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Abstract

Pulmonary fibrosis has been identified as a main factor leading to pulmonary dysfunction and poor quality of life in
post-recovery Severe Acute Respiratory Syndrome (SARS) survivor's consequent to SARS-Cov-2 infection. Thus there

is an urgent medical need for identification of readily available biomarkers that in patients with SARS-Cov-2 infection
are able to; (1) identify patients in most need of medical care prior to admittance to an intensive care unit (ICU), and;
(2) identify patients post-infection at risk of developing persistent fibrosis of lungs with subsequent impaired quality
of life and increased morbidity and mortality. An intense amount of research have focused on wound healing and
Extracellular Matrix (ECM) remodelling of the lungs related to lung function decline in pulmonary fibrosis (PF). A range
of non-invasive serological biomarkers, reflecting tissue remodelling, and fibrosis have been shown to predict risk of
acute exacerbations, lung function decline and mortality in PF and other interstitial lung diseases (Sand et al. in Respir
Res 19:82, 2018). We suggest that lessons learned from such PF studies of the pathological processes leading to lung
function decline could be used to better identify patients infected with SARS-Co-V2 at most risk of acute deterioration
or persistent fibrotic damage of the lung and could consequently be used to guide treatment decisions.

Background on COVID-19

The COVID-19 pandemic, caused by the novel virus
Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2), has reached pandemic status, causing
severe impacts on health, major reductions in life qual-
ity due to widespread quarantines and social distancing
and huge economic impacts, all of which affecting many
millions of people worldwide. Updated information on
COVID-19 disease is continuing to emerge, including
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from Wuhan in China from where the virus was first
reported [1], as well as from Europe and United States
[2]. These data include descriptions of symptoms in
patients presenting with SARS-CoV-2 infection and
subpopulations at high risk of developing severe pneu-
monia [1]. Common symptoms include fever, dry cough
and dyspnea [3]. Risk factors for severe COVID-19 dis-
ease and potentially fatal outcomes include pre-existing
comorbidities such as type I or II diabetes, cardiovascu-
lar disease, chronic kidney disease, malignancy and lung
conditions like pulmonary fibrosis, chronic obstruc-
tive disease, uncontrolled asthma or being a smoker
[4—6]. A large group of patients presenting with severe
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SARS-CoV-2 driven pneumonia require Intensive Care
Unit (ICU) admission and ventilatory support. Some
patients develop Acute Respiratory Distress Syndrome
(ARDS), potentially demonstrating a cytokine storm
involving interleukin (IL)-1, IL-6 and TNF-alpha. The
combination of these complications has the potential to
promote lung inflammation and fibrosis [7]. In a number
of early case series, the fatality rate in COVID-19 patients
developing ARDS was >50% [8]. There is an urgent medi-
cal need for identification of simple biomarkers that
in patients infected by SARS-CoV-2 may; (1) identify
patients in most need of medical care prior to admit-
tance to an ICU, and; (2) identify patients post-infection
at risk of developing persistent fibrosis of lungs with sub-
sequent impaired quality of life and increased morbidity
and mortality.

SARS-CoV-2 infection and its main potential
pathway within the lung
The SARS-CoV-2 virus has been reported to use the
angiotensin converting enzyme 2 (ACE2) receptor and
the viral entry-associated protease TMPRSS2 for cel-
lular entry in the upper airway. ACE2 and TMPRSS2
have been detected in nasal and bronchial epithelium
by immunohistochemistry. Gene expression occurs
in approximately 2% of type II alveolar epithelial cells
(AECs) [9-11], although one study reported the absence
of ACE2 in the upper airway [12]. Sungnak et al. [11]
investigated the gene expression in multiple datasets
and various tissues and found that ACE2 rather than
TMPRSS2 may be the limiting factor for viral entry at
the initial infection stage. Additionally, the study showed
that ACE2 was expressed at higher levels in multiple epi-
thelial cells across the airway, especially in nasal secre-
tory and ciliated cells, with only low levels of expression
in type II AECs in the parenchyma. The high expression
of receptors in the upper airways seems to be associated
with a fairly high viral transmissibility [11]. A study on
COPD has shown that COPD patients have an increased
ACE2 gene expression in the small airway epithelial cells
as compared to healthy individuals [6], Additionally,
ACE2 expression was associated with smoking status
with current smokers expressing higher levels of ACE2
as compared with former and never smokers. A higher
expression of ACE2 may explain why such populations
are more susceptible to infection with SARS-CoV-2.
AECs are squamous cells with long cytoplasmic exten-
sions that are adapted to carry out gas exchange [13—14].
They cover 95% of the alveolar surface and provide cru-
cial barrier function. Type II AECs are cuboidal in shape,
more numerous than type I AECs and are responsible for
the secretion of pulmonary surfactant in the alveoli [15].
Pulmonary surfactant reduces surface tension, prevents
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alveolar collapse and has additional functions in the
innate immunity of the lung. Furthermore, type II AECs
are crucial for upholding lung function due to their role
in maintenance and repair of the injured alveolar epithe-
lium. Following damage to type I AECs, the type II AECs
initiate reparative processes including hyperplasia and
eventually differentiation into type I AECs. The infection
of type II AECs with SARS-CoV-2 may influence lung
regeneration capabilities and surfactant production/func-
tion and may even aid the virus replication, although how
this occurs given that less than 2% of type 2 cells express
ACE2 remains to be determined. Surfactant dysfunction
plays a major role in ARDS [16]. One route for the loss of
functional surfactant is associated with the wound heal-
ing processes where fibrinogen leaks into the alveolar
space and is converted to fibrin as part of the coagulation
cascade. Fibrin inhibits pulmonary surfactant and thus
promotes alveolar collapse that may in turn lead to fibro-
blast activation and fibrosis development [17]. Surfactant
therapy is currently under investigation for treatment of
COVID-19.

Potential consequences of SARS-CoV-2 infection

to the lung extracellular matrix

PF has been identified as one of the main factors lead-
ing to pulmonary dysfunction and poor quality of life
in post-recovery Severe Acute Respiratory Syndrome
(SARS) survivors [18-20]. Existing evidence, although
scanty, suggests that PF could be a major complication
of COVID-19 disease [2, 20, 21]. At present, there are
no suggestions for potential mechanisms leading to PF
during COVID-19 progression, nevertheless it is well
known that lung inflammation and sustained lung dam-
age is key to promoting PF. Interestingly, reports on the
clinical manifestations within the lungs of COVID-19
patients investigated by computed tomography (CT)
are emerging in the literature [20]. Lung lesions have
been reported in COVID-19 patients with moderate to
severe disease either in the upper or lower lobes show-
ing uneven density with ground glass opacity (GGO)
accompanied by fibrosis [22]. Other CT investigations in
COVID-19 patients supported these findings, showing
GGO with fibrosis as well as thickened septa and vascu-
lar wall thickening [3, 8]. Histologically, diffuse alveolar
damage (DAD) has been seen as one of the most char-
acteristic findings in non-survivors of COVID-19 as well
as of SARS. Furthermore, fibrosis was accompanied by
exudation and thrombosis commonly observed in the
lung microvasculature accompanying the DAD [23].
Microthrombosis was also found in extrapulmonary
organs infected by SARS-CoV-2, which was less reported
in SARS [24]. Finally, in a study of COVID-19 patients
receiving intensive care, around 40% developed ARDS
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and around half of these patients died [1]. Those who
developed ARDS presented with greater dyspnoea and
had comorbidities such as hypertension and diabetes. In
addition, subjects were older, had higher fever, and had
organ and coagulation dysfunction with higher lactate
dehydrogenase and D-dimer compared to patients that
did not develop ARDS. Thus, in general it appears that
uncontrolled inflammation, and wound healing as well as
PF are a consequence of COVID-19, making it of great
interest to evaluate systemic biomarkers of these patho-
logical relevant processes including markers of wound
healing and Extracelullar Matrix (ECM) remodelling as
potential prognostic markers in COVID-19 patients.
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Markers of lung extracellular matrix remodelling
used to evaluate pulmonary fibrosis

A growing body of research has been undertaken to
understand changes which occur in ECM dynam-
ics related physiological impairment and lung func-
tion decline in e.g. idiopathic pulmonary fibrosis (IPF)
[25-28].

The lungs have a highly specialized ECM (Fig. 1). In
healthy state the ECM forms a thin basement membrane
layer in the small airways, separating the capillaries from
the alveolar space, and allowing unimpeded gas diffusion
(Fig. 1a). During fibrosis the ECM expands limiting this
diffusion (Fig. 1b). The fibrotic ECM consists mainly of
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Fig. 1 Extracellular matrix (ECM) composition in healthy (a) and fibrosis affected lungs (b). In healthy lungs, the epithelial cells create a tight barrier
that blocks the entry of foreign particles from the inhaled air to the tissue. This is further enforced by the underlying basement membrane (BM)
which mainly consists of type IV collagen. The interstitial matrix (IM) is placed below the BM and consists mainly of fibrillar collagens and elastin. In
fibrosis affected lung, the continuous epithelial layer is disrupted, and the underlying BM is exposed. The inflammatory response to repeated tissue
injury results in the up regulation of proteases and disruption of the BM, exposing the underlying IM to injury. In response to this, fibroblasts are
activated and converted to pro-fibrotic myofibroblasts that secrete collagens which accumulate in the IM of the airway wall. Both collagens and
elastin undergo proteolytic degradation in the airway and alveolar walls. The processes of synthesis and degradation release ECM fragments which
may enter the bloodstream where they can be detected as biomarkers of ECM remodelling. Reproduced with slight modification from [30]

Healthy lung

Fibrosis
affected lung
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fibronectin and type I, III and VI collagens. Very sim-
plistically, in lung fibrosis, the specialised basement
membrane composed of an open structed type IV col-
lagen backbone and laminin, permissive of diffusion, is
replaced by a dense interstitial ECM consisting of a com-
pletely different set of collagens with, consequently, a dif-
ferent functionality [29].

The long-term effects of SARS-CoV-2 infection on the
pulmonary system must be understood to better sup-
port future COVID-19 patients. An important research
area to prevent the development of fibrotic consequences
of COVID-19 is to understand the effects of the SARS-
CoV-2 infection in to the lung ECM [29]. Data described
here support that PF may be a complication of COVID-
19, thus it may be of great interest to evaluate the ECM
remodelling in patients with COVID-19 using markers
of ECM remodelling. Such markers may potentially be
utilized to evaluate severity of disease as well as pre-
dict clinical outcome, thus used as prognostic markers
in patients known to be infected by SARS-CoV-2. The
neoepitope technology for the systemic assessment of
ECM turnover as a measure of organ fibrosis has previ-
ously been described [25, 26]. This technology utilizes
monoclonal antibodies to detect the generation of newly
formed epitopes of collagens and other ECM proteins
released during inflammation and fibrosis progression
as well as markers of wound healing that can reflect a
disturbed coagulation [25, 31, 36]. The neoepitope tech-
nology allows for the detection of both fibrogenesis
[32] and fibrolysis of up to twenty-eight different col-
lagens, each contributing to the integrity and quality of
the ECM in different organs, including the lungs [26].
These neoepitope markers have shown to be associated
to PF progression and mortality in patients with IPF [25,
26] and systemic sclerosis (SSc) also known to present
with pulmonary fibrosis [33]. Neoepitope markers of
both fibrogenesis and fibrolysis were elevated in patients
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with IPF compared with healthy controls, and the change
of these markers over a short period was significantly
related to loss in lung function and increased mortal-
ity risk in IPF patients [25, 26]. Furthermore, a versican
neoepitope markerhas been reported to become elevated
during acute exacerbations of interstitial pulmonary
fibrosis [34].

Key data on neoepitope biomarkers within PF are sum-
marized in Table 1, to emphasize which tools are avail-
able that may be repurposed for COVID-19.

Neoepitope markers of wound healing should also be
considered as valuable markers in COVID19 patients
and are under investigation in PF at the moment. As
eluted to earlier, it has been found that D-Dimer is ele-
vated in ARDS patients compared to non-ARDS patients
and indicating increased woundhealing during ARDS.
The relationship between cell damage and the resulting
wound healing and ECM remodelling is schematically
represented in Fig. 2. In the case that fibroblasts are over-
activated, they initiate production of fibrillar collagens
(type I, IIL, V collagen), which are not permeable for oxy-
gen, unlike the networking collagens of the basement
membrane (type IV and VIII collagen) [29, 31].

Routine clinical parameters as markers of outcome
in COVID-19

Several groups have investigated the use of routine clin-
ical parameters assessed in patients infected by SARS-
CoV-2. Interestingly, a machine learning approach was
used upon 398 patients by Booth et al. [35] with the aim
to develop an algorithm to predict outcome; developing
one which was able to predict outcome in patients with
COVID-19, with a 91% sensitivity and 91% specificity
for patient expiration up to 48hrs prior to the event.
The model included C-reactive protein (CRP), blood
urea nitrogen, serum calcium, serum albumin and lac-
tic acid. Potentially, markers of ECM remodelling, as

Table 1 Selected biomarkers of ECM and wound healing that in peer review publications have been shown to be
associated with key features of PF and potentially may also be used for segregation of COVID-19 patients

Biomarker Biological meaning Prediction Prediction References
of delta FVC  of death
(IPF) in IPF
C1M MMP degraded type | collagen—type | collagen is the most abundant protein in the body,  yes Yes [25],1
and MMPs are produced by inflammatory cells degrading the tissue resulting in C1M
M MMP degraded type Ill collagen—type Il collagen is abundant in the interstitial ECM, and ~ yes Yes [25]
MMPs are produced by inflammatory cells degrading the tissue resulting in C3M
ceM MMP degraded type VI collagen—type VI collagen is very abundant in lung ECM, and yes Yes [25, 26]
MMPs are produced by inflammatory cells degrading the tissue resulting in C6M
PRO-C6 Type VI collagen formation. Also known as the collagen hormone Endotrophin yes No [26]
PRO-C3 Type lll collagen formation, one of the most upregulated collagens in fibrotic tissues yes Yes [26]
CRPM MMP degradaded C-reactive protein a marker of local inflammaion Yes Yes [25, 26]
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Fig. 2 Schematic drawing of the basement membrane (in green) underlying the lung epithelium and the interstitial matrix (in red), supporting

the tissue. After cellular damage the epithelium is compromised, clotting occurs which results in remodelling of the tissue. When overactivated,
fibroblasts (blue) produce fibrillar collagen limiting oxygen diffusion. During these processes, small fragments of proteins related to these molecular
events are released into the circulation, where they may be used as biomarkers

Interstitial matrix degradation

described here may be used to predict outcome, event
at an earlier time point, nevertheless this is specula-
tions. Furthermore, the kinetics of routine clinical
markers was followed in fifty patients diagnosed with
COVID-19, and admitted to the hospital [36]. Patients
were followed during hospitalization and one month
prior to discharged, as well as stratified into non-ICU
and ICU severity. Mapping of blood parameters showed
increased CRP, ferritin, lactate dehydrogenase, white
blood cell count at admission, Furthermore, differences
in levels of CRP, ferritin, D-Dimer, fibrinogen, lympho-
cyte count, and neutrophil count were different in non-
ICU vs ICU patients, and kinetics showed that peak in
such markers also differed between early versus later
time points. Authors concluded that high levels of CRP,
D-dimer, ferritin, lymphopenia and eosinopenia proved
to be beneficial markers for risk stratification. Finally,
markers of inflammatory and endothelial dysfunction
were evaluated for their accuracy to predict a 30-day
intubation or mortality as well as oxygen requirement
in 76 COVID-19 patients [37]. The study showed that a
soluble triggering receptor expressed on myeloid cells
provided the best prognostic accuracy with an area on
the receiver-operating curve of 0.86, with IL-6 provid-
ing the next best accuracy of 0.84.

Conclusion

In conclusion, there are important lessons learned from
diseases leading to PF in which key ECM remodelling and
wound healing biomarkers are predicting exacerbations
of disease and death.These important data and key learn-
ings have the potential to be repositioned for COVID-19
research. Potentially, systemic markers of ECM turnover,
inflammation and wound healing, the latter based on
data from previous publications, may provide value in the
clinical evaluation of COVID-19 patients, with the aim of
assisting in the prediction of prognosis during the acute
phase of disease and could potentially identify COVID-
19 survivors at risk of developing permanent pulmonary
damage and fibrosis.
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