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Sergio Ignacio-Cortés,1,2 Itzel Alejandra Gómez-Garcı́a,1,2 Tatiana Sofia Rodrı́guez-Reyna,3
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The costs of coronavirus disease 2019 (COVID-19) are devastating. With millions of deaths worldwide, specific
serological biomarkers, antiviral agents, and novel therapies are urgently required to reduce the disease burden.
For these purposes, a profound understanding of the pathobiology of COVID-19 is mandatory. Notably, the
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study of immunity against other respiratory infections has generated reference knowledge to comprehend the
paradox of the COVID-19 pathogenesis. Past studies point to a complex interplay between cytokines and other
factors mediating wound healing and extracellular matrix (ECM) remodeling that results in exacerbated in-
flammation, tissue injury, severe manifestations, and a sequela of respiratory infections. This review provides an
overview of the immunological process elicited after severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) infection. Also, we analyzed available data about the participation of matrix metalloproteinases
(MMPs) and transforming growth factor-beta (TGF-b) in immune responses of the lungs. Furthermore, we
discuss their possible implications in severe COVID-19 and sequela, including pulmonary fibrosis, and remark
on the potential of these molecules as biomarkers for diagnosis, prognosis, and treatment of convalescent
COVID-19 patients. Our review provides a theoretical framework for future research aimed to discover mo-
lecular hallmarks that, combined with clinical features, could serve as therapeutic targets and reliable bio-
markers of the different clinical forms of COVID-19, including convalescence.
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Introduction

The coronavirus disease 2019 (COVID-19), caused by
the severe acute respiratory syndrome coronavirus-2

(SARS-CoV-2), is now the leading infectious cause of death
worldwide. In the United States, as of October 2020,
COVID-19 was the second and third cause of death in
persons older than 85 and 45 years, respectively (Woolf and
others 2021). The most recent global report estimates that
until July 2021, 186,240,393 infections and 4,027,861
deaths have occurred around the world (Johns Hopkins
Coronavirus Resource Center 2022). The current pandemic
could extend for additional months due to the lack of suf-
ficient vaccines to immunize a massive proportion of the
world population in developing countries. The absence of
specific antiviral drugs is an additional hurdle that limits our
capacity to prevent poor clinical outcomes and reduce the
mortality of COVID-19 patients. This crisis could be further
aggravated by the emergence of novel SARS-CoV-2 strains
with increased transmission and pathogenic potential.

Over the past year, major advances in our knowledge
about the pathogenesis of COVID-19 have been made.
However, the current understanding of the host and patho-
gen factors determining the clinical behavior of the disease
is still incomplete. Identifying molecular hallmarks associ-
ated with severe disease that could serve as prognostic
biomarkers is relevant to guide therapeutic decisions. Fur-
thermore, studying immune parameters of severity could
reveal targets for the development of novel immune thera-
pies. Importantly, an increasing incidence of sequelae has
been observed in convalescent COVID-19 patients, includ-
ing pulmonary fibrosis (PF), especially among those who
recovered from severe disease. These complications could
permanently affect the respiratory function of patients im-
pacting negatively on their quality of life. Thus, a higher
interest in pathogenic processes underlying excessive in-
flammation, tissue injury, and extracellular matrix (ECM)
remodeling after SARS-CoV-2 infection is urgent.

Unfortunately, little literature exists on the causative
mechanisms of post-COVID-19 PF. Hence, in the current
review, we summarize available data generated from other
respiratory infectious diseases, focusing on the role of ma-
trix metalloproteinases (MMPs) and the transforming
growth factor-beta (TGF-b) as immune mediators and ECM
remodelers in the lungs. Our goal is to provide a theoretical
framework that could serve as a reference for future inves-

tigations looking for diagnostic and prognostic biomarkers,
as well as therapeutic targets to prevent severe disease and
sequelae in COVID-19 patients.

Clinical and Immunological Features
of COVID-19

SARS-CoV-2 is an enveloped, positive-sense, single-
stranded RNA virus belonging to the Coronaviridae family,
with a genome of 29.9 kb. As a zoonotic virus, SARS-CoV-
2 is known to have bats and pangolins as its main reservoirs.
Indeed, coronaviruses isolated from both species share
90.55% and 91.02% of genome identity with SARS-CoV-2,
respectively (Konda and others 2020). After being inhaled,
SARS-CoV-2 reaches the host nasal cavity and enters into
the epithelial cells by attaching to the angiotensin-
converting enzyme 2 (ACE2) receptor through its envelope
spike (S) protein (de Wit and others 2016; Shang and others
2020). The virus is then internalized into endosomes, and
finally, the viral and lysosomal membranes get fused
(Li 2016; Shang and others 2020).

Compared with SARS-CoV, the receptor-binding domain
(RBD) of the S protein of SARS-CoV-2 has a higher affinity
for ACE2 and is less exposed to the host cell immune sur-
veillance. Another interesting feature of SARS-CoV-2 is
that its S protein is preactivated before cell entry by the
proprotein convertase furin, making the infection process
independent of cell protease activity. Altogether, these
factors favor a highly efficient infective capacity of SARS-
CoV-2 (Shang and others 2020).

Once SARS-CoV-2 replicates in the upper airways, it
disseminates early to the lower respiratory tract, where a
more pronounced innate immune response occurs, leading to
the onset of clinical manifestations. The most frequent
symptoms are fever, cough, and fatigue, followed by
headache, diarrhea, dyspnea, anosmia, and loss of taste
(Huang and others 2020; Li and others 2020). Nonetheless,
COVID-19 exhibits a heterogeneous clinical spectrum that
includes asymptomatic cases and mild-to-severe manifes-
tations, which develop respiratory failure, multiorgan dys-
function, and even death (Grasselli and others 2020; Wang
and others 2020a). Individuals who progress to severe
COVID-19 exhibit pneumonia within 10–20 days after
symptoms onset, associated with reduced oxygen saturation,
acute respiratory distress syndrome (ARDS), and prominent
lung damage with ground-glass opacities.
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Among other clinical features in severe COVID-19 pa-
tients are lymphopenia, thrombocytopenia, and a raise of
inflammatory markers such as C-reactive protein (CRP),
increased D-dimer, lactate dehydrogenase (LDH), and
proinflammatory cytokines (Costela-Ruiz and others 2020;
Guan and others 2020; Huang and others 2020; Mason
2020; Tang and others 2020a). Intriguingly, although the
majority of SARS-CoV-2-infected individuals exhibit re-
spiratory manifestations, there are individuals who only
present gastrointestinal symptoms, which include diarrhea,
abdominal pain, vomiting, nausea, and anorexia (Perisetti
and others 2020). Indeed, SARS-CoV-2 has been detected
in stool samples of asymptomatic COVID-19 patients and
it has been documented that SARS-CoV-2 can infect and
replicate in gastrointestinal and liver cells. Indeed, ACE2
is expressed in gastrointestinal mucosa epithelial cells,
where it replicates and can infect other tissues and organs
that express ACE2, such as the liver (Sahu and others
2021).

Also, some authors have emphasized the changes in the
gut microbiota (dysbiosis) that the SARS-CoV-2 infection
can cause and the effect that this might have on health
(Kaźmierczak-Siedlecka and others 2020; Villapol 2020).
However, what can influence that some patients develop
severe lung disease? Since the start of the pandemic, the
most affected persons were individuals older than 65 years
and individuals with comorbidities, who exhibit a reduced
immune response. So it might be plausible that individuals
with interferon deficiencies, elevated inflammatory markers,
and decreased lymphocyte count, among others, could not
contain and clear the viral infection and thus develop severe
lung disease.

Clinical manifestations and severity of COVID-19 are
also associated with age. As such, older adults with co-
morbidities show a higher risk for developing ARDS and
mortality. Conversely, children rarely present with severe
clinical manifestations, some resembling Kawasaki disease
with cardiovascular involvement (Weisberg and others
2021). Recent data have shown that severe disease can also
occur in younger patients with no preexisting medical
conditions (Merad and Martin 2020).

The excessive release of proinflammatory mediators,
termed the cytokine storm, is the proposed cause of ARDS
among COVID-19 patients. Of note, other organs besides
the lungs can also be affected, including the brain, heart,
intestines, kidneys, and liver. This inflammatory reaction
induces the production of several defense proteins such as
CRP and ferritin in the liver, which further enhance in-
flammation and sustain the cytokine storm in severe
COVID-19 patients (Ruscitti and others 2020; Meng and
others 2021). In fact, increased levels of ferritin predict the
risk of death in these patients (Ruscitti and others 2020). In
addition, the hyperinflammation observed in critically ill
COVID-19 patients admitted to the intensive care unit (ICU)
causes thrombotic events.

Abnormal coagulation parameters such as higher D-dimer
levels, longer prothrombin time, and activated partial
thromboplastin time have been associated with poor prog-
nosis. These abnormal coagulation parameters occur early
after hospitalization, and in some patients, fibrinogen con-
centrations and antithrombin activity decreased over time
(Becker 2020; Klok and others 2020; Tang and others
2020b).

The Cytokine Storm Syndrome
of Severe COVID-19

Approximately 15% of COVID-19 patients exhibit
pneumonia, and 5% will turn into ARDS, septic shock, and
organ failure (Cao 2020; Huang and others 2020). Whereas
a typical host antiviral response involves the production of
some proinflammatory cytokines and the activation of CD4+

and CD8+ T cells to control the infection, COVID-19 pa-
tients display an exacerbated cytokine production response
with variable functionality of innate and adaptive lympho-
cytes. For instance, in some patients, the presence of inter-
stitial mononuclear inflammatory infiltrates dominated by
lymphocytes in the lungs is accompanied by the over-
activation of peripheral blood Th17 and cytotoxic CD8 T
cells (Xu and others 2020b).

Conversely, a group of severe COVID-19 patients have
pronounced lymphopenia and depletion of helper and sup-
pressor T cells, B cells, and natural killer (NK) cells from
the blood, perhaps as a consequence of direct effects by the
virus (Qin and others 2020; Wang and others 2020b). This
could be explained by the inability of these individuals to
control the viral infection, leading to an uncontrolled im-
mune response and thus an overproduction of cytokines. In
fact, the persistent T cell stimulation, along with a chronic
inflammatory process, conduces to T cell exhaustion and
consequently lymphopenia (Fathi and Rezaei 2020).

Diao and others reported a drastic reduction of CD4+ and
CD8+ T cells, particularly in COVID-19 patients admitted to
the ICU. Moreover, both T cell subpopulations exhibited an
increase in cell surface expression of programmed cell death
protein 1 (PD-1) and T cell immunoglobulin and mucin
domain-containing-3 (Tim-3), which confirmed T cell ex-
haustion (Diao and others 2019).

ARDS is characterized by increased lung permeability,
severe hypoxemia, and noncardiogenic pulmonary edema.
These conditions disrupt the alveolar-capillary barrier and
result from systemic hyperinflammation (Bernard and others
1994; Cabrera-Benitez and others 2014; Guillamat-Prats and
others 2017). The cytokine storm syndrome of severe
COVID-19 is characterized by high circulating levels of
interleukin-2 (IL-2), interleukin-6 (IL-6), interleukin-7 (IL-7),
interleukin-10 (IL-10), interleukin-17 (IL-17), granulocyte-
macrophage colony-stimulating factor (GM-CSF), C-X-C
motif chemokine ligand 10 (CXCL10), C-C motif chemokine
ligand 2 (CCL2), C-C motif chemokine ligand 3 (CCL3), and
tumor necrosis factor (TNF) (Table 1) (Huang and others
2020). Indeed, this exuberant immune activation predicts
poor prognosis in COVID-19 and resembles other cytokine
release syndromes such as the macrophage activation syn-
drome (Merad and Martin 2020; Tang and others 2020c).

Nevertheless, evidence suggests that IL-6, IL-10, and
CXCL10 are the cytokines that correlate the most with
disease progression. In particular, CXCL10 exhibits a per-
sistent elevated expression pattern in COVID-19 patients,
while in patients with other viral infections only a transient
expression is observed (Buszko and others 2021). While the
role of IL-6 and IL-10 in severe COVID-19 patients has
been related to the acceleration of the inflammatory process
and the induction of the cytokine storm, the role of CXCL10
has been associated with the recruitment of leukocytes to
inflamed tissues, thus perpetuating inflammation and caus-
ing finally tissue damage (Costela-Ruiz and others 2020).
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Moreover, the immunological profile of severe COVID-
19 has unique features that differentiate the disease from
other respiratory infections, such as the pandemic influenza
A (H1N1). Among the immune factors found only in critical
ill COVID-19, but not influenza, patients are interferon-
gamma (IFN-g), IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-
1b, C-C motif chemokine ligand 11 (CCL11), vascular
endothelial growth factor (VEGF), tumor necrosis factor-
like weak inducer of apoptosis (TWEAK), thymic stromal
lymphopoietin (TSLP), MMP-1, and MMP-3 (Choreño-
Parra and others 2021). These molecules could play a spe-
cific role in COVID-19 and are potential targets to reduce its
morbidity and mortality.

A key to understanding how soluble immune mediators
lead to severe disease and subsequent chronic complications
of viral infections is to analyze the interplay of specific
cytokines, their properties, and effects on antiviral immu-
nity, cell function, and tissue repair during and after infec-
tion. For instance, among the spectrum of cytokines elevated
in critically ill COVID-19 patients, IL-6 is a pleiotropic
molecule regulating a significant number of genes and
having a dual role in antiviral cellular responses. In murine
models of infection with influenza, vaccinia virus (VACV),
vesicular stomatitis virus (VSV), and hepatitis B virus
(HBV), IL-6 is essential to mount a protective immune re-
sponse (Kopf and others 1994; Kuo and others 2009; Harker
and others 2011; Lauder and others 2013; Bouezzedine and
others 2015; Yang and others 2017).

Conversely, in other clinical studies and in vitro assays
using human and murine cells, this cytokine is linked to
viral persistence and worse clinical outcomes (Hou and
others 2014; Wu and others 2015; Bardhan and others
2016). Interestingly, IL-6 is pivotal in the immune micro-
environment that mediates persistent inflammation, lung
tissue damage, and subsequent fibrosis, but also plays a
bidirectional role since its early upregulation in mice with
lung injury and PF caused by bleomycin (BLM) has anti-
fibrotic effects by regulating the cell fate of type 2 pneu-
mocytes (Kobayashi and others 2015). These data suggest
that spatiotemporal factors might determine the protective or
pathogenic properties of IL-6 during respiratory infections,
which warrant further investigation in COVID-19.

Another immune signature detected in critically ill pa-
tients with COVID-19 includes the type 2 cytokines IL-4,
IL-5, IL-13, and TSLP, related to noninfectious lung dis-
eases (Choreño-Parra and others 2021). These cytokines
participate in processes that cause repeated cycles of epi-
thelial injury and immune activation in severe asthma pa-
tients, leading to chronic lung inflammation and fibrosis
(Gubernatorova and others 2021). Hence, the immune
mechanisms of lung injury that operate during severe
COVID-19 might resemble certain aspects of the pathobi-
ology of allergic disorders of the lung. Thus, addressing the
role of other cytokines involved in allergic lung inflamma-
tion might help identify pathogenic factors in COVID-19.
For instance, TSLP is an alarmin secreted during allergen-
induced lung epithelial damage that favors eosinophilic in-
flammation in asthma by promoting the release of effector
Th2 cytokines such as IL-4, IL-5, and IL-13 by innate and
adaptive immune cells (Beckert and others 2020).

Other alarmins that can trigger type 2 inflammation, such
as IL-25 and IL-33, as well as cytokines involved in in-
flammation and lung tissue repair such as IL-22, TNF, and
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TGF-b, have not been extensively addressed for their par-
ticipation in morbidity and sequela of COVID-19 ( Johnson
and others 2013; Roan and others 2019; Wu and others
2019).

An additional factor that might contribute to disease se-
verity in respiratory infections is related to the epithelial
injury that triggers the release of damage-associated mo-
lecular patterns (DAMPs), which in turn activate ‘‘sterile
inflammation’’ (Planté-Bordeneuve and others 2021).
Likewise, during viral infection, the structural integrity of
mucosal barriers can be disrupted, favoring translocation
of pathogen-associated molecular patterns (PAMPs) be-
yond the respiratory epithelium. Together, both DAMPs
and PAMPs turn on NFkB, MAPK, and interferon signal-
ing pathways, perpetuating inflammation (Takeuchi and
Akira 2010; Hiemstra and others 2015). These mechanisms
must be extensively evaluated in COVID-19 to reveal
further details about the immunopathology of severe
manifestations.

Figure 1 depicts the severe COVID-19 characteristic cy-
tokine storm and how hyperinflammatory and tissue injury
mediators lead to PF.

Postinfection PF: The Case of COVID-19

A remarkable feature of the convalescence phase of
COVID-19 is that many patients who suffered severe lung
damage remain with permanent pulmonary dysfunction.
Many of the chronic deleterious effects of COVID-19 are
related to post-injury PF. The mechanisms underlying the
development of these complications are poorly defined so
far. In patients with ARDS from other etiologies, severe
epithelial and endothelial damage, accompanied by exten-
sive fibrosis, is frequently observed. The patients who show
the more remarkable fibrotic changes are those who required
extended periods of mechanical ventilation (*12 days)
and developed more severe systemic organ failure (Ichikado
and others 2012; Cabrera-Benitez and others 2014).

FIG. 1. COVID-19 characteristic cytokine storm, highlighting the interplay between hyperinflammatory and tissue injury
mediators, leading to pulmonary fibrosis. Schematic figure illustrating proposed mechanisms by which SARS-CoV-2
infection triggers a sustained dysregulated immune response in the lung resulting in a cytokine storm syndrome. ARDS may
ensue by the upregulation of cytokines, chemokines, growth factors, and proteases such as metalloproteinases (MMPs) as
well as their inhibitors (TIMPs), accompanied by a variety of complications according to disease severity. Growth factors,
especially TGF-b, can be activated by cytokines and MMPs, promoting fibroblast proliferation and myofibroblast differ-
entiation. These processes lead to altered ECM turnover, thus setting a profibrotic environment. ARDS, acute respiratory
distress syndrome; COVID-19, coronavirus disease 2019; ECM, extracellular matrix; MMPs, matrix metalloproteinases;
SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; TGF-b, transforming growth factor beta; TIMPs, tissue
inhibitors of metalloproteinases. The art pieces used in this figure were modified from Servier Medical Art by Servier and
Biorender, licensed under a Creative Commons Attribution 3.0 Unported License.
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Interestingly, PF is also a log-term sequela in pandemic
influenza A (H1N1) patients.

Several mechanisms, including the barotrauma associated
with mechanical ventilation, oxygen toxicity, and hyperin-
flammation, are crucial to determine the sequelae in these
patients after recovering from severe disease (Xing and
others 2015). These factors cause mild epithelial injuries
that are not properly repaired, leading to fibroblast hyper-
activation, excessive ECM deposition, and lung parenchyma
remodeling (Yang and others 2020).

Cytokines also regulate tissue repair after injury besides
providing the immune system with signals about the pres-
ence of external insults. However, to what extent mechan-
ical injury and hyperinflammation contribute to the PF of
COVID-19 is not understood. An important number of se-
vere COVID-19 patients with ARDS require ICU admission
and ventilator support, and those who survive show persis-
tent ground-glass opacities, chronic pulmonary dysfunction,
and PF that affect their quality of life (Ahmad Alhiyari and
others 2020; George and others 2020; Xu and others 2020a).
Meanwhile, hyperinflammation associated with severe
COVID-19 also encompasses the release of inflammatory
chemokines such as CCL2, CCL3, and IP-10.

These chemotactic factors are associated with a dysre-
gulated activation of cells from the mononuclear phagocyte
(MNP) compartment, promoting hyperinflammation in
COVID-19 patients. Indeed, the bronchoalveolar fluid
(BALF) of severe COVID-19 patients contains high con-
centrations of CCL2, CCL3, CCL4, and CCL7, and a de-
creased proportion of tissue-resident alveolar macrophages,
but high amounts of inflammatory monocyte-derived mac-
rophages (Liao and others 2020). Interestingly, these sub-
populations of macrophages are enriched with transcripts
that have been previously associated with tissue repair and
promotion of fibrosis in liver cirrhosis (Ramachandran and
others 2019; Merad and Martin 2020).

Remarkably, during fibrosis, many types of collagens can
modulate the cellular functions and physiological processes
of leukocytes and parenchymal cells. Also, in response to
inflammation, the degradation of ECM by MMPs generates
small peptides that can act as chemotactic factors for leu-
kocytes, increasing the immunopathology of the disease. All
these mechanisms further promote the hyperactivity of
MMPs, thus causing progressive destruction of the lung
parenchyma (Karsdal and others 2017). Hence, as discussed
below, MMPs and other ECM components could act as
readouts of ongoing profibrotic activity and lung injury in
severe COVID-19 patients.

A critical controversy that has emerged recently is whether
PF is an exclusive sequela of severe SARS-CoV-2 infection or
patients with mild-to-moderate disease are also at risk. In this
regard, evidence from both adult and pediatric convalescent
COVID-19 patients suggests that older patients and those with
more severe disease develop fibrosis (Antonio and others
2003; Ooi and others 2004; Chu and others 2006). Similarly, a
study in Italy found that patients with nonsevere manifesta-
tions displaying pulmonary opacities showed complete re-
mission of such lesions and no fibrosis during follow-up. In
contrast, Dadhwal and Surani (2021) reported 5 cases of
asymptomatic or mild symptomatic COVID-19 patients who
presented shortness of breath and thorax images suggestive of
resolving ground-glass opacities and later developed fibrosis
4–8 weeks after diagnosis (Rogliani and others 2020).

Together, these data highlight the necessity of more
studies of convalescent COVID-19 patients to establish
preventive and rehabilitation strategies against PF. For these
purposes, novel biomarkers with predictive value for early
detection of lung injury and fibrosis will also be required.

MMPs in COVID-19: Inflammation, Lung Injury,
and Fibrosis

Since SARS-CoV-2 infection triggers a characteristic
cytokine storm, where molecules such as MMPs are over-
expressed, their role in the pathogenesis of severe COVID-19
and SARS-CoV-2 infection sequela becomes of particular
interest.

MMPs are a group of enzymes crucial for the homeostasis
and turnover of several components of the ECM (Lagente
and others 2005). They are a family of zinc-dependent en-
dopeptidases belonging to the metzincin superfamily of
proteinases, which mediate the cleavage of ECM compo-
nents and other types of molecules such as receptors, growth
factors, cytokines, and chemokines. MMPs can be classified
into secreted-type and membrane-anchored. Also, these
proteases can be categorized as collagenases, stromelysins,
matrylysis, gelatinases, furin-activated, and other MMPs,
depending on their substrate specificity and homology (La-
gente and others 2005; Shiomi and others 2010; Karamanos
and others 2021).

Under steady-state conditions, MMPs are poorly expressed
in tissues. However, upon injury, inflammation, ECM turn-
over, and repair, their expression is enhanced. For instance,
during ARDS, the expression of MMPs is dysregulated, and
they might play a crucial role in the initiation and resolution
of the disease (Albaiceta 2007). Indeed, ECM remodeling is a
key pathogenic process in ARDS since morphometric ana-
lyses have shown ECM deposition and immune cell infiltra-
tion at acute and chronic stages of the disease.

Interestingly, severe COVID-19 patients who turn into
ARDS exhibit disruption of the alveolar (epithelial)-
capillary (endothelial) barrier in response to SARS-CoV-2
infection, intensifying fluid permeability and leukocyte ex-
travasation (Matthay and others 2019; Hardy and
Fernandez-Patron 2021). This leukocyte recruitment to the
lungs in severe COVID-19 patients has not been yet fully
characterized, but it might be regulated by specific leuko-
cyte trafficking molecules, and if it is uncontrolled along
with an enhanced proinflammatory response, it might lead to
lung injury (Alon and others 2021).

During ARDS, both endothelial and epithelial injuries
occur, and the late one can be produced directly by the virus,
inflammatory cells, hyperoxia, hypoxia, among others,
causing dissociation of intracellular junctions (Matthay and
others 2019). In this scenario, MMPs increased levels in
severe COVID-19 patients could be explained. It has been
described that during the acute phases of ARDS, MMP-2
and MMP-9 mediate the repair of the alveolar epithelial–
endothelial space injury induced by mechanical ventilation
(Lagente and others 2005; González-López and others
2011), and also their expression is promoted by hypoxia and
high-volume mechanical ventilation (Foda and others 2001;
Liu and Khalil 2017). Interestingly, high MMP-2 concen-
trations correlate with a decrease of collagen levels and
reestablishment of IL-10 expression in mice with ventilator-
induced lung injury (González-López and others 2011).
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Moreover, a study in BALF from ARDS patients with
neutropenia and a model of neutropenic mice revealed a
delay of lung injury repair. It also increases the levels of
proinflammatory mediators such as TNF, IFN-g, and mac-
rophage inflammatory protein 2 (MIP-2) and the absence of
MMP-9, strongly suggesting a crucial role of MMP-9 re-
leased from neutrophils for lung repair (Blázquez-Prieto and
others 2018). Although MMP-2 and -9 are the most studied
MMPs in ARDS, MMP-1, -3, -7, -8, -12, and -13 have also
been found to increase in BALF from ARDS patients
(O’Kane and others 2009; Davey and others 2011). Over-
expression of MMP-1 and MMP-7 in serum is also a feature
of patients with PF (Rosas and others 2008).

Another MMP upregulated during the initial phases of
ARDS is MMP-28, and its transcript concentrations in
BALF are associated with fewer ventilator-free days and
increased alveolar neutrophils (Morrell and others 2020).
Furthermore, it has been described in ARDS that neutrophil-
derived mediators can also induce epithelial cell death by
oxidation of soluble TNF ligand superfamily member 6
(FasL) and neutrophil extracellular traps (NETs) (Matthay
and others 2019). Indeed, Pandolfi and others (2021) found
higher concentrations of NETs in BALF of severe COVID-19
patients that correlated with neutrophil count, and also found
in the lung tissue of COVID-19 deceased patients, epithe-
lial and mesenchymal markers that evidence epithelial–
mesenchymal transition (EMT).

Till date, scarce studies regarding the ECM remodeling
process of COVID-19 have been performed. This is of major
relevance, as we need a detailed understanding of the mo-
lecular components regulating cell migration, proliferation,
and survival of fibroblasts and other parenchymal cells that
mediate fibrosis to target these factors through novel anti-
fibrotic COVID-19 treatments. Data from other human
coronavirus infections show that these pathogens induce the
expression of IL-6, TNF, and MCP-1 by modulating the
activity of MMP-2 and MMP-9, which can be very helpful
to understand SARS-CoV-2 pathogenesis. This induction of
MMPs is further promoted by the same proinflammatory
cytokines such as IL-6 and TNF and other soluble factors
released upon viral infection (Giraudon and others 1997;
Edwards and others 2000; Marten and Zhou 2005).

Recently, Shi and others (2020b) found higher serum con-
centrations of MMP-3 in COVID-19 patients than in healthy
individuals, and their levels correlated with inflammatory
markers such as IL-6 and IL-1b. However, when MMP-3
concentrations were longitudinally followed, they exhibited a
decreasing trend. In another study in COVID-19 patients from
a Norwegian cohort, MMP-9 was associated with respiratory
failure and low PaO2/FiO2 (P/F) ratio values. In addition,
longitudinal increases in MMP-9 from admission to 3–5 days
after hospitalization were observed in those patients who de-
veloped respiratory failure (Ueland and others 2020). In a
follow-up study of hospitalized patients with moderate and
severe COVID-19, Safont and others (2022) reported that half
of them exhibited impaired pulmonary diffusion, and the
computed tomography (CT) scan from severe patients dis-
played fibrotic lesions and elevated serum PF biomarkers such
as MMP1 and MMP7, both previously described as blood
biomarkers in idiopathic PF (IPF) (Rosas and others 2008).

All this evidence points out to the induction of EMT not
necessary by inflammation but rather by epithelial injury
and the release of tissue injury markers, which could

eventually lead to PF in severe COVID-19 patients who
survive. This is in line with what Selman and others (2001)
have previously described for IPF, where an aberrant acti-
vation of epithelial cells triggers the expression of media-
tors, such as MMPs and cytokines, that are involved in the
migration, proliferation, and activation of fibroblasts, lead-
ing to their differentiation into myofibroblasts and the ex-
cessive and disorganized secretion of ECM (Selman and
Pardo 2020). Therefore, these cellular mechanisms become
of special interest for future research, especially to better
understand the COVID-19 sequela, which has become a
major health problem.

Interestingly, in a comparative study of critically ill
COVID-19 and influenza A patients, among the immuno-
logical factors observed only in those with COVID-19 were
increased concentrations of MMP-1 and -3, indicating a
possible role of these MMPs in tissue damage associated
with severe SARS-CoV-2 infection (Choreño-Parra and
others 2021). As aforementioned, MMP-1 is linked to PF.
This molecule is highly expressed in lung alveolar epithelial
cells and activates IL-b, TNF, insulin growth factor-binding
proteins, and several other cytokines (Rajah and others
1995; Hatfield and others 2010). Moreover, lung epithelial
expression of MMP-1 correlates with reduced mitochondrial
function, increase of HIF-1a expression, diminished pro-
duction of reactive oxygen species (ROS), and promotion of
a proliferative–migratory–antiapoptotic phenotype in alve-
olar epithelial cells (Herrera and others 2013).

On the contrary, MMP-3, also known as stromelysin-1, is
broadly expressed in human tissues, cleaves several com-
ponents of ECM, and activates other pro-MMPs such as pro-
MMP-1, matrilysin, collagenases, and gelatinase B. Hence,
MMP-3 is relevant to initiate the degradation process of
ECM (Guizani and others 2021; Wan and others 2021).
Also, MMP-3 is considered a proinflammatory factor inside
several organs and linked to tissue damage, including ner-
vous system inflammation and axonal degeneration, endo-
thelial injury and inflammatory cell accumulation in the
cardiovascular system, and cartilage matrix degradation
with synovial hyperplasia in the musculoskeletal system
(Wan and others 2021).

In addition, MMP-3 is increased in bronchial and alveolar
epithelial cells, interstitial fibroblasts, alveolar macro-
phages, and other leukocytes in the lungs of patients with PF
(Yamashita and others 2011; Craig and others 2015). In fact,
MMP-3 has broad participation in fibrosing mechanisms,
such as b-catenin signaling activation, latent TGF-b
(LTGFB) activation, distal epithelial repair inhibition, and
epithelial lung cell apoptosis induction (Craig and others
2015).

MMPs have long been considered proteases implicated in
degrading matrix proteins. Nevertheless, they also have
critical roles in the resolution of acute inflammation. In
murine models and patients with acute inflammation, mac-
rophage production of MMP-10, -19, and -28 may have a
beneficial effect against excessive inflammation (Fingleton
2017). Another relevant macrophage-derived MMP is
MMP-12, which has anti-inflammatory protective roles.
Proteomic analyses have identified direct substrates of
MMP-12 during inflammation. These include acute-phase
proteins, coagulation proteins, and complement proteins.
Indeed, MMP-12 inactivates C3, C3a, and C5a, thus re-
ducing complement system inflammatory and chemotactic
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activities. Interestingly, this complement inactivation also
promoted macrophages’ phagocytic activity, facilitating
inflammation resolution, reducing lung injury, and de-
creasing neutrophil influx into the alveolar spaces, as ob-
served in MMP-12-deficient murine models (Warner and
others 2001; Bellac and others 2014).

Furthermore, it has been described that the minor allele of
a single nucleotide polymorphism in MMP-12, rs2276109,
is associated with a reduced risk for developing cystic fi-
brosis and chronic obstructive pulmonary disease (Hunnin-
ghake and others 2009; Trojanek and others 2014).
Together, these data suggest that MMP-12 could be a key
mediator in the resolution of hyperinflammation in COVID-
19 patients. Hence, future studies should evaluate MMP-12
as an anti-inflammatory mediator that could promote the
resolution of the disease.

Finally, turnover of ECM components by MMPs might be
influenced directly by SARS-CoV-2 and alter some aspects
of the host–pathogen interactions that are important to de-
termine the severity of the disease. As such, binding of the S
protein to ACE2 affects the regulatory activity of angio-
tensin II, increasing inflammation and MMP activation and
leading to further disruption of ECM (Guizani and others
2021). Proof of this concept comes from studies showing
that cells infected with SARS-CoV-2 lack major compo-
nents of ECM, some of them essential to maintain ECM
homeostasis, such as ANXA2 (Anzueto 2002). Also, during
SARS-CoV infection, tissue inhibitors of metalloproteinases
(TIMPs) are secreted possibly to maintain ECM equilib-
rium. Particularly, TIMP-2 inhibits a disintegrin and me-
talloprotease 17 (ADAM-17), which is responsible for
shedding the ACE2 receptor, hence implicated in the
propagation of the infection.

In summary, the relevant role of MMPs in pulmonary
injury and lung repair processes as regulators of other
molecules such as cytokines, chemokines, and growth fac-
tors should be considered to better understand the patho-
genesis and outcomes of severe COVID-19.

TGF-b in COVID-19 Immunity and PF

Just as MMPs, TGF-b could have a crucial role during re-
spiratory viral infections by mediating both suppression of
innate immune responses and lung ECM remodeling. The
TGFB cytokine family is composed of 3 dimeric polypeptide
growth factor isoforms, TGF-b1, TGF-b2, and TGF-b3, which
have crucial roles in cell differentiation, proliferation, and
migration. These growth factors also have relevant functions in
processes involved in developing diseases such as fibrosis,
wound healing, carcinogenesis, and immune response regula-
tion (Li and others 2006; Thomas and others 2016). TGF-b is
synthesized as a precursor protein, the LTGFB, which must be
activated by cleaving its C-terminal- and N-terminal-associated
peptides. This activation occurs by a different mechanism such
as proteolysis, low pH, thrombospondin-1, ROS, and the action
of integrins upon traction forces or stiffness of the ECM during
disease (Crawford and others 1998; Munger and others 1999;
Annes and others 2003; Shi and others 2011).

The TGF-b signaling pathway starts once it binds to a cell
through the homodimer of TGF-b type II receptors (TbRII),
which along with the homodimer of TGF-b type I receptor
(TbRI) contributes to the formation of a stable complex.
Then, TbRII autophosphorylates and catalyzes the trans-

phosphorylation of TbRI, activating its kinase activity and
phosphorylating in turn the small mothers against dec-
apentaplegic (SMAD) proteins (Ong and others 2021).

Besides all the abovementioned activities, TGF-b also
plays significant functions in innate and adaptive immune
responses. In fact, most immune cell populations can pro-
duce and secrete TGF-b during defense against infection,
although its overproduction inhibits adequate immune re-
sponses. This has been observed in several respiratory viral
infections with rhinovirus (RV), respiratory syncytial virus
(RSV), human metapneumovirus, and influenza A and B
viruses (Thomas and others 2016). These pathogens may
evade immune responses by directly regulating TGF-b
production and activation. Interestingly, some viral proteins
can trigger the production of TGF-b, elucidating thus that
the pathogen–host interactions may influence TGF-b activ-
ity. For instance, it has been reported that the neuraminidase
(NA) of the influenza A virus directly activates LTGFB by
removing sialic acid motifs from its surface (Schultz-Cherry
and Hinshaw 1996).

The role of TGF-b during SARS-CoV-2 infection is not
clear at the moment. The activation of LTGFB has been
reported to be induced by the papain-like protease (PL-pro)
from SARS-CoV (Li and others 2016). This viral deubi-
quitinating enzyme inactivates type I IFN signaling path-
ways at several levels and potentiates the expression of
TGF-b1. Nonetheless, there are no reports of any SARS-
CoV-2 protease that can activate LTGFB. Of note, when
comparing asymptomatic versus symptomatic COVID-19
patients, Montalvo-Villalba and colleagues found that in the
early inflammatory phase of the immune response against
the virus, symptomatic patients presented lower transcript
levels of TGF-b1 and the regulated upon activation, normal
T cell expressed and presumably secreted (RANTES) pro-
tein in the upper airway. They also found a significant
negative correlation between IFN-g and TGF-b1 in
asymptomatic patients, suggesting that TGF-b1 could reg-
ulate IFN-g expression in these individuals (Montalvo Vil-
lalba and others 2020).

This finding coincides with previous ones demonstrating
that epithelial-derived TGF-b acts as a proviral factor sup-
pressing early immune responses during influenza A virus
infection. In addition, mice specifically lacking bronchial
epithelial TGF-b1 expression exhibited impaired viral
replication, all of these results suggesting that epithelial-
derived TGF-b1 suppresses early IFN-g responses, which
favors an increased viral burden and lung pathology
(Denney and others 2018). All these data may indicate that,
during viral lung infections, early epithelial TGF-b secre-
tion exerts a local immune regulation that is detrimental to
the host. Hence, TGF-b could have a certain prognostic
value as a biomarker for COVID-19 that deserves further
investigation.

TGF-b might also participate in the mechanisms of ECM
remodeling underlying post-COVID-19 sequelae, as it was
revealed by Colarusso and others (2021) who found higher
TGF-b, CXCL10, and IL-1a plasma levels in post-COVID-
19 patients who exhibited ground-glass opacities in the chest
CT scan. Indeed, in patients with PF, TGF-b1 is involved in
myofibroblast differentiation from fibroblasts, and a-smooth
muscle actin (a-SMA)-expressing differentiated myofibro-
blasts mediate the production of ECM components, in-
tegrins, protease inhibitors, regulators of small GTPases,
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and MMPs. TGF-b1 also inhibits the production of anti-
fibrotic molecules such as prostaglandin E2 and represses
epithelial cell growth and repair (Garrison and others 2013;
Saito and others 2018). Furthermore, TGF-b interacts with
other molecules that have important functions for ECM
turnover. In this regard, it should be noted that in tumor
cells, TGF-b is activated by the proteolytic activity of
MMPs, such as MMP-2, -9, -13, and -14.

Interestingly, a TGF-b-positive regulatory loop has also
been described, since TGF-b also induces the expression of
these proteases, contributing to potentiate tumor progression
(Quintanilla and others 2012). Whether the same positive
loop occurs during viral infections such as COVID-19
contributing to alterations in ECM remodeling remains to be
elucidated. Some studies in severe COVID-19 patients have
revealed that an early TGF-b production is associated with
the impairment of immune cells such as NK cells and B
cells (Ferreira-Gomes and others 2021; Witkowski and
others 2021), which contributes to a failure of the host early

viral clearance. This TGF-b production becomes relevant
since it is a hallmark of uninterrupted Th17 cell activation
(Lee and others 2012). In fact, Sadeghi and others (2021)
reported that severe COVID-19 patients have an enhanced
Th17 cell response and a decreased Treg cell response,
suggesting that this imbalanced Th17/Treg cell ratio is
critical in the disease pathogenesis.

Figure 2 summarizes possible mechanisms by which
MMPs and TGF-b are involved in severe COVID-19 and
link with PF sequela.

Potential Therapeutics for Severe COVID-19
Targeting ECM Remodeling

The impact of COVID-19 requires a massive retaliation
with diagnostic and therapeutic innovations that, along with
vaccines, could reduce disease morbidity and mortality.
Importantly, the real implications of this global pandemic
are not completely visible yet, as it is predicted that sequela

FIG. 2. Mechanisms of action of MMPs and TGF-b that link hyperinflammation and pulmonary fibrosis in severe
COVID-19. The replication rate of SARS-CoV-2 and associated lung epithelial cell death may trigger a cytokine storm,
hyperinflammation, and epithelial dysfunction. During severe COVID-19, the initial acute inflammatory response might be
followed by epithelial cell hyperplasia, where key mediators such as MMPs drive epithelial and endothelial injury and
uncontrolled fibroblast proliferation. Moreover, some MMPs can activate other profibrotic mediators such as TGF-b, which
also contributes to fibroblast accumulation, differentiation to myofibroblasts, ECM disorganization, dysregulated collagen I
and III turnover, excessive ECM deposition, and thick alveolar walls. MMPs can also be involved in the regulation of other
pathways, such as MMP-1, implicated in the reduction of mitochondrial function, the reduction of reactive oxygen species,
and the overexpression of HIF-1a, and MMP3 in latent TGF-b activation, b-catenin signaling activation, and lung epithelial
cell apoptosis, among others. The art pieces used in this figure were modified from Servier Medical Art by Servier and
Biorender, licensed under a Creative Commons Attribution 3.0 Unported License.
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will affect global public health, especially among those re-
covered from severe disease. Hence, innovative strategies
against COVID-19 should focus on limiting chronic com-
plications too. Unfortunately, therapeutic options for
COVID-19 have not had the same positive outcomes as
vaccines so far.

Hence, as discussed through the article, we should consider
lessons from previous respiratory virus outbreaks. Clinical
trials will also be crucial to compare asymptomatic, mild,
moderate, severe, and convalescent COVID-19 patients.

Current approaches for host-directed therapy against
SARS-CoV-2 rely on the blockade of proinflammatory
mediators, such as IL-6 with tocilizumab. Although this
treatment might reduce inflammation, it does not have a
significant clinical benefit for patients with COVID-19
(Alattar and others 2020; Lan and others 2020). There is
also little evidence about the effects of tocilizumab on post-
COVID-19 sequela. A combination therapy directed to anti-
inflammatory and antifibrotic pathways with pirfenidone
and IL-1 or IL-6 inhibitors has been proposed (Ferrara and
others 2020), but further evidence is required to make reli-
able conclusions.

Other antifibrotic therapies for COVID-19 under investi-
gation in clinical trials have pleiotropic effects and are
mainly used for chronic disease management rather than as
preventive treatments. Among these are pirfenidone and
nintedanib, which effectively mitigate the rate of lung
function decline in PF patients, have anti-inflammatory
properties, and do not exhibit immunosuppressive effects
(George and others 2020). Pirfenidone is an oral antifibrotic
and anti-inflammatory agent that reduces lung function de-
cline, decreases mortality, and improves progression-free
survival in PF patients. This agent also reduces serum and
lung IL-6 concentrations making it a good candidate for
COVID-19 treatment (Lancaster and others 2017; Crisan-
Dabija and others 2020). Nintedanib is a tyrosine kinase
inhibitor, which suppresses processes involved in the pro-
gression of PF (Flaherty and others 2019).

Interestingly, Rao and others (2020) performed a pro-
teomic-wide Mendelian randomization study, in which 2
proteins inhibited by nintedanib were linked to elevated
ACE2, suggesting that this antifibrotic could lower ACE2
expression, thus also reducing susceptibility to SARS-CoV-2
infection (Crisan-Dabija and others 2020).

Emerging evidence summarized here suggests interde-
pendent roles of hyperinflammation and impaired lung tissue
healing in severe COVID-19 and its sequela, emphasizing the
potential of several MMPs and TGF-b as biomarkers and
therapeutic targets. In-depth analysis of certain specific
MMPs could provide further insights into the pathobiology of
COVID-19 and open new avenues for diagnostic and treat-
ment development. For instance, MMP-3 and -9 could serve
as prognostic markers of severity and risk of PF (Shi and
others 2020b; Ueland and others 2020). MMP-1 and -3 may
be helpful to differentiate COVID-19 from pandemic influ-
enza A (H1N1) and predict the risk of severe manifestations
as well. Targeting these molecules might also have a partic-
ular therapeutic value that deserves further investigation.

We also presented evidence that suggests that TGF-b
plays an important role during viral infections impeding
protective immunity and the resolution of disease. Hence,
blockade of TGF-b function with antibodies, inhibitors, or
by activating the bone morphogenic protein (BMP) signal-

ing pathway with agonists to reverse the effects might re-
duce morbidity and long-term sequela (Carlson and others
2020; Chen 2020; Ong and others 2021). Additional anti-
fibrotic agents targeting various molecules involved in the
fibrosing pathway downstream of TGF-b, including avb6
integrin (BG00011), galectins (TD139), rapamycin, JNK
inhibitor (PRM-151), the agonist of ACE2 receptor (C21),
and phosphodiesterase type 5 inhibitors PDE5-i (Crisan-
Dabija and others 2020), also warrant more interest.

Conclusions

In conclusion, the interaction between cytokines and
molecules mediating ECM remodeling, such as MMPs and
TGF-b, might significantly impact the pathogenesis of re-
spiratory viral infections.

In this regard, new evidence reveals a more complex in-
terplay among inflammatory and tissue injury mediators that
have influence in the disease severity and in its sequela. Se-
vere COVID-19 characteristic cytokine storm is crucial into
understanding the disease outcome. Also, the time and tissue
specificity of the expression of key mediators, such as MMPs
and TGF-b, could define the clinical outcome of the patient,
and also be useful as diagnostic and prognostic markers.

Even if some studies are shedding light into the possible
action mechanisms of MMPs, there is still a lot to find out
about the role of these mediators into the development of
severe COVID-19 and its sequela. Lessons learned from
other pathologies such as other coronavirus infections, in-
fluenza A virus infection or IPF, could be helpful into get-
ting answers about the complex mechanisms that occur
during SARS-CoV-2 infection, and could provide valuable
knowledge for the founding of diagnostic and prognostic
tools for severe COVID-19 and its sequela, which is now a
worldwide major health problem. Finally, targeting these
molecules might also have a particular therapeutic value,
such as TGF-b blockade with antibodies, inhibitors, or ag-
onists, to reverse its effects that could reduce morbidity and
prevent long-term sequela such as PF development.

More interest in these factors might provide essential in-
sights to understand better the processes behind poor clinical
outcomes and sequela of severe COVID-19 and novel targets
for translational applications in pulmonary medicine.
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Bonaventura A, Vecchié A, Wang TS, Lee E, Cremer PC,
Carey B, Rajendram P, Hudock KM, Korbee L, Van Tassell
BW, Dagna L, Abbate A. 2020. Targeting GM-CSF in
COVID-19 pneumonia: rationale and strategies. Front Im-
munol 3(11):1625.

Bouezzedine F, Fardel O, Gripon P. 2015. Interleukin 6 inhibits
HBV entry through NTCP down regulation. Virology 481:
34–42.

Buszko M, Nita-Lazar A, Park JH, Schwartzberg PL, Verthelyi
D, Young HA, Rosenberg AS. 2021. Lessons learned: new
insights on the role of cytokines in COVID-19. Nat Immunol
22(4):404–411.

Cabrera-Benitez NE, Laffey JG, Parotto M, Spieth PM, Villar J,
Zhang H, Slutsky AS. 2014. Mechanical ventilation-

associated lung fibrosis in acute respiratory distress syn-
drome: a significant contributor to poor outcome. Anesthe-
siology 121(1):189–198.

Cao X. 2020. COVID-19: immunopathology and its implica-
tions for therapy. Nat Rev Immunol 20(5):269–270.

Carlson FR Jr, Bosukonda D, Keck PC, Carlson WD. 2020.
Multiorgan damage in patients with COVID-19: is the
TGFB/BMP pathway the missing link? JACC Basic Transl
Sci 5(11):1145–1148.

Chen W. 2020. A potential treatment of COVID-19 with TGF-b
blockade. Int J Biol Sci 16(11):1954–1955.
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