
R E V I E W

Potential mechanisms for lung fibrosis associated with

COVID-19 infection
T. Parimon 1,2,*, M. Espindola1,2,*, A. Marchevsky3, R. Rampolla2, P. Chen1,2

and C.M. Hogaboam1,2

From the 1Cedars-Sinai Medical Center, Women’s Guild Lung Institute, 127 San Vicente Blvd, Los Angeles, CA
90048, USA, 2Division of Pulmonary and Critical Care Medicine, Department of Medicine, Cedars-Sinai
Medical, Center, 8700 Beverly Blvd, Los Angeles, CA 90048, USA and 3Pathology Department, Cedars-Sinai
Medical Center, 8700 Beverly Blvd, Los Angeles, CA 90048, USA

Address correspondence to Cory M. Hogaboam, PhD, Cedars-Sinai Medical Center, Women’s Guild Lung Institute, 127 San Vincente Blvd A9403 Advanced
Health Sciences Pavilion, Los Angeles, CA 90048, USA. email: Cory.Hogaboam@cshs.org

*These authors contributed equally to this study.

Summary

Pulmonary fibrosis is a sequelae of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infection that currently
lacks effective preventative or therapeutic measures. Post-viral lung fibrosis due to SARS-CoV-2 has been shown to be pro-
gressive on selected patients using imaging studies. Persistent infiltration of macrophages and monocytes, a main feature
of SARS-CoV-2 pulmonary fibrosis, and long-lived circulating inflammatory monocytes might be driving factors promoting
the profibrotic milieu in the lung. The upstream signal(s) that regulates the presence of these immune cells (despite com-
plete viral clearance) remains to be explored. Current data indicate that much of the stimulating signals are localized in the
lungs. However, an ongoing low-grade systemic inflammation in long Coronavirus Disease 2019 (COVID-19) symptoms sug-
gests that certain non-pulmonary regulators such as epigenetic changes in hematopoietic stem cells might be critical to the
chronic inflammatory response. Since nearly one-third of the world population have been infected, a timely understanding
of the underlying pathogenesis leading to tissue remodeling is required. Herein, we review the potential pathogenic mecha-
nisms driving lung fibrosis following SARS-CoV-2 infection based upon available studies and our preliminary findings
(Graphical abstract).
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Introduction

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has
affected hundreds of millions of people and caused over 6 mil-
lion deaths to date worldwide. After acute infection, some
patients develop postacute sequelae SARS-CoV-2 (PASC) symp-
toms that affect many organ systems, in which the long-term
impact is creating an enormous burden to public health.1 With
the lungs being the primary organ of infection, it is unsurprising
that appreciable amount patients develop variable degrees of
pulmonary fibrosis (PF) that can result in respiratory failure and
death.2 For up to 12 months of follow-up, multiple studies
reported the prevalence of 4.8–35%, notably higher among critic-
ally ill patients.3 Interestingly, emerging data suggest areas of
overlap between idiopathic pulmonary fibrosis (IPF) and SARS-
CoV-2 PF.4,5 In this review, we summarize evolving research
addressing the underlying pathogenic mechanisms of PF in
SARS-CoV-2 infection and discuss potential early cellular and
molecular targets that might prevent this devastating pulmon-
ary complication in COVID-19 survivors.

Lung pathology and spatial architectures of
subacute and chronic phase of COVID-19

There is limited information about the pathological characteris-
tics of lung fibrosis in SARS-CoV-2 infection. One study described
usual interstitial pneumonia pattern of fibrosis, similar to that
seen in IPF.6 In contrast, another reported lung explants from

postacute COVID-19 PF patients demonstrated a non-specific
interstitial pneumonia (NSIP) and other patterns of fibrosis that
include traction bronchiectasis and bronchiectasis with evidence
of ongoing injury and interstitial fibroblastic proliferation.7,8 Our
institution performed 20 cases of lungs transplantation for post-
COVID-19 PF with chronic respiratory failure, and interestingly,
the key pathology findings of most cases were also NSIP (unpub-
lished data, Figure 1). Specifically, a diffuse interstitial fibrosis
with inflammatory cell infiltration and peribronchiolar metapla-
sia near fibrotic foci were the main features. Interstitial
hemosiderin-laden macrophages were observed indicating prior
lung hemorrhage (Figure 1, lower left panel). The classical hist-
ology description of NSIP conforms to inflammatory-driven fibro-
proliferative nature of SARS-CoV-2 PF.

Widespread inflammatory cellular infiltration was one of
the specific features in COVID-19 lung fibrosis that may unique-
ly drive fibroproliferative response in SARS-CoV-2 infection.
Indeed, persistent macrophage infiltration and progressive ex-
pansion of mesenchymal fibroblasts surrounding the alveolar
walls were more pronounced in SARS-CoV-2 than in H1N1
pneumonia and absent in bacterial infection.9 Lung progenitor
failure was theorized as a profibrotic characteristic in COVID-19
PF. Specifically, the infected alveolar progenitor epithelial cells
expressed higher apoptotic and inflammatory markers (cyst-
eine-aspartic acid protease 3 (CASP3), phosphorylated signal
transducer and activator of transcription 3 (pSTAT3) and
interleukin-6 (IL-6)). They also lack of interaction with immune
or mesenchyme cells suggesting an unresponsive or
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Schematic illustration of cellular interaction in COVID-19 PF.
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unstimulated state of epithelial cells to repair the damaged
lungs.9 Lastly, single-cell transcriptomic profiling of SARS-CoV-
2 explanted lungs identified fibrogenic pathways reminiscent to
those found in IPF.2,5 Hence, it is conceivable that dysregulated

lung repair in COVID-19 is a result of inflammatory-driven
mesenchyme/fibroblast expansion and inhibited alveolar
regeneration.

To this end, available data suggest that the SARS-CoV-2 PF
histologically resembles NSIP, but signaling pathways are acti-
vated that overlap with those found in IPF. With a limited
follow-up timeframe, COVID-19 PF was radiographically pro-
gressive. However, clinical characterization in a longer observa-
tional term remains to be determined. Nevertheless, studying
the mechanisms that cause fibrosis in COVID-19 survivors may
have broader implications and provide insight into other types
of lung fibrosis such as IPF.

Potential mechanisms of COVID-19 PF

Comprehensive multiomic analysis of biological samples from
convalescent COVID-19 patients with PF has provided valuable
information regarding the underlying pathogenetic mecha-
nisms of SARS-CoV-2 PF.2,9–13 Much of the literature focuses on
fibrosis identified in lungs obtained from fatal COVID-19 cases.

However, as lung transplantation is now an acceptable option
for those with post-COVID PF,14 studies are increasingly using
COVID-19 lung explants to understand the mechanisms driving
PF after SARS-CoV-2 infection. A major challenge here is the
lack of suitable animal models to validate the functions of those
identifiable targets. Nonetheless, a mouse-adapted SARS-CoV-2
MA10 infection in aged mice has shown significant promise as a
model of PASC lung fibrosis.15 Like other types of PF, multiple
lung cells including lung epithelia, immune cells and lung fibro-
blasts, are implicated in SARS-CoV-2 PF. Functional studies of
these cells in SARS-CoV-2 preclinical models are scarce. The
chronic MA10 mouse infection indicated an early anti-viral
EIDD-2801 (Emory Institute of Drug Design) plus an early anti-
fibrotic agent (nintedanib) reduced clinical severity, lung dam-
ages and chronic pulmonary lesions, as well as decreased peak
fibrotic disease, respectively.15 Here, we described current find-
ings to support potential pathogenic mechanism of lung fibrosis
associated with SARS-CoV-2 viral infection.

Cellular mechanisms

Monocytes and macrophages
A delayed or impaired type I interferon (IFN) response during
acute SARS-CoV-2 infection appears to drive the aberrant activa-
tion of monocytes and macrophages, and together, these myeloid

Figure 1. Diffuse interstitial fibrosis with extensive peribronchiolar metaplasia and inflammatory cell infiltration in COVID-19 lung fibrosis. Hematoxylin and eosin

staining of six COVID-19 pulmonary fibrosis explanted lungs.
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cells trigger a hyperinflammatory or ‘cytokine storm’ phenom-
enon.10,16,17 This cytokine storm leads to widespread diffuse alveo-
lar damage and extensive lung destruction consequently
triggering the fibroproliferation.9 Substantial expansion of both
interstitial macrophage (CD14þCD16þCD206þCD163þCD123þ cells)
and fibroblasts is one explanation for the higher Ashcroft fibrotic
score in COVID-19 compared with influenza infection or bacterial
pneumonia.9 Similarly, profibrotic monocyte-derived macro-
phages (MDM or MoMac) expand in the lungs after SARS-CoV-2 in-
fection and were colocalized with mesenchymal cells and area of
collagen deposition.2,5 The additional characterization of macro-
phages revealed the accumulation of CD163þ macrophages con-
comitant with collagen deposition.5 Moreover, six subtypes of
monocyte/macrophage population with distinct transcriptomic
profiles were identified in bronchoalveolar lavage (BAL) fluid

(FCN1-monocytes expressing ficolin-M, alarmins (S100A8,

S100A12), and inflammatory cytokines (IL1B, IL6, CXCL8, and
CCR2); Mono/Macrophages (transitional state); CD163/LGMN-mac-
rophages; AM1; AM2; and proliferating AM, during early and late
COVID-19 ARDS in response to tissue injuries. In lung tissues,
similar monocyte/macrophage populations were colocalized with
mesenchymal cells and area of collagen deposition during late
phase of ARDS indicating their putative profibrotic role.5

Furthermore, an in vitro functional study showed that SARS-CoV-2
stimulated profibrotic transcriptional and proteomic changes in
human peripheral blood mononuclear cells (PBMC). These profi-
brotic MoMacs expressing SPP1, ILRN, MMP9, CHI3L1 and PLA2G7

were abundant in explanted COVID-19 lungs.2

Together with infiltrated MoMac in the lungs, excessive cir-
culating monocytes likely fuel an inflammatory state and drive
fibroblast proliferation.18 Thus, it is plausible that the persistent
infiltration of profibrotic MoMacs promote chronic inflamma-
tory state in damaged lung tissues leading to progressive lung
architectural destruction and dysregulation of lung remodeling.

Aberrant lung epithelial cells
Like IPF, the loss of alveolar type 2 (AT2) cells is one of common
characteristics in SARS-CoV-2 fibrotic lungs. Moreover, the
remaining AT2 cells express pathologic profibrotic signature
molecules including pSTAT3 and the receptor tyrosine kinase
and proto-oncogene KIT, and contained high levels of signaling
proteins such as IL-6, arginase 1 and apoptotic marker CASP3.9

However, the intercellular interaction between these aberrant
AT2 cells and other profibrotic cell types was found to be min-
imal.9 The other striking feature similar to IPF lungs is an accu-
mulation transitional alveolar epithelial cells that expressed
canonical markers (KRT8/CLDN4/CDKN1A), and non-canonical
markers (KRT5/TP63/KRT17)9,13 in response to alveolar damages.
These findings were observed in our explanted COVID-19 lungs
(Figure 2). A cell fate determination of these transitional cell is
ongoing, although most believe that they could represent the in-
ability of AT2 cells to fully differentiate into AT1 cells for proper
alveolar repair and regeneration or evidence of a protracted in-
jury and repair cycle.13 Speculatively, in a chronic SARS-CoV-2
MA10 mouse infectious model, these aberrant Krt8þ epithelial
progenitor can replenish AT2 cells during alveolar regeneration.15

In summary, the loss of AT2 epithelial progenitors and the accu-
mulation of alveolar transitional cells are the main pathological
findings that the correlation between their dynamic changes and
structure alteration during fibroproliferative process is under
intense investigation.

Pathological fibroblasts
An expansion of lung fibroblasts, specifically myofibroblasts,
and other elements of the mesenchyme were the main histo-
logical findings of late- or end-stage fibrotic COVID-19 lungs.2,8,9

Whether this accumulation is simply occurring in response to
extensive tissue damage, or these fibroblasts are indeed patho-
logic fibroblasts that perpetuate fibrotic process remains
unclear.

Senescent characteristics in lung fibroblasts after SARS-CoV-
2 infection have been reported,19 but other profibrotic features
in these cells such as invasiveness capability have yet to be
explored. Nonetheless, these fibroblasts strongly expressed
Collagen Triple Helix Repeat Containing protein 1 (CTHRC1), a
recently described marker for these cells, and profibrotic genes
including COL1A1 and COL3A1.17 Current evidence suggests that
the accumulation of fibroblasts was driven by immune-
mediated processes mediated by macrophages, profibrotic
MoMac, NK cells, and T cells, and that the majority of lung fibro-
blasts were highly proliferative.5,9 As such, the current evidence
points to fibroblasts as an effector responding to the inflamma-
tory environment.

Profibrotic signaling pathway

Cellular senescence
Cellular senescence is a key profibrotic pathway in IPF, which is
also detected in COVID-19 PF. Senescence signature genes are
expressed in aberrant epithelial cells in explanted COVID-19 PF
lungs.2 Moreover, the sustained presence of senescence-
associated secretory phenotypes such as IL-6, IL-1b, TNF, among
other factors present in circulation and the lung environment
further implicates cellular senescence in COVID-19 PF.13,20

Indeed, SARS-CoV-2 infected epithelia and lung fibroblasts pro-
mote paracrine senescence of adjacent bronchial and alveolar
epithelial cells.19 Further evidence of SARS-CoV-2 induced-senes-
cence driving lung pathology has been explored in a preclinical
model in which it was shown that early treatment with senolytic
agents such as navitoclax, a dasatinib/quercetin cocktail or
fisetin ameliorated both morbidity and mortality.21

Inflammation regulatory pathways
Chronic persistent inflammation is the main feature of SARS-
CoV-2, especially in severe cases with PF.2 However, transcrip-
tomic profiling of circulating monocytes indicated lower
responsiveness to IFN signaling caused a delay resolution of
ARDS in severe COVID-19.10 An impaired or dysregulated IFN re-
sponse during early infection appears to trigger significant
downstream deleterious effects leading to hyperimmune acti-
vation and cytokine storm. Specifically, in SARS-CoV-2 PF, lower
circulating IFN-c (i.e. type II IFN) may be a risk factor for persist-
ent fibrosis.22 Another study also suggested that the develop-
ment of PF in post-COVID-19 patients was associated with
lower circulating IFN-b and higher IL-1a and TGF-b.23

Epigenetic mechanisms
Bromodomain-containing protein 4 (BRD4) is one of the key epi-
genetic transcriptional regulators in pathologic tissue remodel-
ing.24 Pharmacologic targeting of BRD4 during SARS-CoV-2
infection has been shown to prevent viral entry via modulation
of angiotensin-converting enzyme 2 (ACE2) and Transmembrane
Protease, Serine 2 (TMPRSS2) receptor expression in bronchial
epithelial cells.25 In addition, epigenetic mechanisms appear to
be regulating inflammatory responsiveness in myeloid cells dur-
ing COVID-19. Epigenetic reprogramming in hematopoietic stem
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and progenitor cells (HSPC) imprints differentiated innate im-
mune cells including monocytes, and this reprogramming is
associated with the severity of SARS-CoV-2 infection.26

Specifically, it was noted that there are persistent epigenetic
changes in Activator Protein 1 (AP-1) and Interferon Regulatory
Factor (IRF) transcriptional activity in HSPC and monocytes char-
acterized by high AP-1 activity and low IRF activity lasting up to
12 months after infection in severe COVID-19 patients. It is not
presently clear whether BRD4 contributes to this transcriptional
dysregulation, but these epigenetic changes could contribute to
fibrosis in PASC and other complications in long-COVID-19.
These findings suggest that a hyper-inflammatory state and sub-
sequent PF could be attenuated by Bromodomain and
Extraterminal protein (BET) inhibitors albeit the timing of admin-
istration appears to be paramount of maximal benefit.27

Summary and conclusion

PF is one of the most devastating respiratory complications of
SARS-CoV-2 infection. The true prevalence and long-term clin-
ical course of SARS-CoV-2 PF particularly among patients with
less severe forms of the disease remain elusive. The lack of suit-
able animal models to fully understand the pathophysiology of
SARS-CoV-2 PF significantly impairs efforts to identify thera-
peutic targets. Nevertheless, extensive data derived from autop-
sied and explanted lungs have highlighted the significance of
the inflammatory process in the severity of COVID-19, and this
process is viewed as the main culprit in PASC conditions includ-
ing PF.

We currently have no way to predict those that will develop
PASC PF. Clearly, the severity of illness is a strong predictor so
those with obesity, advanced age and immunosuppressed
states clearly are at risk. However, developing specific bio-
markers would be beneficial to identify patients to attempt

early interventions to disrupt fibroproliferation. In that regard,
research is needed to identify novel therapeutics to treat those
with PF as a long-term sequelae of SARS-CoV-2 infection. Anti-
fibrotic agents such as nintedanib and pirfenidone have shown
some initial promise, but a larger study is required for conclu-
sive results. The use of anti-inflammatory agents during any in-
fection is a delicate balance between circumventing excessive
organ damage and triggering uncontrolled infection. To date,
corticosteroids and pathway-specific therapy (i.e. IL-6 and JAK
inhibitors) impact clinical course, but there is insufficient data
regarding their impact on PF. Available data suggest that target-
ing inflammatory pathways expressed in myeloid cells (e.g.
MoMacs) might be a novel therapeutic strategy in SARS-CoV-2
PF. Cellular senescence is another prominent pathologic process
that is directly linked to inflammation, and therapeutic target-
ing of this pathway in the preclinical setting is efficacious. Lung
transplantation is also now an option for those with PASC PF
with chronic respiratory failure, but long-term survival remains
to be determined and these patients will have to contend with
transplant-associated complications.
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