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ARTICLE INFO ABSTRACT
Keywords: Background: Pulmonary fibrosis can develop after acute respiratory distress syndrome (ARDS). The hypothesis is we
Respiratory Distress Syndrome are able to measure phenotypes that lie at the origin of ARDS severity and fibrosis development. The aim is an
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accuracy study of prognostic circulating biomarkers.

Methods: A longitudinal study followed COVID-related ARDS patients with medical imaging, pulmonary function
tests and biomarker analysis, generating 444 laboratory data. Comparison to controls used non-parametrical statis-
tics; p < 0-05 was considered significant. Cut-offs were obtained through receiver operating curve. Contingency
tables revealed predictive values. Odds ratio was calculated through logistic regression.

Results: Angiotensin 1-7 beneath 138 pg/mL defined Angiotensin imbalance phenotype. Hyper-inflammatory
phenotype showed a composite index test above 34, based on high Angiotensin 1-7, C-Reactive Protein,
Ferritin and Transforming Growth Factor-p. Analytical study showed conformity to predefined goals. Clinical
performance gave a positive predictive value of 95 % (95 % confidence interval, 82 %-99 %), and a negative
predictive value of 100 % (95 % confidence interval, 65 %-100 %). Those severe ARDS phenotypes represented
34 (Odds 95 % confidence interval, 3-355) times higher risk for pulmonary fibrosis development (p < 0-001).
Conclusions: Angiotensin 1-7 composite index is an early and objective predictor of ARDS evolving to pulmonary
fibrosis. It may guide therapeutic decisions in targeted phenotypes.

Abbreviation: ACE, Angiotensin Converting Enzyme type 1; ACE2, Angiotensin Converting Enzyme type 2; Ang-(1-7), Angiotensin 1-7; Angll, Angiotensin II;
ARDS, Acute respiratory distress syndrome; AT;R, Angiotensin II receptor type 1; AT;R, Angiotensin II receptor type 2; AT2, Alveolar Epithelial Type II cells; AUC,
Area under the curve; cAMP, cyclic Adenosine Monophosphate; CDS, Clinical decision support; CI, Confidence interval; CRP, C-Reactive Protein; COVID-19,
Coronavirus disease 2019; CT, Computed tomography; ENaC, Epithelial Na+ Channel; ICU, Intensive care unit; IPF, Idiopatic pulmonary fibrosis; IQR, Interquartile
range; IVD, in vitro diagnostic medical device; KL-6, Krebs von den Lungen 6; LDH, Lactate Dehydrogenase; MrgD, MAS-related G protein-coupled receptor, family
member D; NPV, Negative predictive value; PaO,/FIO,, Arterial partial pressure of oxygen to fraction of inspired oxygen; PPV, Positive predictive value; PREV,
Prevalence; ROC, Receiver operating curve; ROCK, RhoA and Rho-associated protein kinase; RTI, Respiratory tract infections; SARS, Severe Acute Respiratory
Syndrome; SARS-CoV-2, SARS Coronavirus 2; SD, Standard deviation; SENS, Sensitivity; SPEC, Specificity; TAT, Turnaround Time; TGF-B, Transforming growth
factor beta; TE, Total error; YI, Youden Index.
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N. De Vos et al.
1. Introduction

Acute respiratory distress syndrome (ARDS) and pulmonary fibrosis
can develop as complications of severe respiratory tract infections (RTI),
especially flagrant during pandemics. The pathophysiology of Severe
Acute Respiratory Syndrome (SARS) gives insight into the fibrotic pro-
cess. The hypothesis is we can measure an Angiotensin imbalance that
lies at the origin of severity and pulmonary fibrosis development post-
ARDS. The cellular pathway of Angiotensin is activated by the binding
of SARS Coronavirus 2 (SARS-CoV-2) onto its receptor Angiotensin
Converting Enzyme type 2 (ACE2) [1]. ACE2 converts Angiotensin II
(Angll) into Angiotensin 1-7 (Ang-(1-7)). The heptapeptide Ang-(1-7)
counter-regulates Angll. If ACE2 is unavailable and Ang-(1-7) becomes
deficient, a disequilibrium occurs in favor of Angll. This causes lung
damage with the production of reactive oxygen species, hypertension,
vasoconstriction, an inflammatory cascade with cytokine storm, coa-
gulopathy, and fibrosis [2,3]. Once AnglI initiates the fibrotic process, a
vicious circle enhances transforming growth factor beta (TGF-f), the
master regulator of fibrosis [4]. Another novel biomarkers is Krebs von
den Lungen 6 (KL-6), representing local damage of Alveolar Epithelial
Type II cells (AT2) and AT2 hyperplasia [5,6]. The inflammation and
cell injury can be measured with routinely accessible C-Reactive Protein
(CRP), Ferritin, and Lactate Dehydrogenase (LDH) [7,8]. A similar
approach, based on activated biological pathways and known patho-
genic role, is preferred in the management of idiopatic pulmonary
fibrosis (IPF) or other interstitial lung diseases [9].

The aim is to predict post-ARDS pulmonary fibrosis and guide
treatment to prevent sequelae. The objectives are to study the analytical
and clinical performance of novel prognostic biomarkers and more
specifically Ang-(1-7) composite index test. The intended purpose of
this in vitro diagnostics (IVD) is an easily accessible blood test for
prognosis of pulmonary fibrosis and clinical decision support (CDS). The
clinical role is differentiating mild RTI from severe ARDS evolving to
post-ARDS pulmonary fibrosis using decisional cut-offs. Furthermore, it
contributes to the practical application of a CDS for guiding treatment in
specific ARDS phenotypes, aiming at preventing fibrotic sequels.

2. Materials and Methods
2.1. Study design and population

A prospective longitudinal study in respiratory medicine and critical
care was designed with the following sample size, according to flow-
chart (Fig. 1): 567 intensive care unit (ICU) admissions for ARDS-related
COVID-19 resulted in the inclusions of 87 follow-up patients after ICU-
discharge. ICU hospitalized patients with positive nasal RT-PCR for
SARS-CoV-2 RNA were eligible. Written informed consent was obtained
from the subjects or their surrogates, according to ethical committee
approval B0762020200604 (protocol number CE/20-06-04 & CE/
2020/141) in CHU Saint-Pierre and CHU Brugmann institutional review
board for human studies, Brussels, Belgium. The observational study
was not interventional. Severe patients were randomly divided into a
discovery cohort and a validation cohort. As shown in the diagram
reporting the flow of participants through the study (Fig. 1), six bio-
markers had been tested at 74 time points, resulting in 444 laboratory
data. Remnants (500 pL) of serum, EDTA- and/or heparin-plasma were
retrospectively collected at ICU. A prospective patient follow-up was
done with computed tomography (CT) scan, pulmonary function tests
and biomarkers at three, six and twelve months post-ICU, during pul-
monology consultation between March 2020 and June 2022. The dis-
covery cohort was collected during pandemic wave one and two, while
the validation cohort encompassed wave one to four, with original wild-
type SARS-CoV-2 strain and variants of interest alpha, gamma and delta.
Incomplete data collections during pulmonology consultation were
considered loss to follow-up and were not included. Exclusion criteria
were language barrier, refusal, and psychiatric or cognitive disorders
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before ICU entry. The control population consisted of nineteen subjects,
including nine mild or asymptomatic COVID-19 cases and ten healthy
controls. The role of the control populations was to differentiate with
severe ARDS-related pulmonary fibrosis patients and find decisional cut-
offs. Comparison with the healthy controls gave positivity cut-offs. And
comparison with the mild COVID-19 controls leaded to severity cut-offs.
The statistical significant patient number was six for Ang-(1-7), based
on the formula n = [2*%(1-96 + 1-28)2*c2]/Am2 where ¢ = 47 was the
standard deviation and Am = 115-28 = 87 was the difference between
the biomarker mean in the pathological versus the healthy population.
[10].

2.2. Test methods

Novel biomarkers were analyzed on Lumipulse® G1200 KL-6 assay
(Fujirebio, Tokyo, Japan), Human Angiotensin 1-7 ELISA Kit for
Research Use Only (RUO) (Novatein Biosciences, Woburn, USA and
distributed by CliniScience, Brussels, Belgium) and Quantikine ELISA
Human TGF-p1 Immunoassay RUO (R&D Systems, Minneapolis, USA).
For KL-6 analysis, a chemiluminescent enzyme immunoassay (CLEIA)
was used on Lumipulse® G1200 [11]. The CLEIA technique was based
on a chemiluminescent substrate using a derivative of 1,2-dioxetane
phosphate (AMPPD), to measure alkaline phosphatase as a labeling
enzyme to Fab’ fragments of antibody [12]. Except for radio-
immunoassay [13], the method for Ang-(1-7) ELISA had not been
described in literature yet. The sandwich assay described here used a 96-
well microtiter plate pre-coated with monoclonal antibody specific for
human Ang(1-7). The experimental protocol for Ang-(1-7) measure-
ment followed the manufacturer’s instruction BG-HUM10046: Bring kit
components 20 min at room temperature, dilute rinse solution 20 times
with deionized water, pipette in duplicate 50 uL of standards S1-S6 in
wells, followed by 50 pL of sample diluent (considered zero standard S7)

COVID-19 ICU admission, n=567
With biomarker results, n=35
« Discovery cohort, n=17
« Validation cohort, n=18

—> Died, n=165
—> Excluded, n=315
(Reasons for exclusion: Language
barrier, Follow-up in another centre,
Refusal)
%

Follow-up 3 months post ICU discharge, n=87

With biomarker results, n=13

> Drop-out, n=6

(Refusal, n=5, Medical issue, n=1)

v

Follow-up 6 months post ICU discharge, n=81

With biomarker results, n=13

—> Died, n=1
> Drop-out, n=9
(Refusal, n=9)
N

Follow-up 12 months post ICU discharge, n=71

With biomarker results, n=13

Fig. 1. Flowchart of patient population: diagram reporting the flow of partic-
ipants through the study. Abbreviations: COVID-19 = Coronavirus Disease
2019, ICU=Intensive Care Unit.
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and 50 pL of each patient sample, add 100 uL of red horseradish
peroxidase (HRP) reagent conjugated to specific Ang-(1-7) antibody to
each well, cover the microtiter plate with adhesive film, mix by tapping
gently, incubate 60 min at 37 degrees Celsius, wash five times with 400
uL of wash solution per well, invert plate and hit onto absorbent paper to
remove moisture between every wash step while holding strips firmly
into frame, add consecutively 50 uL of chromogen solution A and B to
each well containing hydrogen peroxyde and tetramethylbenzidine
substrate to react with HRP, cover plate, protect from light during in-
cubation 15 min at 37 degrees Celsius, add 50 pL stop solution of sul-
phuric acid, read optical density at endpoint 5 min and wavelength 450
nm with spectrophotometer and indicate S7 for blank deduction, draw a
standard curve by plotting optical density on Y-axis and Ang-(1-7)
concentration on X-axis, fit the curve to calculate concentration in un-
known patient samples. The TGF-p1 kit had been manufactured for
measuring the biologically active TGF-pl [14], and its experimental
protocol followed the manufacturer’s instruction DB100B for a similar
sandwich immunoassay as mentioned above.

Ferritin was tested on Cobas 8000 module ¢502, while CRP and LDH
were measured on module ¢702 (Roche Diagnostics, Mannheim, Ger-
many). Ferritin used a sandwich assay on ECLIA with Ruthenium
detection method [15]. CRP was analysed with immunoturbidimetry on
latex particles [16]. And LDH’s catalytic activity was measured through
enzymatic kinetics and ultraviolet spectrophotometric detection of
reduced nicotinamide adenine dinucleotide [17].

The composite index emerged from the sum of biomarker concen-
trations for Ang-(1-7), CRP, Ferritin and TGF-f, divided by their
respective normalization cut-off. Composite index calculation was
applied on the subpopulation of high Ang-(1-7), after exclusion of pa-
tients with Ang-(1-7) deficit. The reference standard to diagnose ARDS
was the Berlin Definition, based on bilateral infiltrates on chest CT and
arterial partial pressure of oxygen to fraction of inspired oxygen (PaOy/
FIO3) < 300 mm Hg [18]. Pulmonary fibrosis outcome was diagnosed
with CT scan.

2.3. Statistical analysis

Statistical analyses were performed using Analyse-it (Analyse-it
Software, UK), GraphPad Prism 5-0 (GraphPad Software, USA) and
STATA version 17-0 SE (StataCorp LLC, USA). Data were expressed as
median [interquartile range (IQR)] and comparisons between groups
used non-parametric tests; p-values < 0-0500 were considered statisti-
cally significant. Additional files include mean + standard deviation
(SD). The analytical performance study encompassed trueness, precision
[19], and total error (TE), beside verification of linearity. Exploratory
cut-offs, fixed at the highest Youden Index (YI), and area under the curve
(AUC) were analyzed using receiver operating curve (ROC) (e.g.,
Additional file 1 with normalization cut-offs used for composite index
calculation). Sensitivity (SENS), specificity (SPEC), positive (PPV),
negative predictive values (NPV) and their respective 95 % confidence
intervals (CI) were calculated with contingency tables and Wilson for-
mula in the clinical performance study. Any potential sources of bias
were addressed through age randomization in discovery versus valida-
tion cohort and gender stratification. Odds ratios were calculated
through bivariate logistic regression (Additional file 2).

3. Results
3.1. Demographic and clinical characteristics

Baseline demographic and clinical patient characteristics at ICU
were 63 % female survivors, mean age of 57 + 12 years, 55 % obese, 56
% arterial hypertension, 45 % diabetes, a hospital length of stay of 29 +
18 days and 18 + 14 days at ICU, 51 % with mechanical ventilation and
8 % extracorporeal membrane oxygenation [20]. All severe patients had
ARDS at ICU. And 85 % evolved to pulmonary fibrosis sequelae on CT
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scan during the first year post-ICU, with 9 + 7 affected lung segments,
leading to impaired diffusing capacity of the lungs for carbon monoxide
(DLCO) < 80 % in 44 % of patients [20-22]. Within the population of
post-ARDS pulmonary fibrosis, there was a significantly lower preva-
lence (PREV) in patients with less affected segments (<6), compared to
many affected segments (6-20) on chest CT scan, showing respectively
PREV=37 % versus 63 % (p < 0-0500). At one year post-ICU, 23 % had
decreased total lung capacity and 18 % decreased forced expiratory
volume one < 80 % [20]. Preliminary data at 2 years of follow-up,
resulted in PREV=55 % for post-ARDS pulmonary fibrosis. Radiolog-
ical data shown in additional file 3, illustrated the follow-up of CT
sequelae with ground-glass opacities in one patient, evolving from
COVID-19-induced ARDS to pulmonary fibrosis. Mild or asymptomatic
COVID-19 patients were 40 % female, 49 + 15 years old, and had a
favorable outcome without respiratory sequelae.

3.2. Analytical performance and biomarker profiles

The analytical performance study demonstrated conformity to pre-
defined acceptance criteria for all novel biomarkers (Table 1): Ang-(1-7)
showed TE < 37-7%, TGF-beta gave TE < 33-3% and KL-6 stayed within
TE < 20-8%. Matrix comparison yielded no statistical difference be-
tween heparin plasma and serum for Ang-(1-7) and KL-6 (p > 0-0500),
but significant difference for TGF-p (p < 0-0017). Although EDTA-
plasma was possible for Ang-(1-7), it was contra-indicated for TGF-f
because of platelet preservation and interference by degranulation.

Biomarker profiles were realized on patient samples at ICU and in
follow-up post-ICU. At ICU, the severe COVID-19 patients showed

Table 1
Analytical performance specifications for novel biomarkers.
Ang- TGF-p KL-6
a-7)
Performance at 250 pg/ 612 pg/mL 330 U/mL
given mL
concentration
Trueness (bias) 1.5%* 11.4 % ** 7.9 % ***
Precision, 6.7 % * 1.8 % ** 6.1 %
repeatability
(CVintra)
Precision, 14.5% * 9.5 % 7.2%
reproducibility
(CVinter)
Total Error (TE) 25.4 % * 27.1 % ** 19.6 % ***
Measuring range 16-500 31-2000 50-10000
pg/mL pg/mL U/mL
Linearity
Range 63-500 63-2000 26-816 U/
pg/mL pg/mL mL
Simple linear y= y= y=
regression 0.9065x- 1.0163x + 0.9966x-
7.1416 24.978 21.298
Correlation R?= R?=0.996 R*=0.995
coefficient 0.998

Biological variation from European Federation of Clinical Chemistry and Labo-
ratory Medicine (EFLM) and Westgard Ricos Biological Variation Database
(Westgard) were used to obtain desirable analytical performance specifications
from related biomarkers.

Abbreviations: Ang-(1-7) = Angiotensin 1-7, TGF-f = Transforming Growth
Factor beta, KL-6 = Krebs von den Lungen 6, CVj,., = intra-run coefficient of
variation, CVj,r = inter-run coefficient of variation, TE=total error = bias+
(1,65*Cvinter)'

“ conform to EFLM for renin, because Ang-(1-7) is physiologically related to
Renin-Angiotensin-Aldosterone System (bias = 12.8 %, CV=15.1 %, TE=37.7
%).

™ conform to Westgard for Collagen type III N Propeptide (PIIINP), because
TGF-p influences collagen formation in the extracellular matrix (bias = 22.1 %,
CV=6.8 %, TE=33.3 %),

" conform to EFLM for CA15.3, because of structural homology to KL-6
within mucinl family (bias = 15.8 %, CV=3.1 %, TE=20.9 %).
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significantly higher Ang-(1-7), TGF-p, KL-6, CRP, Ferritin and LDH
compared to healthy controls (p < 0-0500). Expected values in normal
and pathological populations were calculated (Additional file 4). Severe
patients with ARDS at ICU showed Ang-(1-7) deficit of 124 [81-154]
pg/mL in early stages of acute SARS infection, and this was significantly
lower compared to mild coronavirus patients with Ang-(1-7) = 147
[138-201] pg/mL (p < 0-0500) (Fig. 2).

Three months after ICU, Ang-(1-7) normalized below its cut-off of <
57 pg/mL and did not show any alteration up to twelve months of
follow-up. After ICU-discharge, CRP, Ferritin and LDH returned normal
in 90 % of severe coronavirus patients, with their respective cut-offs at
< 5mg/L, < 62 pg/L and < 182 U/L. After one year, KL-6 (cut-off < 275
U/mL) and TGF- p (cut-off < 34968 pg/mL) normalized in only 25 %,
respectively 33 % of severe COVID-19 patients. Within the first year of
follow-up post-ICU, the mean KL-6 value in the patient population did
not significantly change at different measuring moments (p = 0-6333)
(Additional file 5), while TGF-p decreased gradually at three, six and
twelve months post-ICU (p < 0-0001) (Additional file 6).

3.3. Clinical performance

The clinical performance study resulted in cut-offs for differentiating
mild coronavirus controls from severe ARDS patients with pulmonary
fibrosis sequels. Two severe ARDS phenotypes were characterized using
consecutive diagnostic steps. The first step concerned the diagnosis of
Ang-(1-7) deficit = 107 [48-123] pg/mL. The cut-off to determine Ang-
(1-7) deficit was < 138 pg/mL in the discovery cohort, with SENS=65 %
(95 %CI, 41 %-83 %), SPEC=86 % (95 %CIL, 49 %-97 %), PPV=92 %
(95 %CI, 65 %-99 %), NPV=50 % (95 %CI, 25 %-75 %). To resolve the
resulting overlap of populations and select the best AUC, a combination
of relevant biomarkers was proposed in a second step, using the calcu-
lation of a composite index test combining indices of high Ang-(1-7),
Ferritin, CRP and TGF-p. When the composite index was analyzed within
the subpopulation of preliminary high Ang-(1-7) (Fig. 3), we obtained
strong statistical power to differentiate two distinct populations (p =
0-0173): the severe/critical patients (hyper-inflammatory phenotype)
showed a median composite index of 42 [36-55] and the mild/asymp-
tomatic (hypo-inflammatory phenotype) had a median composite index
of 13 [10-36].

In the discovery cohort, the composite index showed a cut-off of > 34
to predict a more severe COVID-19 at ICU and evolution to post-ARDS
pulmonary fibrosis, with PPV=83 % (95 %CI, 44 %-97 %), NPV=80
% (95 %CI, 38 %-96 %), SENS=83 % (95 %CI, 44 %-97 %), SPEC=80 %
(95 %ClI, 38 %-96 %), at YI=0-800, AUC=0-933. The AUC of 0-933 from
the Ang-(1-7) composite index test was higher than the AUC from in-
dividual biomarkers, each below or equal to 0-800 (Table 2).

3.4. Clinical decision support

The above-mentioned IVD tests were linked to therapeutic decisions
through a CDS (Fig. 4).

In step one, on the left side of the algorithm, patients with an Ang-
(1-7) deficit (<138 pg/mL) were eligible for substitution therapy with
Ang-(1-7) agonists and novel expensive therapies beside standard of
care; these patients represented the phenotype of Angiotensin imbal-
ance. In step two, a composite index was calculated using high Ang-
(1-7), Ferritin, CRP and TGF-f. Indeed, the subpopulation of high Ang-
(1-7) patients (=155 [153-173] pg/mL), were analyzed with a com-
posite index test to enhance statistical power and distinction with mild
COVID-19 showing Ang-(1-7) of 147 [138-201] pg/mL. At the middle
of the CDS, the patients with high composite index > 34 represented the
hyper-inflammatory phenotype. They could benefit from protective
treatments beside standard of care, but would not be eligible for Ang-
(1-7) agonists. On the right side of the CDS, the patients with low
composite index < 34 represented the hypo-inflammatory phenotype
with low risk for developing pulmonary sequelae. For the hypo-
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Fig. 2. Ang-(1-7) in severe COVID-19 patients at ICU and follow-up post-ICU
during the first year, compared to asymptomatic/mild COVID-19 and healthy
controls. Green box: Angiotensin imbalance phenotype. Abbreviations: Ang-
(1-7) = Angiotensin 1-7, ICU=Intensive Care Unit, FU=follow-up.
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Fig. 3. Mann-Whitney of the composite index test based on high Ang-(1-7),
TGF- B, CRP and Ferritin. Abbreviations: Ang-(1-7) = Angiotensin 1-7, TGF-p
= Transforming Growth Factor beta, CRP=C-Reactive Protein, conc/cut-off =
the concentration of each biomarker is divided by its cut-off to obtain a
biomarker index, composite index = sum of all biomarker indices.
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Table 2
AUC for different tested models.
AUC Severity cut-off
Individual biomarker
Ang-(1-7) 0773 < 138 pg/mL
CRP 0-744 > 47 mg/L
Ferritin 0-589 > 487 pg/L
TGF-p 0-750 > 47008 pg/mL
LDH 0-800 > 338 IU/mL
KL-6 0-714 > 422 U/mL
4-Parameter composite index 0-933 > 34
3-Parameter composite index 0-933 >33

AUC was based on ROC for differentiating severe ARDS-related pulmonary
fibrosis patients from mild COVID-19 controls. Abbreviations: AUC=Area Under
the Curve, ROC=Receiver Operating Curve, Ang-(1-7) = Angiotensin 1-7,
CRP=C-reactive Protein, TGF-p = Transforming Growth Factor beta,
LDH=Lactate Dehydrogenase, KL-6 = Krebs von den Lungen 6, 4-Parameter
composite index = sum of individual indices of high Ang-(1-7) + Ferritin +
CRP+TGF-p, 3-Parameter composite index = sum of individual indices of high
Ang-(1-7) + Ferritin + CRP.

inflammatory phenotype, the therapeutic approach could possibly be
limited to standard of care. All treatment decisions would be made ac-
cording to the full clinical context, anamnesis, medical history, pulmo-
nary function tests, medical imaging and international guidelines. CDS
resulted in three prognostic biomarker profiles or phenotypes, as reca-
pitulated in Table 3. The Angiotensin imbalance and hyper-
inflammatory phenotypes were considered severe phenotypes with a
risk for sequelae. ARDS was significantly associated with severe phe-
notypes (p < 0-001). At 3 months post-ICU, there was also an associa-
tion between the severe phenotypes and pulmonary fibrosis (p < 0-001).
Patients with severe phenotypes had 76 (Odds ratio 95 %CI, 6-962)
times more risk for ARDS, and 34 (Odds ratio 95 %CI, 3-355) times more
risk of developing pulmonary fibrosis.
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The three phenotypes were subsequently validated with a bicentric
validation cohort. Thirteen patients fell within the Angiotensin imbal-
ance phenotype, five were characterized hyper-inflammatory and four
hypo-inflammatory; the mortality rate was 31 %, 20 %, and 0 %,
respectively. A cross tabulation comprised the full discovery plus vali-
dation cohort with PPV=95 % (95 %CI, 82 %-99 %) and NPV=100 %
(95 %CI, 65 %-100 %), beside stratification per gender (Additional file
7). In addition, the existence of an Angiotensin imbalance phenotype
was replicated in an independent international validation cohort (pre-
liminary data not shown). Downwards the CDS, during the follow-up
period post-ARDS, positive TGF- > 34968 pg/mL and/or KL-6 > 275
U/mL in association with clinical and radiological impairment, could
indicate eligibility for antifibrotic treatments.

As multiple biomarkers were tested, multiple statistical testing had
been adjusted (cfr. Additional file 8). Beside the four-parameter com-
posite index, statistics functioned with a three-parameter (without TGF-
) or a five-parameter composite index (with LDH) (p < 0-0500). With

Table 3
Characteristics of three phenotypes with prognostic biomarker profiles in SARS.
Phenotype Ang- 4-Parameter Severity Sequelae
a1-7) composite index
Angiotensin <138 NA severe or critical ~ yes
imbalance pg/mL
Hyper- >138 >34 severe or critical  yes
inflammatory pg/mL
Hypo- >138 <34 mild or no

inflammatory pg/mL asymptomatic

Abbreviations: Ang-(1-7) = Angiotensin 1-7, 4-Parameter composite index =
sum of individual indices of Ang-(1-7) + Ferritin + CRP+TGF-p, NA=not
applicable, Sequelae = post-ARDS pulmonary fibrosis.

Hospital admission for SARS

Measure Ang-(1-7) in routine blood sample

STEP 1 : Ang-(1-7) deficit <138 pg/mL

‘Angiotensin imbalance phenotype’

Ang-(1-7) >138 pg/mL

0 STEP 2 : Calculate a composite index of high Ang-(1-7)

R/Standard of care
R/Ang-(1-7) agonist

with Ferritin, CRP and TGF-B

R/Novel therapies Composite index >34

‘Hyper-inflammatory

0 phenotype’

FU of TGF-B (and/or KL-6) after 3, 6,
12 months can strengthen the 0
eligibility for R/Antifibrotics
R/Standard of care

. R/Novel therapies
R/Antifibrotics

0
Treatment decisions are made according to the
clinical context, pulmonary function evaluation,
medical imaging and international guidelines

Composite index <34
‘Hypo-inflammatory
phenotype’

0
R/Standard of care
No Novel therapies

No Antifibrotics

Novel and expensive conditional therapies:
Remdesivir & other antivirals

IL-6 receptor blockers
Baricitinib
Therapies under investigation

0 0

Eligible for No biochemical arguments

R/Antifibrotics for extra therapies

Fig. 4. Clinical decision support for ARDS phenotypes. Abbreviations: ARDS=Acute Respiratory Distress Syndrome, SARS=Severe Acute Respiratory Syndrome-
—associated coronavirus, Ang-(1-7) = Angiotensin 1-7, CRP=C-Reactive Protein, TGF-p = Transforming Growth Factor beta, KL-6 = Krebs von den Lungen 6,

FU=Follow-up, R/=Recipe = option for administration.
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KL-6, statistical significance was lost (p = 0-1429). At least, high Ang-
(1-7), Ferritin, and CRP were mandatory for the three-parameter com-
posite index; the cut-off was placed at > 33 (YI=0-800, AUC=0-933) and
gave PPV=83 % (95 %CI, 44 %-97 %), NPV=80 % (95 %CI, 38 %-96
%), SENS=83 % (95 %CI, 44 %-97 %), and SPEC=80 % (95 %CI, 38 %—
96 %). Without the distinction of Ang-(1-7) deficit in step one, the
composite index could not be used (p = 0-2684).

4. Discussion
4.1. Key Results

Ang-(1-7) and its composite index test are early and objective pre-
dictors of severity and post-ARDS pulmonary fibrosis. Accuracy study
shows conformity to analytical and clinical goals, with PPV of 95 % (95
%CI, 82 %-99 %) and NPV of 100 % (95 %CI, 65 %-100 %). An ARDS
patient belonging to the Angiotensin imbalance or hyper-inflammatory
phenotype has 34 (Odds ratio 95 %CI, 3-355) times more risk for
developing pulmonary fibrosis. A CDS guides therapeutic decisions in
targeted ARDS phenotypes, aiming at preventing severity and sequelae.
The utility lies in ready-to-use biomarkers as an add-on to routine
sample collection at hospital admission, for objective prediction of
pulmonary fibrosis sequels, to rely rapidly on focused treatment. In
addition, it can help in triage at hospital entry for ICU referral, when the
patient is stratified as “high risk” for ARDS and pulmonary fibrosis
development.

4.2. Interpretation

We observe three distinct phenotypical behaviors in the acute
setting, which guide physicians in targeting the right therapy for the
right patient: the Angiotensin imbalance (Ang-(1-7) < 138 pg/mL), the
hyper-inflammatory (composite index > 34) and the hypo-inflammatory
phenotypes. This study is yet another indication of the existence of ARDS
subphenotypes, which is a promising stratification tool for precision
medicine [23-27]. Indeed, a focused therapeutic choice can be made
before the sequels develop. The CDS limits expensive novel therapies to
targeted patient subpopulations, supports healthcare economy and
prevents eventual side effects. Furthermore, this CDS enables prospec-
tive patient stratification in clinical trials to obtain treatment efficacy.
Emerging drug candidates in post-ARDS pulmonary fibrosis are listed in
Additional file 9. Ang-(1-7) supplementation therapy is under investi-
gation in clinical trials and its administration should be limited to
Angiotensin imbalance phenotype [28]. We do not expect treatment
efficacy of Ang-(1-7) agonists in the hyper-inflammatory phenotype.
Objective biochemical arguments exist in the hyper-inflammatory
phenotype to receive other novel therapies beside standard of care.
Those high-risk groups are also eligible for antifibrotics, depending on
clinical trials and in function of TGF-§ and/or KL-6 levels during follow-
up. Whether TGF-f and KL-6 can monitor the response to therapy over
time, needs to be further investigated. Treatment can be limited in the
hypo-inflammatory phenotype, because of better clinical outcome, as
described in literature [23].

Biomarker profiling elucidates the pathophysiology and determines
the indication of each biomarker. Ang-(1-7) plays a prognostic role in
early SARS and ARDS at hospital admission. Mild or asymptomatic
coronavirus shows activated Angiotensin pathway through high con-
centrations of Ang-(1-7), representing an equilibrium between pulmo-
protective Ang-(1-7) and pulmodestructive AngII. On the contrary, Ang-
(1-7) deficit corresponds to dysregulation of the physiological homeo-
statis, leading to deleterious effects caused by AngIl [4]. As such,
Angiotensin imbalance explains the pathogenesis of severe coronavirus
and pulmonary fibrosis. The mechanism behind Ang-(1-7) deficit is
decreased availability of ACE2 and insufficient degradation of AnglII.
ACE2 availability is hindered by SARS binding, ACE2-cleavage, viral
cytopathic effect on AT2 and ACE2-downregulation during subsequent
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AT2 hyperplasia [4]. Surprisingly, a double Ang-(1-7) population is
found in severe COVID-19, one with Ang-(1-7) deficit (the Angiotensin
imbalance phenotype) and another without Ang-(1-7) deficit but with
remarkable inflammation (the hyper-inflammatory phenotype). In the
latter, we speculate that enough Ang-(1-7) product is metabolized
thanks to shedding of active ACE2 or alternative enzymatic actions, like
prolyloligopeptidase, neprilysin or thimet oligopeptidase [1]. The
hyper-inflammatory phenotype shows increased composite index test
with high Ang-(1-7), CRP, Ferritin, and TGF- p. Ferritin is liberated from
activated macrophages and TGF- p signals emanate from macrophages
[29]. The pathophysiologic cascade of TGF-p is triggered by the SARS-
CoV-2 entry into the alveolar epithelial cells and plays a role in ARDS
[30], which further induces lung fibrosis [4]. Indeed, TGF-p modulates
pulmonary fibrosis by recruiting monocytes/macrophages, differenti-
ating fibroblasts, inducing extracellular matrix synthesis and pathologic
airway remodeling. After ICU, Ang-(1-7), CRP, Ferritin, and LDH
normalize. This corroborates findings of a British cohort during follow-
up for Long COVID [31]. Interesting biomarkers for follow-up are TGF-p
and KL-6, because they have been linked to pulmonary fibrosis and they
persist during at least one year after ICU [32-34]. TGF-p knows gradual
decrease over time while high KL-6 stagnates. Improvement of TGF-f
may be linked to clinical recovery. Indeed, post-COVID pulmonary
fibrosis seems to show better pulmonary function than usually seen in
IPF, despite equal degrees of radiological involvement [35]. Moreover,
the radiological image correlates with KL-6, especially the extent of
affected segments on CT scan [36,37]. Further examination will corre-
late TGF-, KL-6, clinical and radiological findings up to two years after
ICU discharge. Clinical monitoring at regular intervals is state of the art
for IPF [38]. Similarly, monitoring could be considered for post-ARDS
pulmonary fibrosis, possibly even expanded with biomarker dosages
for TGF-p and KL-6.

The diagnosis of an Ang-(1-7) deficit precedes the calculation of the
composite index, composed of minimum three parameters (high Ang-
(1-7), CRP, Ferritin); the association of TGF- f§ or LDH is facultative.
Nevertheless, the panel used in this four-parameter composite index has
a strong AUC of 0-933. The selected biomarkers Ang-(1-7), CRP, Ferritin
and TGF- p reflect a combination of distinct biological pathways, having
their pathogenic role in ARDS and pulmonary fibrosis. The Ang-(1-7)
imbalance relates to acute lung injury at the alveolo-capillary interface
and initiates fibrosis, while TGF- p maintains the fibrotic process. CRP
and Ferritin represent the inflammatory cascade. They have been
selected out of a broad COVID-19 biochemistry panel [7,39]. The multi-
organ dysfunction parameters with insufficient statistical power (data
not shown), have not been retained: procalcitonin, cardiac troponin,
creatinine, transferrin, iron, and Angiotensin Converting Enzyme type 1
(ACE) with direct enzyme activity measurement. Still, the interest re-
mains for a genetic measurement of ACE polymorphism in the context of
COVID-19 epidemiology [40].

The data of our study have been found in an ARDS-related COVID-19
population. Post-acute sequelae, including post-ARDS pulmonary
fibrosis, represent a focus of research since the coronavirus pandemic
[29]. The global PREV of ARDS in COVID-19 patients is 32 %; around
half of them survive (23-56 %) [41]. Our findings confirm that ARDS
survivors develop pulmonary fibrosis more frequently if many segments
are affected on chest CT scan [42]. The higher PREV found during the
first year of follow-up, can be explained by the strength of our study,
with a clearly stratified severely affected patient population at ICU,
supported by serious radiological lesions. At 2 years, our preliminary
data show PREV=55 % for post-ARDS pulmonary fibrosis. PREV of
persistent fibrotic lesions after COVID-19 is estimated 11-75 % in
literature, and varies considerably according to differences in study
design, methodology, patient population, severity of illness, timing of
assessment, follow-up duration, vaccination status, and geographical
region [42-44].

The intended purpose has been met, and the clinical use has a double
relevance; on the one hand during SARS resurgence, and on the other



N. De Vos et al.

hand, it opens perspectives on applying this diagnostic approach to
ARDS from other etiologies, outside the scope of COVID-19. Indeed, it
will be interesting to investigate the CDS in different ARDS etiologies
like bacterial pneumonia, aspiration, trauma, and viral RTI, like severe
influenza, because of comparable respiratory failure [45]. Whether
COVID-related ARDS may be generalizable to other forms of ARDS, is
under investigation in a broader international cohort and preliminary
data are promising.

Both the signaling pathways of Ang-(1-7) and TGF-f} play a theo-
retical role in ARDS from all etiologies, including but not restricted to
COVID-19. [30] Initially, endothelial injury is caused by inflammatory
events, which is noticeable by high CRP and Ferritin concentrations.
According to in vitro and in vivo models, injured endothelium impacts
ACE and ACE2 activity, leading to Angiotensin imbalance. [46] Angio-
tensin imbalance in favor of Ang II activates the cytoskeleton rear-
rangement in pulmonary vascular endothelial cells through RhoA and
Rho-associated protein kinase (ROCK), causing vessel hyper-
permeability and alveolar-capillary barrier dysfunction. [30,46] This
contributes to the typical alveolar edema in ARDS and ventilation-
perfusion mismatch, which enhance hypoxia and hypercapnia. Hypox-
ia and/or hypercapnia upregulates the activity of Ang I and Ang-(1-7),
and might alter the balance between both. [47] Ang II mediates pul-
monary vasoconstriction, hypertension and microvascular hypoxia,
while Ang-(1-7) mediates vasodilation via Angiotensin II receptor type 2
(AT3R). [48] Furthermore, when Ang II binds Angiotensin II receptor
type 1 (AT1R) onto alveolar epithelial cells, it inhibits cyclic adenosine
monophosphate (cAMP). In turn, the inhibited cAMP decreases epithe-
lial Na™ channel (ENaC) expression and impairs alveolar fluid clearance.
[46] On the contrary, cAMP is produced upon Ang-(1-7) binding onto
MAS-receptor or MrgD-receptor. [48] One might suppose that this mo-
lecular Ang-(1-7) action on cAMP could increase ENaC expression and
clear alveolar fluid, but in vivo studies are warranted.

TGF-f decreases ENaC expression, through canonical Small mothers
against decapentaplegic (Smad) signaling, therefore impairing alveolar
fluid clearance. [46] Furthermore, TGF-p/Smad signaling triggers pro-
fibrotic gene overexpression through the main cytoplasmic down-
stream regulators Smad2 and Smad3. [30,49] In a Smad-independent
pathway, TGF-f activates Nuclear factor-kappa B (NF-kB). NF-kB is
another key signal transduction pathway in endothelial cell dysfunction
in ARDS. [50] While NF-xB is induced by Ang II onto its receptor AT{R
[48], NF-kB is suppressed by Ang-(1-7) onto its MAS-receptor. [51] NF-
kB leads to the transcription of inflammatory genes, macrophage
recruitment and cytokine storm. It maintains inflammation through
activation of fibroblasts. NF-kB renders the endothelium permissive for
massive infiltration of polymorphonuclear leukocytes. [50] Besides, NF-
kB can downregulate the anticoagulation proteins to cause intravascular
coagulation. [30].

During ARDS progression, alveolar edema is reinforced through in-
flammatory injury towards the alveolar epithelium, causing cell death
and subsequent epithelial cell hyperplasia. A pivotal phenomenon is the
epithelial-mesenchymal transition, which comes along with the
expression of profibrotic proteins, and ultimately induces pulmonary
fibrosis. [30] Whether this process of AT2 injury and remodeling
continuously releases KL-6, remains hypothetic. Although the role of KL-
6 in the pathophysiology has still to be elucidated, increased levels of
KL-6 have been reported both in COVID-related ARDS and ARDS from
other etiologies [52], as well as in pulmonary fibrosis.

Oxidative stress is a stimulus for epithelial cell death and for NF-xB
activation. [50] The oxidative stress induced by Ang II/AT R can be
counter-balanced by Ang-(1-7)/MAS through ROCK inhibition. [53]
This way, Ang-(1-7) protects against lung fibroblast migration and lung
fibrosis in in vitro and in vivo models. Another supposed benefit of ROCK
inhibition thanks to Ang-(1-7) increase, would be the cytoskeleton
reorganization and the restoration of the alveolar-capillary membrane
integrity, representing an interesting research field. An additional
advantage of Ang-(1-7) is its anti-inflammatory effect. [48].
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Following from the above-mentioned underlying cellular signal
transduction mechanisms, Ang-(1-7) concentration and composite
index might play a role in phenotyping ARDS and ARDS-related pul-
monary fibrosis from undetermined etiologies in the future, whereby
SARS among other viruses or common causes may lie at the origin.

The strength of this study is the population characterization with
demographic, biochemical, radiological, and clinical data, including
pulmonary function tests.

4.3. Limitations

Although the Odds ratio for pulmonary fibrosis in severe SARS shows
a wide 95 % CI (3-335), the lowest range of the CI still reveals statistical
significance. Despite wide CI, this study conceptualizes an evolution
from a pulmoprotective Ang-(1-7) situation to a pulmodestructive Ang
II. The calculation for statistical significant patient number applies to the
proposed cut-offs; it does not offer the possibility to draw strong con-
clusions considering clinical endpoints. Concerning matrix limitations,
the routine serum tube or heparin plasma could be used for Ang-(1-7)
concentration and the 3-parameter composite index, while serum is the
dedicated matrix for TGF-f and the 4-parameter composite index.

CDS can be integrated in digital health, but cannot replace the
complete medical context. Even if prescribers have easy access to the
circulatory biomarkers depicted in this study, because of direct appli-
cability in routine core laboratories, a large-scale assay for Ang-(1-7)
should be developed on an automatic analyzer, for faster diagnostics at a
lower cost. The cost for the RUO test is €53 for Ang-(1-7) and €105 for
TGF-f per patient sample including the manipulation by an experienced
lab technician, while working in batch with a turnaround time (TAT) of
one week. TGF-p RUO manipulation includes preparative steps for
sample activation. Cost and TAT can be estimated for clinical use in a
routine hospital lab. On an auto-analyzer with a short hands-on time, the
great advantage would be a TAT of 2 h and 24/7 availability. Although it
is not yet possible to fix the price per test, it would probably vary be-
tween €20 and €40.

Another limitation is the lack of golden standard for Ang-(1-7)
measurement, so concentrations from different studies are not compa-
rable. Previous publications report a single Ang-(1-7) population, while
our study shows for the first time a double Ang-(1-7) population. This
may partly explain the contradictions in literature on increased versus
decreased Ang-(1-7) [54,55]. Complete sample collection is a difficulty
at different time points, due to patient drop-out. Therefore, a larger
international validation with independent ARDS patients is ongoing to
strengthen our findings. Because the discovery cohort only contained
survivors during follow-up after ICU, and because of the limited number
of patients in the validation cohort, data on mortality are not robust
enough to draw conclusions.

5. Conclusions

The prognostic biomarkers for post-ARDS pulmonary fibrosis
decrypted in this study, offer a promising personalized approach
through specific ARDS phenotypes and may facilitate targeted therapies
to limit sequelae. Ang-(1-7) composite index represents a triggered
pathway playing a central role in dysregulated lung repair and the
fibrotic process, enhanced by TGF-f through a vicious circle. The rele-
vance of using this IVD in routine, is to objectively predict ARDS severity
and pulmonary fibrosis sequelae, on an easy blood collection at hospital
entry, early in the clinical decision process.
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