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Residual lung abnormality following COVID-19

hospitalisation is characterised by biomarkers of epithelial
injury
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Summary

Background Long term respiratory symptoms are reported following recovery of acute COVID-19 infection and
residual lung abnormalities (RLA) on follow-up thoracic computed tomography (CT) after COVID-19 hospitalisation
have been observed. It is unknown whether RLA are associated with epithelial lung injury.
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Methods Plasma was sampled from the observational Post HOSPitalisation-COVID cohort at five months post-
hospitalisation. Epithelial injury biomarkers Krebs von den Lungen-6 (KL-6), matrix metalloproteinase 7 (MMP-7),
surfactant protein-D (SP-D) and surfactant protein-A (SP-A) were assayed. In those without follow-up CT, RLA at-risk
was defined by percent predicted DLco <80% and/or abnormal chest X-ray, otherwise they were considered low-risk.
Follow-up CT RLA was defined as combined involvement of ground glass opacity and reticulation >10%.

Findings A total of 957 people were included, 846 people with no CT (at-risk n = 103; 12.2%), 111 people with follow-
up CT (RLA >10% n = 85; 76.6%). All epithelial injury biomarkers were significantly elevated in people at-risk of
RLA compared with low-risk. KL-6 and MMP-7 were significantly higher in people with >10% RLA than those
with <10%, SP-D and SP-A did not reach significance. SP-D and SP-A were associated with percent involvement
of reticulation (3.22%, 95% CI 1.19-5.24; 3.03%, 95% CI 0.76-5.30, respectively).

Interpretation RLA after acute COVID-19 infection were consistent with elevated epithelial injury biomarkers and
pro-fibrotic signalling. Future studies should address the temporal association between fibrotic biomarkers and

resolution or progression of radiological involvement.

Funding MRC-UK Research and Innovation and National Institute for Health Research (NIHR) rapid response panel
to tackle COVID-19 (MR/V027859/1; COV0319; MR/W006111/1).

Copyright © 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study

Some survivors of acute COVID-19 infection have long-term
symptoms that could suggest ongoing lung impairment.
Searches performed in MEDLINE and Embase for SARS-COV-2
studies with radiological lung follow-up estimated that 50%
of participants had inflammatory patterns and 29% had
fibrotic patterns at a median of 3 months post infection.
Analysis of the UK nationwide Post-hospitalisation COVID-19
Study at 5-months follow-up suggested that up to 11% of
people discharged from hospital following COVID-19
infection were at-risk of radiological residual lung
abnormalities, such as ground glass opacity and reticulation.
In people with pulmonary fibrosis, these radiological patterns
are often consistent with persistent epithelial lung injury.
Biomarker studies have identified associations with COVID-
19 severity, however there are few studies that explore the
relationship between biomarkers of epithelial injury and
parenchymal lung abnormalities post-hospitalisation.

Added value of this study

Using the Post-hospitalisation COVID-19 Study at five
months follow-up, we present analysis of four biomarkers of
epithelial lung injury that have been validated in pulmonary
fibrosis. We compare levels according to the risk of residual
lung abnormality in 846 people defined according to
dysfunctional gas exchange and abnormal chest X-ray.
Greater levels of matrix metalloproteinase-7 and Krebs von
den Lungen-6 were observed in participants at-risk of

residual lung abnormality, which was consistent in an
internal replication cohort of 111 people with evidence from
thoracic CT. We report epithelial injury biomarker
associations according to the extent of radiological
abnormalities and demonstrate that surfactant proteins were
associated with reticulation and not ground glass opacity.
Associations of epithelial injury biomarkers with radiological
abnormalities were independent of age, sex and admission
severity. We observed greater gene and protein expression
levels of epithelial injury biomarkers in epithelial cells from
COVID-19 lung tissue.

Implications of all the available evidence

These findings provide evidence that raised, circulating levels
of epithelial lung injury biomarkers were observed five
months following hospitalisation due to COVID-19, were
associated with the extent of radiological abnormality, and
may be useful for monitoring people at-risk of parenchymal
lung changes. The results suggests that pro-fibrotic signalling
cascades contribute to persistent epithelial lung injury
observed in some people recovering from COVID-19, which
may contribute to ongoing symptoms and restrictive lung
function. Further research and surveillance are required to
address the longitudinal association of epithelial lung injury
biomarkers and radiological patterns following COVID-19 in
order to understand whether fibrotic features are stable,
resolving or progressive in the long-term.
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Introduction

Following acute COVID-19 infection, long-term symp-
toms have been frequently reported by survivors.! Meta-
analysis of post-COVID-19 lung sequelae has high-
lighted dyspnoea at a prevalence estimate of 37%,’
impaired gas transfer at 38%, restrictive impairment at
17%, thoracic computed tomography (CT) evidence of
fibrotic involvement at 29% and inflammatory involve-
ment at 50%.° These sequelae are consistent with lung
injury that for some is chronic and can be associated with
a poor recovery following acute COVID-19 infection.

The Post-Hospitalisation COVID-19 (PHOSP-
COVID) study was designed to identify associations
with good or poor recovery,’ with less than 30% of
participants reporting feeling fully recovered at one
year.” Risk factors for poor recovery of breathlessness
included older age, obesity, major comorbidities, and
length of acute admission.® The UK interstitial lung
disease (ILD) Post-COVID study previously leveraged
the PHOSP-COVID dataset to assess the prevalence
and risk factors of residual lung abnormalities (RLA) on
thoracic CT in people without evidence of prior clinical
management for ILD.”* Important clinical risk factors
for RLA included the need for ventilation during hos-
pitalisation, abnormal follow-up chest X-ray, and
impaired gas transfer at five months post-
hospitalisation, with up to 11% of survivors estimated
to be at-risk of RLA.

Mechanisms of parenchymal lung changes include
persistent epithelial lung injury that can result in
aberrant wound healing and deposition of extracellular
matrix components, with validated biomarkers that are
elevated in fibrotic lung disease including matrix
metalloproteinase-7 (MMP-7), Krebs von den Lungen-6
(KL-6), surfactant protein-A (SP-A), and surfactant
protein-D (SP-D).>"* Whilst the UK-ILD Post-COVID
evidence of RLA is consistent with other studies,'*"” it is
unknown whether RLA represents sequelae that will
resolve over time or lead to persistent epithelial lung
injury that may be consistent with interstitial lung
changes.™

The aim of this UK ILD Post-COVID study was to
assess whether biomarker levels of epithelial lung
injury were greater in people at-risk of RLA and
whether this effect was consistent in participants with
evidence of RLA involvement on CT.

Methods
Study population
The study cohort included participants of the

PHOSP-COVID study, a prospective longitudinal cohort
study of adults discharged from National Health Service
hospitals across the United Kingdom after admission for
confirmed or clinically diagnosed COVID-19."* Data are
accessible to legitimate researchers using the Data and
Sample Access Request Form; access to all data and
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samples collected by PHOSP-COVID are approved by
the Core Management Group and Executive board.
PHOSP-COVID recruitment was stratified into two tiers,
Tier 1 included individuals consenting to information
recorded during acute admission and Tier 2 included
consent for two follow-up visits post-discharge. Obser-
vations were restricted to Tier 2 individuals and initial
follow-up data at median 5 months post-discharge; par-
ticipants were discharged by the end of March 2021 with
follow-up available within 240 days of discharge. In-
dividuals withdrawing consent from PHOSP-COVID-19
were excluded. Individuals being managed for an a priori
diagnosed ILD or pulmonary fibrosis were excluded.
Follow-up thoracic CT scans were acquired if the patient
remained symptomatic at their clinic appointment and
there was concern from the examining physician. Given
restrictions in the ability to perform lung function tests
during the pandemic (as aerosol generating procedures)
and the insensitivity of CXRs in detecting subtle lung
damage, there was an impetus to request CT scans based
on purely clinical concern. CT scans were not included
in the protocol, varied across UK hospital sites, and were
identified through the PHOSP—-COVID study via linkage
to a radiological database. The PHOSP-COVID-19 study
was used to collect demographic information from hos-
pital records, including age and sex recorded at birth, as
well as clinical characteristics including hospital admis-
sion severity based on the level of oxygen support
needed, ranging from oxygen supplementation, to
continuous positive airway pressure (CPAP) and invasive
mechanical ventilation (IMV); chest X-ray records cat-
egorised as normal, abnormal (“suggestive of lung
fibrosis”, “extensive, persistent changes greater than one-
third of lung involvement” and “indeterminate”), or
other; lung function measures where available.

Exposures and outcomes

The primary exposure for those without CT was clas-
sification within the RLA at-risk population, whilst for
those with follow-up CT, the primary exposure was
visually scored RLA equal to or greater than 10% lung
involvement. RLA at-risk was defined by percent pre-
dicted DLco <80% and/or abnormal chest X-ray, as
previously described.” The first clinically indicated CT
performed between 90 days and 240 days post discharge
were scored. The presence of RLA on volumetric CTs
was scored on a lobar basis by a radiologist blinded to
clinical data. The percentage parenchymal involvement
of ground-glass opacities (GGO) and reticulation were
quantified visually. The sum of the two patterns was
averaged across lobes to quantify RLA. Airway dilatation
or traction bronchiectasis was not quantified alongside
GGO and reticulation as they can be transitory in the
acute setting. The outcome was the level of epithelial
lung injury biomarkers MMP-7, KL-6, SP-D and SP-A.
In secondary analyses, the exposure was specified as
the Dbiomarker level whilst RLA classification,
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percentage lung involvement of GGO, or percentage
lung involvement of reticulation, were included as
outcomes.

Epithelial injury biomarker assay

All PHOSP-COVID Tier 2 participants were invited to
provide a blood sample at the first follow-up visit,
plasma processing and sample prioritisation for
biomarker assays were performed as previously
described.” Briefly, blood samples were centrifuged and
supernatant was aliquoted before being immediately
frozen. Samples were provided to Sysmex for the
measurement of KL-6, MMP-7, SP-A, and SP-D levels.
The biomarker assays were run on a HISCL-800 ana-
lyser (Sysmex, Japan), which employs a two-step sand-
wich immunoassay system to detect antigens in
plasma. Biotinylated monoclonal antibodies capture the
analyte in the sample and bind to streptavidin-coated
magnetic beads, Dbefore alkaline phosphatase-
conjugated detection with a chemiluminescent
readout. All samples were tested after being prediluted
eight times and were within the assay’s measurement
range: 10-6000 U/mL for KL-6, 0.09 ng/mL to 100 ng/
mL for MMP-7, 1-1000 ng/mL for SP-A, and 0.02-
100 ng/mL for SP-D. Samples passing quality assur-
ance and within limit of quantification were included in
analysis.

Biomarker expression in lung epithelial cells

Gene expression levels of MMP7 (MMP-7), MUCI
(KL-6), SFTPA1 (SP-A) and SFTPD (SP-D) were verified
in lung epithelial cells from COVID-19 samples (n = 9)
compared with non-COVID-19 controls (n = 3) using
publicly available spatial transcriptomic data deposited
in Gene Expression Omnibus under record
GSE190732.*" Post-mortem samples from COVID-19
related pneumonia donors were stratified into acute
as 1-15 days of duration (n = 3), chronic as more than
15 days of duration (n = 3), and prolonged as 7-15
weeks of duration (n = 3). The Cell Ranger Software
Suite (Version 3.1.0) was used to process raw
sequencing data with the GRCh38 reference. Spatial
RNA sequencing data analysis was performed in R
(version 4.5.1) with Seurat (version 5.3.1), cluster
annotation was performed using the Human Lung Cell
Atlas reference. MMP-7 protein expression in epithelial
cells in post-mortem lung tissue from fatal cases of
COVID-19 was verified by immunohistochemistry.
Briefly, 5 pm thick sections of lung tissue from fatal
COVID-19 cases (n = 12) and non-infected control
samples (n = 5) collected pre-pandemic from normal
adjacent regions of lung during resection surgery were
dewaxed and rehydrated. Antigen retrieval was achieved
by boiling the sections for 30 min in 10 mM Tris/0.5 M
EDTA then stained with anti-MMP7 antibody (Abcam
AB205525, 150 pg/mL) overnight. Positive staining was
visualised with 3’,3’-diaminobenzidine and sections

scanned with a Hamamatsu™ NanoZoomer® S20
digital slide scanner.

Statistical analysis

To support multivariable modelling and comparable
interpretation of non-normal distributions across
different concentration units, biomarker levels were log
transformed and z-standardised using all samples. The
primary analysis tested the difference in mean
biomarker levels according to RLA risk classification
using unpaired t-tests, an internal replication analysis
was performed according to evidence of RLA involve-
ment. Mean values are reported with standard de-
viations (SD). Non-transformed, absolute biomarker
concentrations were also compared using Wilcoxon
rank sum tests. Logistic models were specified to
calculate and compare the area under the receiver-
operator characteristic (AUROC) of biomarkers and
admission characteristics for RLA classification and
RLA involvement, comparison of AUROC on the same
outcome was performed using DeLong’s test. Second-
ary analyses were specified using linear models to test
the association of RLA >10% on CT relative to <10%,
and RLA at-risk relative to low-risk, upon biomarker z-
score in unadjusted and adjusted models. Covariates
included in adjusted models were age and sex, severe
admission (CPAP or IMV), and time difference be-
tween sampling and CT; 95% confidence intervals (95%
CI) were derived using robust variance estimators.
Normality of residuals were used to confirm linearity
assumptions. Fractional regression was used to model
the percentage involvement of reticulation or GGO ac-
cording to biomarker z-score, specified as generalised
linear models with binomial distribution and logit link.
Coefficients are interpreted as the average difference in
involvement per increment in z-score. A sub analysis in
those with a second clinical CT scored was performed
with Wilcoxon Rank Sum for difference in biomarker
according to reticulation >5% involvement. Analyses
were performed within the Scottish National Safe Ha-
ven Trusted Research Environment using Stata 17 MP.
Wilcoxon rank-sum was used to test differences in gene
expression with cells as the independent unit of anal-
ysis, using R.

Ethics

The PHOSP-COVID study received ethical approval
from the Leeds West Research Ethics Committee (20/
YH/0225) and is registered on the ISRCTN Registry
(ISRCTN10980107), all included participants provided
written informed consent. Lung tissue was obtained
from postmortem examinations of fatal COVID-19
cases performed at two sites (South Wales and Lon-
don). Postmortems conducted in South Wales, UK were
performed between April and August 2020 (REC 19/
NEC/0336). Postmortem tissue collected from London,
UK were obtained from Imperial College London
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Tissue Bank (Project number R20034) from fatal
COVID-19 cases. COVID-19 was confirmed by positive
SARS-CoV-2 swab either in-life during the patient’s
final illness or during postmortem in cases of suspected
SARS-CoV-2 related death. All non-COVID-19 control
tissue was collected from postmortem donors who had
died of non-respiratory related causes. All postmortem
material was obtained from either consent post-
mortems or coronial postmortems in which consent for
retention of tissue and use in research was obtained
from the family or a person in a qualifying relationship.

Role of funders

PHOSP-COVID is jointly funded by a grant from the
Medical Research Council (MRC)-UK Research and
Innovation (UKRI) and the Department of Health and
Social Care through the National Institute for Health
Research (NIHR) rapid response panel to tackle
COVID-19 (grant references: MR/V027859/1 and
COVO0319). The UKILD Consortium was funded by
UKRI Ideas to Address COVID-19 (grant reference
MR/W006111/1). The views expressed in the publica-
tion are those of the authors and not necessarily those
of the National Health Service (NHS), the NIHR or the
Department of Health and Social Care. The funders had
no role in study design, data collection, data analyses,
interpretation, or writing of this report.

Results

A total of 957 participants in the UKILD Post-COVID
cohort had samples assayed for MMP-7 (n = 955),
KL-6 (n = 787), SP-D (n = 957) and SP-A (n = 875),
demographics were similar in those who did not have
samples assayed (Supplementary Table S1). Of those
included in biomarker sampling, 111 had a CT scored
(11.6%) and 846 did not have a thoracic CT available
(88.4%) (Fig. 1). Between those with CT scored and no
thoracic CT available, representation of sex was com-
parable (n = 70/111; 63.1% and n = 543/846; 64.2%,
respectively), age was similarly distributed (58.4 SD
11.2 and 57.0 SD 12.6, respectively) and participants
were majority white (n = 73/111; 65.8% and n = 645/
846; 76.2%, respectively) (Supplementary Table S2).
Acute COVID-19 admission severity was similar be-
tween groups (p = 0.059), although there was greater
representation of IMV in people with a thoracic CT
(n = 35/111; 31.5%) than those without (n = 185/846;
21.9%).

Biomarker levels and RLA

A total of 103 people (12.2%) were classified as at-risk of
RLA, whilst 742 participants were classified as low-risk
(87.8%) (Supplementary Table S3a). Compared with
people who were at low-risk, participants classified as
atrisk of RLA had greater z-standardised levels of
MMP-7 (0.39 SD 1.08 vs —0.07 SD 0.97, p = 0.0001),

www.thelancet.com Vol 124 February, 2026

PHOSP-COVID
after withdrawals
6984
PHOSP-COVID
» Acute only (Tier 1)
4321
PHOSP-COVID
Early foliow-up (Tier 2)
2663

ILD clinical management

21
UKILD Post-COVIDcohort
Early foliow up
2642
N No sample assayed
v 1685
Biomarker analysis cohort
957
No thoracic CT scored ThoracicCT scored
846 111
RLA at-risk| RLA low-ris | RLA210% | | RLA<10%
103 743 85 26

Fig. 1: Flow diagram of participant involvement in UK-ILD Post-
COVID epithelial injury study. Inclusion of participants in the UK-
ILD Post-COVID epithelial injury study from the PHOSP-COVID
dataset based on early follow-up, no evidence of ILD clinical man-
agement, and epithelial injury biomarker assayed.

KL-6 (0.45 SD 1.19 vs —0.04 SD 0.97, p = 0.0003), SP-D
(0.40 SD 1.08 vs —0.05 SD 0.99, p = 0.0001), and SP-A
(0.41 SD 1.19 vs —0.07 SD 0.97, p = 0.0004) (Fig. 2a).
Results were comparable for biomarker concentrations
(Supplementary Table S4a).

In replication analysis performed in participants
with a CT score, evidence of RLA >10% was reported
in 85 (76.6%), whilst RLA <10% was observed in
26 (23.4%) (Supplementary Table S3b). Overall, the
median time between thoracic CT and sample collec-
tion was 16 days (IQR —49 to 76), CT was a median 10
days prior to sampling in those with RLA >10% and a
median 21 days post sampling in those with RLA <10%
(p = 0.090). The mean z-standardised MMP-7 level was
greater in those with RLA >10% (0.32 SD 1.02 vs —0.54
SD 0.70, p < 0.0001), as well as KL-6 level (0.03 SD 0.86
vs =0.64 SD 0.92, p = 0.0032) (Fig. 2 b). There was no
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Fig. 2: Comparison of epithelial injury biomarker levels according to residual lung abnormality risk classification and thoracic CT
involvement (N = 957). a) Analysis of z-standardised KL-6, MMP-7, SP-D, SP-A levels between at-risk classification and low-risk classification
in those without a thoracic CT (n = 846). b) Replication analysis of z-standardised KL-6, MMP-7, SP-D, SP-A levels between >10% residual
lung abnormality involvement on thoracic CT and <10% (n = 111). p-values estimated using unpaired t-test, plots present mean values and

standard deviation.

statistical difference in SP-D or SP-A levels between
those with RLA >10% and those with RLA <10%. Re-
sults were comparable for biomarker concentrations
(Supplementary Table S4b).

Admission characteristics of age, sex and admission
severity provided an AUROC for RLA atrisk

classification of 0.63 (95% CI 0.57-0.69), addition of
MMP-7 and KL-6 levels led to an AUROC of 0.70 (95%
CI 0.64-0.76), with a significant improvement in per-
formance (p = 0.008). Similarly, addition of MMP-7 and
KL-6 improved the performance of admission charac-
teristics in classifying evidence of RLA >10%

www.thelancet.com Vol 124 February, 2026
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Fig. 3: Residual lung abnormality discrimination with epithelial injury biomarkers (N = 957). Area Under Receiver Operator Characteristic
(AUROC) presented for ability to discriminate a) RLA at-risk participants from low-risk (n = 846) (blue AUROC 0.63 95% Cl 0.57-0.69; red
AUROC 0.70 95% Cl 0.64-0.76; difference p = 0.008), b) RLA >10% involvement on thoracic CT from RLA <10% (n = 111) (blue AUROC 0.80
95% Cl 0.69-0.91; red AUROC 0.84 95% Cl 0.76-0.93; difference p = 0.15). Blue line represents logistic model specified with admission
characteristics of age, sex and ventilation status. Red line represents logistic model specified with admission characteristics, plus MMP-7 levels

and KL-6 levels.

involvement from 0.80 (95% CI 0.69-0.91) to 0.84 (95%
CI 0.76-0.93), although this did not reach significance
(p = 0.15) (Fig. 3).

Association between RLA and biomarker level
Participants with >10% RLA involvement on CT had a
0.85 (95% CI 0.51-1.19, p < 0.001) higher MMP-7 z-
score and a 0.67 (95% CI 0.26-1.08, p = 0.001) higher
KL-6 z-score, compared with participants with RLA
<10% involvement on CT (Fig. 4). Associations were
also observed in participants classified as at-risk of RLA
relative to low-risk, the MMP-7 z-score was 0.47 (95%
CI 0.25-0.69, p < 0.001) higher and the KL-6 z-score was
0.50 (95% CI 0.24-0.76, p < 0.001) higher. No statisti-
cally significant association was observed between RLA
>10% on CT and SP-D (p = 0.30) or SP-A (p = 0.37);
whilst RLA at-risk was associated with a 0.46 (95% CI
0.24-0.67) and 0.47 (95% CI 0.22-0.73) higher z-score,
respectively, when compared with low-risk participants.
Effects were similar when adjusted for age, sex and
admission severity.

Association between biomarker level and RLA
involvement

In participants with CT scores, a unit increase in
MMP-7 z-score was associated with a 3.58% (95% CI
2.04-5.13; p < 0.001) greater involvement of reticulation
on average and a 6.25% (95% CI 3.46-9.03; p < 0.001)
greater involvement of GGO on average (Fig. 5a, b).
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A greater KL-6 z-score was similarly associated with
percent reticulation (4.80%, 95% CI 2.65-6.96;
p < 0.001) and GGO (5.81%, 95% CI 2.66-8.96;
p < 0.001). Unit increments in SP-D z-score were
associated with a 3.22% (95% CI 1.19-5.24; p = 0.002)
greater involvement of reticulation, whilst no statisti-
cally significant association was observed with GGO
(1.53%, 95% CI —1.39 to 4.46; p = 0.30) (Fig. 5c, d).
Similarly, SP-A z-score was associated with more
reticulation (3.03%, 95% CI 0.76-5.30; p = 0.009) but
not GGO involvement (1.30%, 95% CI -2.01 to 4.61;
p = 0.44). Effects were independent of age, sex,
admission severity and time between CT and biomarker
sampling (Supplementary Table S5).

In a sub analysis of 15 participants who underwent a
second CT, median 163 days (IQR) from the initial CT,
301 days (IQR) from discharge and 149 days (IQR) from
sampling date, SP-D levels were significantly higher in
those with persistent reticulation involvement >5%
(Supplementary Table S6).

Biomarker expression in epithelial cells from
COVID-19 lung tissue

Spatial RNA sequencing analysis demonstrated sub-
stantially greater gene expression of MMP7, MUCI,
SFTPA1 and SFTPD in epithelial cells from COVID-19
lung tissue than non-COVID-19 controls (Fig. 6a and
d). In stratified analysis, greater gene expression levels
were robustly observed in chronic and prolonged
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Fig. 4: Difference in biomarker levels according to residual lung abnormality (N = 957). Unadjusted and adjusted associations modelled
with generalised linear model for the difference in z-standardised MMP-7, KL-6, SP-D, SP-A levels for the RLA at-risk classification relative to
low-risk classification (n = 846), and RLA > 10% on thoracic CT relative to RLA <10% (n = 111). Covariates in adjusted models include age, sex
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COVID-19 pneumonia compared with control tissue
(Supplementary Figure S1). MMP-7 protein expression
was not observed in epithelial cells from non-COVID-19
archive lung tissue (Fig. 6e and g), however levels were
clearly observed in alveolar epithelial cells within lung
tissue from post-mortem COVID-19 cases (Fig. 6f & h).

Discussion

People at-risk of RLA according to abnormal chest X-ray
and/or impaired gas transfer at follow-up, and those
with >10% RLA on follow-up CT up-to eight months
post-hospitalisation, had greater levels of circulating
epithelial lung injury biomarkers. MMP-7 and KL-6,
previously validated as pulmonary fibrosis bio-
markers,'>"* were greater in those classified as at-risk of
RLA compared with low-risk, a finding which was
replicated in those with RLA >10% on CT compared
with <10%. Similarly, MMP-7 and KL-6 levels improved
the performance of major admission features in clas-
sifying RLA groups. SP-D and SP-A, which are pro-
duced predominantly in lung tissues,”” were positively
associated with involvement of reticulation on CT, but
not GGO, suggesting residual lung damage post-

COVID-19 that may be representative of fibrotic
patterning. In a limited subsample, SP-D levels were
greater in participants who had >5% reticulation
involvement at a repeat CT. Circulating epithelial lung
injury biomarkers may be useful in assessing risk of
post-COVID-19 RLA, supporting clinical management
in survivors of severe infection and those presenting
with long term respiratory symptoms.

MMP-7 is a profibrotic metalloproteinase secreted
by epithelial cells in numerous organs, whilst in the
lungs it is specifically localised to activated alveolar and
bronchiolar epithelial cells.”* Localisation of MMP-7 to
epithelial cells in COVID-19 lung tissue was verified by
immunohistochemistry and spatial transcriptomics.
MMP-7 degrades extracellular matrix components, ac-
tivates cytokines and chemokines, and induces
epithelial-mesenchymal transition.”* Activity increases
in response to tissue injury to enable repair and
remodelling, whilst dysregulated activity is linked to
increased profibrotic TGF-p signalling and irreversible
tissue damage. High circulating MMP-7 levels have
been associated with a greater risk of interstitial lung
abnormality on CT at 10-years post-sampling and have
been proposed as a biomarker of subclinical ILD.* An
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individual participant data meta-analysis of 10 inde-
pendent IPF cohorts demonstrated baseline MMP-7
levels were associated with a 23% greater risk of over-
all mortality and a 27% greater risk of 12-month disease
progression, per standardised z-score (increment in
standard deviation).” A previous study highlighted
median concentrations of plasma MMP-7 of
12.1 ng/mL in IPF and 5.1 ng/mL in healthy controls,'
with high sensitivity and moderate specificity of
12.1 ng/mL as a predictive cut-off for all-cause mortality
and transplant-free survival. Median concentrations of
MMP-7 in those with RLA involvement >10% and
classified as at-risk were greater than this threshold,
suggesting clinically relevant concentrations.

MMP-7 levels have been explored following COVID-
19 infection in a number of small cohorts, with higher
levels observed in COVID-19 patients compared with
controls.” Within COVID-19 patients, higher levels
have been observed in individuals who required inva-
sive mechanical ventilation compared with those who
did not,® MMP-7 was similarly higher at 2-months
post-hospitalisation in severe compared to mild pa-
tients, although this discrepancy was not observed at

www.thelancet.com Vol 124 February, 2026

12-months.” Greater expression of MMP-7 has been
observed within epithelial cells and macrophages from
bronchoalveolar lavage fluid in severe COVID-19
infection.”® By contrast, a plasma proteome study re-
ported lower MMP-7 levels in Long COVID when
compared with healthy controls, albeit with greater
TGEF-p levels and mediators of the integrin activation
pathway implicated in profibrotic mechanisms.*" Up-
stream activators of the TGF-p pathway have also been
implicated in diffuse alveolar damage following
COVID-19.* Although discrepancies in MMP-7 levels
by severity have previously been reported, we found that
associations of MMP-7 with radiological features in this
study were independent of admission severity.
Together, these findings implicate MMP-7 as a poten-
tially important prognostic factor for poor recovery and
long-term structural changes.

Higher levels of KL-6, SP-A and SP-D have been
similarly associated with epithelial cell dysfunction and
have all been demonstrated to be upregulated in IPF,"***
conflicting findings have been reported regarding their
association with IPF clinical outcomes of mortality,
disease progression and change in forced vital
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capacity.”® Spatial resolution of gene expression
demonstrated that MUC1 (KL-6), SFPTAI (SP-A) and
SFPTD (SP-D) were expressed at greater levels in lung
epithelial cells from COVID-19 donors compared with
non-COVID-19 controls, which was consistent in
chronic and prolonged disease strata.

KL-6 is a mucin-like glycoprotein expressed in
regenerating type-II alveolar epithelial cells, released in
response to epithelial injury to promote the migration
and proliferation of fibroblasts.” Studies of the acute
phase of COVID-19 infection demonstrated serum KL-6
as a biomarker of COVID-19 severity and poor clinical
outcomes.”** In the present study, KL-6 levels were
elevated after the acute infection in individuals with
greater levels of RLA involvement on CT and in those
who were considered at-risk of RLA. KL-6 and MMP-7
performed independently of admission features in
classifying RLA risk, supporting these biomarkers as
tools for prioritising radiological evaluation in people
with ongoing respiratory symptoms after the acute
COVID-19 infection.

Surfactant proteins are synthesised and secreted by
type-II alveolar epithelial cells to facilitate transport and
function of surfactant lipids, playing an important role
in immunity and clearance of harmful exposures.
Abnormal surfactant protein regulation can trigger
apoptosis of regenerative alveolar cells and initiate
fibrosis.*® Surfactant proteins are produced predomi-
nantly within the lung, with leakage into circulation
proposed to be indicative of a breakdown in the integ-
rity of the alveolar air-blood barrier. Recent studies have
demonstrated an upregulation of SP-D in the acute
phase of COVID-19 infection.”** The observed rela-
tionship between surfactant proteins and reticulation
after the acute infection suggests epithelial lung injury
that may be consistent with fibrotic damage. An eval-
uation of thoracic CT changes in 57 severe participants
between four and 15 months post-COVID-19 high-
lighted a decrease in GGO over time that was inversely
correlated with reticulation involvement.”® Future
studies should determine whether longitudinal SP-D
levels, and other epithelial lung injury biomarkers, are
able to distinguish evidence of active fibrotic mecha-
nisms from residual fibrotic remnants of infection.

A particular strength of this study is the utilisation of
a large population of COVID-19 survivors hospitalised
with varied severity of acute infection, applying mutually
exclusive RLA definitions to address internal replication
of biomarker levels. Findings were consistent after
adjustment for demographics, severity of ventilation
during admission, and time from sampling to CT.
Whilst the PHOSP-COVID cohort is a nationwide study,
the study was limited by internal replication alone and
no healthy control group, people in comparator groups
of low-risk of RLA or RLA<10% had evidence of elevated
MMP-7 levels, however elevated levels were consistent
with the highest levels of radiological involvement. We
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would propose the measurement of serum MMP-7 to
guide the performance of CT and justify risks associated
with radiation exposure. Future studies should seek
external validation of epithelial injury in individuals with
non-resolving abnormalities on CT, including non-
hospitalised individuals presenting to Long COVID
clinics. Sequencing and immunohistochemistry of post-
mortem lung samples from people with COVID-19
related pneumonia, including prolonged disease up to
15 weeks, supported epithelial cells as a source of
epithelial injury biomarkers in COVID-19. This work can
support reverse translation to preclinical models and
in vitro systems for development of potential interventions
and therapies targeting persistent mechanisms of epithe-
lial injury. The study design was defined by an a priori
hypothesis, exploratory studies may identify other impor-
tant pathways beyond epithelial dysregulation.

There are additional important limitations to our
study. Assays reflect circulating biomarker levels, it is
possible that lung epithelial cells may not be the sole
source of MMP7 production. With the exception of
MMP-7, biomarker concentrations in the PHOSP-
COVID cohort were largely comparable to healthy
controls reported in previous studies,'*"** highlighting
that the extent of epithelial injury is not consistent with
clinical presentations of ILD. Whilst associations of
biomarker levels with RLA risk and involvement were
observed, there was considerable variability in effect
with a correspondingly modest AUC. Limited evidence
of persistent epithelial injury should not be considered
evidence of progressive injury, future follow-up and
surveillance is necessary to address the natural history
of RLA. Mechanical ventilation has been reported to
lead to increased levels of epithelial injury biomarkers
and fibrotic injury,”** which may explain some associ-
ations with RLA involvement, however effects were
independent of admission severity. The radiological
focus of this study was on parenchymal damage, with
ground glass opacities and reticulation as the major
patterns scored. Traction bronchiectasis is often a
transitory feature post the acute setting and was not
included in our visual CT score as airway dilatation with
infection/inflammation can be reversible. A further
limitation was the small number of people with longi-
tudinal data and the small number of samples with
spatial transcriptomics available. Future long-term
follow-up studies should comprehensively characterise
radiological features in post-COVID settings with de-
signs that facilitate longitudinal biobanking. There were
discrepancies between the date of sampling and date of
clinically indicated CT, which may limit interpretation
of injury resolution, although effects were also inde-
pendent of time differences.

Conclusion
RLA on thoracic CT, observed beyond three months
following COVID-19 related hospital discharge, were
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associated with circulating epithelial lung injury
biomarker levels. Higher levels in individuals at-risk of
RLA suggests a substantial number of individuals hos-
pitalised with COVID-19 may be living with subclinical
lung injury and profibrotic signalling cascades. Future
studies should address the association between temporal
changes in fibrotic biomarker levels and the resolution or
persistence of radiological lung involvement.
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