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High levels of soluble RAGE are associated =i

with a greater risk of mortality in COVID-19
patients treated with dexamethasone
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Abstract

Blood levels of the soluble receptor for advanced glycation end-products (sSRAGE) are acutely elevated during the host
inflammatory response to infection and predict mortality in COVID-19. However, the prognostic performance of this
biomarker in the context of treatments to reduce inflammation is unclear. In this study we investigated the associa-
tion between sRAGE and mortality in dexamethasone-treated COVID-19 patients. We studied 89 SARS-CoV-2 positive
subjects and 22 controls attending the emergency department of a University Teaching Hospital during the second
wave of COVID-19 and measured sRAGE at admission. In positive individuals SRAGE increased with disease sever-

ity and correlated with the National Early Warning Score 2 (Pearson’s r=0.56, p <0.001). Fourteen out of 72 patients
treated with dexamethasone died during 28 days of follow-up. Survival rates were significantly lower in patients

with high sRAGE (>3532 pg/mL) than in those with low sRAGE (p =0.01). Higher sRAGE levels were associated with
an increased risk of death after adjustment for relevant covariates. In contrast, IL-6 did not predict mortality in these
patients. These results demonstrate that SRAGE remains an independent predictor of mortality among COVID-19
patients treated with dexamethasone. Determination of SRAGE could be useful for the clinical management of this
patient population.
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Background

The receptor for advanced glycation end-products
(RAGE) and its soluble forms have been increasingly
implicated in innate immunity and inflammation [1, 2].
RAGE is a transmembrane receptor that binds a variety
of ligands, including advanced glycation-end products,
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cell adhesion proteins and molecules originating from
damaged mammalian cells and pathogens [3, 4], trans-
ducing intracellular signals which lead to the activation
of pro-inflammatory processes. In healthy adults RAGE
is constitutively expressed at high levels in the lungs and
skin, whereas in cardiometabolic and inflammatory dis-
eases it is up-regulated in different cell types across the
organism [1]. Similarly, expression also increases dur-
ing the host response to infection [2]. Soluble RAGE
(SRAGE) originates largely from the proteolytic cleavage
of the extracellular portion of membrane-bound RAGE, a
process which is upregulated by inflammatory signals [5].
Previous studies have shown that elevated sSRAGE levels
predict mortality in acute lung injury [6], acute respira-
tory distress syndrome [7] and sepsis [8]. Consistent with
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those findings, several studies have recently reported that
very high sRAGE levels were associated with COVID-19
severity and/or mortality [9-12].

The RECOVERY trial recently identified the corticos-
teroid dexamethasone as the first drug to significantly
improve survival in COVID-19 patients [13]. Corticos-
teroids modulate the host response to infection and thus
could potentially affect recognised relationships between
inflammatory biomarkers and outcomes. In this respect,
the prognostic performance of sSRAGE in the context of
treatments to reduce inflammation has not been pre-
viously investigated. Accordingly, the objective of the
present study was to examine the association between
sRAGE and mortality in dexamethasone-treated COVID-
19 patients.

Methods

Study design and patient selection: 120 patients admit-
ted with suspected COVID-19 through the Emergency
Department and the Respiratory Assessment Unit of a
University Teaching Hospital in South Wales, UK, were
enrolled in a prospective observational study from Sep-
tember 2020 to February 2021 during the second wave of
the pandemic. Written informed consent was obtained
from the patient or a legal representative during the
admission process. Patients aged less than 18 vyears,
those receiving anticoagulant treatment and those who
declined to participate were excluded. All individuals
were tested for SARS-CoV-2 using real-time reverse tran-
scriptase polymerase chain reaction from a nasopharyn-
geal swab. Individuals testing negative were included in
the control group. Patients received treatment in a gen-
eral COVID-19 ward or in an intensive care unit (ICU) in
accordance with the prevailing guidelines at the time of
the study. Where appropriate, dexamethasone was given
intravenously at a dose of 6 mg/day for up to 10 days as
described in the RECOVERY trial [13]. Time to death
was measured for up to 28 days from admission. Eight
patients for whom a blood sample for biomarker evalu-
ation was not available were retrospectively excluded. An
additional patient whose sRAGE was 10,640 pg/mL had
a National early warning score 2 (NEWS2) of 15 (fall-
ing>1.5 times above the interquartile range); this was
deemed a NEWS2 leverage point and hence this patient
was also excluded, leaving 111 remaining participants
for analysis. The study was approved by the South-West
Wales Research Ethics Committee (Wales REC 6).

IL-6, CRP and sRAGE were measured in serum pre-
pared from blood samples taken within 24 h after
admission. In dexamethasone-treated patients, blood
was drawn within an average time frame of 10 h before
and 17 h after the start of dexamethasone treatment.
Serum was stored at—80 °C until the time of analysis.
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Measurements were carried out in duplicates using the
following commercially available sandwich ELISAS:
human IL-6 DuoSet ELISA (DY206), human CRP Duo-
Set ELISA (DY1707) and human RAGE Quantikine
Immunoassay (DRGOO), all from R&D Systems (Abing-
don, UK), as described by the manufacturer. The SRAGE
immunoassay detects both cleaved sSRAGE and esRAGE.
The origin of the samples was blinded to the operator.
Intra-assay coefficients of variation were<5.5% in all
cases. There were no significant differences in the aver-
age levels of biomarkers between samples taken before or
after dexamethasone administration.

Details on other baseline parameters and statistical
analyses can be found in the Additional file 1.

Results

A diagram depicting the composition of the 111 partici-
pants analysed in the study is shown in Fig. 1. Eighty-nine
subjects were SARS-CoV-2 positive and 22 were negative.
On admission, median sRAGE levels were significantly
higher in SARS-CoV-2 positive subjects than in those
that were negative (2852 [1487-5235] pg/mL vs 1014
[699-1881] pg/mL, p<0.001). sSRAGE levels increased
with COVID-19 severity (p<0.001) (Fig. 2A) and showed
a positive correlation with NEWS2 (Fig. 2B), but not with
IL-6 (see Additional file 2: Table S1). Furthermore, when
NEWS2 was binarized using a clinically relevant thresh-
old, sSRAGE was found to be significantly higher in indi-
viduals with NEWS2 > 5 (n=47) compared to those with
NEWS2<5 (n=42) (4450 [2091-7889] pg/mL vs 1862
[1171-3160] pg/mL, p <0.001).

Of the 89 SARS-CoV-2 positive subjects, 72 subjects
were treated with dexamethasone. The baseline demo-
graphic and clinical characteristics of dexamethasone-
treated and non-treated patients are summarized in
Table 1. Dexamethasone-treated patients had signifi-
cantly higher levels of SRAGE, CRP and IL-6, as well as a
non-significant tendency to show a slightly reduced kid-
ney function. In addition, these patients were more likely
to have a history of hypertension compared to their non-
dexamethasone counterparts but did not show a signifi-
cant difference in the prevalence of other co-morbidities.
They also had a higher NEWS2 on admission, they spent
more days in hospital, and a larger proportion of them
were also treated with Remdesivir.

During the 28 days follow-up period 14 dexametha-
sone-treated patients died, whereas no deaths were reg-
istered in the non-dexamethasone group. Patients who
died had significantly higher levels of SRAGE than those
who survived (median [IQR]: 4939 [3065-9722] vs 3084
[1671-5460] pg/mL, p=0.042). A univariate Cox propor-
tional hazards regression analysis of the entire dexameth-
asone-treated group demonstrated that sSRAGE (entered
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Enrolled
(n=120)

l——>> no blood sample, n=8
—> NEWS2 outlier, n=1

Analysed
(n=111)

Negative SARS-CoV-2 PCR (n=22)
sRAGE = 1014 [699-1881] pg/ml

Positive SARS-CoV-2 PCR (n=89)
SRAGE = 2852 [1487-5235] pg/ml

No dexamethasone (n=17)

SRAGE = 1486 [1068-2125] pg/ml

On dexamethasone (n=72)

SRAGE = 3431 [1709-5989] pg/ml

Survivors (n=58)

SRAGE = 3084 [1671-5460] pg/ml

Non-survivors (n=14)

SRAGE = 4939 [3065-9722] pg/ml

Fig. 1 Diagram depicting the composition of participants enrolled in the study
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Fig. 2 Association between sRAGE levels and COVID-19 severity: A Box and whiskers plot (Tukey method) comparing sRAGE levels between
non-COVID-19 controls and COVID-19 patients with increasing disease severity; * p <0.05, *** p <0.001 by Kruskal-Wallis with Dunn's multiple
comparisons test vs control. B Pearson’s correlation between sRAGE levels and NEWS2 scores in COVID-19 patients
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Table 1 Baseline characteristics of COVID-19 patients by dexamethasone treatment

Variable All No dexamethasone Dexamethasone px*

n n n

Age in years, median [IQR] 89 63.0 17 56.0 72 63.0 0.128
[53.0-72.0] [46.5-69.5] [54.3-72.8]

Male, % 89 416 17 294 72 44.4 0.258

Smoking history, % 75 46.7 15 46.7 60 46.7 1.000

BMI, median [IQR], kg/m’ 55 303 13 266 42 312 0.057
[26.6-34.5] [23.0-32.7] [28.4-354]

SRAGE, median [IQR], pg/mL 89 2852 17 1486 72 3431 0.002
[1487-5235] [1068-2125] [1709-5989]

CRP, median [IQR], pg/mL 78 720 15 14.0 63 90.0 <0.001
[35.3-156.0] [5.0-49.0] [47.0-202.0]

IL-6, median [IQR], pg/mL 89 218 17 9.5 72 23.7 0.025
[7.9-553] [4.4-24.7] [8.7-60.5]

DDimer, median [IQR], ng/mL 85 816 15 678 70 895 0.223
[512-1644] [567-1119] [501-1722]

eGFR, median [IQR], mL/min/1.73m? 84 69.5 17 78.0 67 68.0 0.060
[60.0-88.5] [68.0-110.0] [59.0-86.0]

Diabetes, % 89 225 17 11.8 72 250 0.240

Hypercholesterolemia, % 89 59 17 59 72 56 0.985

Hypertension, % 89 29.2 17 59 72 34.7 0.019

Cardiovascular disease*, % 89 10.1 17 176 72 83 0.252

DVT or PE, % 89 34 17 0.0 72 4.2 0.392

COPD, % 89 10.1 17 59 72 111 0.520

Cancer, % 89 124 17 59 72 139 0.367

NEWS2, median [IQR] 89 50 17 30 72 5.0 0.004
[3.0-6.0] [0.0-5.0] [3.3-7.0]

Remdesivir, % 89 37.1 17 0.0 72 458 <0.001

Admitted to ICU, % 89 9.0 17 0.0 72 1.1 0.150

Days in hospital, median [IQR] 89 7.0 17 0.0 72 75 0.001
[3.0-13.0] [0.0-9.0] [4.0-13.8]

n depicts the number of participants for whom baseline information for the corresponding variable was available

BMI body mass index, COPD chronic obstructive pulmonary disease, CRP C reactive protein, DVT deep vein thrombosis, eGFR estimated glomerular filtration rate, ICU
intensive care unit, IL-6 interleukin 6, NEWS2 national early warning score 2, PE pulmonary embolism, SRAGE soluble receptor for advanced glycation-end products

" Comprises coronary heart disease, heart failure and/or stroke. **Statistically significant results are highlighted in bold italics

as a natural logarithm-transformed continuous vari-
able) was a significant predictor of mortality (HR=2.18,
95%CI 1.03-4.60, p=0.041). Several other parameters
were also associated with mortality in this group, includ-
ing age, a NEWS2 score>5 on admission, a diagnosis of
COPD and cancer. Of note, IL-6 did not predict mortality
in dexamethasone-treated patients (see Additional file 2:
Table S2).

In the absence of a clinically relevant sSRAGE thresh-
old to discriminate patients at a higher risk of death, we
dichotomised this parameter based on the estimation
of Youden’s index. This value corresponded to the 52nd
percentile of the sSRAGE distribution, namely 3532 pg/
mL. Kaplan—Meier survival curves for dexamethasone-
treated patients categorised according to this threshold,
showed a significant difference in survival rates (p=0.01),
with 93% of patients with low sRAGE being alive at the

end of the follow-up compared to 68% of those with high
sRAGE (Fig. 3).

To examine further the association between sRAGE
and mortality in dexamethasone-treated COVID-19
patients we compared four multivariate regression mod-
els adjusting for those variables that predicted mortal-
ity in the univariate analysis. Table 2 shows that sSRAGE
remained a significant predictor of mortality with little or
no attenuation across all the adjusted models; the behav-
iour of the models was similar when SRAGE was entered
as continuous or binary variable. Altogether, the results
indicate that in dexamethasone-treated patients the risk
of death increases over two-fold with every unit increase
in Ln-sRAGE and more than four-fold when sRAGE is
dichotomised using the threshold value of 3532 pg/mL.

Integrated area under the ROC curve analysis was used
to compare the performances of SRAGE and NEWS2 in



Butcher et al. Respiratory Research (2022) 23:303

100
901
501 p=0.010

704

% survival

60-
- Low sRAGE (n=37)
- High sRAGE (n=35)
0 4 8 12 16 20 24 28
Time, days
Fig. 3 Kaplan—-Meier survival curves of dexamethasone-treated
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their ability to predict mortality (see Additional file 2:
Table S3). This showed that while NEWS2 performed
better than sRAGE, the combination of sRAGE and
NEWS?2 increased the predictive accuracy of the model
by 0.6%. Importantly, no multi-collinearity between
SRAGE and NEWS2 was detected.

Discussion

In this study we demonstrate that among hospitalized
COVID-19 patients treated with dexamethasone, high
levels of SRAGE at the time of admission predict mortal-
ity over the next 28 days. Importantly, we found that this
relationship was independent of other predictors, includ-
ing age, COPD, cancer or the NEWS2 score. Further-
more, we show that when comparing between patients
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with sRAGE levels below and above 3532 pg/mL, the
survival rates of the later are ~25% lower. Thus, this study
provides new evidence relating high levels of sSRAGE with
looming mortality, highlighting the potential relevance of
using this biomarker for risk stratification of COVID-19
patients treated with dexamethasone.

The present results are consistent with findings from
recent investigations showing that sSRAGE is considerably
raised in hospitalised COVID-19 positive patients, pre-
dicting adverse outcomes [9-12]. However, in contrast
to our work, those investigations did not take account
for the use of corticosteroids. Indeed, some of the earlier
sRAGE studies had started before dexamethasone was
widely adopted following the formal demonstration that
it reduced mortality in patients requiring supplemen-
tal oxygen [13]. On the other hand, while other studies
reported similar prognostic associations for various clas-
sic markers of inflammation, including IL-6, TNF-a and
CRP [11, 14, 15], our findings suggest that IL-6 does not
predict mortality in dexamethasone-treated patients.
Thus, our results extend previous findings, indicating
that SRAGE could be a better biomarker to evaluate mor-
tality risk in hospitalized COVID-19 patients if they are
receiving dexamethasone therapy.

A clinical SRAGE threshold for the identification of
patients at risk of poor outcomes in acute respiratory
conditions is yet to be established. Our findings show
that in COVID-19, a threshold set at 3532 pg/ml is suit-
able for mortality risk prediction of dexamethasone-
treated patients. This value was 3.5-fold higher than
the median value of SRAGE in our COVID-19 negative
controls, the latter being well within the range of SRAGE
concentrations reported for normal individuals in many
other studies [5]. In comparison, in a cohort of COVID-
19 pneumonia patients of whom a minority (<10%) had
been treated with dexamethasone, Lim et al.[12] derived

Table 2 Multivariate Cox proportional hazards regression analysis of the relationship between sRAGE and mortality in

dexamethasone-treated patients

Ln sRAGE high sSRAGE*

HR 95% Cl HR 95% Cl P
Unadjusted 2.18 1.03-4.60 0.041 4.57 1.27-16.40 0.020
Model 1 239 1.10-5.22 0.028 4.76 1.32-17.16 0.017
Model 2 231 1.10-4.85 0.026 4.54 1.22-16.94 0.024
Model 3 254 1.21-5.32 0014 6.32 1.59-25.07 0.009
Model 4 2.16 1.01-4.61 0.046 4.25 1.11-16.25 0.035

Model 1: multivariate model adjusted for age

Model 2: model 1 additionally adjusted for COPD
Model 3: model 2 additionally adjusted for cancer
Model 4: model 2 additionally adjusted for NEWS2 > 5
“ SRAGE > 3532 pg/mL
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a threshold of 5833 pg/mL. Whether these differences
reflect variations in disease severity between the two
patient populations or in some other characteristic,
remains speculative. Nevertheless, further studies will be
required to either validate or modify these values.

Although our results are based on observational data,
they provide insights into the biological mechanisms
underlying the relationship between sRAGE and mortal-
ity in COVID-19. sRAGE has been connected to path-
ways of both inflammation and lung epithelial cell injury
[5, 6, 16]. In this respect, the fact that SRAGE continues
to predict mortality in dexamethasone treated-patients
while IL-6 does not, suggests that extensive alveolar epi-
thelial damage is the primary driving force behind the
increase in sSRAGE. In making this distinction, it should
be noted that although sRAGE can act as an extracellu-
lar decoy of membrane-bound RAGE when administered
to animal models, thereby playing an anti-inflammatory
role [17], endogenous sRAGE levels, i.e. those generated
in vivo, may not be sufficient to neutralize pro-inflam-
matory RAGE ligands [18]. Alternatively, raised sSRAGE
levels may simply reflect the outcome of a signal ampli-
fication mechanism whereby ligand binding to surface
RAGE induces further RAGE expression and also upreg-
ulates the RAGE-cleaving metalloproteases MMP9 and
ADAMIO, thus resulting in an increased sRAGE shed-
ding into the circulation [5]. In line with this possibility,
increasing evidence shows that a subgroup of endog-
enous RAGE ligands, collectively known as damage-asso-
ciated molecular patterns (DAMPs), which are secreted
from damaged or dead cells, including lung cells, are
elevated in severe COVID-19 patients [4]. Furthermore,
the alveolar epithelium is known to be the tissue with the
highest constitutive RAGE expression [4] and high blood
levels of MMP9 have been recently detected in hospi-
talised COVID-19 patients [19, 20]. Thus, RAGE over-
stimulation by DAMPs in the lungs, may lead to an acute
increase in SRAGE formation, reflecting the underlying
extensive cellular injury, and the imminent irreversible
organ damage and death.

The NEWS2 early warning score is used in UK
National Health Service hospitals for detection and
response to clinical deterioration in adult patients. In
agreement with recent reports, we also found that a
NEWS2 score > 5 predicted mortality in this condition
[21, 22]. Furthermore, we found that NEWS2 scores
correlated with sSRAGE and that the later improved
the predictive accuracy of NEWS2. One could argue
that the increase in the accuracy of the prediction
model was relatively small. However, the fact that
SRAGE remained a significant predictor of mortality
after adjustment for NEWS2, indicates that this bio-
marker is clinically relevant, thus suggesting that the

Page 6 of 7

combination of the two variables could represent a bet-
ter tool to help with the selection of patients who might
benefit from additional interventions to prevent further
deterioration.

Strengths of this study include its prospective design
and the availability of blood samples for biomarker analy-
sis despite the overwhelming hospital conditions during
the critical phases of the pandemic. Nonetheless, the
study also has several limitations. This was a single centre
study and might not represent the wider population. Par-
ticipants were mostly white Europeans, so findings might
not generalise to other ethnicities, particularly given the
fact that SRAGE is known to vary with race. A further
limitation of this study is that the observed associations
could have been influenced by factors not included in the
multivariable models. For example, because there were
missing data on renal function, we could not evaluate the
potential confounding effect of this variable. In addition,
the study considered dexamethasone-treated patients as
a whole and hence the extent to which the results apply in
the same measure to patients receiving different forms of
oxygen support remains to be established. Finally, sSRAGE
levels in COVID-19 patients have been reported to be at
their highest upon hospital admission, decreasing gradu-
ally over the next 7 days [9]. In our study, we could not
collect blood samples at various time points and there-
fore, we could not ascertain if changes in SRAGE levels
might be useful as potential indicators of resistance to
dexamethasone treatment.

In summary, despite the above-mentioned limitations,
our study adds to the growing literature relating acute
rises in SRAGE to respiratory infections and might have
implications for understanding the biological pathways
and treatments which influence outcomes in these condi-
tions. Future studies should aim to establish if lowering
SRAGE levels might be a treatment goal to improve sur-
vival rates in COVID-19.

Abbreviations

COPD: Chronic obstructive pulmonary disease; CRP: C reactive protein; DAMPs:
Damage-associated molecular patterns; ICU: Intensive care unit; IL-6: Interleu-
kin 6; NEWS2: National early warning score 2; RAGE: Receptor for advanced
glycation end-products; sSRAGE: Soluble receptor for advanced glycation-end
products.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512931-022-02220-5.

Additional file 1. Supplementary methods.

Additional file 2. Table S1. Relationships between sRAGE, NEWS2 and
|L-6. Table S2. Univariate analysis for potential predictors of mortality in
dexamethasone-treated COVID-19 patients. Table S3. Performance of
SRAGE and NEWS?2 in their ability to predict mortality in dexamethasone-
treated COVID-19 patients




Butcher et al. Respiratory Research (2022) 23:303

Author contributions

PAE, SP. KM and JDE contributed to the conception or design of the work. LB,
JCZ, JAC, KH, JW, RM, KM, SP and JDE contributed to the acquisition, analysis
or interpretation of the data for the work. JDE drafted the manuscript. LB, JAC
and SP critically revised the manuscript. All authors read and approved the
manuscript.

Funding

This study was supported by Sér Cymru GOV.WALES. The funding body played
no role in the design of the study and collection, analysis, and interpretation
of data or in writing the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The study was approved by the South West Wales Research Ethics Committee
(Wales REC 6). Written informed consent was obtained from the patient or a
legal representative.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"The Cellular Senescence and Pathophysiology Group, Cardiff Metropolitan
University, Llandaff Campus, Western Avenue, Cardiff CF5 2YB, UK. 2Welsh
Centre for Emergency Medicine Research, Emergency Department, Morriston
Hospital, Swansea Bay University Health Board, Swansea SAG 6NL, UK. *Fun-
dacién para la Investigacion Biomédica del Hospital Universitario de Getafe,
Getafe, Spain. “Medical School, Swansea University, Swansea, UK.

Received: 10 August 2022 Accepted: 9 October 2022
Published online: 05 November 2022

References

1. Kierdorf K, Fritz G. RAGE regulation and signaling in inflammation and
beyond. J Leukoc Biol. 2013;94:55-68.

2. Prantner D, Nallar S, Vogel SN. The role of RAGE in host pathology and
crosstalk between RAGE and TLR4 in innate immune signal transduction
pathways. FASEB J. 2020;34:15659-74.

3. FritzG. RAGE: a single receptor fits multiple ligands. Trends Biochem Sci.
2011;36:625-32.

4. Roy D, Ramasamy R, Schmidt AM. Journey to a receptor for advanced
glycation end products connection in severe acute respiratory syn-
drome coronavirus 2 infection: with stops along the way in the lung,
heart, blood vessels, and adipose tissue. Arterioscler Thromb Vasc Biol.
2021;41:614-27.

5. Erusalimsky JD. The use of the soluble receptor for advanced glycation-
end products (sRAGE) as a potential biomarker of disease risk and

adverse outcomes. Redox Biol. 2021. https://doi.org/10.1016/j.redox.2021.

101958.

6. Calfee CS, Ware LB, Eisner MD, Parsons PE, Thompson BT, Wickersham N,
Matthay MA. Plasma receptor for advanced glycation end products and
clinical outcomes in acute lung injury. Thorax. 2008;63:1083-9.

7. Jabaudon M, Blondonnet R, Pereira B, Cartin-Ceba R, Lichtenstern C,
Mauri T, Determann RM, Drabek T, Hubmayr RD, Gajic O, et al. Plasma
SRAGE is independently associated with increased mortality in
ARDS: a meta-analysis of individual patient data. Intensive Care Med.
2018;44:1388-99.

8. Brodska H, Malickova K, Valenta J, Fabio A, Drabek T. Soluble receptor for
advanced glycation end products predicts 28-day mortality in critically ill
patients with sepsis. Scand J Clin Lab Invest. 2013;73:650-60.

Page 7 of 7

9.  Leisman DE, Mehta A, Thompson BT, Charland NC, Gonye ALK, Gushter-
ova |, Kays KR, Khanna HK, LaSalle TJ, Lavin-Parsons KM, et al. Alveolar,
endothelial, and organ injury marker dynamics in severe COVID-19. Am J
Respir Crit Care Med. 2022,205:507-19.

10. Kapandji N, Yvin E, Devriese M, de Margerie-Mellon C, Moratelli G, Lemiale
V, Jabaudon M, Azoulay E, Constantin JM, Dumas G. Importance of
lung epithelial injury in COVID-19-associated acute respiratory distress
syndrome: value of plasma soluble receptor for advanced glycation end-
products. Am J Respir Crit Care Med. 2021;204:359-62.

11. Monserrat J, Asunsolo A, Gomez-Lahoz A, Ortega MA, Gasalla JM, Gasulla
O, Fortuny-Profitos J, Mazaira-Font FA, Teixido Roman M, Arranz A, et al.
Impact of the innate inflammatory response on ICU admission and death
in hospitalized patients with COVID-19. Biomedicines. 2021. https://doi.
0rg/10.3390/biomedicines9111675.

12. Lim A, Radujkovic A, Weigand MA, Merle U. Soluble receptor for advanced
glycation end products (SRAGE) as a biomarker of COVID-19 disease
severity and indicator of the need for mechanical ventilation. ARDS
Mortality Ann Intensive Care. 2021;11:50.

13. Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, Linsell L, Staplin N,
Brightling C, Ustianowski A, EiImahi E, et al. Dexamethasone in hospital-
ized patients with COVID-19. N Engl J Med. 2021,384:693-704.

14. DelValle DM, Kim-Schulze S, Huang HH, Beckmann ND, Nirenberg S,
Wang B, Lavin Y, Swartz TH, Madduri D, Stock A, et al. An inflammatory
cytokine signature predicts COVID-19 severity and survival. Nat Med.
2020;26:1636-43.

15. Stringer D, Braude P, Myint PK, Evans L, Collins JT, Verduri A, Quinn TJ,
Vilches-Moraga A, Stechman MJ, Pearce L, et al. The role of C-reactive pro-
tein as a prognostic marker in COVID-19. Int J Epidemiol. 2021;50:420-9.

16. UchidaT, Shirasawa M, Ware LB, Kojima K, Hata Y, Makita K, Mednick G,
Matthay ZA, Matthay MA. Receptor for advanced glycation end-products
is a marker of type | cell injury in acute lung injury. Am J Respir Crit Care
Med. 2006;173:1008-15.

17. Zhang F, Su X, Huang G, Xin XF, Cao EH, ShiY, Song Y. sSRAGE alleviates
neutrophilic asthma by blocking HMGB1/RAGE signalling in airway
dendritic cells. Sci Rep. 2017;7:14268.

18. Sparvero LJ, Asafu-Adjei D, Kang R, Tang D, Amin N, Im J, Rutledge R, Lin B,
Amoscato AA, Zeh HJ, Lotze MT. RAGE (Receptor for Advanced Glycation
Endproducts), RAGE ligands, and their role in cancer and inflammation. J
Transl Med. 2009;7:17.

19. Gelzo M, Cacciapuoti S, Pinchera B, De Rosa A, Cernera G, Scialo F,
Comegna M, Mormile M, Fabbrocini G, Parrella R, et al. Matrix metallopro-
teinases (MMP) 3 and 9 as biomarkers of severity in COVID-19 patients.
Sci Rep. 2022;12:1212.

20. Abers MS, Delmonte OM, Ricotta EE, Fintzi J, Fink DL, de Jesus AAA,
Zarember KA, Alehashemi S, Oikonomou V, Desai JV, et al. An immune-
based biomarker signature is associated with mortality in COVID-19
patients. JCI Insight. 2021;6:2144455.

21. Myrstad M, Ihle-Hansen H, Tveita AA, Andersen EL, Nygard S, Tveit A,
Berge T. National Early Warning Score 2 (NEWS2) on admission predicts
severe disease and in-hospital mortality from COVID-19—a prospective
cohort study. Scand J Trauma Resusc Emerg Med. 2020,28:66.

22. Wibisono E, Hadi U, Bramantono, Arfijanto MV, Rusli M, Rahman BE,
Asmarawati TP, Choirunnisa ML, Rahayu DRP. National early warning score
(NEWS) 2 predicts hospital mortality from COVID-19 patients. Ann Med
Surg (Lond) 2022, 76:103462

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



