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COMMENTARY

Can biomarkers of extracellular matrix 
remodelling and wound healing be used 
to identify high risk patients infected 
with SARS-CoV-2?: lessons learned 
from pulmonary fibrosis
D. J. Leeming1, F. Genovese1, J. M. B. Sand1, D. G. K. Rasmussen1, C. Christiansen1, G. Jenkins2, T. M. Maher3,4, 
J. Vestbo5 and M. A. Karsdal1* 

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.
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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 

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 

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.

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 

Fibrosis 
affected lung

a

b

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]
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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 

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, III, 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 
of delta FVC 
(IPF)

Prediction 
of death 
in IPF

References

C1M MMP degraded type I collagen—type I collagen is the most abundant protein in the body, 
and MMPs are produced by inflammatory cells degrading the tissue resulting in C1M

yes Yes [25], 1

C3M MMP degraded type III collagen—type III collagen is abundant in the interstitial ECM, and 
MMPs are produced by inflammatory cells degrading the tissue resulting in C3M

yes Yes [25]

C6M MMP degraded type VI collagen—type VI collagen is very abundant in lung ECM, and 
MMPs are produced by inflammatory cells degrading the tissue resulting in C6M

yes Yes [25, 26]

PRO-C6 Type VI collagen formation. Also known as the collagen hormone Endotrophin yes No [26]

PRO-C3 Type III 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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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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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



Page 6 of 7Leeming et al. Respir Res           (2021) 22:38 

Authors’ contributions
All authors have contributed with writing this paper and all authors read and 
approved the final manuscript.

Funding
JV is supported by the NIHR Manchester Biomedical Research Centre.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Diana J Leeming, Morten A Karsdal, Federica Genovese, Jannie MB Sand, 
Daniel GK Rasmussen are full time employees at Nordic Bioscience. Diana J 
Leeming, Federica Genovese and Morten Karsdal are stock owners at Nordic 
Bioscience. Claus Christiansen is a stock owner at Nordic Bioscience.

Author details
1 Nordic Bioscience, Herlev, Denmark. 2 Division of Respiratory Medicine, Uni-
versity of Nottingham, Nottingham, UK. 3 Keck School of Medicine, University 
of Southern California, Los Angeles, USA. 4 National Heart and Lung Institute, 
Imperial College, London, UK. 5 Division of Infection Immunity and Respira-
tory Medicine, The University of Manchester and Manchester University NHS 
Foundation Trust, Manchester, England. 

Received: 30 July 2020   Accepted: 29 November 2020

References
 1. Wu C, et al. Risk factors associated with acute respiratory distress syn-

drome and death in patients with coronavirus disease 2019 pneumonia 
in Wuhan, China. JAMA Intern Med. 2020a. https ://doi.org/10.1001/jamai 
ntern med.2020.0994.

 2. Spagnolo P, et al. Pulmonary fibrosis secondary to COVID-19: a call 
to arms? Lancet Respir Med. 2020. https ://doi.org/10.1016/s2213 
-2600(20)30222 -8.

 3. Rodriguez-Morales AJ, et al. Clinical, laboratory and imaging features of 
COVID-19: A systematic review and meta-analysis. Travel Med Infect Dis. 
2020. https ://doi.org/10.1016/j.tmaid .2020.10162 3.

 4. Du Y, et al. Clinical features of 85 fatal cases of COVID-19 from Wuhan: a 
retrospective observational study. Am J Respir Crit Care Med. 2020. https 
://doi.org/10.1164/rccm.20200 3-0543O C.

 5. Certain Medical Conditions and Risk for Severe COVID-19 Illness | CDC. 
https ://www.cdc.gov/coron aviru s/2019-ncov/need-extra -preca ution s/
peopl e-with-medic al-condi tions .html. Accessed 12 Nov 2020

 6. Leung JM, et al. ACE-2 expression in the small airway epithelia of smokers 
and COPD patients: implications for COVID-19. Eur Respir J. 2020. https ://
doi.org/10.1183/13993 003.00688 -2020.

 7. Conti P, et al. Induction of pro-inflammatory cytokines (IL-1 and IL-6) and 
lung inflammation by Coronavirus-19 (COVI-19 or SARS-CoV-2): anti-
inflammatory strategies. J Biol Regul Homeost Agents. 2020. https ://doi.
org/10.23812 /CONTI -E.

 8. Wu J, et al. Novel coronavirus pneumonia (COVID-19) CT distribution and 
sign features. Zhonghua Jie He He Hu Xi Za Zhi. 2020b;43:E030.

 9. Qi F, Qian S, Zhang S, Zhang Z. Single cell RNA sequencing of 13 human 
tissues identify cell types and receptors of human coronaviruses. Bio-
chem Biophys Res Commun. 2020;526:135–40.

 10. Zou X, et al. Single-cell RNA-seq data analysis on the receptor ACE2 
expression reveals the potential risk of different human organs vulnerable 
to 2019-nCoV infection. Front Med. 2020. https ://doi.org/10.1007/s1168 
4-020-0754-0.

 11. Sungnak W, et al. SARS-CoV-2 entry factors are highly expressed in 
nasal epithelial cells together with innate immune genes. Nat Med. 
2020. https ://doi.org/10.1038/s4159 1-020-0868-6.

 12. Hamming I, et al. Tissue distribution of ACE2 protein, the functional 
receptor for SARS coronavirus. A first step in understanding SARS 
pathogenesis. J Pathol. 2004;203:631–7.

 13. Saladin KS. Human anatomy. Fith Edition, NY: McGraw Hill Education; 
2013. ISBN13:9780073403700

 14. Weinberger SE, Cockrill BA, Mandel J. Principles of pulmonary medi-
cine. Principles of pulmonary medicine. Amsterdam: Elsevier Inc.; 2018. 
https ://doi.org/10.1016/0007-0971(87)90146 -x.

 15. Fehrenbach H. Alveolar epithelial type II cell: defender of the alveolus 
revisited. Respir Res. 2001;2:33–46.

 16. Anzueto A. Exogenous surfactant in acute respiratory distress syn-
drome: more is better. Eur Respir J. 2002;19:787–9.

 17. Günther A, et al. Surfactant alteration and replacement in acute res-
piratory distress syndrome. Respir Res. 2001;2:353–64.

 18. Ooi GC, et al. Severe acute respiratory syndrome: temporal lung 
changes at thin-section CT in 30 patients. Radiology. 2004;230:836–44.

 19. Zhang P, et al. Long-term bone and lung consequences associated 
with hospital-acquired severe acute respiratory syndrome: a 15-year 
follow-up from a prospective cohort study. Bone Res. 2020. https ://doi.
org/10.1038/s4141 3-020-00113 -1.

 20. Wang J, et al. Advances in the research of mechanism of pulmonary 
fibrosis induced by Corona Virus Disease 2019 and the corresponding 
therapeutic measures. Zhonghua Shao Shang Za Zhi. 2020;36:E006.

 21. Guan W, et al. Clinical characteristics of coronavirus disease 2019 in 
China. N Engl J Med. 2020;382:1708–20.

 22. Xu Y-H, et al. Clinical and computed tomographic imaging features 
of novel coronavirus pneumonia caused by SARS-CoV-2. J Infect. 
2020;80:394–400.

 23. Zhang T, Sun LX, Feng RE. Comparison of clinical and pathological 
features between severe acute respiratory syndrome and coronavirus 
disease 2019. Zhonghua Jie He He Hu Xi Za Zhi. 2020;43:E040.

 24. Klok FA, et al. Incidence of thrombotic complications in critically ill ICU 
patients with COVID-19. Thromb Res. 2020. https ://doi.org/10.1016/j.
throm res.2020.04.013.

 25. Jenkins RG, et al. Longitudinal change in collagen degradation bio-
markers in idiopathic pulmonary fibrosis: an analysis from the prospec-
tive, multicentre PROFILE study. Lancet Respir Med. 2015a;3:462–72.

 26. Organ LA, et al. Biomarkers of collagen synthesis predict progres-
sion in the PROFILE idiopathic pulmonary fibrosis cohort. Respir Res. 
2019;20:148.

 27. Kristensen JH, et al. Levels of circulating MMP-7 degraded elastin are 
elevated in pulmonary disorders. Clin Biochem. 2015;48:1083–8.

 28. Leeming DJ, et al. Serological investigation of the collagen degrada-
tion profile of patients with chronic obstructive pulmonary disease or 
idiopathic pulmonary fibrosis. Biomark Insights. 2012;7:119–26.

 29. Karsdal MA, et al. The good and the bad collagens of fibrosis—
their role in signaling and organ function. Adv Drug Deliv Rev. 
2017;121:43–56.

 30. Sand JMB, et al. High levels of biomarkers of collagen remodeling are 
associated with increased mortality in COPD—results from the ECLIPSE 
study. Respir Res. 2016;17:125.

 31. Karsdal MA, et al. Collagen biology and non-invasive biomarkers of 
liver fibrosis. Liver Int. 2020;40:736–50.

 32. Karsdal MA, et al. Extracellular matrix remodeling: the common 
denominator in connective tissue diseases. Possibilities for evalua-
tion and current understanding of the matrix as more than a passive 
architecture, but a key player in tissue failure. Assay Drug Dev Technol. 
2013;11:70–92.

 33. Juhl P, et al. Serum biomarkers of collagen turnover as potential diag-
nostic tools in diffuse systemic sclerosis: a cross-sectional study. PLoS 
ONE. 2018;13:e0207324.

 34. Sand JMB, et al. A serological biomarker of versican degradation is associ-
ated with mortality following acute exacerbations of idiopathic interstitial 
pneumonia. Respir Res. 2018;19:82.

 35. Booth AL, Abels E, McCaffrey P. Development of a prognostic model for 
mortality in COVID-19 infection using machine learning. Mod Pathol. 
2020. https ://doi.org/10.1038/s4137 9-020-00700 -x.

 36. Khourssaji M, et al. A biological profile for diagnosis and outcome of 
COVID-19 patients. Clin Chem Lab Med. 2020. https ://doi.org/10.1515/
cclm-2020-0626.

https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1016/s2213-2600(20)30222-8
https://doi.org/10.1016/s2213-2600(20)30222-8
https://doi.org/10.1016/j.tmaid.2020.101623
https://doi.org/10.1164/rccm.202003-0543OC
https://doi.org/10.1164/rccm.202003-0543OC
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html
https://doi.org/10.1183/13993003.00688-2020
https://doi.org/10.1183/13993003.00688-2020
https://doi.org/10.23812/CONTI-E
https://doi.org/10.23812/CONTI-E
https://doi.org/10.1007/s11684-020-0754-0
https://doi.org/10.1007/s11684-020-0754-0
https://doi.org/10.1038/s41591-020-0868-6
https://doi.org/10.1016/0007-0971(87)90146-x
https://doi.org/10.1038/s41413-020-00113-1
https://doi.org/10.1038/s41413-020-00113-1
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1016/j.thromres.2020.04.013
https://doi.org/10.1038/s41379-020-00700-x
https://doi.org/10.1515/cclm-2020-0626
https://doi.org/10.1515/cclm-2020-0626


Page 7 of 7Leeming et al. Respir Res           (2021) 22:38  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 37. Van Singer M, et al. COVID-19 risk stratification algorithms based on 
sTREM-1 and IL-6 in emergency department. J Allergy Clin Immunol. 
2020. https ://doi.org/10.1016/j.jaci.2020.10.001.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jaci.2020.10.001

	Can biomarkers of extracellular matrix remodelling and wound healing be used to identify high risk patients infected with SARS-CoV-2?: lessons learned from pulmonary fibrosis
	Abstract 
	Background on COVID-19
	SARS-CoV-2 infection and its main potential pathway within the lung
	Potential consequences of SARS-CoV-2 infection to the lung extracellular matrix
	Markers of lung extracellular matrix remodelling used to evaluate pulmonary fibrosis
	Routine clinical parameters as markers of outcome in COVID-19
	Conclusion
	Acknowledgements
	References


