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C O R O N A V I R U S

Integrated immunovirological profiling validates 
plasma SARS-CoV-2 RNA as an early predictor 
of COVID-19 mortality
Elsa Brunet-Ratnasingham1,2†, Sai Priya Anand1,3†, Pierre Gantner1,2†, Alina Dyachenko1†, 
Gaël Moquin-Beaudry1,4, Nathalie Brassard1, Guillaume Beaudoin-Bussières1,2, Amélie Pagliuzza1, 
Romain Gasser1, Mehdi Benlarbi1, Floriane Point1, Jérémie Prévost1,2, Annemarie Laumaea1, 
Julia Niessl1,2‡, Manon Nayrac1,2, Gérémy Sannier1,2, Catherine Orban2,5, Marc Messier-Peet1,5, 
Guillaume Butler-Laporte6,7, David R. Morrison6, Sirui Zhou6,7, Tomoko Nakanishi6,8,9,10, 
Marianne Boutin1,2, Jade Descôteaux-Dinelle1,2, Gabrielle Gendron-Lepage1, Guillaume Goyette1, 
Catherine Bourassa1, Halima Medjahed1, Laetitia Laurent6, Rose-Marie Rébillard1,4, 
Jonathan Richard1,2, Mathieu Dubé1, Rémi Fromentin1, Nathalie Arbour1,4, Alexandre Prat1,4, 
Catherine Larochelle1,4, Madeleine Durand1,5, J. Brent Richards6,7,8,11, Michaël Chassé1,5, 
Martine Tétreault1,4, Nicolas Chomont1,2*, Andrés Finzi1,2,3*, Daniel E. Kaufmann1,2,5,12*

Despite advances in COVID-19 management, identifying patients evolving toward death remains challenging. 
To identify early predictors of mortality within 60 days of symptom onset (DSO), we performed immunovirological 
assessments on plasma from 279 individuals. On samples collected at DSO11 in a discovery cohort, high severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral RNA (vRNA), low receptor binding domain–specific 
immunoglobulin G and antibody-dependent cellular cytotoxicity, and elevated cytokines and tissue injury 
markers were strongly associated with mortality, including in patients on mechanical ventilation. A three-variable 
model of vRNA, with predefined adjustment by age and sex, robustly identified patients with fatal outcome 
(adjusted hazard ratio for log-transformed vRNA = 3.5).  This model remained robust in independent valida-
tion and confirmation cohorts. Since plasma vRNA’s predictive accuracy was maintained at earlier time points, 
its quantitation can help us understand disease heterogeneity and identify patients who may benefit from 
new therapies.

INTRODUCTION
Since the beginning of the pandemic, intense efforts have been 
deployed to define correlates of disease severity and to develop 
therapies targeting the virus or the pathogenesis of coronavirus 
disease 2019 (COVID-19). However, to date, only dexamethasone 
(1–3) and interleukin-6 (IL-6) blockers [tocilizumab (4) and sarilumab 
(5)] have convincingly shown to provide a survival benefit in 
randomized controlled trials. While other immune interventions 
may benefit some subgroups (6), there is currently no consensus on 
how to predict which critical cases are likely to resolve their 

infection and which are at a greater risk of fatality, in part due to the 
high heterogeneity of patients and the very dynamic changes in 
biological features (2).

Recent reports have identified features linked to severe COVID-19. 
One is high amounts of viral RNA (vRNA) in plasma, which has 
been associated with greater severity and worst outcome for other 
respiratory pathogens, such as severe acute respiratory syndrome 
coronavirus 1 (SARS-CoV-1) (7, 8), respiratory syncytial virus (9), 
Middle East Respiratory Syndrome Coronavirus (MERS-CoV) (10), 
and the pandemic-causing strain of influenza A H5N1 (11). Plasma 
SARS-CoV-2 vRNA has also been linked to increased risk of severe 
COVID-19 and mortality (12–17).

Dysregulated immune responses are, at least in part, responsible 
for the exacerbated pathogenesis occurring in a minority of individuals 
with SARS-CoV-2 infection. Elevated cytokine levels were among 
the first reported markers associated to severe COVID-19 disease 
(17), although inconsistent sampling times sometimes led to weak 
associations with mortality (18). Narrowing the window of sam-
pling early after symptom onset clarifies a plasma cytokine pattern 
(19) reminiscent of the cytokine release syndrome (20). Plasma pro-
file around 10 days after symptom onset was highly differential for 
plasma cytokine profiles of critical versus moderate COVID-19 dis-
ease (20), and a number of cytokines have been associated with in-
creased mortality (21).

Multiple studies support a central role for antibody responses 
in protective anti–SARS-CoV-2 immunity. The main viral target 
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of antibody immunity is the trimeric Spike glycoprotein, which 
facilitates SARS-CoV-2 entry into host cells via interaction of its 
receptor binding domain (RBD) with angiotensin-converting 
enzyme 2 (ACE-2) (22, 23). While most infected patients develop 
anti-Spike and anti-RBD antibodies (24, 25), delayed anti-Spike 
immunoglobulin G (IgG) antibodies and decreased Fc effector 
capacity are associated with increased mortality (26). These re-
ports highlight the complexity of the host’s immune response to 
SARS-CoV-2.

Despite the remarkable speed with which effective SARS-CoV-2 
vaccines have been developed and deployed, partial population 
coverage and, potentially, emergence of resistant variants will lead 
to ongoing occurrence of infections. From a clinical perspective, it 
is therefore essential to identify a minimal set of early blood param-
eters that can be easily and rapidly measured to identify patients at 
high risk of mortality, while prioritizing parameters that may hint at 
specific categories of therapeutic interventions. However, the list of 
blood correlates of COVID-19 severity has tremendously expanded, 
making such prioritizing a major challenge. Given strong co–up-
regulation between a number of plasma analytes [for example, 
plasma cytokines and chemokines; (20)], there is a need for stream-
lined analytical models with few virological and/or immunological 
parameters that provide complementary, rather than redundant, 
information to better stratify individual patient risk.

In this study, we simultaneously examined multiple parameters 
in plasma spanning three key aspects of COVID-19 pathogenesis 
early in disease course (11 ± 4 days after symptom onset, henceforth 
described as DSO11): SARS-CoV-2 vRNA, 26 cytokines and tissue 
injury markers, and 6 measures of SARS-CoV-2–specific antibody 
responses. We performed univariate and multivariate analyses to 
identify independent predictors of death. A minimal model com-
bining vRNA, age, and sex was particularly robust, very reproducible 
in two additional cohorts, and remained predictive even when the 
samples were collected earlier in disease course.

RESULTS
Study design and patient characteristics
We investigated prospectively enrolled hospitalized COVID-19 
individuals (n = 279) with symptomatic infection and with a posi-
tive SARS-CoV-2 nasopharyngeal swab (NSW) polymerase chain 
reaction (PCR), sampled longitudinally after enrollment. To allow 
for cross-sectional analysis of early plasma markers, we investigated 
patients for whom research blood samples were available at 11 (±4) 
days after symptom onset (DSO11) (n = 217). Our study population 
was split into a discovery cohort (n = 61) in a first hospital, a fully 
independent validation cohort (n = 87) in a second hospital (both of 
which were infected during the first wave), and a third confirmation 
cohort (n = 69) also collected in the first hospital, but mostly during 
the second and third waves (see fig. S1A). On the basis of disease 
severity at DSO11, patients were grouped as critical (requiring 
mechanical ventilation) versus noncritical (see participant charac-
teristics, Table 1). The discovery cohort included 29 critical and 
32 noncritical patients. Plasma profiles were compared to 50 asymp-
tomatic uninfected donors as a control group [uninfected controls 
(UC)] of nondiseased state.

We clinically followed participants for at least 60 days after 
symptom onset (DSO60). The primary outcome, death by DSO60, 
occurred in 13 patients, with close to half fatalities occurring 

between DSO30 and DSO60 (fig. S1B) and mostly in the critical 
group (fig. S1C).

We performed a slightly reduced immunovirological assessment 
in the validation cohort, where 19 cases were critical and 12 deaths 
occurred before DSO60, and a focused assessment of the confirma-
tion cohort (with 27 critical cases and 11 fatalities) (Table 1). 
Because of hospital referral coordination, the validation cohort was 
of older age than the discovery one, but with less severe respiratory 
compromise (Table 1). Other basic demographics and prevalent 
risk factors were consistent with published studies (27) and, overall, 
showed minor differences between all cohorts. These features did 
not significantly differ between the critical versus noncritical groups, 
except for higher rates of admission to intensive care unit (ICU) and 
intubation and duration of hospital stay in critical patients (Table 1), 
in line with group definition. Last, for sensitivity longitudinal mea-
surements of the selected statistical models through different DSO 
points, we complemented these three cohorts with 62 patients 
who were sampled very early in disease course (before the DSO11 ± 
4 days time bracket).

Plasma viral load in early disease is strongly associated 
with COVID-19 mortality
As SARS-CoV-2 vRNA in plasma has been previously linked to 
mortality, we quantified it in the discovery cohort. We designed an 
ultrasensitive quantitative real-time PCR (qRT-PCR) targeting the 
N sequence of its genome with a detection limit of 13 copies/ml. The 
assay was highly specific, with no vRNA detected in UC (Fig. 1A). 
At DSO11, we detected plasma SARS-CoV-2 vRNA in a significantly 
greater fraction of critical than noncritical patients (Fig. 1A). These 
results suggest that systemic SARS-CoV-2 viremia is a signature of 
infection severity and/or itself plays a role in disease complications.

We next hypothesized that the amount of viral products, rather 
than their mere presence, was associated with severe pathogenesis. 
SARS-CoV-2 vRNA levels were higher in critical than noncritical 
cases (Fig. 1B). This difference held when comparing samples with 
detectable levels only (P = 0.002, Mann-Whitney test). Most pa-
tients who died had high vRNA compared to survivors (Fig. 1C), 
even when the analysis was restricted to critical cases (Fig. 1D). 
In univariate Cox regression analysis (Table 2), we found that an 
increase of 1 U in log-transformed plasma vRNA led to a threefold 
increase in mortality risk {hazard ratio [HR] = 3.1 [95% confidence 
interval (CI): 1.9 to 5.1], P < 0.0001 for all COVID-19 [Fig. 1E] and 
2.5 [95% CI: 1.4 to 4.7; P = 0.004] for critical [Table 2]}. The esti-
mated survival proportions for undetectable (<13 copies/ml), 
low, or high plasma vRNA were extracted from Cox models (see 
Materials and Methods for details) (28). High plasma vRNA was 
associated with a greater risk of death, whereas there was a substan-
tial overlap between the subgroups with low or undetectable plasma 
vRNA (Fig. 1F). A similar trend was observed in the critical group 
(Fig. 1G). Therefore, plasma SARS-CoV-2 vRNA load is not only 
a correlate of contemporaneous respiratory compromise early in 
disease course but also associated with mortality, including in the 
critical group.

Markers of immune hyperactivation and tissue damage 
discriminate disease trajectories
As early elevation of a number of cytokines and chemokines was 
also associated with adverse COVID-19 outcome (19, 20, 29), we used 
multiplex bead array to determine plasma levels of the 26 proteins 
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Table 1. Baseline characteristics of the participants and respiratory support at time of immunovirological profiling. Values displayed are medians, with 
IQR in parentheses for continuous variables, or percentages for categorical variables. Percentages are rounded to the nearest unit. “Noncritical illness” includes 
hospitalized patients with no oxygen support (no O2) (moderate disease) and oxygen support on nasal cannula (NC) only (severe, but noncritical disease). 
“Critical illness” includes hospitalized patients on mechanical ventilation, either positive pressure noninvasive ventilation (NIV), endotracheal intubation (ETI), 
and extracorporeal membrane oxygenation (ECMO). ICU admission and intubation are different in all cohorts between noncritical and critical due to selection 
bias (at P < 0.05) in any of the patient characteristic. For continuous variables, statistical test: Mann-Whitney U test, unpaired t test. For categorical variables, 
2 test. 

Discovery cohort (n = 61) Validation cohort (n = 87) Confirmation cohort (n = 69)

Variable
Noncritical Critical Entire cohort Noncritical Critical Entire cohort Noncritical Critical Entire cohort

(n = 32) (n = 29) (n = 61) (n = 68) (n = 19) (n = 87) (n = 42 or 24)* (n = 27 or 13)* (n = 69 or 37)*

Age 63 (49–80) 62 (51–68) 62 (49–73)‡ 75 (57–88) 70 (55–73) 71 (56–84)‡ 56 (49–71)§ 70 (57–79)§ 63 (51–75)

Sex

Male 17 (53%) 20 (69%) 37 (61%) 33 (49%) 11 (58%) 44 (51%) 29 (69%) 16 (59%) 45 (65%)

Female 15 (47%) 9 (31%) 24 (39%) 35 (51%) 8 (42%) 43 (49%) 13 (31%) 11 (41%) 24 (34%)

Days since symptom 
onset 10 (8.5–13) 11 (10–12) 11 (9–12) 10 (8–12) 11 (9–12) 10 (9–12) 11 (10–12) 11 (10–13) 11 (10–13)

Days since hospital 
admission 5.5 (3–7) 5 (3–7) 5 (3–7) 4 (2–8) 5 (3–8) 5 (2–8) 5.5 (3–8.5) 5 (0–5) 5 (3–7)

Respiratory support

No O2 20 (62%) 0 (0%) 20 (33%)‡ 48 (71%) 0 (0%) 48 (55%)‡ 23 (55%) 0 (0%) 23 (33%)

NC 12 (38%) 0 (0%) 12 (20%)‡ 20 (29%) 0 (0%) 20 (23%)‡ 19 (45%) 0 (0%) 19 (28%)

NIV 0 (0%) 7 (24%) 7 (12%)‡ 0 (0%) 5 (26%) 5 (6%)‡ 0 (0%) 15 (56%) 15 (22%)

ETI 0 (0%) 20 (69%) 20 (33%)‡ 0 (0%) 14 (74%) 14 (16%)‡ 0 (0%) 12 (44%) 12 (17%)

ECMO 0 (0%) 2 (7%) 2 (3%)‡ 0 (0%) 0 (0%) 0 (0%)‡ 0 (0%) 0 (0%) 0 (0%)

Total metabolic risk 
factors (0–4) 2 (1–3) 2 (1–3) 2 (1–3)

None 3 (9%) 6 (21%) 9 (15%)

One or more 29 (91%) 23 (79%) 52 (85%)

Overweight, yes† 17 (53%) 21 (72%) 38 (62%)

Hypertension, yes 20 (63%) 15 (52%) 35 (57%) 42 (62%) 13 (69%) 55 (63%) 9 (38%) 9 (69%) 18 (49%)

Dyslipidemia, yes 13 (41%) 11 (38%) 24 (39%)‡ 11 (16%) 3 (16%) 14 (16%)‡ 7 (29%)§ 11 (85%)§ 18 (49%)

Diabetes, yes 9 (28%) 10 (35%) 19 (31%)‖ 20 (29%) 9 (47%) 29 (33%) 8 (33%)§ 11 (85%)§ 19 (51%)‖

Total chronic 
diseases (0–8) 0 (0–1) 0 (0–1) 0 (0–1)

None 22 (69%) 17 (59%) 39 (64%)

One or more 10 (31%) 12 (41%) 22 (36%)

Chronic renal failure, 
yes 4 (13%) 6 (21%) 10 (16%) 9 (13%) 2 (11%) 11 (13%) 3 (13%) 3 (23%) 6 (16%)

Chronic heart  
failure, yes 2 (6%) 2 (7%) 4 (7%) 12 (18%) 2 (11%) 14 (16%) 2 (8%) 0 (0%) 2 (5%)

Chronic respiratory 
failure, yes 3 (9%) 5 (17%) 8 (13%) 6 (9%) 5 (26%) 11 (13%) 5 (21%) 0 (0%) 5 (14%)

Chronic liver  
failure, yes

0 (0%) 0 (0%) 0 (0%) 2 (3%) 0 (0%) 2 (2%) 0 (0%) 0 (0%) 0 (0%)

Organ transplant, yes 2 (6%) 2 (7%) 4 (7%) n/a n/a n/a

Immunosuppression, 
yes 5 (16%) 4 (14%) 9 (15%)‡ 2 (3%) 2 (11%) 4 (5%)‡ 0 (0%)§ 3 (25%)§ 3 (8%)

Active cancer, yes 1 (3%) 3 (10%) 4 (7%) 9 (13%) 4 (21%) 13 (15%) 3 (13%) 0 (0%) 3 (8%)

HIV, yes 1 (3%) 1 (3%) 2 (3%) 1 (2%) 0 (0%) 1 (1%) n/a n/a n/a

  continued on next page
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associated with adaptive and/or innate immune responses, chemotaxis, 
or tissue insult related to severe acute respiratory distress syndrome 
(ARDS; see table S1 for analyte list). Principal components analysis 
(PCA) revealed that the plasma profile largely delineates UC from 
patients with COVID-19 and highlighted higher cytokine levels and 
greater heterogeneity in the critical group compared to the noncrit-
ical group (Fig. 2A). The outlier critical case at the upper left corner 
of the PCA was on extracorporeal membrane oxygenation (ECMO) 
at the time of sampling, a procedure known to affect plasma profile 
(30). Unsupervised hierarchical clustering solely based on the 26 mea-
sured plasma proteins parsed apart three patient clusters: (i) mostly 
critical, (ii) mixed, and (iii) mostly noncritical cases (Fig. 2B).

We next compared the levels of each analyte between groups 
(fig. S2, A to D). Several followed a stepwise increase, where 
noncritical cases had greater cytokine concentrations than UC, and 
critical cases had the greatest amounts (fig. S2A). These included 
pro-inflammatory cytokines and chemokines IL-6, GM-CSF 
(granulocyte-macrophage colony-stimulating factor), TNF (tumor 
necrosis factor–), CCL2, and CXCL8. Some of the markers of 
tissue insult [RAGE (receptor for advanced glycation end products) 
and Angiopoietin-2] (31) also increased with disease severity, likely 
reflecting the extent of lung and vascular damage. CXCL9, CD40L, 
IFN (interferon-), and surfactant pulmonary protein D (SP-D) 
were significantly greater only in the critical cases of COVID-19 
compared to UC (fig. S2B), while a few markers did not differ 
between all three groups (fig. S2C). Some analytes were significantly 
elevated in COVID-19 groups but did not differ between the critical 
and noncritical groups, such as CXCL10 (IP10), CXCL13, and 
D-dimer (fig. S2D). Together, the plasma profile reveals overall 
higher quantities of cytokines in the plasma of patients with 
COVID-19 compared to UC, and select analytes are specifically 
associated with greater disease severity.

We reasoned that these 26 analytes may be differentially linked 
to the amount of vRNA in plasma. We examined the correlations 
between individual plasma analytes (fig. S2E), as well as their asso-
ciation with vRNA (Fig. 2C). Many analytes were co-upregulated, 
and several of them also positively correlated with vRNA levels. 
These latter correlations were particularly robust for cytokines 
implicated in innate immune responses such as IL-6 (fig. S2F) and 
GM-CSF; the marker of lung damage RAGE (fig. S2G); and inflam-
matory chemokines CXCL8, CXCL10, and CCL2, suggesting a 
shared trigger or overlap in pathways.

To capture by a single parameter the overall magnitude of the dif-
ference in cytokine titers between patients with COVID-19 and UC, 
we created a “CytoScore” from the linear combination of all 26 ana-
lytes (see Materials and Methods for details). It followed a gradual 
difference, where the noncritical group had lower CytoScores than 
the critical group, and UC had the lowest scores (Fig. 2D). The 
CytoScore correlated positively with vRNA (Fig. 2E) and can have 
value in reducing dimensionality of plasma analyte profiling.

As patients who died within DSO60 showed a greater CytoScore 
than survivors (Fig. 2F), even when restricted to critical cases 
(Fig. 2G), we applied Cox regression analyses to examine the asso-
ciation between the cytokines and mortality over time. We focused 
on analytes whose concentrations are in the range of robust quanti-
tation by the assay (19 of 26; see Materials and Methods for details). 
For each, we calculated the HR associated with a 1-U increase in 
log-transformed concentration (Fig.  2H). In addition to the 
CytoScore, several individual analytes were significantly associated 
with increased fatality risk, with Angiopoietin-2, RAGE, and CXCL13 
showing the highest significance (P ≤ 0.001). Furthermore, patients 
with high CytoScore at DSO11 showed a significantly lower rate of 
predicted survival at DSO60 than the low CytoScore population, 
both in the entire discovery cohort (Fig. 2I) and in the critical group 

Discovery cohort (n = 61) Validation cohort (n = 87) Confirmation cohort (n = 69)

Noncritical Critical Entire cohort Noncritical Critical Entire cohort Noncritical Critical Entire cohort

Total risk factors 
(metabolic/organ, 
0–12)

2 (1–3) 3 (1–4) 2 (1–4)

None 2 (6%) 6 (21%) 8 (13%)

One or more 30 (94%) 23 (79%) 53 (87%)

ICU admission, yes 3 (9%)§ 27 (93%)§ 30 (49%)‡ 7 (10%)§ 17 (90%)§ 24 (28%)‡ 2 (8%)§ 12 (80%)§ 14 (35%)

Intubation, yes 2 (6%)§ 22 (76%)§ 24 (39%) 7 (10%)§ 17 (90%)§ 24 (28%) 1 (4%)§ 9 (75%)§ 10 (29%)

Duration of 
intubation (days) 0 (0–0)§ 20 (4–27)§ 0 (0–18) n/a n/a n/a

Duration of hospital 
stay (or in-hospital 
death)

10.5 (6–16)§ 26 (14–44)§ 16 (9–30) 14 (8–26.5)§ 23 (19–48)§ 18.5 (10–28) 10.5 
(7.5–14.5)§ 21 (13–34)§ 12 (8–27)

Outcome

Death up to 60 days

Alive 30 (94%)§ 18 (62%)§ 48 (79%) 61 (90%)§ 14 (74%)§ 75 (86%) 42 (100%)§ 16 (59%)§ 58 (84%)

Dead 2 (6%)§ 11 (38%)§ 13 (21%) 7 (10%)§ 5 (26%)§ 12 (14%) 0 (0%)§ 11 (41%)§ 11 (16%)

*Only age, sex, and days since symptom onset variables have complete data in confirmation cohort; otherwise, the partial data are available for confirmation 
cohort.     †N_missing = 8 patients for discovery cohort.     ‡Values are statistically different between discovery and validation cohorts.     §Values are 
statistically different between critical and noncritical groups.     ‖Values are statistically different between discovery and confirmation cohorts.
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(Fig. 2J). Therefore, overall cytokine levels as well as individual 
cytokines and markers of tissue damage measured at DSO11 are (i) 
in majority correlated with plasma vRNA and (ii) associated with 
increased risk of mortality among patients with COVID-19.

Low SARS-CoV-2–specific IgG and limited ADCC associated 
with COVID-19 mortality
As SARS-CoV-2 antibody responses likely play a critical role in 
protective immunity against SARS-CoV-2 (26, 32), we mea-
sured plasma SARS-CoV-2–specific antibody responses at DSO11. 
Enzyme-linked immunosorbent assay (ELISA)–based quantifica-
tion using the SARS-CoV-2 RBD protein and isotype-specific 
secondary antibodies (24, 33) revealed a broad range in relative 
quantities of RBD-specific IgM, IgA, or IgG in the noncritical and 
critical groups at DSO11. They did not differ between groups 
and were not detected in UC (Fig. 3A). These observations were 
corroborated by a flow cytometry–based assay measuring plasma 
binding to full-length Spike protein (Spike Ig) on cell surface (Fig. 3B), 

which similarly showed no notable difference between the two 
COVID-19 groups.

We next assessed the SARS-CoV-2 Spike-specific antibody re-
sponse for two key antiviral functions: neutralization (Fig. 3C) and 
antibody-dependent cellular cytotoxicity (ADCC; Fig. 3D). Here, 
again, the data showed high variability and no significant differences 
between the critical and noncritical groups for both readouts. All 
serology measurements were interrelated (Fig. 3E). In contrast, the 
serology measurements were inversely correlated with plasma vRNA 
and most cytokines (Fig. 3F).

To assess potential consequences of defective antibody responses 
at this early time point, we compared SARS-CoV-2–specific anti-
body responses between survivors and nonsurvivors. For RBD-
specific isotypes (Fig. 3G), only IgG amounts were significantly 
increased in survivors, although there was a similar trend for IgA as well. 
Spike Ig levels were also higher in survivors (Fig. 3H). We observed 
contrasting patterns with regard to functional humoral responses: 
While neutralization capacity was similar for both outcomes (Fig. 3I), 
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Fig. 1. High quantity of SARS-CoV-2 RNA in plasma at DSO11 is associated with increased risk of mortality. (A) Pie charts representing the fractions of assessed 
samples that had undetectable (aviremic, light shades, <13 copies/ml) or detectable SARS-CoV-2 vRNA (dark shades, ≥13 copies/ml). Numbers in parts refer to the number 
(and percentages) of patients within each cohort. Noncritical and critical subgroups compared by 2 test. (B) Quantities of SARS-CoV-2 N copies detected per milliliter of 
plasma in each cohort. Dotted line is the limit of detection (13 copies/ml). Empty shapes have undetectable vRNA (arbitrarily set at 5 copies/ml for representation). (C and 
D) Amounts of SARS-CoV-2 N copies detected per milliliter of plasma in patients who survived (white column) or died (gray column) by DSO60 for (C) total cohort or (D) 
critical subgroup only. Red circles represent critical patients, and blue circles are noncritical. (E) HR with 95% CI calculated using Cox regression for an increase of 1 U 
of log10-transformed vRNA (copies/ml). (F and G) Modelization of the predicted survival curves of patients with high [orange; upper interquartile range (IQR)], low 
(purple; lower IQR), or undetectable (gray) plasma vRNA in (F) all patients with COVID-19 or (G) critical cases only. (B) Kruskal-Wallis with Dunn’s multiple comparisons 
test. (C) Mann-Whitney test. n = 61 COVID-19 subjects (13 mortalities) or 29 critical COVID-19 cases (11 mortalities) and 10 UC. IQR: calculated among detectable vRNA 
quantities only.
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ADCC capacity was superior in survivors (Fig. 3J). HR reflected the 
same observations, where higher ADCC, RBD-specific IgG, and 
Spike Ig were associated with increased survival (Fig. 3K). We 
further modeled this by comparing the survival curves at DSO60 of 
patients with low or high RBD-specific IgG amounts (Fig. 3L), 
Spike Ig (Fig. 3M), or ADCC (Fig. 3N) at DSO11 and saw that par-
ticipants with low responses for these three measurements showed 
an increased fatality risk. These observations were maintained when 
the analysis was restricted to the critical group (fig. S3, A to C). 

Together, these results highlight that impairment of some SARS-
CoV-2–specific antibody responses may contribute to mortality.

Multivariate Cox reveal plasma vRNA as pivotally associated 
with COVID-19 mortality
As all categories of immunovirological parameters showed some 
perturbations that predicted fatality, we examined whether these 
alterations provided redundant information in terms of mortality risk, 
or whether their combined analysis would improve associations 

Table 2. Univariate Cox proportional hazard regression of single variables measured in COVID-19 patient plasma at DSO11. RLU, relative light units, 
normalized to internal control (CR3022) (see Materials and Methods for details); MFI, mean fluorescence intensity; ID50, neutralization half-maximal (50%) 
inhibitory dilution. 

Discovery cohort

Variable

All COVID-19–positive at DSO11 (n = 61) Critical COVID-19–positive subset at DSO11 (n = 29)

HR (95% CI) P HR (95% CI) P

1 U 1 U

Viral load

vRNA (copies/ml of plasma)* 3.1 (1.9–5.1) <0.001 2.5 (1.4–4.7) 0.004

Serology

RBD-specific IgG (RLU)* 0.3 (0.1–0.8) 0.011 0.3 (0.1–0.7) 0.005

RBD-specific IgM (RLU)* 0.5 (0.2–1.4) 0.186 0.4 (0.1–1.3) 0.144

RBD-specific IgA (RLU)* 0.4 (0.2–0.98) 0.045 0.3 (0.1–0.8) 0.014

Spike Ig (MFI)* 0.6 (0.5–0.9) 0.006 0.5 (0.3–0.8) 0.002

Neutralization (ID50)* 0.8 (0.6–1.1) 0.172 0.7 (0.5–0.9) 0.020

ADCC (%)† 0.7 (0.5–0.9) 0.006 0.1 (0.5–0.9) 0.004

Cytokines

Angiopoietin-2* 14.5 (3.4–62.1) 0.001 6.7 (1.4–33.0) 0.018

CCL2/JE/MCP-1* 5.6 (1.7–18.4) 0.005 2.8 (0.8–10.2) 0.115

CCL20/MIP-3 alpha* 2.9 (1.2–6.8) 0.016 1.4 (0.5–4.0) 0.578

CCL7/MCP-3/MARC* 4.0 (1.0–15.6) 0.050 5.2 (0.9–30.7) 0.068

CD40 Ligand/TNFSF5* 5.6 (1.0–30.8) 0.049 6.7 (0.8–55.7) 0.080

CXCL10/IP-10/CRG-2* 16.7 (0.7–423.5) 0.088 5.5 (0.2–161.2) 0.323

CXCL13/BLC/BCA-1* 6.7 (2.6–17.2) <0.001 4.3 (1.6–11.7) 0.005

IL-8/CXCL8* 5.6 (1.7–18.6) 0.005 3.8 (1.0–14.3) 0.048

CXCL9/MIG* 2.2 (0.8–6.4) 0.133 1.2 (0.5–2.9) 0.621

D-dimer* 5.0 (0.5–49.9) 0.174 0.4 (0.02–8.5) 0.548

G-CSF* 3.3 (1.1–10.2) 0.034 3.5 (1.1–10.8) 0.032

GM-CSF* 9.4 (1.7–50.7) 0.009 7.3 (1.02–51.4) 0.047

IFN* 2.4 (0.9–6.5) 0.087 2.4 (0.8–7.0) 0.114

IL-1ra/IL-1F3* 8.0 (1.9–33.7) 0.004 2.8 (0.6–14.4) 0.214

IL-23* 13.7 (2.2–85.6) 0.005 7.2 (1.1–46.3) 0.038

IL-6* 2.6 (1.4–5.0) 0.003 1.5 (0.7–3.3) 0.315

SP-D* 5.2 (1.0–26.3) 0.047 2.2 (0.3–15.7) 0.433

TNF* 16.5 (2.7–102.5) 0.003 6.6 (0.9–50.9) 0.069

RAGE/AGER* 7.9 (2.3–27.9) 0.001 4.4 (1.01–18.9) 0.049

CytoScore‡ 2.6 (1.6–4.2) <0.001 1.9 (1.1–3.4) 0.0335

*Variables are log10-transformed. HR shown is for an increase of 1 U of log10-transformed variable.     †HR for increase of 10 U.     ‡Refer to Materials and 
Methods for details.
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Fig. 2. High cytokine titers in plasma at DSO11 discriminates critical disease and is associated with increased risk of mortality. (A) PCA representation of critical 
and noncritical patients (at DSO11), and UC (at baseline), on the basis of the 26 plasma analytes. Color-coded squares represent the mean PC (principal component) co-
ordinates for each group. Length of arrow indicates the contribution of analytes to PCs. Numbers in parentheses along axes are the percentage of variance that PC accounts 
for. (B) Heatmap analysis of log-transformed concentrations of all 26 plasma analytes (yellow: high relative expression; blue: low relative expression), with unsupervised 
hierarchical clustering of the analytes (top dendrogram) or of patients (left dendrogram). The leftmost column represents outcome at DS60 (white: survival; black: de-
ceased). The following column is the severity of the patient at DSO11. (C) Table showing the Spearman R values and corresponding P values of correlation of each plasma 
analyte with plasma vRNA. Values shaded in gray are nonsignificant. (D) Comparison of CytoScore of each cohort (see Materials and Methods for details on CytoScore). 
(E) Correlation between plasma vRNA and CytoScore. Empty shapes are aviremics (<13 copies of SARS-CoV-2 N copies/ml of plasma). (F and G) CytoScore of patients who 
survived (white column) or deceased (gray column) by DSO60 for (F) all patients with COVID-19 or (G) critical subgroup only. (H) HR with 95% CI calculated using Cox 
regression for a 1-U increase in the log10-transformed concentration of each plasma analyte with robust detection (see Materials and Methods for details) and CytoScore. 
ns: not significant. (I and J) Modelization of the predicted survival curves of patients with high (orange; upper IQR) or low (purple; lower IQR) CytoScore in (I) all patients 
with COVID-19 or (J) critical subgroup only. (C and E) Spearman correlations. (D) Kruskal-Wallis with Dunn’s multiple comparisons test. (F) Mann-Whitney test. For (A), (B), 
and (D) to (F), color-coded dots represent severity of the patient at DSO11 (red: critical; blue: noncritical) or UC cohort (green). (B and D) Cytokines with titles annotated 
by ∅ are poorly detected (see Materials and Methods for details). n = 61 COVID-19 subjects (13 mortalities) or 29 critical COVID-19 cases (11 mortalities) and 43 UC. IQR: 
calculated within the CytoScores of the COVID-19 discovery cohort.
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Fig. 3. Limited IgG responses against SARS-CoV-2 Spike at DSO11 are associated with mortality. (A) ELISA-based relative quantification of SARS-CoV-2 RBD-specific 
antibodies’ isotypes IgM (left), IgA (middle), or IgG (right) in relative light units (RLU) normalized to an internal control (CR3022). (B to D) Comparison of functional 
properties of the plasma of all three groups, namely, (B) plasma capacity to recognize the SARS-CoV-2 full Spike (Spike Ig) using a flow cytometry–based assay [median 
fluorescence intensity (MFI)], (C) plasma neutralization activity [unit: half of maximal inhibitory plasma dilution (ID50)], and (D) plasma ADCC activity (unit: % of ADCC-
mediated killing). (E and F) Correlation matrices with colors representing the Spearman R value (blue: negative association −1; red: positive association 1) and P values 
indicated as * in the circles, (E) between all serology measurements or (F) of serology measurements versus plasma vRNA and plasma analytes. (G to J) Comparison of 
serology measurements in patients who survived (white column) or deceased (gray column) by DSO60 for (G) RBD-specific IgM (left), IgA (middle), or IgG (right) or (H) full 
Spike binding, (I) neutralization, or (J) ADCC. (K) Hazard ratio with 95% CI calculated using Cox regression for an increase of 1 U of log10-transformed (square) or 10 U 
(diamond) of serology measurements. (L to N) Modelization of the predicted survival curves of patients with high (orange; upper IQR) or low (purple; lower IQR) (L) 
RBD-specific IgG, (M) Spike Ig, or (N) ADCC activity in all patients with COVID-19. (A to D) Kruskal-Wallis with Dunn’s multiple comparisons test. (E and F) Spearman R correlation. 
(F) Cytokines with titles annotated by ∅ are poorly detected. (G to J) Mann-Whitney test. For (G) to (J), color-coded dots represent severity of the patient at DSO11 
(red: critical; blue: noncritical), and the dotted line represents the limit of detection. (E, F, and L) *P < 0.05; **P < 0.01; ***P < 0.001. n = 61 COVID-19 subjects (13 mortalities) 
or 29 critical COVID-19 cases (11 mortalities) and 43 UC. IQR: calculated within the COVID-19 discovery cohort.
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with fatal outcome. Within immunovirological categories, we re-
tained only variables significant in univariate Cox analysis (P < 0.05; 
see Table 2), and among those, a global multivariate model was used 
to select top variables (see Materials and Methods for details). To 
evaluate predictive accuracy of the resulting variables in multivariate 
models, we calculated time-dependent receiver operator character-
istic (ROC) curves at DSO60 (principles are illustrated in fig. S4A). 
The area under the curve (AUC), a measure of prediction accuracy, 
was examined at all distinct event times by plotting the AUC over 
time (principles are illustrated in fig. S5A; see Materials and Methods 
for details). All final time-dependent Cox models were reassessed in 
the validation cohort to validate the accuracy of our findings.

As large studies have shown associations of older age and male 
sex with severe COVID-19 (34), we predefined adjustment by age 
and sex in the models. In the discovery cohort, time-dependent 

ROC for plasma vRNA showed a strong predictive capacity at 
DSO60 (AUC = 0.84; 95% CI: 0.72 to 0.96) and a slight benefit when 
adjusting for age and sex (AUC  =  0.87; 95% CI: 0.76 to 0.99) 
(Fig. 4A). When applied to the validation cohort at DSO60, vRNA 
again had a good predictive capacity (AUC = 0.75; 95% CI: 0.59 to 
0.92) and a benefit when adjusting for age and sex (AUC = 0.85; 
95% CI: 0.65 to 1.00) (fig. S4B). Therefore, vRNA is a strong 
predictor of fatality, and adjusting for age and sex improves its 
predictive power.

Next, we compared the time-dependent ROC curves for inflam-
matory and tissue damage markers of the discovery cohort (Fig. 4B). 
Multivariate model selection retained only one analyte: Angiopoietin-2. 
To compare predictive accuracies at DSO60, we selected three addi-
tional analytes highly significant (P ≤ 0.001) in univariate Cox 
(Fig. 2G): CytoScore, CXCL13, and RAGE (Fig. 4B). Although no 
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Fig. 4. Time-dependent ROC curves reveal plasma vRNA as reproducibly associated with mortality in the discovery, validation, and confirmation cohorts. (A to 
C) Time-dependent ROC curves measured within the discovery cohort for (A) plasma vRNA, age, and sex; (B) cytokines and tissue insult markers; or (C) anti–SARS-CoV-2 
antibody responses. (D) Time-dependent ROC curves of top multivariate models selected by Bayesian information criterion (BIC) stepwise selection in the discovery (left), 
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when sampled at DSO5, DSO9, or DSO13. HR adjusted for age and sex or not. Discovery: n = 61; validation: n = 87; confirmation: n = 69. For (F), all three cohorts were 
combined, complemented by 62 patients sampled before DSO7 (total n = 279).
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individual inflammatory cytokine was selected, the CytoScore had a 
high AUC (0.83; 95% CI: 0.71 to 0.95). Of the two markers of tissue 
insult, only Angiopoietin-2 (AUC = 0.86; 95% CI: 0.55 to 1.00) 
remained significant (RAGE: AUC = 0.80; 95% CI: 0.33 to 1.00). 
The chemokine CXCL13 (AUC = 0.82; 95% CI: 0.70 to 0.94) also 
had good predictive accuracy. All AUC values remained quite stable 
over time (fig. S5D). In the validation cohort, only CXCL13’s AUC 
remained high (AUC = 0.84; 95% CI: 0.66 to 0.98) and significantly 
discriminatory of mortality (P < 0.05) (fig. S4C) over time (fig. S5D). 
These observations confirm that certain markers of tissue insult and 
chemokine, as well as the overall cytokine levels, were associated 
with mortality risk.

For antibody measurements, we observed, within the discovery 
cohort, overlap of the time-dependent ROC of all three measure-
ments significant in univariate Cox (ADCC: AUC = 0.74; 95% CI: 
0.44 to 1.00; Spike Ig: AUC  =  0.71; 95% CI: 0.25 to 1.00; RBD-
specific IgG: AUC = 0.71; 95% CI: 0.44 to 0.97) at DSO60 (Fig. 4C). 
However, the predictive value of all three measurements began to 
drop around DSO30 (fig. S5E). We then applied the analysis to the 
validation cohort. As the cell-based ADCC assay requires signifi-
cant infrastructure and technical expertise that may not be available 
in all clinical settings, we removed ADCC from the validation list of 
variables and substituted it by the technically simple RBD-specific IgG, 
given their strong correlation (Fig. 3C). The time-dependent ROC 
curves in the validation cohort for Spike Ig (AUC = 0.60; 95% CI: 
0.15 to 1.00) and RBD-specific IgG titers (AUC = 0.59; 95% CI: 0.06 
to 1.00) were nonsignificant and lower than in the discovery cohort. 
RBD-specific IgG titers displayed best predictive accuracy of mor-
tality at DSO30 when adjusted for age and sex (RBD-specific IgG: 
0.81; 95% CI: 0.50 to 1.00) (fig. S5G and table S2). Together, these 
data reveal that the anti–SARS-CoV-2 antibody response is highly 
associated with mortality within 30 days of symptom onset, but less 
so afterward.

After examining each variable in the setting of their category, we 
sought to identify which single parameter, or combination thereof, 
is the most robust. All variables selected by multivariate model 
within each category were considered for a global multivariate 
model, and age and sex covariates were forced regardless of their 
significance. In the discovery cohort, the variables selected in the 
global multivariate model (at DSO60: AUC = 0.91; 95% CI: 0.60 to 1.00) 
were vRNA (HR = 2.47; 95% CI: 1.30 to 4.68) and Angiopoietin-2 
(HR = 4.22; 95% CI: 0.66 to 26.78), alongside the forced variables 
age (HR = 1.06; 95% CI: 0.99 to 1.10) and sex (HR = 0.94; 95% CI: 
0.24 to 3.70) (Fig.  4D). Only vRNA (P  =  0.006) remained inde-
pendently associated with a higher risk of all-cause mortality within 
DSO60 in the global multivariate model. Of note, this global multi-
variate model was only slightly better than the three-variable model 
of vRNA, age, and sex at DSO60 (AUC = 0.87; 95% CI: 0.76 to 0.99) 
(Fig. 4D). In the validation cohort, the predictive accuracy of the 
model combining vRNA, Angiopoietin-2, age, and sex did not 
reach statistical significance (at DSO60: AUC = 0.86; 95% CI: 0.29 
to 1.00) (Fig.  4D). However, the exclusion of Angiopoietin-2 
improved the model’s discrimination in the validation cohort: the 
three-variable model combining vRNA, age, and sex was then 
significant (AUC = 0.85; 95% CI: 0.66 to 1.00). In both discovery 
and validation cohorts, the predictive accuracy of this model re-
mained stable over time (Fig. 4E, fig. S5G, and table S2). We con-
firmed the predictive accuracy of plasma vRNA in a third cohort 
and again saw a significant association of the three-variable model 

with fatality (AUC = 0.90; 95% CI: 0.84 to 0.96) (table S2 and 
Fig. 4D).

A number of clinical scores and laboratory measurements 
have been developed for risk stratification of acutely ill patients. We 
therefore compared the predictive capacity of plasma vRNA with 
that of other measures taken in the clinical setting, namely, two 
metrics of organ failure: the quick sequential organ failure assess-
ment (qSOFA) score (35) and the ratio of partial arterial oxygen 
pressure and fraction of inspired oxygen (P/F ratio) (36), as well as 
plasma concentrations of C-reactive protein (CRP) (19). All three 
variables were significantly associated to fatality in univariate 
analysis and when corrected for age and sex but inferior to plasma 
vRNA (table S2 and fig. S4, F and G). When combined in a multi-
variate with this latter parameter, qSOFA, P/F ratio, and CRP were 
no longer significant (table S2).

Last, we assessed the predictive accuracy of plasma vRNA when 
measured outside of the DSO11 time frame. We observed that as 
early as DSO5, plasma vRNA was already predictive of fatality and 
remained so at least until DSO13 (table S4 and Fig.  4F). This 
observation highlights the flexibility of using plasma vRNA for risk 
stratification, including at very early time points. Together, these data 
indicate that, at DSO11, measuring plasma SARS-CoV-2 vRNA in 
hospitalized patients with COVID-19 can be a powerful tool to 
predict mortality.

DISCUSSION
In the perspective of clinical translation, it is essential to rigorously prior-
itize among the multitude of markers linked to COVID-19–related 
mortality. In patients with a spectrum of disease severity, we studied 
perturbations within three categories of plasma molecules: circulating 
SARS-CoV-2 vRNA (14), immune and tissue injury markers (29), 
and SARS-CoV-2–specific antibody responses (26), all of which can 
be probed by quick and technically robust assays. Strong associa-
tions of early parameters with the primary outcome, fatality within 
60 days of symptom onset, were observed and largely maintained 
when the analyses were restricted to the critical group of patients on 
mechanical ventilation. Multivariate analyses demonstrated that, 
because of collinearity between several variables, a limited number 
of biological features was sufficient to build robust models predict-
ing mortality. SARS-CoV-2 vRNA stood out as an early feature 
strongly associated with higher mortality risk. The predictive 
accuracy of plasma vRNA was superior to that observed with the 
clinical qSOFA and P/F ratio and the clinical CRP quantitation. 
Combined analysis of SARS-CoV-2 vRNA, Angiopoietin-2, age, 
and sex had greatest predictive accuracy in a discovery cohort, 
although a simpler model with vRNA, age, and sex was almost as 
robust. This three-parameter model maintained significant and 
very consistent predictive accuracy in a validation cohort and a 
confirmation cohort. Plasma vRNA remained predictive of fatality 
when sampled as early as DSO5 or as late as DSO13, indicating that 
it is an accurate predictor of fatality throughout the typical time of 
COVID-19–associated hospitalization (DSO7) and ICU admission 
(DSO10) (17, 37).

The strength of the association between plasma vRNA levels and 
mortality risk was stronger than previously reported for NSW (38). 
In contrast to plasma, quantification of vRNA in NSW is hard to 
normalize, varies between types of tests, and depends on sample 
quality. Cox models showed a threefold increase in fatal outcome 
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for every 1-U increase in log-transformed plasma vRNA quantity. 
While this association is reminiscent of the remarkable predictive 
value of plasma viral load for disease progression in untreated HIV-1 
infection (39), no study has thus far convincingly demonstrated 
that therapeutic reduction of SARS-CoV-2 viral loads decreases 
mortality risk. For example, the antiviral remdesivir reduced viral 
loads in NSW, duration of symptoms, and hospitalization but had 
no significant impact on survival (40,  41). Similarly, although 
monoclonal anti-Spike antibodies can reduce viral load (42, 43), 
trials have not yet shown benefit in hospitalized patients. Given 
disease heterogeneity, it will be important to determine whether 
such interventions specifically benefit the subgroup of patients with 
high plasma vRNA.

The source and precise nature of the plasma vRNA remain to be 
better determined. Viral nucleic acids in the plasma do not prove 
the presence of replication-competent viral particles, as they could 
be viral debris translocated from damaged lung tissue. This is 
supported by the correlation we saw between vRNA and RAGE: As 
RAGE mRNA was not expressed in the peripheral blood mono-
nuclear cells (PBMCs) of severe COVID-19 (29), plasma RAGE 
likely originates from damaged tissue (31). Besides the cytopathic 
effects of SARS-CoV-2 on lung epithelium, immunopathological 
mechanisms likely play key roles in severe COVID-19 pathogenesis 
(44). Systemic vRNA may trigger pathogen recognition receptors 
such as Toll-like receptors, in line with strong co–up-regulation of 
interferon-stimulated genes and other inflammatory pathways in 
vRNA-containing cells (45). This could contribute to the strong cor-
relation observed between the amount of vRNA and IL-6, a pathogen-
associated molecular pattern–triggered inflammatory cytokine (46).

Consistent with previous studies (19, 20), we found significant 
associations between levels of several immune and tissue damage 
markers with both disease severity and mortality. Despite strongly 
significant HR for fatality risk for some analytes, the small sample 
size of our study resulted in sizable overlaps between CIs and vari-
able rankings of HR values between the discovery and validation 
cohorts. An integrated CytoScore partially compensated for indi-
vidual marker variability by giving an overall assessment of the 
magnitude of the cytokine storm. Notable individual markers were 
associated with fatal outcome, including Angiopoietin-2, CXCL13, 
and RAGE. While Angiopoietin-2 was less strongly correlated with 
vRNA than RAGE, it appears of significant interest in severe 
COVID-19 (47). This angiogenic factor has pro-inflammatory 
effects on the vascular endothelium, can disrupt vascular integrity 
and has been associated with ARDS (48), and might be a potential 
druggable target. We also observed a strong correlation of these 
markers of lung and vascular damage with plasma vRNA levels, 
which complement other reports showing a similarly strong associ-
ation with biomarkers of heart and kidney damage (49).

Antibody responses likely contribute to viral control in acute 
SARS-CoV-2 infection (16, 26), supported by the negative associa-
tions we observed between plasma vRNA and SARS-CoV-2–specific 
antibody responses. Whereas the antibody levels between the 
critical and noncritical groups were similar, mortality was over-
represented among patients who, at DSO11, had low RBD-specific 
IgG and low total Spike-binding Ig, although not in those with low 
RBD-specific IgM responses. Low IgG isoform among RBD-specific 
antibodies of deceased patients may indicate a disruption in B cell 
functions requiring T cell help, like class switching to IgG, possibly 
linked to inadequate T follicular helper (TFH) and/or germinal 

center (GC) disruption (50). CXCL13 is a key chemokine for re-
cruitment to the GC of TFH and B cells (51), and plasma CXCL13 is 
a marker of GC activity (52). The positive associations of CXCL13 
levels with vRNA loads and fatality risk and the inverse correlation 
of CXCL13 levels with antibody responses may seem paradoxical, 
but high amounts of circulating CXCL13 might disrupt the dynamics 
of B cell recruitment to GCs. In addition, heightened systemic 
inflammation can impair development of adaptive immunity (53, 54). 
These mechanisms may converge to reduce RBD-specific IgG re-
sponses in patients who succumb to their infection.

Defective early ADCC responses were also significantly associated 
with fatality, whereas we found only a nonsignificant trend for 
neutralization capacity. These observations support the idea that 
Fc-mediated functions could be important in controlling SARS-
CoV-2, in line with recent reports showing that compromised Fc 
receptor binding strongly correlated with COVID-19 mortality 
(26), and Spike-specific humoral responses, including higher Fc 
effector functions, were enriched among survivors (55). Furthermore, 
antibodies with intact Fc effector functions were required for opti-
mal protection against infection and correlated with decreased viral 
loads in animal models (56, 57).

A limitation of our study is that we focused on inpatients who 
were usually hospitalized following worsening of their clinical 
condition, this occurring typically a few days after symptom onset. 
At this stage, some critical pathogenesis events have likely already 
occurred, which may narrow the window for some targeted inter-
ventions. This also excluded patients who were discharged early in 
their hospitalization. Complementary outpatient studies at very early 
time points will help identify factors that predict this initial worsening 
and determine their overlap with the features detailed here.

The significant interactions we observed between a number of 
the features measured are compatible with different, nonmutually 
exclusive mechanisms. Poor development of protective antibody 
responses may allow persistently high levels of viral replication, 
which, in turn, will lead to a cytokine storm. Conversely, high 
cytokine levels, perhaps driven by systemic vRNA, may disrupt 
adaptive immune responses. Although our observational study does 
not allow addressing the question of causation between the im-
munovirological alterations observed, these measurements can be 
useful tools to understand heterogeneity in disease trajectories 
and response to therapy, particularly in the context of large, well-
controlled randomized trials. High viral loads and low levels of 
SARS-CoV-2–specific IgG may be mitigated through antivirals, 
monoclonal antibodies, or convalescent plasma therapy with high 
IgG content. People with high levels of selected cytokines may benefit 
the most from targeted immunotherapies. While recent trials have 
already resulted in improvement in clinical patient care, the predic-
tive accuracy of plasma vRNA we observed and validated in patients 
hospitalized during the first COVID-19 wave was confirmed in 
patients recruited during the second and third waves. Still, it will be 
important to assess how new therapeutic strategies affect the poten-
tial of such immunovirological monitoring not only to predict out-
come but also to individualize patient management.

MATERIALS AND METHODS
Participants and samples
SARS-CoV-2–positive patients admitted to the Centre Hospitalier 
de l’Université de Montréal (CHUM) or the Jewish General Hospital 
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(JGH) were recruited into the Biobanque Québécoise de la COVID-19 
(BQC19) (58). Samples from CHUM made up the discovery and con-
firmation cohort, and samples from JGH were the validation cohort. 
Blood draws were performed at baseline and, when possible, at day 2 
(±3 days) and day 7 (±3 days) after enrollment. The study was approved 
by the respective institutional review boards and written informed 
consent was obtained from all participants or, when incapacitated, their 
legal guardian before enrollment and sample collection. Blood draws 
were also performed on 50 asymptomatic, NSW PCR-negative UC.

Hospitalized patients with COVID-19 were stratified on the basis 
of severity of respiratory support at the DSO11 time point: Critical 
patients required mechanical ventilation (endotracheal intubation, 
noninvasive ventilation, or ECMO); noncritical patients, encom-
passing both patients with moderate disease (required no supple-
mental oxygen) and patients with severe disease (required nasal 
cannula for oxygen). Mortality was followed up to 60 days. Medical 
charts were reviewed by two physicians for data collection on demo-
graphics, comorbidities, risk factors, severity state, time of infection, 
etc. (see Table 1). Median age and range for UC cohort were 37 (32 to 
46), and 30 individuals were males (60%).

Quantification of SARS-CoV-2 RNA
Absolute copy numbers of SARS-CoV-2 RNA (N region) in plasma 
samples were measured by real-time PCR. Total RNA was extracted 
from 230 l of plasma collected on acid citrate dextrose using the 
QIAamp Viral RNA Mini Kit (Qiagen cat. no. 52906). Two master 
reaction mixes with specific primers and probes were prepared for 
quantification of N gene from SARS-CoV-2 and 18S (as a control 
for efficient extraction and amplification). Absolute copy numbers 
were measured by real-time PCR. Positive and no-template con-
trols were included in all experiments. Purified RNA N transcripts 
(1328 base pairs) were quantified by NanoDrop, and the RNA copy 
numbers were calculated using the ENDMEMO online tool (see 
STAR methods for details).

Measurements of plasma analytes by beads array
Duplicates of SARS-CoV-2–inactivated plasma samples were analyzed 
using a customized Human Magnetic Luminex Assay (LXSAHM-26, 
R&D; see table S1 for analyte list). Some cytokines and tissue damage 
markers were at very low concentrations, and the quantification plat-
form we used was not sensitive enough to reliably quantify them in 
most samples. As such, analytes with extrapolated values for >90% 
of samples and/or negative values >15% of samples were identified 
by ∅ in Figs. 2 and 3 and fig. S2.

CytoScore
For k analytes (n = 26), the CytoScore for each sample was calculated 
as follows

	​​  
​∑ n=1​ k  ​​ ​​c​ n​​ − ​​n​ UC​ _ 

​​n​ UC​
 ​
 ─ k  ​​	

where cn is the concentration for analyte n, ​​​n​ UC​​ is the mean concen-
tration of UC samples for analyte n, and ​​​n​ UC​​ is the SD of UC sam-
ples for analyte n.

Serology measurements
Plasma from uninfected donors were used as negative controls and 
used to calculate the seropositivity threshold in our ELISA and flow 

cytometry assays. The monoclonal antibody CR3022 (59) was used 
as a positive control.

RBD-specific ELISA
The SARS-CoV-2 RBD ELISA used was recently described (24). 
The seropositivity threshold was established using the following 
formula: mean of all COVID-19–negative plasma + (3 SD of the 
mean of all COVID-19–negative plasma) (see the Supplementary 
Materials for details).

Flow cytometry analysis of cell surface staining
As recently described (24), plasma from SARS-CoV-2–infected or 
uninfected individuals (1/250 dilution) was added onto 239T cells ex-
pressing Spike and green fluorescent protein (GFP). Alexa Fluor 647–
conjugated goat anti-human IgG (H+L) antibodies (Invitrogen) 
were used as secondary antibodies. The seropositivity threshold was 
established using the following formula: mean of all COVID-19–
negative plasma + (3 SD of the mean of all COVID-19–negative 
plasma + inter-assay coefficient of variability) (see the Supplementary 
Materials for details).

Virus neutralization assay
As recently described (24), 293T-ACE2 target cells were infected 
with single-round luciferase-expressing pseudoparticles bearing 
the SARS-CoV-2 Spike in the presence of patient plasma at differ-
ent dilutions. The neutralization half-maximal inhibitory dilution 
(ID50) represents the plasma dilution to inhibit 50% of the infection 
of target cells (see the Supplementary Materials for details).

ADCC assay with SARS-CoV-2 Spike-expressing cells
As previously described (60), patient plasma was tested for ADCC 
activity against CEM-NKr cells stably expressing the full length 
GFP-tagged SARS-CoV-2 Spike (CEM.NKr. Spike+) and effector 
cells (stained PBMCs) were mixed at a ratio of 1:10 (61). Plasma 
from COVID-19 infected or uninfected individuals (1/500 dilution) 
was added, and cocultures were incubated for 6 hours. ADCC was 
calculated by gating on Spike-expressing live target cells and using 
the formula

	​ %ADCC  = ​  
%​GFP​ targets+effectors​​ − %​GFP​ targets+effectors+plasma​​    ──────────────────────────   %​GFP​ targets​​

  ​ × 100​	

%ADCC obtained with plasma was further normalized to positive 
control. The specificity threshold was established using the following 
formula: mean of all COVID-19–negative plasma + 3 SD of the 
mean of all COVID-19–negative plasma.
Clinical scores
The qSOFA and P/F ratios were calculated on the basis of data clini-
cally collected into the patients’ medical record of the hospital stay. 
The qSOFA score was calculated as previously described (35). This 
three-point score assigns one point for low blood pressure (systolic 
blood pressure ≤ 100 mmHg), high respiratory rate (≥22 breaths 
per minute), or altered mentation. The ratio of partial arterial oxygen 
pressure and fraction of inspired oxygen (P/F ratio) was approximated 
on the basis of the oxygen saturation measured by pulse oximetry 
and the fraction of inspired oxygen by nonlinear imputation, as 
previously described (36).
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CRP quantitation
The measurement of CRP in plasma was performed by the clinical 
biochemistry laboratories of the respective hospitals where patients 
were recruited (CHUM and JGH).

Statistical analyses and multivariate models
Methods for univariate models
The association between measured variables and time to death was 
analyzed by Cox proportional survival hazard. The dependent variable 
in all survival analyses was time to death during the follow-up, 
measured in days. Subjects were censored upon reaching 60 days of 
follow-up (no patients withdrew within this time frame). Time 0 
was defined as the day of symptom onset. Univariate Cox propor-
tional hazard regression was used to determine the association 
between plasma analytes and all-cause mortality at DSO60 for all 
COVID-19–positive patients, as well as critical patients’ subgroup 
only. Analytes were log-transformed when they naturally followed 
exponential distribution, for example, vRNA and cytokines. Next, 
the estimated survival proportions at any given point in time for 
undetectable (when applicable), low (lower interquartile range level 
of detectable), or high (upper interquartile range of detectable) 
amounts of analyte considered (plasma vRNA, CytoScore or anti-
body responses) were extracted from Cox models (28) and presented 
in the graphical form (28).
Part 1: Multivariate Cox model
Potential risk factors were grouped into three categories: (i) vRNA, 
(ii) 26 cytokines and tissue damage variables, and (iii) six antibody-
associated variables. Model building was performed in three steps. 
In the first step, univariate models for risk factor of death by DSO60 
were developed, one for each of the covariates in the category; only 
risk factors with P value <0.05 were retained. For the second category 
of 26 cytokines, an additional criterion of variable selection was ap-
plied to ensure the quality of the measurements: the cytokines or 
tissue damage markers with extrapolated values for >90% of samples 
and/or negative values >15% of samples were excluded for future 
investigation. These exclusion criteria were added as the quantifica-
tion platform we used was not sensitive enough to reliably quantify 
some low-concentration analytes, and we wanted to rely on analytes 
that are well quantified for our multivariate model. Of 26 cytokines 
and tissue-damage markers, 19 satisfied these criteria. In the second 
step, we focused on categories for which more than one variable had 
been retained in the first step; then, the stepwise Cox model selection 
based on the Bayesian information criterion (BIC) was used to ob-
tain the most parsimonious model (lowest value) for each of these 
categories. This penalized likelihood criterion selects the best vari-
able at predicting data and then adds one additional variable at a 
time while accounting for potential overfitting, in the end only se-
lecting the multivariate model with the lowest BIC value, i.e., the 
most parsimonious. In addition, to keep the risk of overfitting low, 
no more than six predictor parameters were entered in the multi-
variate model for our sample of 61 patients (62, 63).

In the third step, all variables retained in the second step were 
considered; then, the BIC was used to obtain a global parsimonious 
model. On the basis of the literature (64), age and sex are associated 
with the mortality for patients with COVID-19; however, in the 
small homogeneous sample, it might be hard to detect these rela-
tions. Thus, in each model, age and sex covariates were forced in the 
multivariate model regardless of their significance. Potential inter-
actions between each covariate with age and sex were tested to verify 

whether the effect was consistent across different age and between 
sex. Potential presence of multicollinearity was assessed by calculat-
ing the variance inflation factor for each variable. This allowed us 
to identify and treat in separate models subsets of covariates, which 
were highly correlated.
Part 2: Time-dependent ROC curve
To evaluate predictive accuracy of survival models, the time-dependent 
ROC curves for right-censored data (65) were calculated, compared 
across different Cox models, and presented in the graphical form. 
The inverse probability of censoring weighting technique was used 
for estimating time-dependent ROC curves (66). The AUC was ex-
amined at 60 days as well at all distinct event times by plotting the 
AUC and the 95% confidence limits over time. Day 48 corresponds 
to the last event (fatality) day in the discovery cohort.
Part 3: Independent cohort validation
All final multivariate Cox models were reassessed in the validation 
and confirmation cohorts by independently executing the multivariate 
models with the same list of variables obtained, in the discovery 
cohort, in steps 2 and 3. Then, using the same approach described 
above, the time-dependent ROC curves were evaluated in the vali-
dation dataset to validate our finding.
Sensitivity analysis
Two additional sensitivity analyses were performed. First, to com-
pare the predictive capacity of the final selected model versus models 
with easily available clinical measures (qSOFA, P/F ratio, and CRP), 
the univariate and multivariate Cox regressions were presented. 
Discovery cohort was used for qSOFA and P/F ratio. Three study 
cohorts were combined for the analysis with CRP owing to partially 
available data in each cohort.

Second, to see how the final results were affected by earlier time 
point measurements and shorter time windows, three new datasets 
were extracted from longitudinal measurements of the combined 
cohorts at DSO5 (DSO3 to DSO7), DSO9 (DSO8 to DSO11), and 
DSO13 (DSO12 to DSO15) time frames. The final Cox regressions 
models were repeated for each dataset.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj5629

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
	 1.	 WHO Rapid Evidence Appraisal for COVID-19 Therapies (REACT) Working Group, 

J. A. C. Sterne, S. Murthy, J. V. Diaz, A. S. Slutsky, J. Villar, D. C. Angus, D. Annane, 
L. C. P. Azevedo, O. Berwanger, A. B. Cavalcanti, P.-F. Dequin, B. Du, J. Emberson, D. Fisher, 
B. Giraudeau, A. C. Gordon, A. Granholm, C. Green, R. Haynes, N. Heming, J. P. T. Higgins, 
P. Horby, P. Jüni, M. J. Landray, A. L. Gouge, M. Leclerc, W. S. Lim, F. R. Machado, 
C. M. Arthur, F. Meziani, M. H. Møller, A. Perner, M. W. Petersen, J. Savovic, B. Tomazini, 
V. C. Veiga, S. Webb, J. C. Marshall, Association between administration of systemic 
corticosteroids and mortality among critically ill patients with COVID-19: A meta-analysis. 
JAMA 324, 1330–1341 (2020).

	 2.	 B. M. Tomazini, I. S. Maia, A. B. Cavalcanti, O. Berwanger, R. G. Rosa, V. C. Veiga, A. Avezum, 
R. D. Lopes, F. R. Bueno, M. V. A. O. Silva, F. P. Baldassare, E. L. V. Costa, R. A. B. Moura, 
M. O. Honorato, A. N. Costa, L. P. Damiani, T. Lisboa, L. Kawano-Dourado, F. G. Zampieri, 
G. B. Olivato, C. Righy, C. P. Amendola, R. M. L. Roepke, D. H. M. Freitas, D. N. Forte, 
F. G. R. Freitas, C. C. F. Fernandes, L. M. G. Melro, G. F. S. Junior, D. C. Morais, S. Zung, 
F. R. Machado, L. C. P. Azevedo; COALITION COVID-19 Brazil III Investigators, Effect 
of dexamethasone on days alive and ventilator-free in patients with moderate or severe 
acute respiratory distress syndrome and COVID-19: The CoDEX randomized clinical trial. 
JAMA 324, 1307–1316 (2020).

	 3.	 RECOVERY Collaborative Group, P. Horby, W. S. Lim, J. R. Emberson, M. Mafham, J. L. Bell, 
L. Linsell, N. Staplin, C. Brightling, A. Ustianowski, E. Elmahi, B. Prudon, C. Green, T. Felton, 

https://science.org/doi/10.1126/sciadv.abj5629
https://science.org/doi/10.1126/sciadv.abj5629
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abj5629


Brunet-Ratnasingham et al., Sci. Adv. 7, eabj5629 (2021)     26 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

14 of 16

D. Chadwick, K. Rege, C. Fegan, L. C. Chappell, S. N. Faust, T. Jaki, K. Jeffery, 
A. Montgomery, K. Rowan, E. Juszczak, J. K. Baillie, R. Haynes, M. J. Landray, 
Dexamethasone in hospitalized patients with Covid-19. N. Engl. J. Med. 384, 693–704 
(2021).

	 4.	 REMAP-CAP Investigators, A. C. Gordon, P. R. Mouncey, F. Al-Beidh, K. M. Rowan, 
A. D. Nichol, Y. M. Arabi, D. Annane, A. Beane, W. van Bentum-Puijk, L. R. Berry, Z. Bhimani, 
M. J. M. Bonten, C. A. Bradbury, F. M. Brunkhorst, A. Buzgau, A. C. Cheng, M. A. Detry, 
E. J. Duffy, L. J. Estcourt, M. Fitzgerald, H. Goossens, R. Haniffa, A. M. Higgins, T. E. Hills, 
C. M. Horvat, F. Lamontagne, P. R. Lawler, H. L. Leavis, K. M. Linstrum, E. Litton, E. Lorenzi, 
J. C. Marshall, F. B. Mayr, D. F. McAuley, A. McGlothlin, S. P. McGuinness, B. J. McVerry, 
S. K. Montgomery, S. C. Morpeth, S. Murthy, K. Orr, R. L. Parke, J. C. Parker, A. E. Patanwala, 
V. Pettilä, E. Rademaker, M. S. Santos, C. T. Saunders, C. W. Seymour, M. Shankar-Hari, 
W. I. Sligl, A. F. Turgeon, A. M. Turner, F. L. van de Veerdonk, R. Zarychanski, C. Green, 
R. J. Lewis, D. C. Angus, C. J. McArthur, S. Berry, S. A. Webb, L. P. G. Derde, Interleukin-6 
receptor antagonists in critically ill patients with Covid-19. N. Engl. J. Med. 384, 
1491–1502 (2021).

	 5.	 RECOVERY Collaborative Group, P. W. Horby, G. Pessoa-Amorim, L. Peto, C. E. Brightling, 
R. Sarkar, K. Thomas, V. Jeebun, A. Ashish, R. Tully, D. Chadwick, M. Sharafat, R. Stewart, 
B. Rudran, J. K. Baillie, M. H. Buch, L. C. Chappell, J. N. Day, S. N. Furst, T. Jaki, K. Jeffery, 
E. Juszczak, W. S. Lim, A. Montgomery, A. Mumford, K. Rowan, G. Thwaites, M. Mafham, 
R. Haynes, M. J. Landray, Tocilizumab in patients admitted to hospital with COVID-19 
(RECOVERY): Preliminary results of a randomised, controlled, open-label, platform trial. 
medRxiv, 2021.02.11.21249258 (2021).

	 6.	 R. Libster, G. Pérez Marc, D. Wappner, S. Coviello, A. Bianchi, V. Braem, I. Esteban, 
M. T. Caballero, C. Wood, M. Berrueta, A. Rondan, G. Lescano, P. Cruz, Y. Ritou, 
V. Fernández Viña, D. Álvarez Paggi, S. Esperante, A. Ferreti, G. Ofman, Á. Ciganda, 
R. Rodriguez, J. Lantos, R. Valentini, N. Itcovici, A. Hintze, M. L. Oyarvide, C. Etchegaray, 
A. Neira, I. Name, J. Alfonso, R. López Castelo, G. Caruso, S. Rapelius, F. Alvez, F. Etchenique, 
F. Dimase, D. Alvarez, S. S. Aranda, C. Sánchez Yanotti, J. de Luca, S. Jares Baglivo, 
S. Laudanno, F. Nowogrodzki, R. Larrea, M. Silveyra, G. Leberzstein, A. Debonis, J. Molinos, 
M. González, E. Perez, N. Kreplak, S. Pastor Argüello, L. Gibbons, F. Althabe, E. Bergel, 
F. P. Polack; Fundación INFANT–COVID-19 Group, Early high-titer plasma therapy 
to prevent severe Covid-19 in older adults. N. Engl. J. Med. 384, 610–618 (2021).

	 7.	 I. F. N. Hung, V. C. C. Cheng, A. K. L. Wu, B. S. F. Tang, K. H. Chan, C. M. Chu, M. M. L. Wong, 
W. T. Hui, L. L. M. Poon, D. M. W. Tse, K. S. Chan, P. C. Y. Woo, S. K. P. Lau, J. S. M. Peiris, 
K. Y. Yuen, Viral loads in clinical specimens and SARS manifestations. Emerg. Infect. Dis. 
10, 1550–1557 (2004).

	 8.	 P. R. Grant, J. A. Garson, R. S. Tedder, P. K. S. Chan, J. S. Tam, J. J. Y. Sung, Detection of SARS 
coronavirus in plasma by real-time RT-PCR. N. Engl. J. Med. 349, 2468–2469 (2003).

	 9.	 A. Waghmare, A. P. Campbell, H. Xie, S. Seo, J. Kuypers, W. Leisenring, K. R. Jerome, 
J. A. Englund, M. Boeckh, Respiratory syncytial virus lower respiratory disease 
in hematopoietic cell transplant recipients: Viral RNA detection in blood, antiviral 
treatment, and clinical outcomes. Clin. Infect. Dis. 57, 1731–1741 (2013).

	 10.	 S. Y. Kim, S. J. Park, S. Y. Cho, R. H. Cha, H. G. Jee, G. Kim, H. S. Shin, Y. Kim, Y. M. Jung, 
J. S. Yang, S. S. Kim, S. I. Cho, M. J. Kim, J. S. Lee, S. J. Lee, S. H. Seo, S. S. Park, M. W. Seong, 
Viral RNA in Blood as indicator of severe outcome in middle east respiratory syndrome 
coronavirus infection. Emerg. Infect. Dis. 22, 1813–1816 (2016).

	 11.	 M. D. de Jong, C. P. Simmons, T. T. Thanh, V. M. Hien, G. J. D. Smith, T. N. B. Chau, 
D. M. Hoang, N. van Vinh Chau, T. H. Khanh, V. C. Dong, P. T. Qui, B. van Cam, D. Q. Ha, 
Y. Guan, J. S. M. Peiris, N. T. Chinh, T. T. Hien, J. Farrar, Fatal outcome of human influenza 
A (H5N1) is associated with high viral load and hypercytokinemia. Nat. Med. 12, 
1203–1207 (2006).

	 12.	 C. Prebensen, P. L. Myhre, C. Jonassen, A. Rangberg, A. Blomfeldt, M. Svensson, 
T. Omland, J.-E. Berdal, SARS-CoV-2 RNA in plasma is associated with ICU admission 
and mortality in patients hospitalized with COVID-19. Clin. Infect. Dis. 73, e799–e802 
(2020).

	 13.	 C. A. Hogan, B. A. Stevens, M. K. Sahoo, C. H. Huang, N. Garamani, S. Gombar, 
F. Yamamoto, K. Murugesan, J. Kurzer, J. Zehnder, B. A. Pinsky, High frequency 
of SARS-CoV-2 RNAemia and association with severe disease. Clin. Infect. Dis. 72, 
e291–e295 (2020).

	 14.	 J. Fajnzylber, J. Regan, K. Coxen, H. Corry, C. Wong, A. Rosenthal, D. Worrall, F. Giguel, 
A. Piechocka-Trocha, C. Atyeo, S. Fischinger, A. Chan, K. T. Flaherty, K. Hall, M. Dougan, 
E. T. Ryan, E. Gillespie, R. Chishti, Y. Li, N. Jilg, D. Hanidziar, R. M. Baron, L. Baden, 
A. M. Tsibris, K. A. Armstrong, D. R. Kuritzkes, G. Alter, B. D. Walker, X. Yu, J. Z. Li; 
Massachusetts Consortium for Pathogen Readiness, SARS-CoV-2 viral load is associated 
with increased disease severity and mortality. Nat. Commun. 11, 5493 (2020).

	 15.	 E. Pujadas, F. Chaudhry, R. McBride, F. Richter, S. Zhao, A. Wajnberg, G. Nadkarni, 
B. S. Glicksberg, J. Houldsworth, C. Cordon-Cardo, SARS-CoV-2 viral load predicts 
COVID-19 mortality. Lancet Respir. Med. 8, e70 (2020).

	 16.	 C. Gutmann, K. Takov, S. A. Burnap, B. Singh, H. Ali, K. Theofilatos, E. Reed, M. Hasman, 
A. Nabeebaccus, M. Fish, M. J. W. McPhail, K. O’Gallagher, L. E. Schmidt, C. Cassel, 

M. Rienks, X. Yin, G. Auzinger, S. Napoli, S. F. Mujib, F. Trovato, B. Sanderson, B. Merrick, 
U. Niazi, M. Saqi, K. Dimitrakopoulou, R. Fernández-Leiro, S. Braun, R. Kronstein-Wiedemann, 
K. J. Doores, J. D. Edgeworth, A. M. Shah, S. R. Bornstein, T. Tonn, A. C. Hayday, M. Giacca, 
M. Shankar-Hari, M. Mayr, SARS-CoV-2 RNAemia and proteomic trajectories inform 
prognostication in COVID-19 patients admitted to intensive care. Nat. Commun. 12, 3406 
(2021).

	 17.	 C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu, Z. Cheng, 
T. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao, H. Gao, L. Guo, J. Xie, 
G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao, Clinical features of patients infected 
with 2019 novel coronavirus in Wuhan, China. Lancet 395, 497–506 (2020).

	 18.	 M. Mandel, G. Harari, M. Gurevich, A. Achiron, Cytokine prediction of mortality 
in COVID19 patients. Cytokine 134, 155190 (2020).

	 19.	 A. G. Laing, A. Lorenc, I. del Molino del Barrio, A. Das, M. Fish, L. Monin, M. Muñoz-Ruiz, 
D. R. McKenzie, T. S. Hayday, I. Francos-Quijorna, S. Kamdar, M. Joseph, D. Davies, R. Davis, 
A. Jennings, I. Zlatareva, P. Vantourout, Y. Wu, V. Sofra, F. Cano, M. Greco, E. Theodoridis, 
J. D. Freedman, S. Gee, J. N. E. Chan, S. Ryan, E. Bugallo-Blanco, P. Peterson, K. Kisand, 
L. Haljasmägi, L. Chadli, P. Moingeon, L. Martinez, B. Merrick, K. Bisnauthsing, K. Brooks, 
M. A. A. Ibrahim, J. Mason, F. Lopez Gomez, K. Babalola, S. Abdul-Jawad, J. Cason, C. Mant, 
J. Seow, C. Graham, K. J. Doores, F. di Rosa, J. Edgeworth, M. Shankar-Hari, A. C. Hayday, 
A dynamic COVID-19 immune signature includes associations with poor prognosis. Nat. Med. 
26, 1623–1635 (2020).

	 20.	 C. Lucas, P. Wong, J. Klein, T. B. R. Castro, J. Silva, M. Sundaram, M. K. Ellingson, T. Mao, 
J. E. Oh, B. Israelow, T. Takahashi, M. Tokuyama, P. Lu, A. Venkataraman, A. Park, 
S. Mohanty, H. Wang, A. L. Wyllie, C. B. F. Vogels, R. Earnest, S. Lapidus, I. M. Ott, 
A. J. Moore, M. C. Muenker, J. B. Fournier, M. Campbell, C. D. Odio, A. Casanovas-Massana; 
Yale IMPACT Team, A. Obaid, A. Lu-Culligan, A. Nelson, A. Brito, A. Nunez, A. Martin, 
A. Watkins, B. Geng, C. Kalinich, C. Harden, C. Todeasa, C. Jensen, D. Kim, D. McDonald, 
D. Shepard, E. Courchaine, E. B. White, E. Song, E. Silva, E. Kudo, G. DeIuliis, H. Rahming, 
H. J. Park, I. Matos, J. Nouws, J. Valdez, J. Fauver, J. Lim, K. A. Rose, K. Anastasio, K. Brower, 
L. Glick, L. Sharma, L. Sewanan, L. Knaggs, M. Minasyan, M. Batsu, M. Petrone, M. Kuang, 
M. Nakahata, M. Campbell, M. Linehan, M. H. Askenase, M. Simonov, M. Smolgovsky, 
N. Sonnert, N. Naushad, P. Vijayakumar, R. Martinello, R. Datta, R. Handoko, S. Bermejo, 
S. Prophet, S. Bickerton, S. Velazquez, T. Alpert, T. Rice, W. Khoury-Hanold, X. Peng, 
Y. Yang, Y. Cao, Y. Strong, R. Herbst, A. C. Shaw, R. Medzhitov, W. L. Schulz, 
N. D. Grubaugh, C. dela Cruz, S. Farhadian, A. I. Ko, S. B. Omer, A. Iwasaki, Longitudinal 
analyses reveal immunological misfiring in severe COVID-19. Nature 584, 463–469 (2020).

	 21.	 D. M. Del Valle, S. Kim-Schulze, H.-H. Huang, N. D. Beckmann, S. Nirenberg, B. Wang, 
Y. Lavin, T. H. Swartz, D. Madduri, A. Stock, T. U. Marron, H. Xie, M. Patel, K. Tuballes, 
O. Van Oekelen, A. Rahman, P. Kovatch, J. A. Aberg, E. Schadt, S. Jagannath, M. Mazumdar, 
A. W. Charney, A. Firpo-Betancourt, D. R. Mendu, J. Jhang, D. Reich, K. Sigel, C. Cordon-Cardo, 
M. Feldmann, S. Parekh, M. Merad, S. Gnjatic, An inflammatory cytokine signature 
predicts COVID-19 severity and survival. Nat. Med. 26, 1636–1643 (2020).

	 22.	 A. C. Walls, Y.-J. Park, M. A. Tortorici, A. Wall, A. T. M. Guire, D. Veesler, Structure, function, 
and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell 181, 281–292.e6 (2020).

	 23.	 M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Krüger, T. Herrler, S. Erichsen, 
T. S. Schiergens, G. Herrler, N.-H. Wu, A. Nitsche, M. A. Müller, C. Drosten, S. Pöhlmann, 
SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically 
proven protease inhibitor. Cell 181, 271–280.e8 (2020).

	 24.	 J. Prevost, R. Gasser, G. Beaudoin-Bussières, J. Richard, R. Duerr, A. Laumaea, S. P. Anand, 
G. Goyette, M. Benlarbi, S. Ding, H. Medjahed, A. Lewin, J. Perreault, T. Tremblay, 
G. Gendron-Lepage, N. Gauthier, M. Carrier, D. Marcoux, A. Piché, M. Lavoie, A. Benoit, 
V. Loungnarath, G. Brochu, E. Haddad, H. D. Stacey, M. S. Miller, M. Desforges, P. J. Talbot, 
G. T. G. Maule, M. Côté, C. Therrien, B. Serhir, R. Bazin, M. Roger, A. Finzi, Cross-sectional 
evaluation of humoral responses against SARS-CoV-2 spike. Cell Rep. Med. 1, 100126 (2020).

	 25.	 Q. X. Long, B. Z. Liu, H. J. Deng, G. C. Wu, K. Deng, Y. K. Chen, P. Liao, J. F. Qiu, Y. Lin, 
X. F. Cai, D. Q. Wang, Y. Hu, J. H. Ren, N. Tang, Y. Y. Xu, L. H. Yu, Z. Mo, F. Gong, X. L. Zhang, 
W. G. Tian, L. Hu, X. X. Zhang, J. L. Xiang, H. X. du, H. W. Liu, C. H. Lang, X. H. Luo, S. B. Wu, 
X. P. Cui, Z. Zhou, M. M. Zhu, J. Wang, C. J. Xue, X. F. Li, L. Wang, Z. J. Li, K. Wang, C. C. Niu, 
Q. J. Yang, X. J. Tang, Y. Zhang, X. M. Liu, J. J. Li, D. C. Zhang, F. Zhang, P. Liu, J. Yuan, Q. Li, 
J. L. Hu, J. Chen, A. L. Huang, Antibody responses to SARS-CoV-2 in patients 
with COVID-19. Nat. Med. 26, 845–848 (2020).

	 26.	 T. Zohar, C. Loos, S. Fischinger, C. Atyeo, C. Wang, M. D. Slein, J. Burke, J. Yu, J. Feldman, 
B. M. Hauser, T. Caradonna, A. G. Schmidt, Y. Cai, H. Streeck, E. T. Ryan, D. H. Barouch, 
R. C. Charles, D. A. Lauffenburger, G. Alter, Compromised humoral functional evolution 
tracks with SARS-CoV-2 mortality. Cell 183, 1508–1519.e12 (2020).

	 27.	 E. J. Williamson, A. J. Walker, K. Bhaskaran, S. Bacon, C. Bates, C. E. Morton, H. J. Curtis, 
A. Mehrkar, D. Evans, P. Inglesby, J. Cockburn, H. I. McDonald, B. MacKenna, L. Tomlinson, 
I. J. Douglas, C. T. Rentsch, R. Mathur, A. Y. S. Wong, R. Grieve, D. Harrison, H. Forbes, 
A. Schultze, R. Croker, J. Parry, F. Hester, S. Harper, R. Perera, S. J. W. Evans, L. Smeeth, 
B. Goldacre, Factors associated with COVID-19-related death using OpenSAFELY. Nature 
584, 430–436 (2020).



Brunet-Ratnasingham et al., Sci. Adv. 7, eabj5629 (2021)     26 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

15 of 16

	 28.	 M. J. Bradburn, T. G. Clark, S. B. Love, D. G. Altman, Survival analysis part II: Multivariate 
data analysis—An introduction to concepts and methods. Br. J. Cancer 89, 431–436 
(2003).

	 29.	 P. S. Arunachalam, F. Wimmers, C. K. P. Mok, R. A. P. M. Perera, M. Scott, T. Hagan, N. Sigal, 
Y. Feng, L. Bristow, O. Tak-Yin Tsang, D. Wagh, J. Coller, K. L. Pellegrini, D. Kazmin, 
G. Alaaeddine, W. S. Leung, J. M. C. Chan, T. S. H. Chik, C. Y. C. Choi, C. Huerta, 
M. Paine McCullough, H. Lv, E. Anderson, S. Edupuganti, A. A. Upadhyay, S. E. Bosinger, 
H. T. Maecker, P. Khatri, N. Rouphael, M. Peiris, B. Pulendran, Systems biological 
assessment of immunity to mild versus severe COVID-19 infection in humans. Science 
369, 1210–1220 (2020).

	 30.	 M. Kowalewski, D. Fina, A. Słomka, G. M. Raffa, G. Martucci, V. Lo Coco, M. E. de Piero, 
M. Ranucci, P. Suwalski, R. Lorusso, COVID-19 and ECMO: The interplay between 
coagulation and inflammation-a narrative review. Crit. Care 24, 205 (2020).

	 31.	 S. Spadaro, M. Park, C. Turrini, T. Tunstall, R. Thwaites, T. Mauri, R. Ragazzi, P. Ruggeri, 
T. T. Hansel, G. Caramori, C. A. Volta, Biomarkers for acute respiratory distress syndrome 
and prospects for personalised medicine. J. Inflamm. 16, 1 (2019).

	 32.	 W. F. Garcia-Beltran, E. C. Lam, M. G. Astudillo, D. Yang, T. E. Miller, J. Feldman, B. M. Hauser, 
T. M. Caradonna, K. L. Clayton, A. D. Nitido, M. R. Murali, G. Alter, R. C. Charles, A. Dighe, 
J. A. Branda, J. K. Lennerz, D. Lingwood, A. G. Schmidt, A. J. Iafrate, A. B. Balazs, COVID-19-
neutralizing antibodies predict disease severity and survival. Cell 184, 476–488.e11 
(2021).

	 33.	 G. Beaudoin-Bussieres, A. Laumaea, S. P. Anand, J. Prévost, R. Gasser, G. Goyette, 
H. Medjahed, J. Perreault, T. Tremblay, A. Lewin, L. Gokool, C. Morrisseau, P. Bégin, 
C. Tremblay, V. Martel-Laferrière, D. E. Kaufmann, J. Richard, R. Bazin, A. Finzi, Decline 
of humoral responses against SARS-CoV-2 spike in convalescent individuals. MBio 11, 
e02590-20 (2020).

	 34.	 D. A. Berlin, R. M. Gulick, F. J. Martinez, Severe Covid-19. N. Engl. J. Med. 383, 2451–2460 
(2020).

	 35.	 C. W. Seymour, V. X. Liu, T. J. Iwashyna, F. M. Brunkhorst, T. D. Rea, A. Scherag, 
G. Rubenfeld, J. M. Kahn, M. Shankar-Hari, M. Singer, C. S. Deutschman, G. J. Escobar, 
D. C. Angus, Assessment of clinical criteria for sepsis: For the Third International 
Consensus Definitions for sepsis and septic shock (sepsis-3). JAMA 315, 762–774 (2016).

	 36.	 S. M. Brown, A. Duggal, P. C. Hou, M. Tidswell, A. Khan, M. Exline, P. K. Park, 
D. A. Schoenfeld, M. Liu, C. K. Grissom, M. Moss, T. W. Rice, C. L. Hough, E. Rivers, 
B. T. Thompson, R. G. Brower; National Institutes of Health (NIH)/National Heart, Lung, 
and Blood Institute (NHLBI) Prevention and Early Treatment of Acute Lung Injury (PETAL) 
Network, Nonlinear imputation of PaO2/FIO2 From SpO2/FIO2 among mechanically 
ventilated patients in the ICU: A prospective observational study. Crit. Care Med. 45, 
1317–1324 (2017).

	 37.	 D. Wang, B. Hu, C. Hu, F. Zhu, X. Liu, J. Zhang, B. Wang, H. Xiang, Z. Cheng, Y. Xiong, 
Y. Zhao, Y. Li, X. Wang, Z. Peng, Clinical characteristics of 138 hospitalized patients 
with 2019 novel coronavirus-infected pneumonia in Wuhan, China. JAMA 323, 
1061–1069 (2020).

	 38.	 P. Le Borgne, M. Solis, F. Severac, H. Merdji, Y. Ruch, K. A. Intern, E. Bayle, Y. Hansmann, 
P. Bilbault, S. Fafi-Kremer, F. Meziani; CRICS TRIGGERSEP Group (Clinical Research in 
Intensive Care and Sepsis Trial Group for Global Evaluation and Research in Sepsis), 
SARS-CoV-2 viral load in nasopharyngeal swabs in the emergency department does not 
predict COVID-19 severity and mortality. Acad. Emerg. Med. 28, 306–313 (2021).

	 39.	 W. A. O’Brien, P. M. Hartigan, D. Martin, J. Esinhart, A. Hill, S. Benoit, M. Rubin, 
M. S. Simberkoff, J. D. Hamilton, Changes in plasma HIV-1 RNA and CD4+ lymphocyte 
counts and the risk of progression to AIDS. Veterans Affairs Cooperative Study Group 
on AIDS. N. Engl. J. Med. 334, 426–431 (1996).

	 40.	 J. H. Beigel, K. M. Tomashek, L. E. Dodd, A. K. Mehta, B. S. Zingman, A. C. Kalil, E. Hohmann, 
H. Y. Chu, A. Luetkemeyer, S. Kline, D. Lopez de Castilla, R. W. Finberg, K. Dierberg, 
V. Tapson, L. Hsieh, T. F. Patterson, R. Paredes, D. A. Sweeney, W. R. Short, G. Touloumi, 
D. C. Lye, N. Ohmagari, M. D. Oh, G. M. Ruiz-Palacios, T. Benfield, G. Fätkenheuer, 
M. G. Kortepeter, R. L. Atmar, C. B. Creech, J. Lundgren, A. G. Babiker, S. Pett, J. D. Neaton, 
T. H. Burgess, T. Bonnett, M. Green, M. Makowski, A. Osinusi, S. Nayak, H. C. Lane; ACTT-1 
Study Group Members, Remdesivir for the treatment of Covid-19—Final report. N. Engl. 
J. Med. 383, 1813–1826 (2020).

	 41.	 WHO Solidarity Trial Consortium, Repurposed antiviral drugs for Covid-19—Interim WHO 
solidarity trial results. N. Engl. J. Med. 384, 497–511 (2021).

	 42.	 P. Chen, A. Nirula, B. Heller, R. L. Gottlieb, J. Boscia, J. Morris, G. Huhn, J. Cardona, 
B. Mocherla, V. Stosor, I. Shawa, A. C. Adams, J. van Naarden, K. L. Custer, L. Shen, 
M. Durante, G. Oakley, A. E. Schade, J. Sabo, D. R. Patel, P. Klekotka, D. M. Skovronsky; 
BLAZE-1 Investigators, SARS-CoV-2 neutralizing antibody LY-CoV555 in outpatients 
with Covid-19. N. Engl. J. Med. 384, 229–237 (2021).

	 43.	 D. M. Weinreich, S. Sivapalasingam, T. Norton, S. Ali, H. Gao, R. Bhore, B. J. Musser, Y. Soo, 
D. Rofail, J. Im, C. Perry, C. Pan, R. Hosain, A. Mahmood, J. D. Davis, K. C. Turner, 
A. T. Hooper, J. D. Hamilton, A. Baum, C. A. Kyratsous, Y. Kim, A. Cook, W. Kampman, 
A. Kohli, Y. Sachdeva, X. Graber, B. Kowal, T. DiCioccio, N. Stahl, L. Lipsich, N. Braunstein, 

G. Herman, G. D. Yancopoulos; Trial Investigators, REGN-COV2, a neutralizing antibody 
cocktail, in outpatients with Covid-19. N. Engl. J. Med. 384, 238–251 (2021).

	 44.	 D. A. Dorward, C. D. Russell, I. H. Um, M. Elshani, S. D. Armstrong, R. Penrice-Randal, 
T. Millar, C. E. B. Lerpiniere, G. Tagliavini, C. S. Hartley, N. P. Randle, N. N. Gachanja, 
P. M. D. Potey, X. Dong, A. M. Anderson, V. L. Campbell, A. J. Duguid, W. al Qsous, 
R. BouHaidar, J. K. Baillie, K. Dhaliwal, W. A. Wallace, C. O. C. Bellamy, S. Prost, C. Smith, 
J. A. Hiscox, D. J. Harrison, C. D. Lucas, Tissue-specific immunopathology in fatal 
COVID-19. Am. J. Respir. Crit. Care Med. 203, 192–201 (2021).

	 45.	 X. Ren, W. Wen, X. Fan, W. Hou, B. Su, P. Cai, J. Li, Y. Liu, F. Tang, F. Zhang, Y. Yang, J. He, 
W. Ma, J. He, P. Wang, Q. Cao, F. Chen, Y. Chen, X. Cheng, G. Deng, X. Deng, W. Ding, 
Y. Feng, R. Gan, C. Guo, W. Guo, S. He, C. Jiang, J. Liang, Y. M. Li, J. Lin, Y. Ling, H. Liu, J. Liu, 
N. Liu, S. Q. Liu, M. Luo, Q. Ma, Q. Song, W. Sun, G. X. Wang, F. Wang, Y. Wang, X. Wen, 
Q. Wu, G. Xu, X. Xie, X. Xiong, X. Xing, H. Xu, C. Yin, D. Yu, K. Yu, J. Yuan, B. Zhang, 
P. Zhang, T. Zhang, J. Zhao, P. Zhao, J. Zhou, W. Zhou, S. Zhong, X. Zhong, S. Zhang, 
L. Zhu, P. Zhu, B. Zou, J. Zou, Z. Zuo, F. Bai, X. Huang, P. Zhou, Q. Jiang, Z. Huang, J. X. Bei, 
L. Wei, X. W. Bian, X. Liu, T. Cheng, X. Li, P. Zhao, F. S. Wang, H. Wang, B. Su, Z. Zhang, 
K. Qu, X. Wang, J. Chen, R. Jin, Z. Zhang, COVID-19 immune features revealed by 
a large-scale single-cell transcriptome atlas. Cell 184, 1895–1913.e19 (2021).

	 46.	 L. Velazquez-Salinas, A. Verdugo-Rodriguez, L. L. Rodriguez, M. V. Borca, The role 
of interleukin 6 during viral infections. Front. Microbiol. 10, 1057 (2019).

	 47.	 E. Villa, R. Critelli, S. Lasagni, A. Melegari, A. Curatolo, C. Celsa, D. Romagnoli, G. Melegari, 
A. Pivetti, L. di Marco, F. Casari, D. Arioli, F. Turrini, V. Zuccaro, I. Cassaniti, M. Riefolo, 
E. de Santis, V. Bernabucci, M. Bianchini, B. Lei, N. de Maria, L. Carulli, F. Schepis, C. Gozzi, 
S. Malaguti, M. del Buono, L. Brugioni, P. Torricelli, T. Trenti, G. Pinelli, E. Bertellini, 
R. Bruno, C. Cammà, A. d’Errico, Dynamic angiopoietin-2 assessment predicts survival 
and chronic course in hospitalized patients with COVID-19. Blood Adv. 5, 662–673 
(2021).

	 48.	 C. S. Calfee, D. Gallagher, J. Abbott, B. T. Thompson, M. A. Matthay; NHLBI ARDS Network, 
Plasma angiopoietin-2 in clinical acute lung injury: Prognostic and pathogenetic 
significance. Crit. Care Med. 40, 1731–1737 (2012).

	 49.	 D. Xu, F. Zhou, W. Sun, L. Chen, L. Lan, H. Li, F. Xiao, Y. Li, V. B. Kolachalama, Y. Li, X. Wang, 
H. Xu, Relationship between serum severe acute respiratory syndrome coronavirus 2 
nucleic acid and organ damage in coronavirus 2019 patients: A cohort study. Clin. Infect. 
Dis. 73, 68–75 (2021).

	 50.	 N. Kaneko, H.-H. Kuo, J. Boucau, J. R. Farmer, H. Allard-Chamard, V. S. Mahajan, 
A. Piechocka-Trocha, K. Lefteri, M. Osborn, J. Bals, Y. C. Bartsch, N. Bonheur, 
T. M. Caradonna, J. Chevalier, F. Chowdhury, T. J. Diefenbach, K. Einkauf, J. Fallon, 
J. Feldman, K. K. Finn, P. Garcia-Broncano, C. A. Hartana, B. M. Hauser, C. Jiang, 
P. Kaplonek, M. Karpell, E. C. Koscher, X. Lian, H. Liu, J. Liu, N. L. Ly, A. R. Michell, 
Y. Rassadkina, K. Seiger, L. Sessa, S. Shin, N. Singh, W. Sun, X. Sun, H. J. Ticheli, 
M. T. Waring, A. L. Zhu, G. Alter, J. Z. Li, D. Lingwood, A. G. Schmidt, M. Lichterfeld, 
B. D. Walker, X. G. Yu, R. F. Padera Jr., S. Pillai; Massachusetts Consortium on Pathogen 
Readiness Specimen Working Group, Loss of Bcl-6-expressing T follicular helper cells 
and germinal centers in COVID-19. Cell 183, 143–157.e13 (2020).

	 51.	 S. Crotty, Follicular helper CD4 T cells (TFH). Annu. Rev. Immunol. 29, 621–663 (2011).
	 52.	 C. Havenar-Daughton, M. Lindqvist, A. Heit, J. E. Wu, S. M. Reiss, K. Kendric, S. Bélanger, 

S. P. Kasturi, E. Landais, R. S. Akondy, H. M. McGuire, M. Bothwell, P. A. Vagefi, E. Scully; 
IAVI Protocol C Principal Investigators, G. D. Tomaras, M. M. Davis, P. Poignard, R. Ahmed, 
B. D. Walker, B. Pulendran, M. J. McElrath, D. E. Kaufmann, S. Crotty, CXCL13 is a plasma 
biomarker of germinal center activity. Proc. Natl. Acad. Sci. U.S.A. 113, 2702–2707 (2016).

	 53.	 R. S. Hotchkiss, I. E. Karl, The pathophysiology and treatment of sepsis. N. Engl. J. Med. 
348, 138–150 (2003).

	 54.	 F. V. Sjaastad, S. A. Condotta, J. A. Kotov, K. A. Pape, C. Dail, D. B. Danahy, T. A. Kucaba, 
L. T. Tygrett, K. A. Murphy, J. Cabrera-Perez, T. J. Waldschmidt, V. P. Badovinac, 
T. S. Griffith, Polymicrobial sepsis chronic immunoparalysis is defined by diminished 
Ag-specific T cell-dependent B cell responses. Front. Immunol. 9, 2532 (2018).

	 55.	 C. Atyeo, S. Fischinger, T. Zohar, M. D. Slein, J. Burke, C. Loos, D. J. Mc Culloch, 
K. L. Newman, C. Wolf, J. Yu, K. Shuey, J. Feldman, B. M. Hauser, T. Caradonna, 
A. G. Schmidt, T. J. Suscovich, C. Linde, Y. Cai, D. Barouch, E. T. Ryan, R. C. Charles, 
D. Lauffenburger, H. Chu, G. Alter, Distinct early serological signatures track with SARS-
CoV-2 survival. Immunity 53, 524–532.e4 (2020).

	 56.	 E. S. Winkler, P. Gilchuk, J. Yu, A. L. Bailey, R. E. Chen, S. J. Zost, H. Jang, Y. Huang, 
J. D. Allen, J. B. Case, R. E. Sutton, R. H. Carnahan, T. L. Darling, A. C. M. Boon, M. Mack, 
R. D. Head, T. M. Ross, J. E. Crowe, M. S. Diamond, Human neutralizing antibodies against 
SARS-CoV-2 require intact Fc effector functions and monocytes for optimal therapeutic 
protection. Cell  184, 1804–1820 (2021).

	 57.	 A. Schäfer, F. Muecksch, J. C. C. Lorenzi, S. R. Leist, M. Cipolla, S. Bournazos, F. Schmidt, 
R. M. Maison, A. Gazumyan, D. R. Martinez, R. S. Baric, D. F. Robbiani, T. Hatziioannou, 
J. V. Ravetch, P. D. Bieniasz, R. A. Bowen, M. C. Nussenzweig, T. P. Sheahan, Antibody 
potency, effector function, and combinations in protection and therapy for SARS-CoV-2 
infection in vivo. J. Exp. Med. 218, e20201993 (2021).



Brunet-Ratnasingham et al., Sci. Adv. 7, eabj5629 (2021)     26 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

16 of 16

	 58.	 K. Tremblay, S. Rousseau, M.’. H. Zawati, D. Auld, M. Chassé, D. Coderre, E. L. Falcone, 
N. Gauthier, N. Grandvaux, F. Gros-Louis, C. Jabet, Y. Joly, D. E. Kaufmann, C. Laprise, 
C. Larochelle, F. Maltais, A. M. Mes-Masson, A. Montpetit, A. Piché, J. B. Richards, S. M. Tse, 
A. F. Turgeon, G. Turecki, D. C. Vinh, H. T. Wang, V. Mooser; BQC19, The Biobanque 
québécoise de la COVID-19 (BQC19)-A cohort to prospectively study the clinical 
and biological determinants of COVID-19 clinical trajectories. PLOS ONE 16, e0245031 
(2021).

	 59.	 M. Yuan, N. C. Wu, X. Zhu, C. C. D. Lee, R. T. Y. So, H. Lv, C. K. P. Mok, I. A. Wilson, A highly 
conserved cryptic epitope in the receptor binding domains of SARS-CoV-2 and SARS-CoV. 
Science 368, 630–633 (2020).

	 60.	 S. P. Anand, J. Prévost, M. Nayrac, G. Beaudoin-Bussières, M. Benlarbi, R. Gasser, 
N. Brassard, A. Laumaea, S. Y. Gong, C. Bourassa, E. Brunet-Ratnasingham, H. Medjahed, 
G. Gendron-Lepage, G. Goyette, L. Gokool, C. Morrisseau, P. Bégin, V. Martel-Laferrière, 
C. Tremblay, J. Richard, R. Bazin, R. Duerr, D. E. Kaufmann, A. Finzi, Longitudinal analysis 
of humoral immunity against SARS-CoV-2 Spike in convalescent individuals up to 8 months 
post-symptom onset. Cell Rep. Med. 2, 100290 (2021).

	 61.	 G. Beaudoin-Bussières, J. Richard, J. Prévost, G. Goyette, A. Finzi, A new flow cytometry 
assay to measure antibody-dependent cellular cytotoxicity against SARS-CoV-2 
Spike-expressing cells. STAR Protoc. 2, 100851 (2021).

	 62.	 F. E. Harrell Jr., K. L. Lee, R. M. Califf, D. B. Pryor, R. A. Rosati, Regression modelling 
strategies for improved prognostic prediction. Stat. Med. 3, 143–152 (1984).

	 63.	 E. Vittinghoff, C. E. McCulloch, Relaxing the rule of ten events per variable in logistic 
and Cox regression. Am. J. Epidemiol. 165, 710–718 (2007).

	 64.	 J. Sha, G. Qie, Q. Yao, W. Sun, C. Wang, Z. Zhang, X. Wang, P. Wang, J. Jiang, X. Bai, 
Y. Chu, M. Meng, Sex differences on clinical characteristics, severity, and mortality 
in adult patients with COVID-19: A multicentre retrospective study. Front. Med. 8, 
607059 (2021).

	 65.	 L. A. Blanche, V. Viallon, in Lecture Notes in Statistics, G. M. Lee, R. Pfeiffer, G. Satten, T. Cai, 
A. Gandy, Eds. (Springer, 2013), vol. 215.

	 66.	 H. Uno, T. Cai, L. Tian, L. J. Wei, Evaluating prediction rules for t-year survivors 
with censored regression models. J. Am. Stat. Assoc. 102, 527–537 (2007).

Acknowledgments: We thank D. Boumahni, F. Benettaib, A. Ghamraoui, B. Lahav, P. Arlotto, 
N. Nguissant, K. Brown, J. Plantin, S. Matte, M. Lebrasseur, G. Ortega-Delgado, M. Laporte, 
C. Dufour, I. Turcotte, S. Mohammed, and N. Zamorano for sample collection and processing 
and clinical data retrieval at the CHUM. We thank S. Pöhlmann (Georg-August University, 
Germany) for the plasmid coding for SARS-CoV-2 S glycoproteins and M. Gordon Joyce 

(U.S. MHRP) for the monoclonal antibody CR3022. We thank M. Bouab, D. Henry, Z. Afrasiabi, 
H. Vernet, B. Vulesevic, N. Rezk, N. Kimchi, C. Tselios, C. Guzman, L. Petitjean, X. Xue, M. Oliveira, 
and B. Brenner for sample collection and processing at JGH. We thank Y. Moussa, O. Adeleye, 
N. Mamlouk, T. Abdullah, M. Palayew, and B. Ghosh for chart review at JGH. We thank 
V. Forgetta, D. Adra, J. Afilalo, and M. Afilalo for administration at JGH. We also thank the flow 
cytometry and NC3 platforms at the CRCHUM. Funding: This work was supported by 
American Foundation for AIDS Research (amfAR) grant 110068-68-RGCV (to D.E.K., N.C., and 
A.F.); Canada’s COVID-19 Immunity Task Force (CITF), in collaboration with the Canadian 
Institutes of Health Research (CIHR) grant VR2-173203 (to D.E.K. and A.F.); CIHR grants 365825 
and 409511 (to J.B.R.); Canada Foundation for Innovation (CFI): Exceptional Fund COVID-19 
grant no. 41027 to A.F., D.E.K., and N.C.; CFI leader to J.B.R.; Ministère de l’Économie et de 
l’Innovation du Québec, Programme de soutien aux organismes de recherche et d’innovation 
(to A.F.); CRCHUM Foundation; Fonds de recherche Québec-Santé (FRQS) (BQC-19); Génome 
Québec (BQC-19); Public Health Agency of Canada (BQC-19); FRQS Merit Research Scholar 
Award (to D.E.K.); FRQS Salary Award (to N.C., M.Dur., M.C., J.B.R., C.L., and M.T.); FRQS Clinical 
Research Scholarship (to J.B.R.); Canada Research Chair (to A.F. and A.Pr.); COVID-19 excellence 
scholarship from the Université de Montréal (to E.B.-R.); CIHR fellowships (to S.P.A. and P.G.); 
Lady Davis Institute of the JGH (to J.B.R.); NIH Foundation (to J.B.R.); and Cancer Research UK 
(to J.B.R.). Author contributions: Conceptualization: E.B.-R., D.E.K., N.C., and A.F. Data 
curation: E.B.-R., N.B., C.O., M.M.-P., C.L., D.E.K., R.-M.R., G.B.-L., D.R.M., T.N., and S.Z. Formal 
analysis: E.B.-R., S.P.A., P.G., G.M.-B., A.D., G.B.-B., A.Pa., R.G., J.R., and D.E.K. Funding 
acquisition: D.E.K., A.F., N.C., N.A., A.P., C.L., J.B.R., M.T., and M.Dub. Investigation/experiments: 
S.P.A., P.G., E.B.-R., G.B.-B., A.P., M.Be., F.P., R.G., A.L., J.R., J.P., G.G., J.N., M.N., G.S., H.M., C.B., 
J.D.-D., M.Bo., and G.G.-L. Biostatistical methodology: A.D., M.C., and G.M.-B. Patient 
recruitment and cohort administration: N.B., D.R.M., M.M.-P., L.L., A.Pr., M.Dur., J.B.R., M.C., and 
D.E.K. Visualization: E.B.-R., G.M.-B., A.D. Supervision: M.C., M.T., N.C., A.F., and D.E.K. Writing—
original draft: E.B.-R. and D.E.K. Writing—review and editing: all authors. Competing interests: 
J.B.R. has served as an advisor to GlaxoSmithKline and Deerfield Capital. These agencies had 
no role in the design, implementation, or interpretation of this study. The authors declare 
that they have no other competing interests. Data and materials availability: All data 
needed to evaluate the conclusions in the paper are present in the paper and/or the 
Supplementary Materials.

Submitted 20 May 2021
Accepted 7 October 2021
Published 26 November 2021
10.1126/sciadv.abj5629


