen due to their structural similarity, plays an important
role in the pathogenesis of various autoimmune diseases [191]. Vojdani et al. reported that
human monoclonal antibodies against SARS-CoV-2 had reactivity with 28 out of 55
human tissue antigens [192]. Various autoantibodies are induced in patients with COVID-
19, such as antinuclear antibody, lupus anticoagulant, anti-melanoma differentiation-
associated gene-5 (MDA-5) antibody and anti-neutrophilic cytoplasmic antibody [193-
196], which induce or exacerbate autoimmune diseases [196-198]. In addition to SARS-
CoV-2 infection, mRNA vaccines also induce autoimmune syndromes, not only due to the
similarities in the immune responses induced by COVID-19 and mRNA vaccines but also
to the adjuvants contained in the vaccines, which is referred to as
“autoimmune/inflammatory induced by adjuvants (ASIA)” [199].

Among these autoimmune diseases, the clinical features of anti-MDA-5 antibody-
positive polymyositis/dermatomyositis (PM/DM)-ILD (including clinically amyopathic
dermatomyositis) are recognized to resemble COVID-19, including serum cytokine
profiles such as elevated IL-6, I[L-8 and IL-10 [200]. These two diseases share several
pathogenic pathways through activation of the type 1 interferon pathway, which may
explain their similarities. MDA-5 is a cytoplasmic viral RNA sensor for viruses such as
coronavirus and picornavirus and promotes the production of type 1 interferon and
activation of downstream signaling for viral clearance [201, 202].

After the beginning of the COVID-19 pandemic, the incidence of anti-synthetase
antibody-positive patients has increased. The most common antibodies were anti-MDA-5

and some anti-aminoacyl tRNA synthetase antibodies [203]. As PM/DM positive for those
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antibodies is frequently associated with rapidly progressive ILD, the incidence of PM/DM-
ILD might be increased after the COVID-19 pandemic. Particularly, PM/DM-ILD induced
by vaccination needs to be cared for cautiously as an iatrogenic adverse event. There are
several case reports of PM/DM-ILD induced by mRNA vaccines [204-206], including
those with positive anti-Jo-1 antibody [204] or anti-MDA-5 antibody [205, 206], induced
by both mRNA and virus vector vaccines.

Though it is not easy to pick out people at risk for having latent autoimmune diseases,
we should be aware of the possibility of the development of de novo autoimmune diseases
when managing systemic symptoms induced after COVID-19 or anti-SARS-CoV-2

vaccination.
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7. Conclusions

Over the 3 years of the COVID-19 pandemic, various facts have been revealed regarding
the relationships between COVID-19 and ILDs. However, there are still plenty of things
that remain unknown in the context of COVID-19, which are so far assumed with
reference to the evidence of ILDs. For instance, the etiology of COVID-19-induced acute
lung injury and PCPF is mostly unknown. Possible etiologies have been assumed based on
the cytokine profile in the acute phase of COVID-19, but the real correlations between
those cytokines and the etiology of COVID-19 need to be studied.

In terms of clinical information, the currently available epidemiological data are based
mostly on COVID-19 patients diagnosed in the early phase of the pandemic (by the middle
of 2020). In this early phase, no treatment/prevention strategies, such as corticosteroids or
vaccines, had been established yet. In addition, as SARS-CoV-2 has mutated repeatedly,
the virus might have become less virulent. Thus, the disease we experienced in the early
phase may be different from that in the current clinical practice.

Nevertheless, we think it is still worth looking back at those data for an understanding of
viral pneumonia and ILD affected by viral infection. There are likely to be plenty of
similarities in the underlying mechanisms of severe viral pneumonia, cytokine storm,
development of pulmonary fibrosis, and the manifestation of latent immune reactions
between those induced by SARS-CoV-2 and those induced by other respiratory viruses.
Therefore, abundant information containing a significant amount of data from patients with
severe COVID-19 is undoubtedly important not only as records of the past but also as a
legacy for broadening our perspectives in the field of viral infections. Further studies to
elucidate the detailed etiology and management of PCPF and provide longer-term follow-
up data as sequels to the current reports and characterization of ILDs induced by viral

infections are expected.



Conflict of Interest
Yasuhiro Kondoh received lecture fees from Boehringer Ingelheim Co., Ltd. Jun Fukihara

has no conflict of interest.

Acknowledgement
This work was supported in part by a grant-in-aid of the interstitial lung disease research

group from the Japanese Ministry of Health, Labour and Welfare.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

References

1. World Health Organization. WHO Coronavirus (COVID-19) Dashboard,

https://covid19.who.int/ [accessed 30 October 2022].

. Venkataraman T,Frieman MB. The role of epidermal growth factor receptor (EGFR)

signaling in SARS coronavirus-induced pulmonary fibrosis. Antiviral Res

2017;143:142-50. 10.1016/j.antiviral.2017.03.022.

. Shang J, Wan Y, Luo C, Ye G, Geng Q, Auerbach A,Li F. Cell entry mechanisms of

SARS-CoV-2. Proc Natl Acad Sci U S A 2020;117:11727-34.

10.1073/pnas.2003138117.

. Chu H, Chan JF, Wang Y, Yuen TT, Chai Y, Hou Y, Shuai H, Yang D, Hu B, Huang X,

Zhang X, Cai JP, Zhou J, Yuan S, Kok KH, To KK, Chan IH, Zhang AJ, Sit KY, Au
WK, Yuen KY. Comparative Replication and Immune Activation Profiles of SARS-CoV-
2 and SARS-CoV in Human Lungs: An Ex Vivo Study With Implications for the

Pathogenesis of COVID-19. Clin Infect Dis 2020;71:1400-9. 10.1093/cid/ciaa410.

. Lamers MM, Beumer J, van der Vaart J, Knoops K, Puschhof J, Breugem T1I, Ravelli

RBG, Paul van Schayck J, Mykytyn AZ, Duimel HQ, van Donselaar E, Riesebosch S,
Kuijpers HIH, Schipper D, van de Wetering WJ, de Graaf M, Koopmans M, Cuppen E,
Peters PJ, Haagmans BL,Clevers H. SARS-CoV-2 productively infects human gut

enterocytes. Science 2020;369:50-4. 10.1126/science.abc1669.

. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G,van Goor H. Tissue distribution

of ACE2 protein, the functional receptor for SARS coronavirus. A first step in

understanding SARS pathogenesis. J Pathol 2004;203:631-7. 10.1002/path.1570.

. Skeggs LT, Dorer FE, Levine M, Lentz KE,Kahn JR. The biochemistry of the renin-

angiotensin system. Adv Exp Med Biol 1980;130:1-27. 10.1007/978-1-4615-9173-3 1.

8. Tharaux PL, Chatziantoniou C, Fakhouri F,Dussaule JC. Angiotensin II activates



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

collagen I gene through a mechanism involving the MAP/ER kinase pathway.

Hypertension 2000;36:330-6. 10.1161/01.hyp.36.3.330.

9. He R, Zhang J, Luo D, Yu Y, Chen T, Yang Y, Yu F,Li M. Upregulation of Transient

Receptor Potential Canonical Type 3 Channel via AT1R/TGF- B1/Smad2/3 Induces
Atrial Fibrosis in Aging and Spontaneously Hypertensive Rats. Oxid Med Cell Longev
2019;2019:4025496. 10.1155/2019/4025496.

10. XulJ, Xu X, Jiang L, Dua K, Hansbro PM,Liu G. SARS-CoV-2 induces
transcriptional signatures in human lung epithelial cells that promote lung fibrosis.
Respir Res 2020;21:182. 10.1186/s12931-020-01445-6.

11.  Wong MH, Chapin OC,Johnson MD. LPS-stimulated cytokine production in type I
cells is modulated by the renin-angiotensin system. Am J Respir Cell Mol Biol
2012;46:641-50. 10.1165/rcmb.2011-02890C.

12.  McDonald LT. Healing after COVID-19: are survivors at risk for pulmonary fibrosis?
Am J Physiol Lung Cell Mol Physiol 2021;320:L.257-L65.
10.1152/ajplung.00238.2020.

13.  Donoghue M, Hsieh F, Baronas E, Godbout K, Gosselin M, Stagliano N, Donovan
M, Woolf B, Robison K, Jeyaseelan R, Breitbart RE,Acton S. A novel angiotensin-
converting enzyme-related carboxypeptidase (ACE2) converts angiotensin I to
angiotensin 1-9. Circ Res 2000;87:E1-9. 10.1161/01.res.87.5.el.

14. Shenoy V, Ferreira AJ, Q1Y, Fraga-Silva RA, Diez-Freire C, Dooies A, Jun JY,
Sriramula S, Mariappan N, Pourang D, Venugopal CS, Francis J, Reudelhuber T, Santos
RA, Patel JM, Raizada MK Katovich MJ. The angiotensin-converting enzyme
2/angiogenesis-(1-7)/Mas axis confers cardiopulmonary protection against lung fibrosis
and pulmonary hypertension. Am J Respir Crit Care Med 2010;182:1065-72.

10.1164/rccm.200912-18400C.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

15. Wang L, Wang Y, Yang T, Guo Y,Sun T. Angiotensin-Converting Enzyme 2
Attenuates Bleomycin-Induced Lung Fibrosis in Mice. Cell Physiol Biochem
2015;36:697-711. 10.1159/000430131.

16. Choi HS, Kim 1J, Kim CS, Ma SK, Scholey JW, Kim SW,Bae EH. Angiotensin-[1-7]
attenuates kidney injury in experimental Alport syndrome. Sci Rep 2020;10:4225.
10.1038/s41598-020-61250-5.

17.  Wang J, Chen S,Bihl J. Exosome-Mediated Transfer of ACE2 (Angiotensin-
Converting Enzyme 2) from Endothelial Progenitor Cells Promotes Survival and
Function of Endothelial Cell. Oxid Med Cell Longev 2020;2020:4213541.
10.1155/2020/4213541.

18. ImaiY, Kuba K, Rao S, Huan Y, Guo F, Guan B, Yang P, Sarao R, Wada T, Leong-
Poi H, Crackower MA, Fukamizu A, Hui CC, Hein L, Uhlig S, Slutsky AS, Jiang
C,Penninger JM. Angiotensin-converting enzyme 2 protects from severe acute lung
failure. Nature 2005;436:112-6. 10.1038/nature03712.

19. LiuY, Yang Y, Zhang C, Huang F, Wang F, Yuan J, Wang Z, LiJ, Feng C, Zhang Z,
Wang L, Peng L, Chen L, Qin Y, Zhao D, Tan S, Yin L, Xu J, Zhou C, Jiang C,Liu L.
Clinical and biochemical indexes from 2019-nCoV infected patients linked to viral
loads and lung injury. Sci China Life Sci 2020;63:364-74. 10.1007/s11427-020-1643-8.

20. CalverJ, Joseph C, John AE, Organ L, Fainberg H, Porte J, Mukhopadhyay S,
Barton L, Stroberg E, Duval E, Copin M, Poissy J, Steinestrel K, Tatler AL,Jenkins G.
The novel coronavirus SARS-CoV-2 binds RGD integrins and upregulates avb3
integrins in Covid-19 infected lungs. Thorax 2021;76(SUPPL 1):A22-A3.
10.1136/thorax-2020-BTSabstracts.37.

21. Kim KK, Kugler MC, Wolters PJ, Robillard L, Galvez MG, Brumwell AN, Sheppard

D,Chapman HA. Alveolar epithelial cell mesenchymal transition develops in vivo



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

during pulmonary fibrosis and is regulated by the extracellular matrix. Proc Natl Acad
Sci U S A2006;103:13180-5. 10.1073/pnas.0605669103.

22. John AE, Graves RH, Pun KT, Vitulli G, Forty EJ, Mercer PF, Morrell JL, Barrett
JW, Rogers RF, Hafeji M, Bibby LI, Gower E, Morrison VS, Man Y, Roper JA, Luckett
JC, Borthwick LA, Barksby BS, Burgoyne RA, Barnes R, Le J, Flint DJ, Pyne S,
Habgood A, Organ LA, Joseph C, Edwards-Pritchard RC, Maher TM, Fisher AJ,
Gudmann NS, Leeming DJ, Chambers RC, Lukey PT, Marshall RP, Macdonald SJF,
Jenkins RG,Slack RJ. Translational pharmacology of an inhaled small molecule av6
integrin inhibitor for idiopathic pulmonary fibrosis. Nat Commun 2020;11:4659.
10.1038/s41467-020-18397-6.

23. Dorward DA, Russell CD, Um IH, Elshani M, Armstrong SD, Penrice-Randal R,
Millar T, Lerpiniere CEB, Tagliavini G, Hartley CS, Randle NP, Gachanja NN, Potey
PMD, Dong X, Anderson AM, Campbell VL, Duguid AJ, Al Qsous W, BouHaidar R,
Baillie JK, Dhaliwal K, Wallace WA, Bellamy COC, Prost S, Smith C, Hiscox JA,
Harrison DJ,Lucas CD. Tissue-Specific Immunopathology in Fatal COVID-19. Am J
Respir Crit Care Med 2021;203:192-201. 10.1164/rccm.202008-32650C.

24.  Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, Wang T, Zhang X, Chen H, Yu H,
Zhang M, Wu S, Song J, Chen T, Han M, Li S, Luo X, Zhao J,Ning Q. Clinical and
immunological features of severe and moderate coronavirus disease 2019. J Clin Invest
2020;130:2620-9. 10.1172/JC1137244.

25. de Bont CM, Boelens WC,Pruijn GIM. NETosis, complement, and coagulation: a
triangular relationship. Cell Mol Immunol 2019;16:19-27. 10.1038/s41423-018-0024-0.

26. Song C,LiH, LiY, Dai M, Zhang L, Liu S, Tan H, Deng P, Liu J, Mao Z, Li Q, Su
X, Long Y, Lin F, Zeng Y, Fan Y, Luo B, Hu C,Pan P. NETs promote ALI/ARDS

inflammation by regulating alveolar macrophage polarization. Exp Cell Res



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

2019;382:111486. 10.1016/j.yexcr.2019.06.031.

27. Veras FP, Pontelli MC, Silva CM, Toller-Kawahisa JE, de Lima M, Nascimento DC,
Schneider AH, Caetité D, Tavares LA, Paiva IM, Rosales R, Colon D, Martins R, Castro
IA, Almeida GM, Lopes MIF, Benatti MN, Bonjorno LP, Giannini MC, Luppino-Assad
R, Almeida SL, Vilar F, Santana R, Bollela VR, Auxiliadora-Martins M, Borges M,
Miranda CH, Pazin-Filho A, da Silva LLP, Cunha LD, Zamboni DS, Dal-Pizzol F,
Leiria LO, Siyuan L, Batah S, Fabro A, Mauad T, Dolhnikoff M, Duarte-Neto A,
Saldiva P, Cunha TM, Alves-Filho JC, Arruda E, Louzada-Junior P, Oliveira RD,Cunha
FQ. SARS-CoV-2-triggered neutrophil extracellular traps mediate COVID-19
pathology. J Exp Med 2020;217:10.1084/jem.20201129.

28. Pandolfi L, Bozzini S, Frangipane V, Percivalle E, De Luigi A, Violatto MB, Lopez
G, Gabanti E, Carsana L, D'Amato M, Morosini M, De Amici M, Nebuloni M, Fossali
T, Colombo R, Saracino L, Codullo V, Gnecchi M, Bigini P, Baldanti F, Lilleri
D,Meloni F. Neutrophil Extracellular Traps Induce the Epithelial-Mesenchymal
Transition: Implications in Post-COVID-19 Fibrosis. Front Immunol 2021;12:663303.
10.3389/fimmu.2021.663303.

29. ZuoY, Yalavarthi S, Shi H, Gockman K, Zuo M, Madison JA, Blair C, Weber A,
Barnes BJ, Egeblad M, Woods RJ, Kanthi Y,Knight JS. Neutrophil extracellular traps in
COVID-19. JCI Insight 2020;5:10.1172/jci.insight.138999.

30. Godement M, Zhu J, Cerf C, Vieillard-Baron A, Maillon A, Zuber B, Bardet V,Geri
G. Neutrophil Extracellular Traps in SARS-CoV?2 Related Pneumonia in ICU Patients:
The NETCOV2 Study. Front Med (Lausanne) 2021;8:615984.
10.3389/fmed.2021.615984.

31. Tomashefski JF. Pulmonary pathology of acute respiratory distress syndrome. Clin

Chest Med 2000;21:435-66. 10.1016/50272-5231(05)70158-1.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

32. Thille AW, Esteban A, Ferndndez-Segoviano P, Rodriguez JM, Aramburu JA, Vargas-
Errazuriz P, Martin-Pellicer A, Lorente JA,Frutos-Vivar F. Chronology of histological
lesions in acute respiratory distress syndrome with diffuse alveolar damage: a
prospective cohort study of clinical autopsies. Lancet Respir Med 2013;1:395-401.
10.1016/S2213-2600(13)70053-5.

33. Katzenstein AL, Bloor CM,Leibow AA. Diffuse alveolar damage--the role of
oxygen, shock, and related factors. A review. Am J Pathol 1976;85:209-28.

34. Patel BV, Arachchillage DJ, Ridge CA, Bianchi P, Doyle JF, Garfield B, Ledot S,
Morgan C, Passariello M, Price S, Singh S, Thakuria L, Trenfield S, Trimlett R, Weaver
C, Wort SJ, Xu T, Padley SPG, Devaraj A,Desai SR. Pulmonary Angiopathy in Severe
COVID-19: Physiologic, Imaging, and Hematologic Observations. Am J Respir Crit
Care Med 2020;202:690-9. 10.1164/rccm.202004-14120C.

35.  McGonagle D, Bridgewood C,Meaney JFM. A tricompartmental model of lung
oxygenation disruption to explain pulmonary and systemic pathology in severe COVID-
19. Lancet Respir Med 2021;9:665-72. 10.1016/S2213-2600(21)00213-7.

36. Klaver D,Thurnher M. Control of Macrophage Inflammation by P2Y Purinergic
Receptors. Cells 2021;10:10.3390/cells10051098.

37. Hogan RJ, Gao G, Rowe T, Bell P, Flieder D, Paragas J, Kobinger GP, Wivel NA,
Crystal RG, Boyer J, Feldmann H, Voss TG, Wilson JM. Resolution of primary severe
acute respiratory syndrome-associated coronavirus infection requires Statl. J Virol
2004;78:11416-21. 10.1128/JVI1.78.20.11416-11421.2004.

38. Page C, Goicochea L, Matthews K, Zhang Y, Klover P, Holtzman MJ, Hennighausen
L,Frieman M. Induction of alternatively activated macrophages enhances pathogenesis
during severe acute respiratory syndrome coronavirus infection. J Virol 2012;86:13334-

49.10.1128/JV1.01689-12.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

39. Adams TS, Schupp JC, Poli S, Ayaub EA, Neumark N, Ahangari F, Chu SG, Raby
BA, Deluliis G, Januszyk M, Duan Q, Arnett HA, Siddiqui A, Washko GR, Homer R,
Yan X, Rosas 10,Kaminski N. Single-cell RNA-seq reveals ectopic and aberrant lung-
resident cell populations in idiopathic pulmonary fibrosis. Sci Adv 2020;6:eabal983.
10.1126/sciadv.abal983.

40. Habermann AC, Gutierrez AJ, Bui LT, Yahn SL, Winters NI, Calvi CL, Peter L,
Chung M1, Taylor CJ, Jetter C, Raju L, Roberson J, Ding G, Wood L, Sucre JMS,
Richmond BW, Serezani AP, McDonnell WJ, Mallal SB, Bacchetta MJ, Loyd JE,
Shaver CM, Ware LB, Bremner R, Walia R, Blackwell TS, Banovich NE,Kropski JA.
Single-cell RNA sequencing reveals profibrotic roles of distinct epithelial and
mesenchymal lineages in pulmonary fibrosis. Sci Adv 2020;6:eabal972.
10.1126/sciadv.abal972.

41. Bharat A, Querrey M, Markov NS, Kim S, Kurihara C, Garza-Castillon R, Manerikar
A, Shilatifard A, Tomic R, Politanska Y, Abdala-Valencia H, Yeldandi AV, Lomasney
JW, Misharin AV,Budinger GRS. Lung transplantation for patients with severe COVID-
19. Sci Transl Med 2020;12:10.1126/scitranslmed.abe4282.

42. Cronkhite JT, Xing C, Raghu G, Chin KM, Torres F, Rosenblatt RL,Garcia CK.
Telomere shortening in familial and sporadic pulmonary fibrosis. Am J Respir Crit Care
Med 2008;178:729-37. 10.1164/rccm.200804-5500C.

43. Froidure A, Mahieu M, Hoton D, Laterre PF, Yombi JC, Koenig S, Ghaye B, Defour
JP,Decottignies A. Short telomeres increase the risk of severe COVID-19. Aging
(Albany NY) 2020;12:19911-22. 10.18632/aging.104097.

44.  McGroder CF, Zhang D, Choudhury MA, Salvatore MM, D'Souza BM, Hoffman
EA, Wei Y, Baldwin MR,Garcia CK. Pulmonary fibrosis 4 months after COVID-19 is

associated with severity of illness and blood leucocyte telomere length. Thorax



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

2021;76:1242-5. 10.1136/thoraxjnl-2021-217031.

45. Andersson-Sjoland A, de Alba CG, Nihlberg K, Becerril C, Ramirez R, Pardo A,
Westergren-Thorsson G,Selman M. Fibrocytes are a potential source of lung fibroblasts
in idiopathic pulmonary fibrosis. Int J Biochem Cell Biol 2008;40:2129-40.
10.1016/j.biocel.2008.02.012.

46. Hong KM, Belperio JA, Keane MP, Burdick MD,Strieter RM. Differentiation of
human circulating fibrocytes as mediated by transforming growth factor-beta and
peroxisome proliferator-activated receptor gamma. J Biol Chem 2007;282:22910-20.
10.1074/jbc.M703597200.

47. Gonzalez DM,Medici D. Signaling mechanisms of the epithelial-mesenchymal
transition. Sci Signal 2014;7:re8. 10.1126/scisignal.2005189.

48. Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Crandall ED, du Bois
RM,Borok Z. Induction of epithelial-mesenchymal transition in alveolar epithelial cells
by transforming growth factor-betal: potential role in idiopathic pulmonary fibrosis.
Am J Pathol 2005;166:1321-32. 10.1016/s0002-9440(10)62351-6.

49. Hashimoto N, Phan SH, Imaizumi K, Matsuo M, Nakashima H, Kawabe T,
Shimokata K,Hasegawa Y. Endothelial-mesenchymal transition in bleomycin-induced
pulmonary fibrosis. Am J Respir Cell Mol Biol 2010;43:161-72. 10.1165/rcmb.2009-
00310C.

50. Wermuth PJ, Li Z, Mendoza FA,Jimenez SA. Stimulation of Transforming Growth
Factor-B1-Induced Endothelial-To-Mesenchymal Transition and Tissue Fibrosis by
Endothelin-1 (ET-1): A Novel Profibrotic Effect of ET-1. PLoS One 2016;11:e0161988.
10.1371/journal.pone.0161988.

51. Derynck R,Zhang YE. Smad-dependent and Smad-independent pathways in TGF-

beta family signalling. Nature 2003;425:577-84. 10.1038/nature02006.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

52. Rosenbloom J, Macarak E, Piera-Velazquez S,Jimenez SA. Human Fibrotic
Diseases: Current Challenges in Fibrosis Research. Methods Mol Biol 2017;1627:1-23.
10.1007/978-1-4939-7113-8 1.

53.  Guo X,Wang XF. Signaling cross-talk between TGF-beta/BMP and other pathways.
Cell Res 2009;19:71-88. 10.1038/cr.2008.302.

54. Vaz de Paula CB, Nagashima S, Liberalesso V, Collete M, da Silva FPG, Oricil
AGG, Barbosa GS, da Silva GVC, Wiedmer DB, da Silva Dezidério F,Noronha L.
COVID-19: Immunohistochemical Analysis of TGF- Signaling Pathways in
Pulmonary Fibrosis. Int J Mol Sci 2021;23:10.3390/1jms23010168.

55. Huang C, Huang L, Wang Y, Li X, Ren L, Gu X, Kang L, Guo L, Liu M, Zhou X,
Luo J, Huang Z, Tu S, Zhao Y, Chen L, Xu D, LiY, Li C, Peng L, Xie W, Cui D, Shang
L, Fan G, Xu J, Wang G, Zhong J, Wang C, Wang J, Zhang D,Cao B. 6-month
consequences of COVID-19 in patients discharged from hospital: a cohort study. Lancet
2021;397:220-32. 10.1016/S0140-6736(20)32656-8.

56. Bueno M, Calyeca J, Rojas M,Mora AL. Mitochondria dysfunction and metabolic
reprogramming as drivers of idiopathic pulmonary fibrosis. Redox Biol
2020;33:101509. 10.1016/j.redox.2020.101509.

57. Kinnula VL, Fattman CL, Tan RJ,Oury TD. Oxidative stress in pulmonary fibrosis: a
possible role for redox modulatory therapy. Am J Respir Crit Care Med 2005;172:417-
22.10.1164/rccm.200501-017PP.

58. Tzouvelekis A, Harokopos V, Paparountas T, Oikonomou N, Chatziioannou A,
Vilaras G, Tsiambas E, Karameris A, Bouros D,Aidinis V. Comparative expression
profiling in pulmonary fibrosis suggests a role of hypoxia-inducible factor-1alpha in
disease pathogenesis. Am J Respir Crit Care Med 2007;176:1108-19.

10.1164/rccm.200705-6830C.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

59. Higgins DF, Kimura K, Bernhardt WM, Shrimanker N, Akai Y, Hohenstein B, Saito
Y, Johnson RS, Kretzler M, Cohen CD, Eckardt KU, Iwano M,Haase VH. Hypoxia
promotes fibrogenesis in vivo via HIF-1 stimulation of epithelial-to-mesenchymal
transition. J Clin Invest 2007;117:3810-20. 10.1172/JCI30487.

60. Cabrera-Benitez NE, Parotto M, Post M, Han B, Spieth PM, Cheng WE, Valladares
F, Villar J, Liu M, Sato M, Zhang H,Slutsky AS. Mechanical stress induces lung fibrosis
by epithelial-mesenchymal transition. Crit Care Med 2012;40:510-7.
10.1097/CCM.0b013e3182209d7.

61. Zhang R, PanY, Fanelli V, Wu S, Luo AA, Islam D, Han B, Mao P, Ghazarian M,
Zeng W, Spieth PM, Wang D, Khang J, Mo H, Liu X, Uhlig S, Liu M, Laftey J, Slutsky
AS, Li Y,Zhang H. Mechanical Stress and the Induction of Lung Fibrosis via the
Midkine Signaling Pathway. Am J Respir Crit Care Med 2015;192:315-23.
10.1164/rccm.201412-23260C.

62. Hammerschmidt S, Kuhn H, Grasenack T, Gessner C,Wirtz H. Apoptosis and
necrosis induced by cyclic mechanical stretching in alveolar type II cells. Am J Respir
Cell Mol Biol 2004;30:396-402. 10.1165/rcmb.2003-01360C.

63. Gattinoni L, Marini JJ, Busana M, Chiumello D,Camporota L. Spontaneous
breathing, transpulmonary pressure and mathematical trickery. Ann Intensive Care
2020;10:88. 10.1186/s13613-020-00708-1.

64. Brower RG, Matthay MA, Morris A, Schoenfeld D, Thompson BT, Wheeler
A, Network ARDS. Ventilation with lower tidal volumes as compared with traditional
tidal volumes for acute lung injury and the acute respiratory distress syndrome. N Engl J
Med 2000;342:1301-8. 10.1056/NEJM200005043421801.

65. Eisner MD, Thompson T, Hudson LD, Luce JM, Hayden D, Schoenfeld D, Matthay

MA ,Network ARDS. Efficacy of low tidal volume ventilation in patients with different



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

clinical risk factors for acute lung injury and the acute respiratory distress syndrome.
Am J Respir Crit Care Med 2001;164:231-6. 10.1164/ajrccm.164.2.2011093.

66. Ehrmann S, Li J, Ibarra-Estrada M, Perez Y, Pavlov I, McNicholas B, Roca O, Mirza
S, Vines D, Garcia-Salcido R, Aguirre-Avalos G, Trump MW, Nay MA, Dellamonica J,
Nseir S, Mogri I, Cosgrave D, Jayaraman D, Masclans JR, Laffey JG, Tavernier
E,Group APPM-T. Awake prone positioning for COVID-19 acute hypoxaemic
respiratory failure: a randomised, controlled, multinational, open-label meta-trial.
Lancet Respir Med 2021;9:1387-95. 10.1016/S2213-2600(21)00356-8.

67. LiHH, Liu CC, Hsu TW, Lin JH, Hsu JW, Li AF, Yeh YC, Hung SC,Hsu HS.
Upregulation of ACE2 and TMPRSS?2 by particulate matter and idiopathic pulmonary
fibrosis: a potential role in severe COVID-19. Part Fibre Toxicol 2021;18:11.
10.1186/s12989-021-00404-3.

68. Aloufi N, Traboulsi H, Ding J, Fonseca GJ, Nair P, Huang SK, Hussain SNA,
Eidelman DH,Baglole CJ. Angiotensin-converting enzyme 2 expression in COPD and
IPF fibroblasts: the forgotten cell in COVID-19. Am J Physiol Lung Cell Mol Physiol
2021;320:L152-L7. 10.1152/ajplung.00455.2020.

69. Saini G, Porte J, Weinreb PH, Violette SM, Wallace WA, McKeever TM,Jenkins G.
avp6 integrin may be a potential prognostic biomarker in interstitial lung disease. Eur
Respir J 2015;46:486-94. 10.1183/09031936.00210414.

70. Lee H, Choi H, Yang B, Lee SK, Park TS, Park DW, Moon JY, Kim TH, Sohn JW,
Yoon HJ,Kim SH. Interstitial lung disease increases susceptibility to and severity of
COVID-19. Eur Respir J 2021;58:10.1183/13993003.04125-2020.

71.  Wootton SC, Kim DS, Kondoh Y, Chen E, Lee JS, Song JW, Huh JW, Taniguchi H,
Chiu C, Boushey H, Lancaster LH, Wolters PJ, DeRisi J, Ganem D,Collard HR. Viral

infection in acute exacerbation of idiopathic pulmonary fibrosis. Am J Respir Crit Care



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Med 2011;183:1698-702. 10.1164/rccm.201010-17520C.

72. Saraya T, Kimura H, Kurai D, Tamura M, Ogawa Y, Mikura S, Sada M, Oda M,
Watanabe T, Ohkuma K, Inoue M, Honda K, Watanabe M, Yokoyama T, Fujiwara M,
Ishii H,Takizawa H. Clinical significance of respiratory virus detection in patients with
acute exacerbation of interstitial lung diseases. Respir Med 2018;136:88-92.
10.1016/j.rmed.2018.02.003.

73. Suzuki A, Kondoh Y, Brown KK, Johkoh T, Kataoka K, Fukuoka J, Kimura T,
Matsuda T, Yokoyama T, Fukihara J, Ando M, Tanaka T, Hashimoto N, Sakamoto
K,Hasegawa Y. Acute exacerbations of fibrotic interstitial lung diseases. Respirology
2020;25:525-34. 10.1111/resp.13682.

74. Simon-Blancal V, Freynet O, Nunes H, Bouvry D, Naggara N, Brillet PY, Denis D,
Cohen Y, Vincent F, Valeyre D,Naccache JM. Acute exacerbation of idiopathic
pulmonary fibrosis: outcome and prognostic factors. Respiration 2012;83:28-35.
10.1159/000329891.

75. Collard HR, Yow E, Richeldi L, Anstrom KJ, Glazer C,investigators I. Suspected
acute exacerbation of idiopathic pulmonary fibrosis as an outcome measure in clinical
trials. Respir Res 2013;14:73. 10.1186/1465-9921-14-73.

76. Fonseca M, Summer R,Roman J. Acute Exacerbation of Interstitial Lung Disease as
a Sequela of COVID-19 Pneumonia. Am J Med Sci 2021;361:126-9.
10.1016/j.amjms.2020.08.017.

77. Omote N, Kanemitsu Y, Inoue T, Yonezawa T, Ichihashi T, Shindo Y, Sakamoto K,
Ando A, Suzuki A, Niimi A, Ito S, Imaizumi K,Hashimoto N. Successful Treatment
with High-dose Steroids for Acute Exacerbation of Idiopathic Pulmonary Fibrosis
Triggered by COVID-19. Intern Med 2022;61:233-6. 10.2169/internalmedicine.8163-

21.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

78. Goto Y, Sakamoto K, Fukihara J, Suzuki A, Omote N, Ando A, Shindo Y,Hashimoto
N. COVID-19-Triggered Acute Exacerbation of IPF, an Underdiagnosed Clinical Entity
With Two-Peaked Respiratory Failure: A Case Report and Literature Review. Front Med
(Lausanne) 2022;9:815924. 10.3389/fmed.2022.815924.

79. HaraY, Oshima Y, Tagami Y, Aoki A, Fujii H, Izawa A, Seki K, Kanai A, Yabe A,
Watanabe K, Horita N, Kobayashi N,Kaneko T. Clinical importance of serum heme
oxygenase-1 measurement in patients with acute exacerbation of idiopathic pulmonary
fibrosis triggered by coronavirus disease 2019. Respir Med Case Rep 2022;36:101615.
10.1016/j.rmcr.2022.101615.

80. Lee YH, Kim CH,Lee J. Coronavirus disease 2019 pneumonia may present as an
acute exacerbation of idiopathic pulmonary fibrosis. J Thorac Dis 2020;12:3902-4.
10.21037/jtd-20-1658.

81. Kitayama T, Kitamura H, Hagiwara E, Higa K, Okabayashi H, Oda T, Baba T,
Komatsu S, Iwasawa T,0gura T. COVID-19 Pneumonia Resembling an Acute
Exacerbation of Interstitial Pneumonia. Intern Med 2020;59:3207-11.
10.2169/internalmedicine.5630-20.

82. Kondoh Y, Kataoka K, Ando M, Awaya Y, Ichikado K, Kataoka M, Komase Y,
Mineshita M, Ohno Y, Okamoto H, Ooki T, Tasaka Y, Tomioka H,Suda T. COVID-19
and acute exacerbation of interstitial lung disease. Respir Investig 2021;59:675-8.
10.1016/j.resinv.2021.06.007.

83. Huang H, Zhang M, Chen C, Zhang H, Wei Y, Tian J, Shang J, Deng Y, Du A,Dai H.
Clinical characteristics of COVID-19 in patients with preexisting ILD: A retrospective
study in a single center in Wuhan, China. J Med Virol 2020;92:2742-50.
10.1002/jmv.26174.

84. Yamaya T, Hagiwara E, Baba T, Iwasawa T,Ogura T. Outcome of COVID-19 in



1 interstitial lung disease patients treated with anti-inflammatory drugs and antiviral

N

drugs. J Infect Chemother 2022;28:1029-32. 10.1016/j.jiac.2022.04.006.

3 85. Esposito AJ, Menon AA, Ghosh AJ, Putman RK, Fredenburgh LE, El-Chemaly SY,

4 Goldberg HJ, Baron RM, Hunninghake GM,Doyle TJ. Increased Odds of Death for
5 Patients with Interstitial Lung Disease and COVID-19: A Case-Control Study. Am J
6 Respir Crit Care Med 2020;202:1710-3. 10.1164/rccm.202006-2441LE.

7  86. Aveyard P, Gao M, Lindson N, Hartmann-Boyce J, Watkinson P, Young D, Coupland

8 CAC, Tan PS, Clift AK, Harrison D, Gould DW, Pavord ID,Hippisley-Cox J.

9 Association between pre-existing respiratory disease and its treatment, and severe
10 COVID-19: a population cohort study. Lancet Respir Med 2021;9:909-23.
11 10.1016/S2213-2600(21)00095-3.

12 87. Nagqvi SF, Lakhani DA, Sohail AH, Maurer J, Sofka S, Sarwari A,Hadi YB. Patients

13 with idiopathic pulmonary fibrosis have poor clinical outcomes with COVID-19
14 disease: a propensity matched multicentre research network analysis. BMJ Open Respir
15 Res 2021;8:10.1136/bmjresp-2021-000969.

16 88. Drake TM, Docherty AB, Harrison EM, Quint JK, Adamali H, Agnew S, Babu S,

17 Barber CM, Barratt S, Bendstrup E, Bianchi S, Villegas DC, Chaudhuri N, Chua F,

18 Coker R, Chang W, Crawshaw A, Crowley LE, Dosanjh D, Fiddler CA, Forrest 1A,

19 George PM, Gibbons MA, Groom K, Haney S, Hart SP, Heiden E, Henry M, Ho LP,

20 Hoyles RK, Hutchinson J, Hurley K, Jones M, Jones S, Kokosi M, Kreuter M, MacKay
21 LS, Mahendran S, Margaritopoulos G, Molina-Molina M, Molyneaux PL, O'Brien A,
22 O'Reilly K, Packham A, Parfrey H, Poletti V, Porter JC, Renzoni E, Rivera-Ortega P,
23 Russell AM, Saini G, Spencer LG, Stella GM, Stone H, Sturney S, Thickett D, Thillai
24 M, Wallis T, Ward K, Wells AU, West A, Wickremasinghe M, Woodhead F, Hearson G,

25 Howard L, Baillie JK, Openshaw PJM, Semple MG, Stewart I, Jenkins



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

RG,Investigators IC. Outcome of Hospitalization for COVID-19 in Patients with
Interstitial Lung Disease. An International Multicenter Study. Am J Respir Crit Care
Med 2020;202:1656-65. 10.1164/rccm.202007-27940C.

89. Gallay L, Uzunhan Y, Borie R, Lazor R, Rigaud P, Marchand-Adam S, Hirschi S,
Israel-Biet D, Valentin V,Cottin V. Risk Factors for Mortality after COVID-19 in
Patients with Preexisting Interstitial Lung Disease. Am J Respir Crit Care Med
2021;203:245-9. 10.1164/rccm.202007-2638LE.

90. Zhao J, Metra B, George G, Roman J, Mallon J, Sundaram B, Li M,Summer R.
Mortality among Patients with COVID-19 and Different Interstitial Lung Disease
Subtypes: A Multicenter Cohort Study. Ann Am Thorac Soc 2022;19:1435-7.
10.1513/AnnalsATS.202202-137RL.

91. Cilli A, Hanta I, Uzer F, Coskun F, Sevinc C, Deniz PP, Parlak M, Altunok E,
Tertemiz KC,Ursavas A. Characteristics and outcomes of COVID-19 patients with IPF:
A multi-center retrospective study. Respir Med Res 2022;81:100900.
10.1016/j.resmer.2022.100900.

92. Mena-Viazquez N, Garcia-Studer A, Rojas-Gimenez M, Romero-Barco CM,
Manrique-Arija S, Mucientes A, Velloso-Feijoo ML, Godoy-Navarrete FJ, Morales-
Garrido P, Redondo-Rodriguez R, Ordofiez-Canizares MC, Ortega-Castro R, Lisbona-
Montaniez JM, Hidalgo Conde A, Arnedo Diez de Los Rios R, Cabrera César E,
Espildora F, Aguilar-Hurtado MC, Afion-Onate I, Urena-Garnica I,Ferndndez-Nebro A.
Importance of Vaccination against SARS-CoV-2 in Patients with Interstitial Lung
Disease Associated with Systemic Autoimmune Disease. J Clin Med
2022;11:10.3390/jcm11092437.

93. LiX,XuS, YuM, Wang K, Tao Y, Zhou Y, Shi J, Zhou M, Wu B, Yang Z, Zhang C,

Yue J, Zhang Z, Renz H, Liu X, Xie J, Xie M,Zhao J. Risk factors for severity and



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

mortality in adult COVID-19 inpatients in Wuhan. J Allergy Clin Immunol
2020;146:110-8. 10.1016/j.jaci.2020.04.006.

94. Michelena X, Borrell H, Lépez-Corbeto M, Lopez-Lasanta M, Moreno E, Pascual-
Pastor M, Erra A, Serrat M, Espartal E, Anton S, Afiez GA, Caparrds-Ruiz R, Pluma A,
Trallero-Araguas E, Barcel6-Bru M, Almirall M, De Agustin JJ, Llados J, Julia
A,Marsal S. Incidence of COVID-19 in a cohort of adult and paediatric patients with
rheumatic diseases treated with targeted biologic and synthetic disease-modifying anti-
rheumatic drugs. Semin Arthritis Rheum 2020;50:564-70.
10.1016/j.semarthrit.2020.05.001.

95. Akiyama S, Hamdeh S, Micic D,Sakuraba A. Prevalence and clinical outcomes of
COVID-19 in patients with autoimmune diseases: a systematic review and meta-
analysis. Ann Rheum Dis 2021;80:384-91. 10.1136/annrheumdis-2020-218946.

96. Zhong J, Shen G, Yang H, Huang A, Chen X, Dong L, Wu B, Zhang A, Su L, Hou X,
Song S, Li H, Zhou W, Zhou T, Huang Q, Chu A, Braunstein Z, Rao X,Ye C. COVID-
19 in patients with rheumatic disease in Hubei province, China: a multicentre
retrospective observational study. Lancet Rheumatol 2020;2:e557-e64. 10.1016/S2665-
9913(20)30227-7.

97. Pablos JL, Galindo M, Carmona L, Lled6 A, Retuerto M, Blanco R, Gonzalez-Gay
MA, Martinez-Lopez D, Castrejon I, Alvaro-Gracia JM, Fernandez Fernandez D, Mera-
Varela A, Manrique-Arija S, Mena Vazquez N, Fernandez-Nebro A, Group RI,group Ri.
Clinical outcomes of hospitalised patients with COVID-19 and chronic inflammatory
and autoimmune rheumatic diseases: a multicentric matched cohort study. Ann Rheum
Dis 2020;79:1544-9. 10.1136/annrheumdis-2020-218296.

98. Mihai C, Dobrota R, Schroder M, Garaiman A, Jordan S, Becker MO, Maurer

B,Distler O. COVID-19 in a patient with systemic sclerosis treated with tocilizumab for



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

SSc-ILD. Ann Rheum Dis 2020;79:668-9. 10.1136/annrheumdis-2020-217442.

99. YeC, Cai S, Shen G, Guan H, Zhou L, Hu Y, Tu W, Chen Y, Yu Y, Wu X, Zhong
J,Dong L. Clinical features of rheumatic patients infected with COVID-19 in Wuhan,
China. Ann Rheum Dis 2020;79:1007-13. 10.1136/annrheumdis-2020-217627.

100. Horby P, Lim WS, Emberson JR, Matham M, Bell JL, Linsell L, Staplin N,
Brightling C, Ustianowski A, Elmahi E, Prudon B, Green C, Felton T, Chadwick D,
Rege K, Fegan C, Chappell LC, Faust SN, Jaki T, Jeffery K, Montgomery A, Rowan K,
Juszczak E, Baillie JK, Haynes R, Landray MJ,Group RC. Dexamethasone in
Hospitalized Patients with Covid-19. N Engl J Med 2021;384:693-704.
10.1056/NEJMo0a2021436.

101. Marconi VC, Ramanan AV, de Bono S, Kartman CE, Krishnan V, Liao R, Piruzeli
MLB, Goldman JD, Alatorre-Alexander J, de Cassia Pellegrini R, Estrada V, Som M,
Cardoso A, Chakladar S, Crowe B, Reis P, Zhang X, Adams DH, Ely EW,Group C-BS.
Efficacy and safety of baricitinib for the treatment of hospitalised adults with COVID-
19 (COV-BARRIER): a randomised, double-blind, parallel-group, placebo-controlled
phase 3 trial. Lancet Respir Med 2021;9:1407-18. 10.1016/S2213-2600(21)00331-3.

102. Group RC. Tocilizumab in patients admitted to hospital with COVID-19
(RECOVERY): a randomised, controlled, open-label, platform trial. Lancet
2021;397:1637-45. 10.1016/S0140-6736(21)00676-0.

103. Oronsky B, Larson C, Hammond TC, Oronsky A, Kesari S, Lybeck M,Reid TR. A
Review of Persistent Post-COVID Syndrome (PPCS). Clin Rev Allergy Immunol
2021;10.1007/s12016-021-08848-3.

104. Masclans JR, Roca O, Mufioz X, Pallisa E, Torres F, Rello J,Morell F. Quality of life,
pulmonary function, and tomographic scan abnormalities after ARDS. Chest

2011;139:1340-6. 10.1378/chest.10-2438.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

105. Molyneaux PL,Maher TM. The role of infection in the pathogenesis of idiopathic
pulmonary fibrosis. Eur Respir Rev 2013;22:376-81. 10.1183/09059180.00000713.
106. Sheng G, Chen P, Wei Y, Yue H, Chu J, Zhao J, Wang Y, Zhang W,Zhang HL. Viral
Infection Increases the Risk of Idiopathic Pulmonary Fibrosis: A Meta-Analysis. Chest

2020;157:1175-87. 10.1016/j.chest.2019.10.032.

107. Wei ], Yang H, Lei P, Fan B, Qiu Y, Zeng B, Yu P, Lv J, Jian Y,Wan C. Analysis of
thin-section CT in patients with coronavirus disease (COVID-19) after hospital
discharge. J Xray Sci Technol 2020;28:383-9. 10.3233/XST-200685.

108. Li X, Zeng W, Chen H, Shi L, Xiang H, Cao Y, Liu C,Wang J. CT imaging changes
of corona virus disease 2019(COVID-19): a multi-center study in Southwest China. J
Transl Med 2020;18:154. 10.1186/s12967-020-02324-w.

109. Bocchino M, Lieto R, Romano F, Sica G, Bocchini G, Muto E, Capitelli L, Sequino
D, Valente T, Fiorentino G,Rea G. Chest CT-based Assessment of 1-year Outcomes after
Moderate COVID-19 Pneumonia. Radiology 2022;220019. 10.1148/radiol.220019.

110. Mo X, Jian W, Su Z, Chen M, Peng H, Peng P, Lei C, Chen R, Zhong N,Li S.
Abnormal pulmonary function in COVID-19 patients at time of hospital discharge. Eur
Respir J 2020;55:10.1183/13993003.01217-2020.

111. Combet M, Pavot A, Savale L, Humbert M,Monnet X. Rapid onset honeycombing
fibrosis in spontaneously breathing patient with COVID-19. Eur Respir J
2020;56:10.1183/13993003.01808-2020.

112. Kayhan S,Kocakog¢ E. Pulmonary Fibrosis Due to COVID-19 Pneumonia. Korean J
Radiol 2020;21:1273-5. 10.3348/kjr.2020.0707.

113. Doane JJ, Hirsch KS, Baldwin JO, Wurfel MM, Pipavath SN,West TE. Progressive
Pulmonary Fibrosis After Non-Critical COVID-19: A Case Report. Am J Case Rep

2021;22:933458. 10.12659/AJCR.933458.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

114. Udwadia ZF, Pokhariyal PK, Tripathi AKR,Kohli A. Fibrotic interstitial lung disease
occurring as sequelae of COVID-19 pneumonia despite concomitant steroids. Lung
India 2021;38:S61-S3. 10.4103/lungindia.lungindia 533 20.

115. Baratella E, Ruaro B, Marrocchio C, Starvaggi N, Salton F, Giudici F, Quaia E,
Confalonieri M,Cova MA. Interstitial Lung Disease at High Resolution CT after SARS-
CoV-2-Related Acute Respiratory Distress Syndrome According to Pulmonary
Segmental Anatomy. J Clin Med 2021;10:10.3390/jcm10173985.

116. Vijayakumar B, Tonkin J, Devaraj A, Philip KEJ, Orton CM, Desai SR,Shah PL. CT
Lung Abnormalities after COVID-19 at 3 Months and 1 Year after Hospital Discharge.
Radiology 2022;303:444-54. 10.1148/radiol.2021211746.

117. Guler SA, Ebner L, Aubry-Beigelman C, Bridevaux PO, Brutsche M, Clarenbach C,
Garzoni C, Geiser TK, Lenoir A, Mancinetti M, Naccini B, Ott SR, Piquilloud L, Prella
M, Que YA, Soccal PM, von Garnier C,Funke-Chambour M. Pulmonary function and
radiological features 4 months after COVID-19: first results from the national
prospective observational Swiss COVID-19 lung study. Eur Respir J
2021;57:10.1183/13993003.03690-2020.

118. ChenY, Ding C, Yu L, Guo W, Feng X, SuJ, Xu T, Ren C, Shi D, Wu W, Yi P, Liu J,
Tao J, Lang G, LiY, Xu M, Sheng J, Li L,Xu K. One-year follow-up of chest CT
findings in patients after SARS-CoV-2 infection. BMC Med 2021;19:191.
10.1186/s12916-021-02056-8.

119. Faverio P, Luppi F, Rebora P, D'Andrea G, Stainer A, Busnelli S, Catalano M,
Modafteri G, Franco G, Monzani A, Galimberti S, Scarpazza P, Oggionni E, Betti M,
Oggionni T, De Giacomi F, Bini F, Bodini BD, Parati M, Bilucaglia L, Ceruti P, Modina
D, Harari S, Caminati A, Intotero M, Sergio P, Monzillo G, Leati G, Borghesi A,

Zompatori M, Corso R, Valsecchi MG, Bellani G, Foti G,Pesci A. One-year pulmonary



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

impairment after severe COVID-19: a prospective, multicenter follow-up study. Respir
Res 2022;23:65. 10.1186/s12931-022-01994-y.

120. Fabbri L, Moss S, Khan FA, Chi W, Xia J, Robinson K, Smyth AR, Jenkins
G,Stewart I. Parenchymal lung abnormalities following hospitalisation for COVID-19
and viral pneumonitis: a systematic review and meta-analysis. Thorax
2022;10.1136/thoraxjnl-2021-218275.

121. Huntley CC, Patel K, Bil Bushra SE, Mobeen F, Armitage MN, Pye A, Knight CB,
Mostafa A, Kershaw M, Mughal AZ, McKemey E, Turner AM, Burge PS,Walters GI.
Pulmonary function test and computed tomography features during follow-up after
SARS, MERS and COVID-19: a systematic review and meta-analysis. ERJ Open Res
2022;8:10.1183/23120541.00056-2022.

122. Wu X, Liu X, Zhou 'Y, Yu H, Li R, Zhan Q, Ni F, Fang S, Lu Y, Ding X, Liu H,
Ewing RM, Jones MG, Hu Y, Nie H,Wang Y. 3-month, 6-month, 9-month, and 12-
month respiratory outcomes in patients following COVID-19-related hospitalisation: a
prospective study. Lancet Respir Med 2021;9:747-54. 10.1016/S2213-2600(21)00174-0.

123. Huang L, Yao Q, Gu X, Wang Q, Ren L, Wang Y, Hu P, Guo L, Liu M, Xu J, Zhang
X,QuY,FanY,Li X, LiC, YuT, XiaJ, Wei M, Chen L, LiY, Xiao F, Liu D, Wang J,
Wang X,Cao B. 1-year outcomes in hospital survivors with COVID-19: a longitudinal
cohort study. Lancet 2021;398:747-58. 10.1016/S0140-6736(21)01755-4.

124. Han X, Fan Y, Alwalid O, Zhang X, Jia X, Zheng Y,Shi H. Fibrotic Interstitial Lung
Abnormalities at 1-year Follow-up CT after Severe COVID-19. Radiology
2021;301:E438-E40. 10.1148/radi01.2021210972.

125. Zhang P, Li J, Liu H, Han N, Ju J, Kou Y, Chen L, Jiang M, Pan F, Zheng Y, Gao
Z.,Jiang B. Long-term bone and lung consequences associated with hospital-acquired

severe acute respiratory syndrome: a 15-year follow-up from a prospective cohort study.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Bone Res 2020;8:8. 10.1038/s41413-020-0084-5.

126. LiY, Wul, Wang S, Li X, Zhou J, Huang B, Luo D, Cao Q, Chen Y, Chen S, Ma L,
Peng L, Pan H, Travis WD,Nie X. Progression to fibrosing diffuse alveolar damage in a
series of 30 minimally invasive autopsies with COVID-19 pneumonia in Wuhan, China.
Histopathology 2021;78:542-55. 10.1111/his.14249.

127. Tian S, Xiong Y, Liu H, Niu L, Guo J, Liao M, Xiao SY. Pathological study of the
2019 novel coronavirus disease (COVID-19) through postmortem core biopsies. Mod
Pathol 2020;33:1007-14. 10.1038/s41379-020-0536-x.

128. Doglioni C, Ravaglia C, Chilosi M, Rossi G, Dubini A, Pedica F, Piciucchi S,
Vizzuso A, Stella F, Maitan S, Agnoletti V, Puglisi S, Poletti G, Sambri V, Pizzolo G,
Bronte V, Wells AU,Poletti V. Covid-19 Interstitial Pneumonia: Histological and
Immunohistochemical Features on Cryobiopsies. Respiration 2021;100:488-98.
10.1159/000514822.

129. Baldi BG, Fabro AT, Franco AC, Machado MHC, Prudente RA, Franco ET, Marrone
SR, Vale SAD, Cezare TJ, Moraes MPT, Ferreira EVM, Albuquerque ALP, Sawamura
MVY,Tanni SE. Clinical, radiological, and transbronchial biopsy findings in patients
with long COVID-19: a case series. J Bras Pneumol 2022;48:¢20210438.
10.36416/1806-3756/¢20210438.

130. Aesif SW, Bribriesco AC, Yadav R, Nugent SL, Zubkus D, Tan CD, Mehta
AC,Mukhopadhyay S. Pulmonary Pathology of COVID-19 Following 8 Weeks to 4
Months of Severe Disease: A Report of Three Cases, Including One With Bilateral Lung
Transplantation. Am J Clin Pathol 2021;155:506-14. 10.1093/ajcp/aqaa264.

131. Raghu G, Remy-Jardin M, Myers JL, Richeldi L, Ryerson CJ, Lederer DJ, Behr J,
Cottin V, Danoff SK, Morell F, Flaherty KR, Wells A, Martinez FJ, Azuma A, Bice TJ,

Bouros D, Brown KK, Collard HR, Duggal A, Galvin L, Inoue Y, Jenkins RG, Johkoh



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

T, Kazerooni EA, Kitaichi M, Knight SL, Mansour G, Nicholson AG, Pipavath SNJ,
Buendia-Roldan I, Selman M, Travis WD, Walsh S, Wilson KC,American Thoracic
Society ERS, J.panese Respiratory Society, and Latin American Thoracic Society.
Diagnosis of Idiopathic Pulmonary Fibrosis. An Official ATS/ERS/JRS/ALAT Clinical
Practice Guideline. Am J Respir Crit Care Med 2018;198:e44-¢68.
10.1164/rccm.201807-1255ST.

132. Konopka KE, Perry W, Huang T, Farver CF,Myers JL. Usual Interstitial Pneumonia
is the Most Common Finding in Surgical Lung Biopsies from Patients with Persistent
Interstitial Lung Disease Following Infection with SARS-CoV-2. EClinicalMedicine
2021;42:101209. 10.1016/j.eclinm.2021.101209.

133. Cocconcelli E, Bernardinello N, Giraudo C, Castelli G, Giorgino A, Leoni D,
Petrarulo S, Ferrari A, Saetta M, Cattelan A, Spagnolo P,Balestro E. Characteristics and
Prognostic Factors of Pulmonary Fibrosis After COVID-19 Pneumonia. Front Med
(Lausanne) 2021;8:823600. 10.3389/fmed.2021.823600.

134. Huang W, Wu Q, Chen Z, Xiong Z, Wang K, Tian J,Zhang S. The potential indicators
for pulmonary fibrosis in survivors of severe COVID-19. J Infect 2021;82:e5-¢7.
10.1016/5.jinf.2020.09.027.

135. Gentile F, Aimo A, Forfori F, Catapano G, Clemente A, Cademartiri F, Emdin
M,Giannoni A. COVID-19 and risk of pulmonary fibrosis: the importance of planning
ahead. Eur J Prev Cardiol 2020;27:1442-6. 10.1177/2047487320932695.

136. Aiello M, Marchi L, Calzetta L, Speroni S, Frizzelli A, Ghirardini M, Celiberti V,
Sverzellati N, Majori M, Mori PA, Ranzieri S, Pisi R, Pela G, Corradi M,Chetta A.
Coronavirus Disease 2019: COSeSco - A Risk Assessment Score to Predict the Risk of
Pulmonary Sequelae in COVID-19 Patients. Respiration 2022;101:272-80.

10.1159/000519385.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

137. Li X, Shen C, Wang L, Majumder S, Zhang D, Deen MJ, LiY, Qing L, Zhang Y,
Chen C, Zou R, Lan J, Huang L, Peng C, Zeng L, Liang Y, Cao M, Yang Y, Yang M,
Tan G, Tang S, Liu L, Yuan J,Liu Y. Pulmonary fibrosis and its related factors in
discharged patients with new corona virus pneumonia: a cohort study. Respir Res
2021;22:203. 10.1186/s12931-021-01798-6.

138. YuM, LiuY, Xu D, Zhang R, Lan L,Xu H. Prediction of the Development of
Pulmonary Fibrosis Using Serial Thin-Section CT and Clinical Features in Patients
Discharged after Treatment for COVID-19 Pneumonia. Korean J Radiol 2020;21:746-
55.10.3348/kjr.2020.0215.

139. Lei P, Fan B, Mao J, Wei J,Wang P. The progression of computed tomographic (CT)
images in patients with coronavirus disease (COVID-19) pneumonia: Running title: The
CT progression of COVID-19 pneumonia. J Infect 2020;80:e30-¢1.
10.1016/;.jinf.2020.03.020.

140. Aul DR, Gates DJ, Draper DA, Dunleavy DA, Ruickbie DS, Meredith DH, Walters
DN, van Zeller DC, Taylor DV, Bridgett DM, Dunwoody DR, Grubnic DS, Jacob
DT,Ean Ong DY. Complications after discharge with COVID-19 infection and risk
factors associated with development of post-COVID pulmonary fibrosis. Respir Med
2021;188:106602. 10.1016/j.rmed.2021.106602.

141. Caruso D, Guido G, Zerunian M, Polidori T, Lucertini E, Pucciarelli F, Polici M,
Rucci C, Bracci B, Nicolai M, Cremona A, De Dominicis C,Laghi A. Post-Acute
Sequelae of COVID-19 Pneumonia: Six-month Chest CT Follow-up. Radiology
2021;301:E396-E405. 10.1148/radi0l.2021210834.

142. Hama Amin BJ, Kakamad FH, Ahmed GS, Ahmed SF, Abdulla BA, Mohammed SH,
Mikael TM, Salih RQ, Ali RK, Salh AM,Hussein DA. Post COVID-19 pulmonary

fibrosis; a meta-analysis study. Ann Med Surg (Lond) 2022;77:103590.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

10.1016/j.amsu.2022.103590.

143. HuZJ, XuJ, YinJM, Li L, Hou W, Zhang LL, Zhou Z, Yu YZ, Li HJ, Feng YM,Jin
RH. Lower Circulating Interferon-Gamma Is a Risk Factor for Lung Fibrosis in
COVID-19 Patients. Front Immunol 2020;11:585647. 10.3389/fimmu.2020.585647.

144. Ishikawa N, Hattori N, Yokoyama A,Kohno N. Utility of KL-6/MUCI in the clinical
management of interstitial lung diseases. Respir Investig 2012;50:3-13.
10.1016/j.resinv.2012.02.001.

145. d'Alessandro M, Bergantini L, Cameli P, Curatola G, Remediani L, Bennett D,
Bianchi F, Perillo F, Volterrani L, Mazzei MA, Bargagli E,COVID S. Serial KL-6
measurements in COVID-19 patients. Intern Emerg Med 2021;16:1541-5.
10.1007/s11739-020-02614-7.

146. Peng DH, Luo Y, Huang LJ, Liao FL, Liu YY, Tang P, Hu HN,Chen W. Correlation
of Krebs von den Lungen-6 and fibronectin with pulmonary fibrosis in coronavirus
disease 2019. Clin Chim Acta 2021;517:48-53. 10.1016/j.cca.2021.02.012.

147. Xue M, Zhang T, Chen H, Zeng Y, Lin R, Zhen Y, Li N, Huang Z, Hu H, Zhou L,
Wang H, Zhang XD,Sun B. Krebs Von den Lungen-6 as a predictive indicator for the
risk of secondary pulmonary fibrosis and its reversibility in COVID-19 patients. Int J
Biol Sci 2021;17:1565-73. 10.7150/ijbs.58825.

148. Nakazato H, Oku H, Yamane S, Tsuruta Y,Suzuki R. A novel anti-fibrotic agent
pirfenidone suppresses tumor necrosis factor-alpha at the translational level. Eur J
Pharmacol 2002;446:177-85. 10.1016/s0014-2999(02)01758-2.

149. Shihab FS, Bennett WM, Yi H,Andoh TF. Pirfenidone treatment decreases
transforming growth factor-betal and matrix proteins and ameliorates fibrosis in chronic
cyclosporine nephrotoxicity. Am J Transplant 2002;2:111-9. 10.1034/5.1600-

6143.2002.020201 .x.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

150. Iyer SN, Gurujeyalakshmi G,Giri SN. Effects of pirfenidone on procollagen gene
expression at the transcriptional level in bleomycin hamster model of lung fibrosis. J
Pharmacol Exp Ther 1999;289:211-8.

151. Oku H, Shimizu T, Kawabata T, Nagira M, Hikita I, Ueyama A, Matsushima S, Torii
M,Arimura A. Antifibrotic action of pirfenidone and prednisolone: different effects on
pulmonary cytokines and growth factors in bleomycin-induced murine pulmonary
fibrosis. Eur J Pharmacol 2008;590:400-8. 10.1016/j.ejphar.2008.06.046.

152. Fois AG, Posadino AM, Giordo R, Cossu A, Agouni A, Rizk NM, Pirina P, Carru C,
Zinellu A,Pintus G. Antioxidant Activity Mediates Pirfenidone Antifibrotic Effects in
Human Pulmonary Vascular Smooth Muscle Cells Exposed to Sera of Idiopathic
Pulmonary Fibrosis Patients. Oxid Med Cell Longev 2018;2018:2639081.
10.1155/2018/2639081.

153. LiC, Han R, Kang L, Wang J, Gao Y, Li Y, He J,Tian J. Pirfenidone controls the
feedback loop of the AT1R/p38 MAPK/renin-angiotensin system axis by regulating
liver X receptor-a in myocardial infarction-induced cardiac fibrosis. Sci Rep
2017;7:40523. 10.1038/srep40523.

154. Inomata M, Nishioka Y,Azuma A. Nintedanib: evidence for its therapeutic potential
in idiopathic pulmonary fibrosis. Core Evid 2015;10:89-98. 10.2147/CE.S82905.

155. King TE, Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole I, Glassberg MK,
Gorina E, Hopkins PM, Kardatzke D, Lancaster L, Lederer DJ, Nathan SD, Pereira CA,
Sahn SA, Sussman R, Swigris JJ, Noble PW,Group AS. A phase 3 trial of pirfenidone in
patients with idiopathic pulmonary fibrosis. N Engl J Med 2014;370:2083-92.
10.1056/NEJMo0al1402582.

156. Richeldi L, du Bois RM, Raghu G, Azuma A, Brown KK, Costabel U, Cottin V,

Flaherty KR, Hansell DM, Inoue Y, Kim DS, Kolb M, Nicholson AG, Noble PW,



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Selman M, Taniguchi H, Brun M, Le Maulf F, Girard M, Stowasser S, Schlenker-
Herceg R, Disse B, Collard HR,Investigators IT. Efficacy and safety of nintedanib in
idiopathic pulmonary fibrosis. N Engl J Med 2014;370:2071-82.
10.1056/NEJMoal1402584.

157. Nathan SD, Albera C, Bradford WZ, Costabel U, Glaspole I, Glassberg MK,
Kardatzke DR, Daigl M, Kirchgaessler KU, Lancaster LH, Lederer DJ, Pereira CA,
Swigris JJ, Valeyre D,Noble PW. Effect of pirfenidone on mortality: pooled analyses
and meta-analyses of clinical trials in idiopathic pulmonary fibrosis. Lancet Respir Med
2017;5:33-41. 10.1016/S2213-2600(16)30326-5.

158. Lancaster L, Crestani B, Hernandez P, Inoue Y, Wachtlin D, Loaiza L, Quaresma M,
Stowasser S,Richeldi L. Safety and survival data in patients with idiopathic pulmonary
fibrosis treated with nintedanib: pooled data from six clinical trials. BMJ Open Respir
Res 2019;6:¢000397. 10.1136/bmjresp-2018-000397.

159. Flaherty KR, Wells AU, Cottin V, Devaraj A, Walsh SLF, Inoue Y, Richeldi L, Kolb
M, Tetzlaft K, Stowasser S, Coeck C, Clerisme-Beaty E, Rosenstock B, Quaresma M,
Haeufel T, Goeldner RG, Schlenker-Herceg R, Brown KK, Investigators IT. Nintedanib
in Progressive Fibrosing Interstitial Lung Diseases. N Engl J Med 2019;381:1718-27.
10.1056/NEJMoal908681.

160. Behr J, Prasse A, Kreuter M, Johow J, Rabe KF, Bonella F, Bonnet R, Grohe C, Held
M, Wilkens H, Hammerl P, Koschel D, Blaas S, Wirtz H, Ficker JH, Neumeister W,
Schonfeld N, Claussen M, Kneidinger N, Frankenberger M, Hummler S, Kahn N, Tello
S, Freise J, Welte T, Neuser P, Giinther A,investigators R. Pirfenidone in patients with
progressive fibrotic interstitial lung diseases other than idiopathic pulmonary fibrosis
(RELIEF): a double-blind, randomised, placebo-controlled, phase 2b trial. Lancet

Respir Med 2021;9:476-86. 10.1016/S2213-2600(20)30554-3.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

161. Zhou X, Yang D, Kong X, Wei C, LvQiu S, Wang L, Lin Y, Yin Z, Zhou Z,Luo H.
Case Report: Pirfenidone in the Treatment of Post-COVID-19 Pulmonary Fibrosis.
Front Med (Lausanne) 2022;9:925703. 10.3389/fmed.2022.925703.

162. Ogata H, Nakagawa T, Sakoda S, Ishimatsu A, Taguchi K, Kadowaki M, Moriwaki
A,Yoshida M. Nintedanib treatment for pulmonary fibrosis after coronavirus disease
2019. Respirol Case Rep 2021;9:e00744. 10.1002/rcr2.744.

163. Lomanta JMJ, Quinto ML, Urquiza SC,Santiaguel JM. Pulmonary Function and
Chest Computed Tomography (CT) Scan Findings After Antifibrotic Treatment for
COVID-19-Related Pulmonary Fibrosis. Am J Case Rep 2022;23:¢934830.
10.12659/AJCR.934830.

164. Umemura Y, Mitsuyama Y, Minami K, Nishida T, Watanabe A, Okada N, Yamakawa
K, Nochioka K,Fujimi S. Efficacy and safety of nintedanib for pulmonary fibrosis in
severe pneumonia induced by COVID-19: An interventional study. Int J Infect Dis
2021;108:454-60. 10.1016/5.1jid.2021.05.055.

165. Zhang F, We1 Y, He L, Zhang H, Hu Q, Yue H, He J,Dai H. A trial of pirfenidone in
hospitalized adult patients with severe coronavirus disease 2019. Chin Med J (Engl)
2021;135:368-70. 10.1097/CM9.0000000000001614.

166. Myall KJ, Mukherjee B, Castanheira AM, Lam JL, Benedetti G, Mak SM, Preston R,
Thillai M, Dewar A, Molyneaux PL,West AG. Persistent Post-COVID-19 Interstitial
Lung Disease. An Observational Study of Corticosteroid Treatment. Ann Am Thorac
Soc 2021;18:799-806. 10.1513/AnnalsATS.202008-10020C.

167. Dhooria S, Chaudhary S, Sehgal IS, Agarwal R, Arora S, Garg M, Prabhakar N, Puri
GD, Bhalla A, Suri V, Yaddanapudi LN, Muthu V, Prasad KT,Aggarwal AN. High-dose
versus low-dose prednisolone in symptomatic patients with post-COVID-19 diffuse

parenchymal lung abnormalities: an open-label, randomised trial (the COLDSTER



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

trial). Eur Respir J 2022;59:2102930. 10.1183/13993003.02930-2021.

168. Lee AL, Hill CJ, McDonald CF,Holland AE. Pulmonary Rehabilitation in Individuals

With Non-Cystic Fibrosis Bronchiectasis: A Systematic Review. Arch Phys Med

Rehabil 2017;98:774-82.el1. 10.1016/j.apmr.2016.05.017.

169. Liu K, Zhang W, Yang Y, Zhang J, Li Y,Chen Y. Respiratory rehabilitation in elderly

patients with COVID-19: A randomized controlled study. Complement Ther Clin Pract

2020;39:101166. 10.1016/j.ctcp.2020.101166.

170. Keech C, Albert G, Cho I, Robertson A, Reed P, Neal S, Plested JS, Zhu M, Cloney-

Clark S, Zhou H, Smith G, Patel N, Frieman MB, Haupt RE, Logue J, McGrath M,
Weston S, Piedra PA, Desai C, Callahan K, Lewis M, Price-Abbott P, Formica N,
Shinde V, Fries L, Lickliter JD, Griffin P, Wilkinson B,Glenn GM. Phase 1-2 Trial of a
SARS-CoV-2 Recombinant Spike Protein Nanoparticle Vaccine. N Engl J Med

2020;383:2320-32. 10.1056/NEJM0a2026920.

171. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, Perez JL,

Pérez Marc G, Moreira ED, Zerbini C, Bailey R, Swanson KA, Roychoudhury S, Koury
K, Li P, Kalina WV, Cooper D, Frenck RW, Hammitt LL, Tiireci O, Nell H, Schaefer A,
Unal S, Tresnan DB, Mather S, Dormitzer PR, Sahin U, Jansen KU, Gruber WC,Group
CCT. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N Engl J Med

2020;383:2603-15. 10.1056/NEJMo0a2034577.

172. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, Diemert D, Spector

SA, Rouphael N, Creech CB, McGettigan J, Khetan S, Segall N, Solis J, Brosz A, Fierro
C, Schwartz H, Neuzil K, Corey L, Gilbert P, Janes H, Follmann D, Marovich M,
Mascola J, Polakowski L, Ledgerwood J, Graham BS, Bennett H, Pajon R, Knightly C,
Leav B, Deng W, Zhou H, Han S, Ivarsson M, Miller J, Zaks T,Group CS. Efficacy and

Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N Engl J Med 2021;384:403-16.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

10.1056/NEJMo0a2035389.

173. WHO

Collaborating Centre for International Drug Monitoring. VigiAccess, www.vigiaccess.org/
[accessed 30 October 2022].

174. Park JY, Kim JH, Lee 1J, Kim HI, Park S, Hwang Y1, Jang SH,Jung KS. COVID-19
vaccine-related interstitial lung disease: a case study. Thorax 2022;77:102-4.
10.1136/thoraxjnl-2021-217609.

175. Oda N, Mitani R, Takata [,Kataoka M. Interstitial lung disease after receiving the
mRNA-based COVID-19 vaccine tozinameran. Respir Med Case Rep 2022;36:101618.
10.1016/j.rmcr.2022.101618.

176. Barrio Piqueras M, Ezponda A, Felgueroso C, Urtasun C, Di Frisco IM, Larrache JC,
Bastarrika G,Alcaide AB. Acute Eosinophilic Pneumonia Following mRNA COVID-19
Vaccination: A Case Report. Arch Bronconeumol 2022;58:53-4.
10.1016/j.arbres.2021.11.004.

177. Shimizu T, Watanabe S, Yoneda T, Kinoshita M, Terada N, Kobayashi T, Gohara K,
Tsuji T, Nakatsumi H, Tambo Y, Ohkura N, Abo M, Hara J, Sone T, Kimura H,Kasahara
K. Interstitial pneumonitis after COVID-19 vaccination: A report of three cases.
Allergol Int 2022;71:251-3. 10.1016/j.alit.2021.10.003.

178. Ueno T, Ohta T, Sugio Y, Ohno Y,Uehara Y. Severe acute interstitial lung disease
after BNT162b2 mRNA COVID-19 vaccination in a patient post HLA-haploidentical
hematopoietic stem cell transplantation. Bone Marrow Transplant 2022;57:840-2.
10.1038/s41409-022-01633-6.

179. Yoshifuji A, Ishioka K, Masuzawa Y, Suda S, Murata S, Uwamino Y, Fujino M,
Miyahara H, Hasegawa N, Ryuzaki M, Hoshino H,Sekine K. COVID-19 vaccine

induced interstitial lung disease. J Infect Chemother 2022;28:95-8.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

10.1016/j.jiac.2021.09.010.

180. Matsuzaki S, Kamiya H, Inoshima I, Hirasawa Y, Tago O,Arai M. COVID-19 mRNA
Vaccine-induced Pneumonitis. Intern Med 2022:;61:81-6.
10.2169/internalmedicine.8310-21.

181. So C, Izumi S, Ishida A, Hirakawa R, Kusaba Y, Hashimoto M, Ishii S, Miyazaki H,
Iikura M,Hojo M. COVID-19 mRNA vaccine-related interstitial lung disease: Two case
reports and literature review. Respirol Case Rep 2022;10:¢0938. 10.1002/rcr2.938.

182. Yoshikawa T, Tomomatsu K, Okazaki E, Takeuchi T, Horio Y, Kondo Y, Oguma
T,Asano K. COVID-19 vaccine-associated organizing pneumonia. Respirol Case Rep
2022;10:e0944. 10.1002/rcr2.944.

183. Miqdadi A,Herrag M. Acute Eosinophilic Pneumonia Associated With the Anti-
COVID-19 Vaccine AZD1222. Cureus 2021;13:€18959. 10.7759/cureus.18959.

184. Liatsos GD, Mavroudis A, Iliakis P, Karmpalioti M, Koullias E,Vassilopoulos D. A
case of adenoviral covid-19 vector vaccine possibly linked to severe but reversible
interstitial lung injury post-vaccination. Infect Dis (Lond) 2022;54:692-7.
10.1080/23744235.2022.2072521.

185. Khan Z, Khattak AA, Rafig N, Amin A,Abdullah M. Interstitial Lung Disease and
Transverse Myelitis: A Possible Complication of COVID-19 Vaccine. Cureus
2022;14:e21875. 10.7759/cureus.21875.

186. Bando T, Takei R, Mutoh Y, Sasano H, Yamano Y, Yokoyama T, Matsuda T, Kataoka
K, Kimura T,Kondoh Y. Acute exacerbation of idiopathic pulmonary fibrosis after
SARS-CoV-2 vaccination. Eur Respir J 2022;59:10.1183/13993003.02806-2021.

187. Ghincea A, Ryu C,Herzog EL. An Acute Exacerbation of Idiopathic Pulmonary
Fibrosis After BNT162b2 mRNA COVID-19 Vaccination: A Case Report. Chest

2022;161:e71-e3. 10.1016/j.chest.2021.07.2160.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

188. Amiya S, Fujimoto J, Matsumoto K, Yamamoto M, Yamamoto Y, Yoneda M, Kuge T,
Miyake K, Shiroyama T, Hirata H, Takeda Y,Kumanogoh A. Case report: Acute
exacerbation of interstitial pneumonia related to messenger RNA COVID-19
vaccination. Int J Infect Dis 2022;116:255-7. 10.1016/5.1jid.2022.01.031.

189. Sgalla G, Magri T, Lerede M, Comes A,Richeldi L. COVID-19 Vaccine in Patients
with Exacerbation of Idiopathic Pulmonary Fibrosis. Am J Respir Crit Care Med
2022;206:219-21. 10.1164/rccm.202112-2765LE.

190. Bocchino M, Rea G, Buonocore A, Lieto R, Mazzocca A, Di Domenico A,Stanziola
AA. Combination of acute exacerbation of idiopathic nonspecific interstitial pneumonia
and pulmonary embolism after booster anti-COVID-19 vaccination. Respir Med Case
Rep 2022;38:101674. 10.1016/j.rmcr.2022.101674.

191. Moody R, Wilson K, Flanagan KL, Jaworowski A,Plebanski M. Adaptive Immunity
and the Risk of Autoreactivity in COVID-19. Int J Mol Sci
2021;22:10.3390/ijms22168965.

192. Vojdani A, Vojdani E,Kharrazian D. Reaction of Human Monoclonal Antibodies to
SARS-CoV-2 Proteins With Tissue Antigens: Implications for Autoimmune Diseases.
Front Immunol 2020;11:617089. 10.3389/fimmu.2020.617089.

193. Chang SE, Feng A, Meng W, Apostolidis SA, Mack E, Artandi M, Barman L,
Bennett K, Chakraborty S, Chang I, Cheung P, Chinthrajah S, Dhingra S, Do E, Finck
A, Gaano A, Gefiner R, Giannini HM, Gonzalez J, Greib S, Giindisch M, Hsu AR, Kuo
A, Manohar M, Mao R, Neeli I, Neubauer A, Oniyide O, Powell AE, Puri R, Renz H,
Schapiro J, Weidenbacher PA, Wittman R, Ahuja N, Chung HR, Jagannathan P, James
JA, Kim PS, Meyer NJ, Nadeau KC, Radic M, Robinson WH, Singh U, Wang TT,
Wherry EJ, Skevaki C, Luning Prak ET,Utz PJ. New-onset IgG autoantibodies in

hospitalized patients with COVID-19. Nat Commun 2021;12:5417. 10.1038/s41467-



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

021-25509-3.

194. Trahtemberg U, Fritzler MJ,group ObotC-cotLBiLIs. COVID-19-associated
autoimmunity as a feature of acute respiratory failure. Intensive Care Med 2021;47:801-
4.10.1007/s00134-021-06408-z.

195. Vlachoyiannopoulos PG, Magira E, Alexopoulos H, Jahaj E, Theophilopoulou K,
Kotanidou A, Tzioufas AG. Autoantibodies related to systemic autoimmune rheumatic
diseases in severely ill patients with COVID-19. Ann Rheum Dis 2020;79:1661-3.
10.1136/annrheumdis-2020-218009.

196. Uppal NN, Kello N, Shah HH, Khanin Y, De Oleo IR, Epstein E, Sharma P, Larsen
CP, Bijol V,Jhaveri KD. ANCA-Associated Vasculitis With Glomerulonephritis in
COVID-19. Kidney Int Rep 2020;5:2079-83. 10.1016/j.ekir.2020.08.012.

197. Fineschi S. Case Report: Systemic Sclerosis After Covid-19 Infection. Front
Immunol 2021;12:686699. 10.3389/fimmu.2021.686699.

198. Slimani Y, Abbassi R, El Fatoiki FZ, Barrou L,Chiheb S. Systemic lupus
erythematosus and varicella-like rash following COVID-19 in a previously healthy
patient. ] Med Virol 2021;93:1184-7. 10.1002/jmv.26513.

199. Shoenfeld Y,Agmon-Levin N. 'ASIA' - autoimmune/inflammatory syndrome induced
by adjuvants. J Autoimmun 2011;36:4-8. 10.1016/;.jaut.2010.07.003.

200. Giannini M, Ohana M, Nespola B, Zanframundo G, Geny B,Meyer A. Similarities
between COVID-19 and anti-MDAS syndrome: what can we learn for better care? Eur
Respir J 2020;56:10.1183/13993003.01618-2020.

201. Rebendenne A, Valadao ALC, Tauziet M, Maarifi G, Bonaventure B, McKellar J,
Planes R, Nisole S, Arnaud-Arnould M, Moncorgé O,Goujon C. SARS-CoV-2 triggers
an MDA-5-dependent interferon response which is unable to control replication in lung

epithelial cells. J Virol 2021;10.1128/JV1.02415-20.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

202. Yin X, Riva L, Pu Y, Martin-Sancho L, Kanamune J, Yamamoto Y, Sakai K, Gotoh S,
Miorin L, De Jesus PD, Yang CC, Herbert KM, Yoh S, Hultquist JF, Garcia-Sastre
A,Chanda SK. MDAS Governs the Innate Immune Response to SARS-CoV-2 in Lung
Epithelial Cells. Cell Rep 2021;34:108628. 10.1016/j.celrep.2020.108628.

203. Garcia-Bravo L, Calle-Rubio M, Fernandez-Arquero M, Mohamed Mohamed K,
Guerra-Galan T, Guzméan-Fulgencio M, Rodriguez de la Pefia A, Caiiizares C, Lopez B,
Vadillo C, Matias-Guiu J, Nieto Barbero A, Alvarez-Sala Walther JL, Sanchez-Ramén
S,Ochoa-Grullén J. Association of anti-SARS-COV-2 vaccine with increased incidence
of myositis-related anti-RNA-synthetases auto-antibodies. J Transl Autoimmun
2022;5:100160. 10.1016/j.jtauto.2022.100160.

204. Gupta K, Sharma GS,Kumar A. COVID-19 vaccination-associated anti-Jo-1
syndrome. Reumatologia 2021;59:420-2. 10.5114/reum.2021.111836.

205.Gonzalez D, Gupta L, Murthy V, Gonzalez EB, Williamson KA, Makol A, Tan CL,
Sulaiman FN, Shahril NS, Isa LM, Martin-Nares E,Aggarwal R. Anti-MDAS5
dermatomyositis after COVID-19 vaccination: a case-based review. Rheumatol Int
2022;42:1629-41. 10.1007/500296-022-05149-6.

206. Kitajima T, Funauchi A, Nakajima T, Marumo S, Imura Y,Fukui M. Antimelanoma
Differentiation-Associated Gene 5 Antibody-Positive Interstitial Lung Disease After
Vaccination With COVID-19 mRNA Vaccines. ] Rheumatol 2022;49:1158-62.
10.3899/jrheum.220259.

207. U.S. National Library of Medicine. ClinicalTrials.gov, https://clinicaltrials.gov/

[accessed 20 October 2022].



Table 1. Clinical trials for treatment or prevention of post-COVID-19 pulmonary fibrosis [207]

Phase Location Treatment agent Comparator Primary outcomes Status
NCT04619680 4 USA Nintedanib Placebo Change in FVC (180 days) Recruiting
NCT04338802 2 China Nintedanib Placebo Change in FVC (8 weeks)
. e Change in FVC (% predicted) (24 weeks) .
NCT04607928 2 Spain Pirfenidone Placebo Change in percentage of fibrosis on HRCT (24 weeks) Recruiting
NCT04856111 4 India Pirfenidone Nintedanib Change in FVC (24 weeks)
. . o .
NCT04948203 23 USA Sirolimus 0.5 mg vs. 1 mg Number of patients with >10% pulmonary fibrosis on chest Recruiting
vs. 2 mg daily CT (12 weeks)
NCT05516550 2/3 Russia Treamide Placebo Change in 6-minute walk distance and Borg score (29 days) rgzﬁai}t,ierfg
. . Rate of relative >10% increase in FVC (28 days)
NCT04527354 2 Russia Treamide Placebo Rate of relative 5-10% increase in FVC and >15% in DLco Completed
NCTO04551781 Egypt Prednisone (20 mg)  Placebo HRCT score (day 14) Completed
. Improvement of HRCT score (24 weeks)
NCT04279197 2 China Fuzheng Huayu Placebo FVC, FEV1, FVC/FEV1 (24 weeks) Completed
Nanosuspension of Change in DLco (12 weeks) o
NCT03482595 2 USA genistin {latebo Change in 6-minute walk test (12 weeks) Recruiting
. Bovhyaluronidase Severity of pulmonary tissue lesions with fibrosis (75 days) iy
NCT04645368 Russia azoxymer No therapy Interstitial changes (%) on HRCT (75 days) Recruiting
EV-Pure™ and Adverse events due to treatment (3 months) ..
NCT05387239 1 USA WI-Pure™ Placebo 6-minute walk test Recruiting
NCT04789395 Turkey Ozone Prevention of pulmonary fibrosis (1 year) Recruiting
e Physical activity 6-minute walk test (8 weeks) Not yet
NCT05299333 Turkey Telerchabilitation recommendation Hand-held dynamometer (8 weeks) recruiting

COVID-19: coronavirus disease 2019; FVC: forced vital capacity; HRCT: high resolution computed tomography; FEV1: forced expiratory volume in 1 second,
DLco: diffusion capacity of lungs for carbon monoxide.




Figure caption

Figure 1. Suggested etiology of COVID-19, ARDS, and subsequent pulmonary
fibrosis. COVID-19: coronavirus disease 2019; ARDS: acute respiratory distress
syndrome; ACE-2: angiotensin-converting enzyme-2; AEC: airway epithelial cell; NET:
neutrophil extracellular trap; ROS: reactive oxygen species; TGF-f: transforming growth
factor-f; PDGF: platelet-derived growth factor; FGF: fibroblast growth factor; VEGF:

vascular endothelial growth factor.
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