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After identifying 2 immunomarkers of acute injury, KIM-1 and LCN2, in all kidney biopsies from 31 patients with COVID-19 pneumonia and
de novo kidney dysfunction, we investigated whether circulating markers of kidney epithelial injury are common in patients with laboratory-
confirmed COVID-19 who require oxygen support but do not have critical illness.

We studied 196 patients admitted to 15 hospitals with moderate to severe pneumonia who were enrolled in 2 independent randomized
clinical trials. We measured 41 immune mediators and markers of kidney and endothelial injury in peripheral blood in these patients within
24 hours of randomization.

We constructed a generalized linear CORIMUNO model combining serum levels of KIM-1, LCN2, IL-10, and age at hospital admission that
showed high discrimination for mortality (derivation cohort: AUC = 0.82, 95% CI: 0.73-0.92; validation cohort: AUC = 0.83, 95% CI: 0.74—
0.92). An early rise in circulating kidney injury markers, in the absence of acute kidney injury criteria, was markedly associated with the risk
of developing a severe form of COVID-19 and death within 3 months.

The CORIMUNO score may be a helpful tool for risk stratification, and for the first time to our knowledge, it identifies the overlooked impact
of subclinical kidney injury on pneumonia outcomes.
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BACKGROUND. After identifying 2 immunomarkers of acute injury, KIM-1and LCN2, in all
kidney biopsies from 31 patients with COVID-19 pneumonia and de novo kidney dysfunction, we
investigated whether circulating markers of kidney epithelial injury are common in patients with
laboratory-confirmed COVID-19 who require oxygen support but do not have critical illness.

METHODS. We studied 196 patients admitted to 15 hospitals with moderate to severe pneumonia
who were enrolled in 2 independent randomized clinical trials. We measured 41 immune mediators
and markers of kidney and endothelial injury in peripheral blood in these patients within 24 hours
of randomization.

RESULTS. We constructed a generalized linear CORIMUNO model combining serum levels of KIM-1,
LCN2, IL-10, and age at hospital admission that showed high discrimination for mortality (derivation
cohort: AUC = 0.82, 95% Cl: 0.73-0.92; validation cohort: AUC = 0.83, 95% Cl: 0.74-0.92). An early
rise in circulating kidney injury markers, in the absence of acute kidney injury criteria, was markedly
associated with the risk of developing a severe form of COVID-19 and death within 3 months.

CONCLUSION. The CORIMUNO score may be a helpful tool for risk stratification, and for the
first time to our knowledge, it identifies the overlooked impact of subclinical kidney injury on
pneumonia outcomes.

TRIAL REGISTRATION. ClinicalTrials.gov NCT04324047, NCT04324073, and NCT04331808.

FUNDING. This research was funded by the French Ministry of Health, Programme Hospitalier de
Recherche Clinique (PHRC COVID-19-20-0151, PHRC COVID-19-20-0029), Fondation de I’Assistance
Publique Hépitaux de Paris (Alliance Tous Unis Conttre le Virus), Assistance Publique Hopitaux de
Paris, and grants from the Fondation pour la Recherche Médicale (FRM) (REA202010012514) and
Agence Nationale de Recherches sur le Sida and emerging infectious diseases (ANRS) (ANRS0147)
from the VINTED sponsorship.

Introduction
In January 2020, the WHO declared COVID-19 a public health emergency. During the early epidem-
ic waves before vaccines, kidney involvement was frequent, and over 20% of hospitalized patients with
COVID-19 developed acute kidney injury (AKI). Most studies focused on critically ill patients with severe
AKI (1-4). Studies have shown similarities between sepsis-associated AKI and COVID-19-associated AKI
(5, 6), and critically ill patients with COVID-19 are at increased risk of severe AKI (7), defined as Kidney
Disease Improving Global Outcomes (KDIGO) stages 2 or 3 (8). Recent literature shows AKI incidence
in hospitalized patients with COVID-19 ranges from 8% to 22% (9). Prognosis and kidney injury marker
studies have mostly focused on critically ill patients with cytokine-storm phenotypes and coagulation dis-
orders, and few multicenter studies have been conducted on moderate to severe pneumonia. Therefore,
we investigated whether circulating markers of kidney epithelial acute injury are present in patients with
laboratory-confirmed COVID-19 on oxygen support but without critical pneumonia or AKI.
Meta-analyses of clinical trials for COVID-19 have had the challenge of clearly defining populations
enrolled in clinical trials, as they differ markedly in terms of mortality, despite efforts to standardize the
assessment of clinical progression scores by the WHO and empirical comparisons of routine inflamma-
tory markers and comorbidities. Thus, given the uncertainty surrounding the stratification of patients
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with COVID-19, considerable interest exists in risk stratification scores to support frontline clinical deci-
sion-making. However, current tools have high bias risk and limited sample sizes, which lead to uncertainty
and limited formal validation. To overcome these gaps, we performed multiparameter molecular analyses
in well-defined cohorts and validated findings independently. Such molecular analyses encompassed mark-
ers of kidney tubular injury, systemic inflammation, and endothelial alterations.

However, no study has integrated data from readily accessible samples, such as serum or plasma,
obtained from well-characterized COVID-19 patients and control individuals, while systematically exclud-
ing key confounding factors, including age, sex, and comorbidities, from the outset. Although AKI correlates
strongly with poor prognosis in critical intensive care unit (ICU) cases and non—-COVID-19 sepsis (1, 3, 7,
10-12), we explored kidney alterations in adult patients hospitalized with moderate or severe COVID-19
pneumonia, even in the absence of AKI criteria.

First, we evaluated the prevalence of markers of kidney epithelial injury in routine biopsies of patients
with moderate or severe COVID-19 pneumonia with AKI or proteinuria. Next, given the pleiotropic nature
of SARS-CoV-2 sepsis and because most published work has focused on a specific biological system, we
thought that a combination of multiple biological molecules may capture pathomechanisms or organ fail-
ure. Therefore, we evaluated whether an early measurement of a panel of serum markers for inflammation,
endothelial injury, and kidney tubular injury was associated with the risk of critical COVID-19 pneumonia
and death across 15 hospitals in France. We tested the hypothesis that combining markers and mediators
of a SARS-CoV-2-induced hyperinflammatory state with endothelial and renal injury could help identify
patients with COVID-19 at increased risk of dying within 90 days of hospitalization.

First, we observed a constant upregulation of kidney injury molecule-1 (KIM-1) and lipocalin-2 (LCN2)
proteins in kidneys of patients with overt nephropathy, that is, with proteinuria or impaired glomerular fil-
tration rate (GFR) during SARS-CoV-2 infection. When extending our investigation to patients with mod-
erate to severe COVID-19 pneumonia not requiring an ICU stay, as defined by the 10-point WHO clinical
progression scale (13), we were surprised to observe that among 41 immune mediators and kidney and
endothelial injury markers in the blood, elevated IL.-10, KIM-1, and LCN2 levels were significantly asso-
ciated with 90-day mortality, even in the absence of AKI criteria, including in patients with normal GFR.
A prognostic index was derived using penalized logistic regression (least absolute shrinkage and selection
operator [LASSO]) and validated on an independent cohort. The resulting generalized CORIMUNO mod-
el combined age with IL-10, KIM-1, and LCN2 levels, revealing significant mortality discrimination. These
markers outperformed inflammatory cytokines to identify patients at risk of death, highlighting the critical
impact of subclinical kidney injury on outcomes in viral sepsis.

Results
Immunostaining of AKI markers in patients with COVID-19 with moderate to severe pneumonia. We first examined
whether non-critically ill patients with COVID-19 with clinically overt kidney injury (KDIGO stage 1 and
2 acute AKI or with no AKI but overt proteinuria) would display characteristics of kidney tubular injury.
We performed KIM-1 immunostaining in 31 kidney biopsies from patients with COVID-19 who showed
acute alteration of kidney function or proteinuria that unraveled marked overexpression of KIM-1 protein
in kidney tubular cells (Figure 1). Of the 31 kidney biopsies, 29 (94%) displayed detectable tubular expres-
sion of KIM-1 that was not observed in 2 normal kidneys diagnosed with sarcoidosis and 6 kidneys from
patients with non—-COVID-19 membranous nephropathy (2 kidneys) or minimal change disease (4 kidneys).
Surprisingly, ACE2 expression, a receptor for SARS-CoV-2, was generally milder in tissues of patients with
COVID-19 than in controls, suggesting downregulation of ACE2 concomitant with overexpression of KIM-
1. KIM-1-associated signal extended beyond ACE2-positive tubular segments (Figure 1). We also found
increased expression of LCN2, another marker of tubular injury (14), in 17 kidney biopsies of patients with
COVID-19 (Figure 2). LCN2 was not found in normal kidneys (not shown) and in 5 cases not associated
with COVID-19 (proteinuric membranous nephropathy and minimal change disease) (Figure 2).
Determination of tubular injury and identification of cellular sources of AKI markers in COVID-19 in postmortem
samples. We also ran an RNA-seq analysis in 20 kidneys and 11 livers from the autopsy of deceased patients
with COVID-19 and in 7 control livers and 10 control kidneys (non—COVID-19 autopsy). We found a sig-
nificantly increased abundance of HAVCRI mRNA (encoding the KIM-1 protein) in the kidneys of patients
with COVID-19 but not in the liver (Figure 3). We could also confirm an increase in LCN2 mRNA abun-
dance in the kidneys of these patients with COVID-19. By contrast, the SARS-CoV-2 receptor ACE-2 was
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Figure 1. KIM-1 expression in kidneys of patients with COVID-19. (A) Representative photomicrographs of KIM-1 (red) and ACE2 (yellow) immunostaining
of 3 cases of COVID-19-related acute kidney injury and 2 optically normal kidney sections. (B) Comparison of KIM-1-associated immunoreactive signal in
whole slide images of kidney biopsies of 31 patients with COVID-19 and 8 controls. **P < 0.01 versus controls. Scale bars: 100 pm.

not differentially expressed in these tissues of deceased patients with COVID-19, as well as /L-6, IL-6 cyto-
kine family signal transducer (/L-6ST), IL-1 receptor antagonist (/L-/RN), and IL-10 mRNA (not shown).
Determination of the cellular source of kidney injury—associated markers in tissues from deceased patients with
COVID-19. To validate our findings and refine the cellular origin of KIM-1 and LCN2 in COVID-19 condi-
tions, we reviewed publicly available single-cell RNA-seq (scRINA-seq) datasets from the kidneys of patients with
COVID-19 (15-17). We evaluated the relative abundance of the following markers of kidney injury: HAVCRI;
LCN2; plasminogen activator urokinase receptor (PLAUR), also known as urokinase plasminogen activator sur-
face receptor (uUPAR); osteopontin/secreted phosphoprotein 1 (SPPI); and trefoil factor 3 (TFF3). In addition,
we conducted a postmortem evaluation of IL-6 and IL-10 mRNA in kidney cell types from 16 patients deceased
from COVID-19 critical pneumonia (16). As observed at the protein level by immunofluorescence, we found
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Figure 2. LCN2 expression in kidneys of patients with COVID-19. (A) Representative photomicrographs of LCN2 (green) and KIM-1 (red) immunostaining
of 1 case of COVID-19-related acute kidney injury and 3 nephropathies as controls. Membranous nephropathy (MN) and crescentic glomerulonephritis
(crescentic GN) anti-neutrophil cytoplasm antibody-associated (ANCA-associated) were used as positive controls for LCN2 staining. (B) Comparison of
LCN2-associated immunoreactive signal in whole slide images of kidney biopsies of 17 patients with COVID-19 and 5 controls. *P < 0.05 versus controls.
Scale bars: 100 pm.
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Table 1. Patients’ characteristics at baseline in the training cohort (SARI)

Parameters n=50 Sarilumab n=41 Usual care
Age at randomization (yr), median [IQR] 50 60.4 [53.2-68.7] 41 62.5 [57.3-71.7]
Sex Male, n 34 68% 31 75.61%
Female, n 16 32% 10 24.39%
Weight (kg), median [IQR] 46 84.5 [75.2-94] 34 89 [75-91]
BMI, median [IQR] 36 27.7 [25.6-29.5] 26 28.4[26.2-31.1]
WHO score 19 38% 15 36.59%
31 62% 26 63.41%
RT-PCR-confirmed SARS-CoV-2 infection Yes 42 84% 37 90.24%
No 8 16% 4 9.76%
Temperature (°C), median [IQR] 49 37.8 [36.8-38.7] 41 37.9 [37-38.6]
Respiratory rate (bpm), median [IQR] 49 90 [84-98] 4 96 [86-110]
0, flow (L/min), median [IQR] 25 4[3-6] 22 5.5[3-14.2]
SpO2 (%), median [IQR] 50 94.5 [90-97.8] 41 95 [92-97]
Tlmg from symptom onset to randomization (days), 49 10 [7-12] 40 11[8.8-14]
median [IQR]
E;nd(ei:rrlolrlrég?spltal admission to randomization (days), 50 201-3] 40 15 [1-3]
Chronic cardiac disease Yes 8 16.33% 6 14.63%
No 1 83.67% 35 85.37%
NA 1 0
Diabetes Yes 19 38% 15 36.59%
No 31 62% 26 63.41%
Chronic kidney disease (stage 1to 3) Yes 6 12.24% 8 19.51%
No 43 87.76% 33 80.49%
NA 1
Asthma Yes 2 4.08% 3 7.32%
No 47 95.92% 38 92.68%
NA 1 0
Chronic pulmonary disease (not asthma) Yes 2 4.08% 1 2.44%
No 47 95.92% 40 97.56%
NA 1 0
Active malignant neoplasm Yes 1 2.04% 0 0%
No 48 97.96% 1 100%
NA 1 0
Smoking No 36 83.72% 36 94.74%
Current 3 6.98% 1 2.63%
Former 4 9.3% 1 2.63%
NA 7 3

Data are expressed as median and |

QR. NA, not available.

that among cell populations in the kidney, HAVCRI! mRNA was expressed at much higher levels in kidney
tubular epithelial cells (TECs) than in immune cells and other resident cells, indicating that kidney TECs are
the primary cell source of KIM-1 production in patients with COVID-19 (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.198244DS1), from parietal epithe-
lial cells to the thick ascending limb. Among other markers of AKI, LCN2 was also found to be expressed by kid-
ney epithelial cells, PLAUR by myeloid cell subsets, SPPI by parietal epithelial cells, and all the tubular segments
from the proximal convoluted tubule to the collecting duct with some macrophages, and TFF3 was expressed by
renal lymphatic endothelial cells. IL-6 was expressed by some endothelial cells, pericytes, and fibroblasts; some
macrophages and monocytes expressed IL-10.

In the lungs of patients with critical COVID-19 (Supplemental Figure 2), a low detectable level of
HAVCRI mRNA was found in some T cells and antigen-presenting cells but not in epithelial cells, as
opposed to the kidney. LCN2 expression was found in TECs and myeloid cells, whereas PLAUR mRNA
was markedly abundant in myeloid and mast cells, and to a lesser extent in antigen presenting—like cells.

JCl Insight 2026;11(2):€198244 https://doi.org/10.1172/jci.insight.198244 5
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SPPI mRNA was not significantly expressed in epithelial cells but was expressed in myeloid cells and some
antigen-presenting cells. 7FF3 was detected in neuronal and tuft-like cells. As in the kidneys, IL-6 was
detected in some endothelial cells, pericytes, and fibroblasts. IL-10 was expressed by some myeloid and T
cells in the lungs.

The findings were confirmed in another public dataset, which showed high expression of HAVCRIin
parietal epithelial cells, proximal convoluted tubules, the thick ascending limb, the thin ascending limb,
and some expression in connecting tubules and distal convoluted tubules. Limited HAVCR1 mRNA
expression was observed in certain NK cells, T regulatory lymphocytes, and macrophages in the lungs.
Additionally, LCN2 mRNA was expressed in the kidney by parietal epithelial cells, the thick ascend-
ing limb, the thin ascending limb, and in some connecting tubules (https://singlecell.broadinstitute.
org/single_cell/study/SCP1214/covid-19-kidney-autopsy-samples?genes=HAVCR 1 &cluster=U-
MAP&spatialGroups=--&annotation=predicted_celltype--group--study&subsample=all&tab=dis-
tribution&distributionPlot=violin&distributionPoints=all#study-visualize; and https://singlecell.
broadinstitute.org/single_cell/study/SCP1214/covid-19-kidney-autopsy-samples?genes=LCN2&-
cluster=UMAP&spatial Groups=--&annotation=predicted_celltype--group--study&subsam-
ple=all&tab=distribution&distributionPlot=violin&distributionPoints=all#study-visualize).

Overall, our findings demonstrated that kidney epithelial cells in patients with COVID-19 pneu-
monia expressed a large amount of KIM-1/HAVCR1 and SPP1 mRNA and some LCN2 mRNA with
lower abundance.

Association of cytokines and endothelial and renal injury markers with death in 2 independent cohorts of patients.
We next investigated whether circulating markers of such acute kidney epithelial cell injury are frequent in
patients with laboratory-confirmed COVID-19 requiring oxygen support. We studied 196 patients admitted to
15 hospitals in France with either mild (133 patients) or severe (63 patients) disease, enrolled in 2 independent
randomized clinical trials (18-20). The patients’ characteristics are summarized in Tables 1 and 2. Patients
were stratified into 3 clinical groups based on their peak illness severity at enrollment according to the WHO
COVID-19 clinical progression scale (CPS; ref 13): (a) patients requiring oxygen by face mask or nasal prongs
(CPS severity 5, n = 133); (b) patients requiring high-flow nasal cannula oxygen or noninvasive ventilation
(severity 6, n = 15); (c) patients requiring invasive mechanical ventilation (severity > 6, n = 48) (Table 3).

In these patients with COVID-19 pneumonia, we measured 41 immune mediators, cytokines, and mark-
ers of kidney and endothelial injury in peripheral blood (Supplemental Table 1). Ninety-one patients from
the CORIMUNO-SARI trials (training cohort) had measurements taken on day 1 of randomization. Age
at randomization and 14 biological variables (including 11 proteins) were independently associated with the
risk of death within 90 days (P < 0.05, 17 with P < 0.15) (Table 4). Initially, to include as many patients as
possible (n = 75, 19 deaths), only the following variables were retained: age, platelet count, neutrophils/lym-
phocytes, creatinine, estimated GFR (eGFR), log(KIM-1), log(IL-1RA), log(IL-6), log(IL-10), log(ICAM-1),
log(granzyme A), log(VEGF), log(CXCL10.IP10), log(lipocalin-2), and log(TFF3) (Figure 4).

A generalized linear model, performed with 90 patients (1 missing value for 1 patient, 22 deaths) from
the CORIMUNO-SARI trials, retained 4 variables associated with odds ratios for the risk of coronavirus-re-
lated deaths ranging from 1.08 to 4.41 (Table 5). The following model was computed: y = f1 X AGE + B2
X log(KIM-1) + B3 x log(IL-10) + B4 X log(LCN2). The ROC with associated 95% CI was calculated in the
training cohort with AUC = 0.82, 95% CI: 0.73-0.92 (Figure 5A). We then determined the Youden index
for the ROC (18.6, specificity [sp] = 0.76, sensitivity [se] = 0.77), which enabled discrimination between
2 groups with very significantly different outcomes: a low-risk group (score < 18.6) and a high-risk group
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Table 2. Patients’ characteristics at baseline in the validation cohort (Toci)

Parameters n=57 Tocilizumab n=48 Usual care
Age at randomization (yr), median [IQR] 57 62.3 [55.6-71.8] 48 62.8 [58-70.1]
Sex Male 36 63.16% 36 75%
Female 21 36.84% 12 25%
Weight (kg), median [IQR] 49 76 [70-91] 39 80 [72-92.5]
BMI, median [IQR] 42 27.9 [24.6-31.2] 33 27.8 [24.7-31.3]
WHO score 16 28.07% 13 27.08%
41 71.93% 35 72.92%
RT-PCR-confirmed SARS-CoV-2 infection Yes 49 85.96% 44 91.67%
No 8 14.04% 4 8.33%
Temperature (°C), median [IQR] 57 37.8 [36.9-38.5] 48 37.8 [37-38.5]
Respiratory rate (bpm), median [IQR] 55 90 [75.5-99.5] 47 85 [71.5-97]
0, flow (L/min), median [IQR] 36 5[2.8-6] 41 5 [3-12]
SpO2 (%), median [IQR] 56 95 [93-97] 48 94.5 [93-97]
Time from symptom onset to randomization (days), median [IQR] 56 11[7-13.2] 47 11[9-14]
Time from hospital admission to randomization (days), median [IQR] 57 1[1-3] 47 1[1-2.5]
Chronic cardiac disease Yes 18 31.58% 16 34.04%
No 39 68.42% 31 65.96%
NA 0 1
Diabetes Yes 23 40.35% 17 36.17%
No 34 59.65% 30 63.83%
NA 0
Chronic kidney disease (stage 1-3) Yes 4 7.02% 9 18.75%
No 53 92.98% 39 81.25%
Asthma Yes 3 5.26% 2 4.26%
No 54 94.74% 45 95.74%
NA 0 1
Chronic pulmonary disease (not asthma) Yes 3 5.26% 3 6.38%
No 54 94.74% 44 93.62%
NA 0 1
Active malignant neoplasm Yes 0 0% 1 213%
No 57 100% 46 97.87%
NA 0 1
Smoking No 53 98.15% 44 93.62%
Current 1 1.85% 1 2.13%
Former 0 0% 2 4.26%
NA 3 1

Data are expressed as median and IQR. NA, not available.

(score = 18.6) (Figure 5B). The CORIMUNO score discriminated between 2 groups of patients with a low
or high risk of death, with an odds ratio of 11.05 (3.52-34.68); P < 0.0001 compared with the low-risk group.

Validation of the CORIMUNO score in an independent cohort. Next, we validated the score in a sample
of 105 individuals enrolled in the independent CORIMUNO-TOCI trial. Using univariate analysis, we
found that age and 10 biological parameters were associated with death at a significance threshold of
P < 0.05 (Table 6). Interestingly, despite having similar inclusion criteria and mean age at inclusion,
and completing the trials within a relatively narrow timeframe, the 2 patient populations shared certain
parameters that were independently associated with the risk of death, although not all. These common
independent risk factors for death within 90 days were age, KIM-1, IL-6, IL-10, and, to a lesser extent,
granzyme A, IL-1RA, lipocalin2, and TFF3 circulating concentrations, each being significantly more
elevated in the group with the lethal outcome (Tables 4 and 6). We computed the model above using this
validation cohort and obtained an AUC of 0.83 (95% CI: 0.74-0.92). We identified 2 groups with very
different outcomes by day 90 (Figure 6), indicating the robustness of the model. The high-risk group
had an odds ratio of 6.33 (1.85-21.68) compared with the low-risk group (P = 0.003). When computed
across the entire patient population, including both cohorts, the positive predictive value was 44.4% and
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Table 3. The WHO clinical progression score distribution at day 1 (baseline) in the 2 independent trials (SARI and TOCI)

Parameters

WHO score at day 1

Values n Statistics n Statistics P value
91 Training cohort 105 Validation cohort
26 34 37.36% 29 27.62% 0.15
<b 57 62.64% 76 72.38%

the negative predictive value was 92.1%. A threshold of 16.9 corresponded to a 98% negative predictive
value, and a threshold of 20.9 corresponded to an 87% positive predictive value.

Comparison of score performance in patients receiving usual care and patients receiving anti—IL-6R Ab. Next,
because serum IL-6 concentration at the time of early hospitalization was associated with both the risk of
worsening of WHO CPS at day 14 (Supplemental Table 2) and the risk of death within 90 days (Tables 4
and 6, and Supplemental Table 3), we evaluated whether the model could still discriminate patients’ out-
comes irrespective of anti-IL-6R treatment. This remained the case when comparing high-risk and low-risk
mortality groups in patients treated with sarilumab or tocilizumab versus those in the usual care (UC) arms
(Figure 7). Among patients treated with sarilumab or tocilizumab, the difference in survival between the
high- and low-risk groups was highly significant (P < 0.0001).

In the UC group, the difference in survival between the high-risk and low-risk groups was also highly
significant (P = 0.0002). Thus, the CORIMUNO score’s predictive capacity was effective irrespective of the
treatment. In the low-risk group, but not in the high-risk group, the survival of patients in the treatment arm
and patients in the UC arm was significantly different (P = 0.033 and P = 0.53, respectively).

Evaluation of the influence of specific anti—IL-6R antibodies on the predictive capacity of the CORIMUNO score.
Given the robustness of the predictive score across both the anti-IL-6R Ab treatment and UC arms, we
split the samples within each cohort to assess the score’s performance in patients treated with sarilumab
versus tocilizumab and the UC arm. Again, the 18.6 Youden index discriminated between high- and low-risk
patient groups within each randomized treatment condition (Supplemental Figure 3). Within each inde-
pendent cohort, the difference in survival between the high-risk and low-risk groups was also significant in
sarilumab-treated patients (P < 0.0001) and UC controls (P = 0.015). Likewise, the difference in survival

Table 4. Univariate pairwise comparison of values measured on day 1in groups of patients who subsequently survived or died within
the next 90 days in the training cohort

Parameters

Age (yr), median [IQR]
Platelets, median [IQR]
Lymphocytes, median [IQR]

Neutrophils/lymphocytes, median

[I0R]

CREAT, median [IQR]
eGFR, median [IQR]
KIM-1, median [IQR]
Lipocalin-2, median [IQR]
Osteopontin, median [IQR]
TFF3, median [IQR]

IL-6, median [IQR]
CXCL10-1P10, median [IQR]
IL-IRA, median [IQR]

IL-10, median [IQR]
Granzyme A, median [IQR]
ICAM-1, median [IQR]
VEGF, median [IQR]

n=69 Death at day 90: no n=22 Death at day 90: yes P value
69 60.3 [53-68.6] 22 673 [62.3-78.1] 0.01
69 240 [183-306] 22 188 [171.2-252] 0.054
68 0.8[0.6-1.2] 22 0.7[0.6-0.9] 0.015
67 7.4 [4.5-10.7] 22 10.2 [6.9-16.9] 0.018
61 74 [57-107] 22 110 [86.5-202.5] 0.009
61 90 [51-108] 22 57.5[27.8-78.8] 0.004
69 172 [90.1-302] 22 276 [174-413.8] 0.008
68 93,920 [73,430-114,800] 22 128,200 [87,410-165,200] 0.009
67 63,540 [29,700-193,200] 20 154,700 [44,030-306,900] 0.099
68 5,260 [2,626-12,160] 22 10,170 [5,090-13,490] 0.042
69 102 [55.2-185] 22 160.5 [96-347.5] 0.037
68 667.5 [399.7-1,530] 22 1,112 [623.7-2,940] 0.031
69 3,283 [1,989-5,729] 22 4,824 [3,634-13,010] 0.018
69 17.3 [11.5-30] 22 34.1[21.7-50.8] 0.001
67 76.7 [57.5-114.3] 22 49.3 [25-76] 0.002
67 475,700 [298,500-665,100] 22 627,600 [484,000-993,900] 0.022
67 228 [121.1-3471] 22 114.4 [62-174.6] 0.006

Variables selected with a threshold of P < 0.15 are displayed. Data are expressed as median and IQR.
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Figure 4. Feature selection using the LASSO binary logistic regression model and multivariable analysis in the training cohort. A logistic regression was
performed using the selected variables (see Table 5). Lambda = 0.10.

between the high-risk and low-risk groups was also significant in patients treated with tocilizumab (P =
0.012) and their matched UC controls (P = 0.017). Mortality did not differ between the 2 randomization
arms in the high-risk group (P = 0.45) and low-risk group (P = 0.23) (Supplemental Figure 4).

To decipher how the combination of markers of kidney injury contributed to risk prediction in
addition to inflammation markers, we conducted a cluster dendrogram, correlation matrix, and princi-
pal component analysis to summarize and visualize the information in our datasets containing obser-
vations described by multiple intercorrelated quantitative variables (Supplemental Figures 5-7). The
cluster dendrogram indicated the relationships between proinflammatory, antiinflammatory, endothe-
lial, and kidney tubular injury markers. The principal component analysis showed that the main mark-
ers displayed low redundancy (Supplemental Figure 7). One quadrant brought together inflammation
markers (IL-6, CRP, MCP-1, TNF-a, IL-1RA, IL-10, neutrophil count), whereas the characteristics of
kidney-related molecules (KIM-1, LCN2, TFF3, uPAR, creatinine) were brought together in a distinct
orthogonal quadrant. VEGF, PDGF-AA, PDGF-BB, and lymphocyte count were brought together in
a separate quadrant, suggesting the contribution of vascular mediators, although sICAM-1, sVCAM-1,
and sGp130 were in an intermediate situation. The various markers of tubular injury and GFR were
imperfectly correlated, underscoring their added value (Supplemental Figures 6 and 8). Overall, this
analysis indicates that inflammation, kidney, and vascular modules provide complementary informa-
tion on outcome, regardless of anti-IL-6R therapy. The respective ROC curves and AUC values for each
variable, along with their contribution to the combined score, are presented in Supplemental Figure 9.

Next, we wondered whether an enrichment bias in patients with AKI drove the high predictive value
of the kidney markers. However, the vast majority of our patients were hospitalized in the ward; 62.64%
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Table 5. Results of logistic regression model performed in the training cohort (n = 90; 22 deaths)

Variable OR 95% ClI P value
Age 1.08 (1.02-1.14) 0.006
log(KIM-1) 1.87 (0.9-3.91) 0.095
log(IL-10) 4.4 (1.61-12.11) 0.004
log(lipocalin-2) 1.62 (0.31-8.64) 0.57

and 72.38% of patients in the training and validation cohorts had moderate COVID-19 pneumonia,
respectively, requiring only an O2 prong (WHO CPS 5). Nonetheless, we tested the model in 2 groups:
one of patients with COVID-19 with eGFR =60 mL/min/1.73 m? and another with eGFR deterioration
(<60 mL/min/1.73 m?) at the time of serum marker concentration assessment (Table 7). The CORIM-
UNO SCORE was effective in both groups but, surprisingly, achieved better discrimination between the
high-risk and low-risk death groups in patients with normal eGFR (P < 0.0001) (Supplemental Figures 10
and 11).

Last, we compared the overall discrimination of our score with the 4C mortality score for COVID-19,
produced by the ISARIC consortium (21), by calculating AUCs and testing the difference using DeLong’s
test for correlated ROC curves. There was no evidence of a difference in discrimination between the CORI-
MUNO score and the ISARI-4C score (AUC = 0.82, 95% CI: 0.66-0.99 vs. AUC = 0.85, 95% CI: 0.64-1;
DeLong P = 0.83). The main comparison between our score and the ISARI-4C score was performed in the
independent validation cohort to avoid overoptimism. For completeness, we also repeated the comparison
in the overall cohort below (DeLong P = 0.22) (Supplemental Figure 12).

Discussion

In this study, we demonstrate that integrating circulating markers of kidney tubular injury yields a simple
predictive score for clinical worsening and death in patients with moderate COVID-19 pneumonia, even in
the absence of AKI criteria. This study indicates a significant prevalence of unnoticed kidney tubular inju-
ry, characterized by elevated blood concentrations of specific markers in cohorts where most patients (68%)
were hospitalized in the ward (WHO progression score <6). Among 41 circulating markers measured early
after hospitalization, 15 were independently associated with 90-day mortality. Dimensionality reduction
with LASSO regression enabled the establishment of a predictive mortality risk score, which was validated
in an independent multicenter cohort.

We aimed to develop and validate a straightforward, biologically relevant risk score combining a lim-
ited set of parameters, which could be implemented at hospital presentation. Prior studies have report-
ed the molecular and cellular modifications associated with COVID-19 severity (22-33), but they used
hard-to-generalize and labor-intensive methods. Furthermore, the few that used simpler measurements
focused on critically ill patients and were limited to epidemiology and/or standard bioclinical parame-
ters such as CRP, neutrophil to lymphocyte ratio, LDH, D-dimers, and APACHE II or Sequential Organ
Failure Assessment (SOFA) scores, achieving moderate performance (21, 34—-38). The SOFA score is of
limited utility because patients with COVID-19 pneumonia generally have severe single-organ dysfunction
and exhibit less variation in SOFA scores. The more practical and well-validated in-hospital 4C mortality
score outperformed several other scores (21, 38). Initially, the 4C 8-variable score showed high discrimina-
tion for mortality (derivation: AUROC 0.79, 95% CI: 0.78-0.79; validation: 0.77, 95% CI: 0.76-0.77) (21).
The CORIMUNO score, which combines 3 biological variables and age at a single time point, achieved a
comparable AUROC (0.82 and 0.83 in the training and validation cohorts, respectively; AUC = 0.83 [95%
CI: 0.76-0.89] in the pooled sample). Interestingly, there was no evidence of a difference in discrimination
between the CORIMUNO score and the ISARI-4C score in our cohort, suggesting that the simple combi-
nation of 4 variables in our score captures the various complex comorbidities and clinical status integrated
by ISARI-4C.

Using an independent external dataset improved the generalizability of our results. Nonetheless, a
limitation of this study is the limited sample size. We acknowledge that the external validation dataset
was slightly above 100 events, the recommended minimum (39). Substantial effective sample sizes were
required for external validation studies of predictive logistic regression models (40).
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Figure 5. Performance of the scoring system to predict mortality of patients with COVID-19. (A) ROC curve and AUC to assess the prediction accuracy in the
training cohort. Youden index: 18.6. A threshold of 16.9 corresponded to a 98% negative predictive value, and a threshold of 20.9 corresponded to an 87%
positive predictive value. (B) Kaplan-Meier survival curves with 95% Cls for high- and low-risk groups in the training cohort. sp, specificity; se, sensitivity.

We confirmed that severe COVID-19 correlates with elevated coagulation and inflammatory mol-
ecules — CXCL10, MCP-1, IL-8, IL-10, IL-6 — mirroring monocentric findings (41). Another mono-
centric study confirmed that inhibitory cytokines IL-1RA and IL-10 are significantly elevated in severe
cases at the early stage of infection (42). Systemic inflammation with high levels of acute-phase proteins
(CRP, SAA, calprotectin) (29) and inflammatory cytokines, particularly IL-6 and IL-1p (25, 43, 44), is a
hallmark of disease severity along with sustained high viral load (45-47). Overall, our multicentric pro-
spective study confirmed findings from several monocentric studies that both mild and severe forms of the
disease result in changes in circulating leukocyte subsets and cytokine secretion, particularly IL-6, IL-1p,
IL-10, TNF-0, GM-CSF, IP-10 (IFN-induced protein 10), IL-17, MCP-3, and IL-1RA (48, 49) as shown
in 2 meta-analyses (50, 51). However, most studies did not validate associations with mortality. Death in
the ICU of 119 individuals was associated with changes in IL-6, IL-8, IL-10, VCAM-1, uPAR, IL-1RA,
and TNF-a (52). Our data from the CORIMUNO SARI and TOCI trials (68% ward patients) confirmed
associations between 90-day mortality and IL-6, IL-8, IL-10, VCAM-1, and TNF-a levels.

Both IL-6 and IL-10 were considered to derive the Dublin-Boston score (53). Such a score requires
repeated assessment of the 4-day change in the untransformed IL-6/IL-10 ratio, which is not con-
venient and evaluates only the short-term evolution of patients. Unlike the CORIMUNO score, the
4-day change in the IL-6/IL-10 ratio was associated with a difference in short-term clinical outcome
based on the clinical change from the day of study entry (day 0) to day 7, as measured using a 6-point
ordinal scale endorsed by the WHO. In contrast, we found that both high IL-10 and, to a lesser extent,
elevated IL-6 levels are associated with the risk of critical outcome. Although serum levels of IL-6,
IL-10, and TNF-a are higher in males than in females (51), we found that including sex in our CORI-
MUNO score did not improve predictive power.

We have been surprised by the significant contribution of IL-10 levels to prognosis, as IL-10 is gen-
erally considered an antiinflammatory cytokine. Nonetheless, other, less well-known lines of evidence
suggest that IL-10 may exhibit proinflammatory actions (54). For example, IL-10 administration in
human experimental endotoxemia potentiated systemic levels of IFN-y and its downstream chemo-
kine target gene CXCL10 as well as CD8" T cell and NK cell activity (55). Consistently, individuals
with COVID-19 who displayed high serum levels of both IL-10 and IFN-y also showed high CXCL10,
granzyme A, and granzyme B.
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Table 6. Univariate comparison of values measured on day 1in groups of patients who subsequently survived or died within the next
90 days in the validation cohort

Parameters

Age, median [IQR]
LDH, median [IQR]
Albumin, median [IQR]
CRP, median [IQR]

D-dimers, median [IQR]

KIM-1, median [IQR]
TFF3, median [IQR]
IL-6, median [IQR]
sGp130, median [IQR]
MCP-1, median [IQR]
IL-IRA, median [IQR]
IL-8, median [IQR]
IL-10, median [IQR]
suPAR, median [IQR]

Granzyme A, median [IQR]

VCAM-1, median [IQR]

L-selectin, median [IQR]

sVEGFR1, median [IQR]
VvWF, median [IQR]
Clusterin, median [IQR]

n=92 Death at day 90: no n=13 Death at day 90: yes P value
92 61.6 [56.8-69.6] 13 73.8 [65.7-76.8] 0.005
74 383 [310.8-524.2] M 506 [380.5-667.5] 0.074
70 32.5[27.7-36] 10 24.9 [21.1-32.6] 0.03
90 136 [81-196.8] 13 208 [126-264] 0.082
66 995.5 [757.2-1,808] 7 2,390 [1,419-3,254] 0.058
92 124 [92.5-227.5] 13 238 [134-283] 0.034
90 4,323 [2,259-8,397] 13 10,220 [3,794-13,740] 0.042
92 47.7 [16.4-121] 13 98.8 [78.2-414] 0.016
92 336.2 [293.2-376.2] 13 302.9[265.1-323.6] 0.053
92 695.5 [477.2-1,290] 13 1217 [863-2,059] 0.027
91 1,586 [1,064-3,422] 13 2,427 [2,239-4,571] 0.054
92 39.6 [24.8-56.6] 13 49.4[44.9-774] 0.035
92 12.9 [7.5-20] 13 22 [14.8-33.2] 0.009
90 4,219 [1,603-5,798] 13 5,436 [3,061-6,829] 0.095
90 571[35.6-83.9] 13 31.4 [8.4-80] 0.053
90 3,947,000 [2,480,000-5,479,000] 13 5,600,000 [4 x 10°-6,905,000] 0.06
90 605,900 [459,600-895,100] 13 383,700 [287,000-515,100] 0.006
90 267.2 [191.2-329.3] 13 348.6 [226-461.1] 0.037
90 54,370 [26,360-96,490] 13 88,900 [50,190-121,100] 0.036

79 479,600,000 [352,700,000-985,800,000] n 982,900,000 [6.42 x 10%; 1.181x 107] 0.067

Variables selected with a threshold of P < 0.15 are displayed. Data are expressed as median and IQR.

We also confirmed that the fibrin degradation product D-dimer is elevated in severe COVID-19 (56, 57). In
agreement with these reports, the elevation of D-dimers and vWF, as well as lower VEGF in fatal COVID-19
cases, provides evidence of endothelial injury in COVID-19, even in initially non-critically ill patients.

Neutrophilic inflammation may also contribute to endothelial injury. However, neutrophilia is pre-
dominantly a feature of the later phases of COVID-19. At the same time, markers of endothelial damage
were increased in the first days of symptoms in our CORIMUNO cohorts, with high levels of P-selectin,
E-selectin, L-selectin, endoglin, vWF-A2, sVCAM-1, and sSICAM-1, and low VEGF serum levels at day 1.
Consistently continued thrombotic events in late-stage fatal COVID-19 may result from neutrophil-medi-
ated coagulation, as recently demonstrated in COVID-19 (58). Indeed, we observed elevated myeloperox-
idase and IL-8 serum levels in our patients with COVID-19, with higher initial IL-8 levels and neutrophil
counts in patients with a lethal outcome.

Early on, age was recognized as closely associated with COVID-19 severity (59, 60), as also observed
in the CORIMUNO cohort. Older patients showed higher levels of inflammatory mediators even after
multivariable severity adjustment, but IL-6 differences between survivors and non-survivors persisted after
controlling for age, implying COVID-19-specific immune amplification.

Another salient finding of our study is the prognostic role of LCN2 and KIM-1 serum levels, which
provided far more predictive information than eGFR, serum creatinine, and other biomarkers of AKI,
such as cystatin C, RBP4, or TFF3. KIM-1 and LCN2 were elevated early, independent of renal failure, in
patients with moderate and severe disease from an early stage of the infection. As reported by Vogel et al.
(61), KIM-1 can detect AKI at an early stage and predict higher risk of ICU admissions among patients
with COVID-19. The latest research, conducted in a small monocentric study, showed that the urine KIM-
1/creatinine ratio was associated with COVID-19-specific mortality (62).

KIM-1 acts as a phosphatidylserine receptor to clear apoptotic cells. It is expressed in damaged kidney
epithelial cells and confers phagocytic capacity (63—65) that protects the kidney (66). To validate the high
immunoreactive KIM-1 abundance in TECs of kidney biopsies from patients with COVID-19, we reviewed
publicly available scRNA-seq datasets of kidneys of patients with COVID-19. We found that among kidney
cell populations, HAVCR I mRNA was expressed at the highest levels in kidney TECs, suggesting that TECs
are the major cellular source of KIM-1 production in patients with COVID-19.
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Figure 6. Kaplan-Meier survival curves with 95% Cls for high- and low-risk groups in the validation cohort.

In contrast, LCN2 is distributed in many tissues (67—70). LCN2 is rapidly upregulated in ischemic kid-
ney conditions (68). LCN2 may reflect not only COVID-19-induced kidney tubular injury but also neutro-
phil and macrophage activation and lung epithelial injury. Notably, it may amplify neutrophil-macrophage
crosstalk and induce CXCR2, as shown in experimental nonalcoholic steatohepatitis (71). In contrast to
KIM-1 immunostaining, which was widespread and consistently intense in COVID-19 kidney biopsies,
LCN2 expression in the kidney was less consistently increased at both the protein and mRNA levels. There-
fore, we suspect that LCN2 circulating levels may reflect inflammation or injury in other organs. IL-6—
mediated hepatic LCN2 production is the primary source of plasma and urine LCN2 during experimental
AKI (72). Given the very high levels of IL-6 in patients with COVID-19, especially those with adverse
trajectories, we hypothesized that elevated LCN2 serum levels may reflect liver inflammation and the IL-6
response. Meanwhile, we determined LCN2 concentrations on day 6 during administration of sarilumab or
tocilizumab and in matched individuals receiving usual care (data not shown). LCN2 levels (as well as oth-
er markers of AKI, such as KIM-1, osteopontin, RBP4, and TFF3) were unchanged after anti—IL-6R ther-
apies during this timeframe, challenging the classical picture and implying IL-6—independent regulation.

Notably, a previous study reported that a substantial proportion of patients with COVID-19 exhibited
AKI. Higher urinary KIM-1 and LCN2 were associated with the risk of a composite index, including stage
3 AKI, dialysis, and death (73). Our study differs from this previous one because of careful monitoring of
pneumonia severity and because the time of blood collection was strictly controlled (within 72 hours of
hospitalization, 11 days after symptom onset on average) as compared with urinary samples collected at a
median of 9.5 (IQR, 4.5-17) days after hospital admission in patients who experienced the primary out-
come, and at a median of 5 (IQR, 2-9) days after hospital admission in patients who did not experience the
primary outcome, which may have contributed to significant bias in the former study (73).
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Figure 7. Kaplan-Meier survival curves of patients with COVID-19 stratified into low- and high-risk groups in the anti-IL-6R Ab treatment arms (Trt) and
the usual care arms.

Interestingly, the CORIMUNO score still distinguishes high-risk from low-risk patients in the
anti-IL-6R and usual treatment groups, suggesting that these treatments did not affect key drivers of
COVID-19 mortality. Meanwhile, IL-6R Abs were associated with a reduced risk of death, primar-
ily in the high-risk category (by 20%), suggesting that the CORIMUNO score should help delineate
patients most likely to benefit from such treatments. One limitation of our study is the lack of analysis
of patients treated with glucocorticoids, a treatment that was not systematic at the time of the 2 trials.
Nonetheless, given the overlapping actions of glucocorticoids with anti-IL-6R Ab, the predictive score
may still be relevant.

Another limitation is that the derivation and validation cohorts included patients from the “first wave,”
infected with A2/A3 and B/B.1/B1.1 lineages (74). Thus, the CORIMUNO score may be recalibrated for
newer SARS-CoV-2 variants.

Solid epidemiological retrospective evidence indicated that survivors of COVID-19 after hospital-
ization were at higher risk of eGFR decline and end-stage kidney disease (75). An observational study
showed that COVID-19-associated AKI was associated with higher mortality (76). Our study provides
potentially novel insights by revealing the significant prognostic role of unrecognized acute kidney tubular
injury in moderate to severe COVID-19 pneumonia, supporting early kidney monitoring and kidney-pro-
tective measures that may improve outcomes. Plasma KIM-1, a known predictor of end-stage kidney
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Table 7. Comparison of values of the CORIMUNO score in groups of patients with normal versus low eGFR in the 2 independent cohorts

Parameters n=123 eGFR >60 n=43 eGFR <60 P value

il e Low risk 98 79.67% 21 48.84% 0.0003
High risk 25 20.33% 22 51.16%

log(KIM-1), median [IQR] 123 4.8 [4.5-5.5] 43 5.5 [5.1-6] <0.0001

log(IL-10), median [IQR] 123 2.6 [2.2-3.2] 43 3.1[2.7-3.6] 0.0005

log(lipocalin-2), median [IQR] 123 11.3 [11.1-11.6] 43 11.8 [11.5-12] <0.0001

Lymphocytes/neutrophils, median [IQR] 119 0.2[0.1-0.2] 42 0.1[01-0.2] 018

disease in diabetes (77) and chronic kidney disease progression in the healthy middle-aged population
(78), was elevated even among survivors, suggesting long-term renal impact of COVID-19. Strikingly, the
CORIMUNO score still achieved discrimination between the high-risk and low-risk of death groups, even
in patients with normal eGFR on admission.

In conclusion, we demonstrated that a simple composite CORIMUNO score can be an integral com-
ponent of a biologically based survival prediction model. This enables the collection of nearly complete
survival information, which was previously unavailable with the proposed prediction models. In our eval-
uation of 196 patients with COVID-19 from 15 hospitals and 2 independent trials, the CORIMUNO score
significantly (AUC = 0.83, 95% CI: 0.75-0.9) outperformed most laboratory tests and image-based visual
and quantitative predictors in the prediction of disease progression and mortality and in the separation
between the Kaplan-Meier survival curves of patients stratified into low- and high-risk groups (P < 107).
‘We acknowledge that we do not know whether this CORIMUNO model could still be applied to the cur-
rent patient population with COVID-19, but it is remarkable that the strong association of kidney-derived
proteins with poor outcomes and mortality supports the notion that the kidney is an overlooked sentinel
organ in SARS-CoV-2 pneumonia that should be considered in future studies of patients with apparently
moderate forms of sepsis. Likewise, the higher levels of the classically antiinflammatory cytokine IL-10 in
people at high risk of death is another little-explored paradox.

Methods

Sex as a biological variable. Both sexes were included in this study, and sex was evaluated as a biological
variable. No difference was observed between males and females, and data from both sexes are combined
in the figures.

Patients’ recruitment in trials, the bead-based multianalyte Luminex multiplex assay, and the microflu-
idic cartridge—based immunoassay platform are described in the Supplemental Methods.

Statistics. The primary outcome of the prediction was death by day 90. The secondary outcome was
an increase in the WHO CPS by more than 1 point by day 14. The proportion of patients with a WHO
CPS (18) greater than 5 on the 10-point scale (moderate to critical) and survival without invasive or non-
invasive ventilation at day 14 was monitored daily as previously described (18-20, 79). We also recorded
death within the next 90 days. A statistical analysis plan is available in the supplemental materials.

The approach included multiplex profiling of 41 plasma proteins, plus albumin, D-dimer, creatinine,
total lymphocyte, neutrophil, and platelet counts within 24 hours of trial randomization. All tabulated
numerical data are summarized by the median and IQR for quantitative data and frequency and percent-
age on observed data for qualitative data, unless expressly stated. Comparisons were performed using the
Wilcoxon rank-sum test for quantitative data and Fisher’s exact test for qualitative data. We next used reg-
ularization to control model complexity.

To overcome the risk of overfitting, we considered a multivariable model using a penalized logistic
regression (LASSO) to predict death at 90 days. All variables with a P value below 0.05 in the univariate
analyses were included in the model. The main interest of a LASSO regression is to handle overfitting,
which is why we planned to apply this approach (80). The main idea of LASSO is to use a penalty term
linked to model complexity to achieve the best trade-off between model complexity and the amount of
information it carries. In practice, the penalization is modeled through a parameter (lambda). Figure 4
shows the model’s complexity as a function of lambda. Optimization of this parameter could be obtained
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by cross-validation (81). Final associations were estimated using odds ratios and 95% CI. Then, ROC
curves were generated from the linear predictor of the previous model, and the AUCs were calculated to
evaluate the model’s performance in the training, validation, and combined cohorts. We compared global
discrimination by calculating the AUC for each score, with 95% CI estimated by the DeLong method, and
tested differences in AUCs using the nonparametric DeLong test for correlated ROC curves. We calculated
the corresponding P values from the DeLong test, comparing each component with the composite score
(82). The risk threshold was determined with the Youden index.

Survival rates and 95% CIs were estimated using the Kaplan-Meier estimator and compared using log-
rank tests. All tests are 2-sided and a P value less than 0.05 was the cutoff used to determine significance. All
statistical analyses were performed using the open-source software R (version 4.1.0; https://CRAN.R-proj-
ect.org/package=survival). The main packages used were survival, pROC (83), and glmnet (81).

Hierarchical clustering of standardized biomarker concentrations was performed using Euclidean
distance and Ward’s minimum variance method to explore similarities among biomarkers. Relationships
between biomarkers were further examined using Spearman’s correlation coefficients, displayed as a col-
or-coded correlation matrix to illustrate the strength and direction of associations. Principal component
analysis was also performed to explore overall patterns and relationships among biomarkers.

Study approval. The trials were approved nationally by the ethics committee on March 23, 2020 (file
#20.03.20.56342, CPP Ile-de-France VI, EudraCT: 2020-001246-18), and by the French Medicines Agen-
cy, ANSM, 143 boulevard Anatole-France, 93285 Saint-Denis Cedex, France, and the Commission Natio-
nale de I'Informatique et des Libertés (CNIL), Paris, France. Written informed consent was obtained from
all patients or from the patient’s legal representative if the patient was too unwell to provide consent to
enter the CORIMUNO cohort.

For the COVID-19 autopsy cohort, the first sample of patient tissues was obtained from autopsies per-
formed at the Institute of Legal Medicine of the University Medical Center Hamburg-Eppendorf, as previously
published (84). From every liver and kidney specimen collected by the Institute of Legal Medicine, multiple
randomly chosen small samples were available for different analyses. The Hamburg Chamber of Physicians’
ethics committee was informed of the study (2020-10353-BO-ff and PV7311). Controls included cases of sud-
den noninfectious deaths. The average postmortem interval was 6 days. Written informed consent was obtained
from a legal representative or next of kin for autopsy and tissue sampling. No compensation was paid. The
study protocol for clinical data collection (patient cohorts) was approved by the IRB of the University of Mich-
igan (HUMO00178971) and the University Medical Center Hamburg-Eppendorf. The IRB approved a waiver of
informed consent for this observational study.

Data availability. Supporting data values are available in the supplemental material. The protocol, con-
sent form, statistical analysis plan, regulatory documents, and other relevant study materials are available.
As described in the protocol, the trial steering committee will facilitate access to the study data, and approval
will not be unreasonably withheld. Deidentified participant data collected during the CORIMUNO-SARI
and the CORIMUNO-TOCI trials (and the data dictionary) will be made available to bona fide research-
ers registered with an appropriate institution within 3 months of publication and for 10 years. Proposals
should be addressed via email to raphael.porcher@aphp.fr and will be reviewed by the CORIMUNO-19
scientific committee. The steering committee will need to be satisfied that any proposed publication is of
high quality, honors the commitments made to the study participants in the consent documentation and
ethical approvals, and is compliant with relevant legal and regulatory requirements (e.g., data protection
and privacy). To gain access, data requesters will need to sign a data access agreement and confirm that the
data will be used only for the agreed-upon purpose for which access was granted. The steering committee
will have the right to review and comment on any draft manuscripts before publication.
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