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Abstract
Observational studies have identified the potential prognostic value for severe 
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) viral load and anti-
SARS-CoV-2 antibodies in coronavirus disease 2019 (COVID-19). However, viral 
load in nasopharyngeal (NP) swabs produced inconsistent results in prognostic 
analyses, and the prognostic value of viral load or antibodies has not been con-
firmed in large clinical trials. COVACTA and REMDACTA were double-blind, 
randomized, controlled trials with a combined enrollment of 1078 patients hospi-
talized with COVID-19 treated with tocilizumab or placebo in COVACTA or toci-
lizumab plus remdesivir or placebo plus remdesivir in REMDACTA. We assessed 
the potential prognostic value of NP and serum SARS-CoV-2 viral load and serum 
anti-SARS-CoV-2 antibodies at baseline as biomarkers for clinical outcomes in 
patients enrolled in these trials. In adjusted Cox proportional hazard models, 
serum viral load was a more reliable predictor of clinical outcomes than NP viral 
load; high serum viral load was associated with higher risk for death and mechan-
ical ventilation/death and lower likelihood of hospital discharge (high vs. nega-
tive viral load hazard ratios [95% confidence interval {CI}] were 2.87 [1.57–5.25], 
3.86 [2.23–6.68], and 0.23 [0.14–0.36], respectively, in COVACTA and 8.11 [2.95–
22.26], 10.29 [4.5–23.55], and 0.21 [0.15–0.29], respectively, in REMDACTA) and 
high serum viral load correlated with levels of inflammatory cytokines and lung 
damage biomarkers. High anti-SARS-CoV-2 spike protein antibody (ACOV2S) 
levels were associated with higher likelihood of hospital discharge (high vs. 
below the limit of quantification hazard ratios [95% CI] were 2.55 [1.59–4.08] for 
COVACTA and 1.54 [1.13–2.09] for REMDACTA). These results support the role 
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INTRODUCTION

Most individuals infected with severe acute respiratory 
syndrome coronavirus-2 (SARS-CoV-2) experience 
mild coronavirus disease 2019 (COVID-19) symptoms; 
however, some develop severe disease that necessitates 
hospitalization and can lead to death.1 Understanding 
early risk factors for the development of severe COVID-19 
is essential to identifying appropriate treatments for high-
risk patients to prevent disease progression. Observational 
studies have identified relationships among SARS-CoV-2 
viral load, humoral response, and severity of COVID-19. 
The value of SARS-CoV-2 viral load measured in the 
nasopharynx for predicting outcomes is uncertain, 
with some studies showing a relationship between 
viral load and disease severity2–4 and others finding no 
clear association.5,6 SARS-CoV-2 viral load in the blood 
(viremia) is associated with disease severity and mortality 
and can predict disease outcomes in patients hospitalized 
with COVID-19.7–19 Furthermore, SARS-CoV-2 viremia 
is associated with upregulation of proteomic signatures 
indicative of dysregulated inflammatory responses, lung 

and systemic tissue damage, and tissue fibrosis and 
repair.10–13,20,21

The humoral immune response to SARS-CoV-2 is vital 
for viral clearance. Antibodies against the SARS-CoV-2 
spike protein (ACOV2S) are the dominant neutralizing anti-
body. In hospitalized patients, ACOV2S levels are negatively 
associated with inflammatory markers in the blood among 
those who survive to discharge.22 The time course of anti-
body generation may be a defining factor between patients 
with COVID-19 who survive compared with nonsurvivors 
who have delayed antibody production despite achieving 
higher antibody levels later in the disease course.22–24 Data 
from large clinical trials with well-characterized patient 
populations may advance understanding of the prognostic 
value of SARS-CoV-2 viral load and antibodies on clinical 
outcomes and inform treatment decisions.

COVACTA and REMDACTA were double-blind, ran-
domized controlled trials conducted in patients hospitalized 
with COVID-19 pneumonia with a combined enrollment 
of more than 1000 patients. In COVACTA, patients with se-
vere COVID-19 pneumonia received the anti-interleukin-6 
receptor alpha antibody, tocilizumab, or placebo and were 

of baseline SARS-CoV-2 serum viral load and ACOV2S antibody titers in predict-
ing clinical outcomes for patients hospitalized with COVID-19.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Observational studies have identified relationships between severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2) viral load, particularly in serum, and 
humoral responses and severity of outcomes in patients with coronavirus disease 
2019 (COVID-19). However, there are few studies from large clinical trials that 
explore potential prognostic biomarkers for clinical outcomes in patients hospi-
talized with COVID-19.
WHAT QUESTION DID THIS STUDY ADDRESS?
Biomarkers to predict COVID-19 outcomes are needed to identify high-risk pa-
tients and inform on appropriate treatment approaches.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This study of data from two clinical trials of more than 1000 patients across a 
range of disease severity confirms that serum SARS-CoV-2 load has the strong-
est prognostic value for clinical outcomes and suggests a protective role of anti-
SARS-CoV-2 antibodies against viral replication and lung tissue damage with 
prognostic value for better outcomes.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
Biomarkers to identify patients at greatest risk for prolonged hospital stay and 
progression to mechanical ventilation or death may aid clinical trial design and 
stratification of treatment approaches in patients hospitalized with COVID-19.
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followed for 60 days.25 Neither SARS-CoV-2 viral clearance 
measured in nasopharyngeal (NP) swab and serum sam-
ples nor the development of anti-SARS-CoV-2 antibodies 
were affected by tocilizumab treatment in COVACTA.26 In 
REMDACTA, patients with severe COVID-19 pneumonia 
were treated with tocilizumab plus the antiviral agent, rem-
desivir, or placebo plus remdesivir.27 Data collected before 
study drug administration in these trials provide an oppor-
tunity to assess the potential prognostic value of biomark-
ers, such as SARS-CoV-2 titers, and serological responses to 
SARS-CoV-2 in relation to disease outcomes in large, well-
characterized, prospective cohorts of patients hospitalized 
with severe COVID-19 pneumonia.

METHODS

Patients

The COVACTA and REMDACTA patient populations 
and study designs are published.25,27 Briefly, COVACTA 
(Clini​caltr​ials.gov NCT04320615) enrolled patients 
greater than or equal to 18 years of age hospitalized with 
COVID-19 pneumonia confirmed by a positive SARS-
CoV-2 polymerase chain reaction (PCR) test result 
within 7 days of randomization and evidenced on x-ray 
or computed tomography (CT) scans. Eligible patients 
had blood oxygen saturation less than or equal to 93% 
or partial pressure of oxygen/fraction of inspired oxygen 
less than 300 mm Hg.25 REMDACTA (Clini​caltr​ials.gov 
NCT04409262) enrollment criteria included patients 
greater than or equal to 12 years of age (no patients aged 
<18 years were enrolled) hospitalized with COVID-19 
pneumonia, confirmed by a positive SARS-CoV-2 PCR 
test result and chest x-ray or CT scan, and hypoxemia 
requiring greater than 6 L/min supplemental oxygen.27 
Patients had not received SARS-CoV-2 vaccination.

COVACTA and REMDACTA were conducted in ac-
cordance with Good Clinical Practice guidelines of the 
International Council for Harmonization E6 and the 
Declaration of Helsinki or local laws and regulations, 
whichever afforded greater protection. Informed consent 
was obtained from the patients or their legally authorized 
representatives. The studies were approved by institu-
tional review boards or ethics committees at each site.

SARS-CoV-2 virology, serology, protein 
biomarkers, and disease severity

Detailed methods regarding virology, serology, protein 
biomarker assays, and disease severity categories are 
described in the Supplementary Material.

Statistical analysis

All patients from the modified intention-to-treat (mITT) 
populations in the study treatment and placebo arms who 
had at least one virology and/or serology measurement 
were included in this analysis except for one patient from 
COVACTA who died on day 1. All analyses were con-
ducted using imputed values for results that were negative 
or below the limit of quantification (BLOQ). For serum 
and NP PCR, negative results were imputed as half of the 
BLOQ threshold (PCR = 60), and BLOQ results were im-
puted as the BLOQ threshold minus 1 (120–1 = 119). For 
neutralizing antibody titer results, negative values were 
imputed as eight, BLOQ as 20, and above upper limit of 
quantification as 3973 (1 patient). For ACOV2S, BLOQ 
result (<0.43) was imputed as 0.4, and results reported 
as greater than 250.0 (6 patients in COVACTA, and 1 in 
REMDACTA) were assigned missing values. Analyses 
were performed based on log-transformed values (con-
tinuous virology/log10 for PCR variables, log2 for neutral-
izing antibody titers, and natural log for ACOV2S), unless 
otherwise specified. For some analyses, patients were 
grouped into negative, BLOQ, low, and high groups (viral 
load variables and neutralizing antibody) or BLOQ, low, 
and high groups (ACOV2S). Low and high subgroups were 
defined as below or above the median, respectively, where 
the median was calculated using the within-study distri-
bution of nonimputed readings. As a sensitivity analysis, 
patients were grouped into high and low groups based on 
medians calculated from combining distributions from 
both studies. Patterns of missingness were investigated by 
comparing patients with missing and nonmissing values 
for virology and serology variables according to baseline 
demographics and disease characteristics. There was no 
evidence of informative missingness.

Continuous variables were described using mini-
mum, maximum, mean, standard deviation, and median; 
percentages were calculated for categorical variables. 
Spearman correlation coefficients were used to describe 
the relationship between continuous and/or ordinal scale 
variables, with correlations zero to less than 0.2 regarded 
as very weak, 0.2 to less than 0.4 as weak, 0.4 to less than 
0.6 as moderate, 0.6 to less than 0.8 as strong, and 0.8 to 
1 as very strong.28 The relationship between continuous 
and binary variables was tested using the Wilcoxon rank 
sum test.

Potential prognostic value of NP or serum viral load 
and antibody levels were investigated by examining asso-
ciations between baseline viral load or antibody levels and 
clinical outcomes up to day 28 or day 60 (time to death, 
time to hospital discharge, time to mechanical ventilation, 
or death). The prognostic value of biomarkers was tested 
in Cox proportional hazard models using the same time to 
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event analysis approaches, particularly censoring rules, as 
those used in COVACTA and REMDACTA.25,27 All models 
included a continuous biomarker variable (PCR or anti-
body parameter) and were controlled for treatment arm, 
age as a continuous variable, stratification factors (geo-
graphic region and mechanical ventilation in COVACTA; 
geographic region and baseline ordinal scale Table S1 in 
REMDACTA), and, for COVACTA, baseline ordinal scale 
score of clinical status. Presented p values are for the 
model with a continuous biomarker term. Hazard ratios 
and 95% CI estimates comparing each biomarker sub-
group with the negative subgroup (BLOQ for ACOV2S) 
were calculated and plotted as forest plots. In addition, 
sensitivity analyses were performed to ensure that the 
prognostic value estimated in the main model was consis-
tent with that of each treatment arm and in patients who 
had less than or equal to 7 days from symptom onset ver-
sus greater than 7 days from symptom onset at baseline.

All analyses were exploratory. Evidence of prognostic 
value was declared if the continuous biomarker term in 
the adjusted model had a p value < 0.05, p values were not 
corrected for multiple comparisons. Analyses were per-
formed using R version 4.0.3.

RESULTS

Patients

In COVACTA, 438 patients were treated and included 
in the mITT population. In REMDACTA, 640 patients 
were included in the mITT population. Baseline NP 
swab samples for virologic testing were available for 
389 patients (88.8%) from COVACTA and 605 patients 
(94.5%) from REMDACTA and serological testing samples 
were available for 423 (96.6%) and 608 patients (95.0%), 
respectively.

Demographic characteristics were relatively similar be-
tween the two studies—both enrolled patients who were 
primarily men and white with mean ages of ~60 years 
(Table S2). A higher proportion of patients in REMDACTA 
(84.3%) than COVACTA (22.4%) were receiving corticoste-
roids at baseline. In REMDACTA, 79.8% of patients had a 
baseline ordinal status score of 4 and 6.6% had a score of 
3, whereas in COVACTA, 30.4% of patients had a score of 4 
and 27.9% had a score of 3. Approximately 20% of patients 
in REMDACTA had received one or two doses of remde-
sivir before baseline. Additional details are published.25,27

At baseline, 349 of 389 patients (89.7%) in COVACTA and 
583 of 605 patients (96.4%) in REMDACTA had a positive 
reverse transcription quantitative PCR (RT-qPCR) result 
based on NP samples and 300 of 423 (70.9%) and 532 of 608 
patients (87.5%), respectively, had a positive result based on 

serum samples (Table S2). Antibodies were present in most 
patients at the time of enrollment; similar proportions of 
patients in both studies were positive for neutralizing anti-
bodies (COVACTA, 303/344 [88.1%]; REMDACTA, 549/610 
[90.0%]) or ACOV2S antibodies (COVACTA, 305/359 
[85.0%]; REMDACTA, 504/603 [83.6%]) at baseline.

Characterization of virology and serology

The median time from symptom onset to baseline was 
11 days (range: 1–50 days) in COVACTA and 8 days (range: 
0–43 days) in REMDACTA. Although there was a wide 
range in individual viral loads in NP swabs and serum 
samples, a trend for higher viral loads in NP swabs and 
serum was observed in baseline samples collected from 
patients ~5–7 days after symptom onset (Figure 1a,b).  
Likewise, although individual levels of neutralizing and 
ACOV2S antibodies at baseline varied, the highest anti-
body levels were detected in baseline samples collected 
after ~10 days following symptom onset (Figure 1c,d).

Weak-to-moderate positive correlations were observed 
between viral loads in NP swabs and serum (Spearman 
correlations: 0.41 for COVACTA and 0.37 for REMDACTA; 
both p < 0.01; Figure 2). Strong-to-very-strong positive cor-
relations were observed between neutralizing antibodies 
and ACOV2S (Spearman correlations: 0.87 for COVACTA 
and 0.76 for REMDACTA; both p < 0.01), reflecting that 
ACOV2S correlate with antibodies that are mostly neu-
tralizing. Weak-to-moderate negative correlations were 
observed between viral load (NP swab or serum) and neu-
tralizing or ACOV2S antibodies (Spearman correlations 
for ACOV2S: −0.53 in NP swab and − 0.36 in serum for 
COVACTA and − 0.40 in NP swab and − 0.35 in serum for 
REMDACTA; all p < 0.01).

Correlation between virology/serology and 
patient characteristics

The relative distribution of patients across serum viral load, 
NP viral load, neutralizing antibodies, and ACOV2S sub-
groups was evaluated for demographic factors known to be 
prognostic for COVID-19 severity (age, sex, race, ethnicity, 
hypertension, and diabetes) and patient characteristics rel-
evant for the studies included (geographic region, baseline 
treatment with corticosteroids, baseline treatment with 
remdesivir, baseline ordinal severity score, and number of 
days from symptom onset). Across both studies, patients 
grouped by baseline ordinal severity score, age, and time 
from symptom onset had significantly different distribu-
tions across one or more virology or serology subgroups 
(Table S3). Although ethnicity was statistically significant 
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across both studies for neutralizing antibodies, the direc-
tional trends were opposite.

In REMDACTA, viral loads in serum and NP swabs 
were statistically significantly higher in patients with 
worse ordinal status (high indicates worse disease) at 
baseline according to the seven-category ordinal scale; 
this was less pronounced but statistically significant in 
COVACTA (Figure 3a,b). Serum and NP viral loads ap-
peared to be higher in patients from REMDACTA than 
those from COVACTA, which may be due to a shorter me-
dian time to symptom onset in REMDACTA (Table S2). In 
both studies, higher titers of neutralizing antibodies and 
ACOV2S were observed in patients with worse ordinal 
status at baseline (Figure 3c,d). However, ACOV2S titers 

were generally higher in patients from COVACTA than 
REMDACTA across all ordinal scale categories. Subgroup 
analysis of ACOV2S titers according to clinical status at 
baseline in patients from COVACTA suggested that lower 
ACOV2S titers may have been associated with shorter 
time to death and longer time to hospital discharge in pa-
tients with severe disease (ordinal scale score ≥4 [requir-
ing at least noninvasive ventilation or high-flow oxygen] 
at baseline; n = 300) but not in patients with more mod-
erate disease (ordinal scale score <4 at baseline; n = 137; 
Figure S1); however, conclusions from this comparison 
are limited by the small number of events in moderate 
disease subgroups. Similar analysis was not performed 
for REMDACTA because there were only 42 patients with 

F I G U R E  1   Relationship of viral load and antibodies with time from symptom onset. Baseline SARS-CoV-2 viral load was measured 
by RT-qPCR from serum samples and NP swabs in (a) COVACTA and (b) REMDACTA. Baseline neutralizing antibodies were measured 
by PRNT80 and ASCOV2S was measured by immunoassay in (c) COVACTA and (d) REMDACTA. Each dot represents a sample from one 
patient collected at baseline and is colored according to clinical status on the 7-point ordinal score at baseline. The dashed line is the locally 
weighted scatterplot smoothing (LOWESS) curve. Ab, antibodies; ASCOV2S, anti-SARS-CoV-Spike; NP, nasopharyngeal; PRNT, plaque 
reduction neutralization test; RT-qPCR, reverse transcriptase-quantitative polymerase chain reaction; SARS-CoV-2, severe acute respiratory 
syndrome coronavirus-2.
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ordinal scale score less than 4 compared to 598 with a 
score greater than or equal to 4.

Baseline NP swab viral loads were positively correlated 
with age group in both studies, with patients aged 65 years or 
older demonstrating higher NP viral loads than patients aged 
18–64 years (Figure S2). In REMDACTA, a similar trend was 
observed between serum viral load and age. In COVACTA, 
younger patients had higher ACOV2S titers than older patients. 
This trend was similar but not significant in REMDACTA.

In REMDACTA, corticosteroid use at baseline was 
positively correlated with higher viral loads (serum and 
NP swab) and neutralizing antibody titers; this was not 
observed in COVACTA, although rates of steroid use in 
COVACTA were low (~20% at baseline) and dosing was 
variable because COVACTA enrolled patients before cor-
ticosteroid treatment was widely adopted as standard-
of-care for patients with severe COVID-19 (Figure S3). 
In REMDACTA, 123 of 640 patients (19.2%) had already 
received one or two doses of remdesivir at baseline, and 
minimal differences in viral loads, neutralizing antibody 
titers, and ACOV2S were observed in patients who had 
received remdesivir before randomization compared with 
those who had not (Figure S4).

Prognostic analyses

Relationships between baseline viral load or antibodies 
and clinical outcomes of time to mechanical ventilation 

or death, time to hospital discharge, and time to death 
were examined. In COVACTA and REMDACTA, higher 
serum viral load at baseline was strongly prognostic for 
worse outcome across all end points (Table S4). Higher 
serum viral load was associated with higher risk for death 
and the composite outcome of death or mechanical ven-
tilation (Figure 4a,b), and a lower likelihood of hospital 
discharge (Figure 4c). For all three outcomes, the NP 
viral load showed a similar directional trend compared to 
serum viral load but was less robust and had wider CIs for 
the estimates.

Correlations were also observed between ACOV2S ti-
ters and clinical outcomes. High levels of ACOV2S were 
associated with higher likelihood of hospital discharge 
and, in REMDACTA only, a lower risk for mechanical 
ventilation or death (Figure 5a). Neutralizing antibodies 
showed similar directionality but less prognostic value for 
these outcomes (Figure 5b).

Relationship of virology/serology 
to biomarkers of inflammation and 
lung damage

In COVACTA and REMDACTA, laboratory-measured 
markers for worse outcome in COVID-19, including C-
reactive protein (CRP), interleukin-6 (IL-6), ferritin, blood 
neutrophils, and lymphopenia were weakly correlated 
with serum viral load, and less correlated with NP swab 

F I G U R E  2   Correlation between viral load and antibodies. (a) COVACTA, (b) REMDACTA. SARS-CoV-2 viral load was measured by 
RT-qPCR from serum samples and NP swabs. Baseline neutralizing antibodies were measured by PRNT80 and ASCOV2S was measured by 
immunoassay. Each dot represents a collected sample from 1 patient. Red lines are LOWNESS curves. *p < 0.01. ASCOV2S, anti-SARS-CoV-
Spike; NeutAb, neutralizing antibodies; NP-virus, nasopharyngeal swab viral load; PRNT, plaque reduction neutralization test; RT-qPCR, reverse 
transcriptase-quantitative polymerase chain reaction; S-virus, serum viral load; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2.
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viral load or antibodies. Cytokines such as C-X-C motif 
chemokine ligand 10 (CXCL10) and IL-10 were posi-
tively correlated with serum and NP swab viral load, more 
strongly in serum, and negatively correlated with antibod-
ies (Figure 6).

We hypothesized that injury to the lung barrier from 
viral or inflammatory-mediated damage may result in 
serum viremia and, therefore, we assessed correlations 
of biomarkers of lung epithelial and endothelial injury 
with virology and serology. The soluble form of advanced 
glycation end product-specific receptor (AGER) in serum 
is a marker of alveolar epithelial cell injury damage that 
can predict severe clinical outcomes in acute lung injury 
and acute respiratory distress syndrome (ARDS).29–31 In 
COVACTA and REMDACTA (Figure 6a,b), the levels of 
AGER were positively correlated with viral load, more 
strongly in serum, and negatively correlated with anti-
body titer. Likewise, in both studies, correlations were ob-
served between the general cell damage biomarker lactate 
dehydrogenase (LDH) and serum viral load, but not with 

NP swab viral load. Another lung tissue biomarker, sur-
factant protein-D (SFTPD), had modest correlation with 
serum viral load that was only significant in REMDACTA, 
but positively correlated with neutralizing and ACOV2S 
antibodies in COVACTA and REMDACTA. Serum angio-
poietin-2 (ANGPT2), a biomarker of endothelial damage 
associated with severe clinical outcomes in acute lung in-
jury and ARDS,32,33 had no correlation with viral load or 
antibodies.

DISCUSSION

These results from two large clinical trials of more than 
1000 hospitalized patients across a range of disease se-
verity confirm that baseline SARS-CoV-2 viral load, 
especially in serum, predicts the risk for death and is 
associated with markers of lung tissue damage and el-
evated inflammation. Our findings support the prognos-
tic value of higher anti-SARS-CoV-2 antibodies for better 

F I G U R E  3   Correlation of viral load and antibodies by clinical status. Correlation of clinical status (assessed by the 7-category ordinal 
scale at baseline) with (a) serum viral load, (b) NP swab viral load, (c) neutralizing antibodies, and (d) ASCOV2S. ASCOV2S, anti-SARS-
CoV-2-Spike; NP, nasopharyngeal; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2.
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F I G U R E  4   Prognostic value of viral 
load subgroups for clinical outcomes. 
Estimates of hazard ratios in BLQ, low, 
and high versus NEG viral load groups 
for clinical outcomes of (a) time to death, 
(b) time to mechanical ventilation/death, 
and (c) time to hospital discharge. aAll 
models were controlled for treatment arm, 
age as a continuous variable, stratification 
factors (geographic region and mechanical 
ventilation in COVACTA; geographic 
region and baseline ordinal scale in 
REMDACTA), and, for COVACTA, 
baseline ordinal scale of clinical status. 
BLQ, below the limit of quantification; CI, 
confidence interval; HR, hazard ratio; MV, 
mechanical ventilation; NEG, negative; 
NP, nasopharyngeal.

COVACTA: Time to death REMDACTA: Time to death

BLQ vs NEG

Low vs NEG

High vs NEG

0.5 1.0 1.50 2.0 2.5 3.0 3.5 4.0
Prognostic model HR (95% CI)

BLQ vs NEG

Low vs NEG

High vs NEG

0 1 2 3 4 5 6 7 8 9
Prognostic model HR (95% CI)

Serum viral load NP viral load Serum viral load NP viral load

(a)

Time to death HR (95% CI)a

COVACTA REMDACTA
BLQ vs NEG Serum viral load 1.19 (0.57, 2.52) 1.25 (0.37, 4.26)

NP viral load 1.2 (0.3, 4.89) 0.01 (0, 675026.35)

Low vs NEG Serum viral load 0.83 (0.38, 1.81) 3.07 (1.08, 8.67)

NP viral load 0.76 (0.3, 1.93) 2.22 (0.3, 16.25)

High vs NEG Serum viral load 2.87 (1.57, 5.25) 8.11 (2.95, 22.26)
NP viral load 1.05 (0.42, 2.6) 3.56 (0.49, 25.82)

COVACTA: Time to MV/death REMDACTA: Time to MV/death

BLQ vs NEG

Low vs NEG

High vs NEG

0.5 1.0 1.50 2.0 2.5 3.0 3.5 4.5 5.04.0
Prognostic model HR (95% CI)

BLQ vs NEG

Low vs NEG

High vs NEG

0 1 2 3 4 5 6 7 8 10 119
Prognostic model HR (95% CI)

(b)

Time to MV/death HR (95% CI)a

COVACTA REMDACTA
BLQ vs NEG Serum viral load 1.18 (0.6, 2.31) 1.35 (0.5, 3.65)

NP viral load 0.85 (0.25, 2.83) 0.7 (0.1, 4.99)

Low vs NEG Serum viral load 1.91 (1.05, 3.46) 3.28 (1.4, 7.69)

NP viral load 0.74 (0.34, 1.64) 2.17 (0.53, 8.89)

High vs NEG Serum viral load 3.86 (2.23, 6.68) 10.29 (4.5, 23.55)
NP viral load 1.56 (0.73, 3.35) 3.83 (0.94, 15.62)

COVACTA: Time to hospital discharge REMDACTA: Time to hospital discharge

BLQ vs NEG

Low vs NEG

High vs NEG

0 0.5 1.0 1.5 2.0 2.5
Prognostic model HR (95% CI)

BLQ vs NEG

Low vs NEG

High vs NEG

0 0.5 1.0 1.5
Prognostic model HR (95% CI)

(c)

Time to hospital discharge HR (95% CI)a

COVACTA REMDACTA
BLQ vs NEG Serum viral load 0.76 (0.53, 1.07) 1.06 (0.78, 1.45)

NP viral load 1.3 (0.67, 2.5) 0.85 (0.45, 1.6)

Low vs NEG Serum viral load 0.57 (0.41, 0.81) 0.6 (0.45, 0.8)
NP viral load 0.88 (0.56, 1.39) 0.67 (0.42, 1.08)

High vs NEG Serum viral load 0.23 (0.14, 0.36) 0.21 (0.15, 0.29)

NP viral load 0.4 (0.25, 0.65) 0.39 (0.24, 0.63)

Serum viral load NP viral load Serum viral load NP viral load

Serum viral load NP viral load Serum viral load NP viral load
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F I G U R E  5   Prognostic value of 
antibody subgroups for clinical outcomes. 
Estimates of HR in (a) low and high 
versus BLQ ACOV2S or (b) BLQ, low, and 
high versus NEG neutralizing antibodies 
for clinical outcomes of time to death, 
time to mechanical ventilation/death, and 
time to hospital discharge. aAll models 
were controlled for treatment arm, age 
as a continuous variable, stratification 
factors (geographic region and mechanical 
ventilation in COVACTA; geographic 
region and baseline ordinal scale in 
REMDACTA), and, for COVACTA, 
baseline ordinal scale of clinical status. 
Ab, antibodies; ACOV2S, anti-SARS-
CoV-2 spike protein antibody; BLQ, 
below the limit of quantification; CI, 
confidence interval; HR, hazard ratio; 
MV, mechanical ventilation; SARS-
CoV-2, severe acute respiratory syndrome 
coronavirus-2.

COVACTA ACOV2S

Time to death

Time to MV/death

Time to hospital discharge

Low vs BLQ

High vs BLQ

Low vs BLQ

High vs BLQ

Low vs BLQ

High vs BLQ

0.5 1.00 1.5 2.0 2.5 3.0 3.5 4.0

Prognostic model HR (95% CI)

REMDACTA ACOV2S 

Time to death
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Time to hospital discharge

Low vs BLQ

High vs BLQ

Low vs BLQ

High vs BLQ

Low vs BLQ

High vs BLQ

0.5 1.00 1.5 2.0

Prognostic model HR (95% CI)

(a)

HR (95% CI)a

COVACTA REMDACTA

Time to death Low vs BLQ 0.77 (0.4—1.46) 0.94 (0.58—1.53)

High vs BLQ 0.7 (0.37—1.32) 0.74 (0.45—1.22)

Time to MV/death Low vs BLQ 0.91 (0.54—1.53) 0.79 (0.54—1.16)

High vs BLQ 0.6 (0.35—1.04) 0.56 (0.37—0.84)

Time to hospital discharge Low vs BLQ 1.69 (1.06—2.68) 1.19 (0.87—1.61)

High vs BLQ 2.55 (1.59—4.08) 1.54 (1.13—2.09)

COVACTA Neutralizing Ab

Time to death

Time to MV/death

Time to hospital discharge

BLQ vs Neg

Low vs Neg

High vs Neg

BLQ vs Neg

Low vs Neg
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High vs Neg

0.5 1.00 2.0 4.5

Prognostic model HR (95% CI)
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Prognostic model HR (95% CI)

(b)

HR (95% CI)a

COVACTA REMDACTA

Time to death BLQ vs NEG 1.7 (0.7—4.17) 1.3 (0.64—2.67)

Low vs NEG 1.04 (0.47—2.31) 1.09 (0.58—2.05)

High vs NEG 1.48 (0.69—3.2) 0.69 (0.36—1.34)

Time to MV/death BLQ vs NEG 1.31 (0.64—2.68) 1.02 (0.58—1.78)

Low vs NEG 0.98 (0.54—1.8) 0.88 (0.55—1.42)

High vs NEG 0.84 (0.45—1.56) 0.54 (0.33—0.9)

Time to hospital discharge BLQ vs NEG 1.21 (0.65—2.24) 0.71 (0.47—1.08)

Low vs NEG 2.23 (1.33—3.75) 0.8 (0.57—1.12)

High vs NEG 2.54 (1.46—4.4) 1.22 (0.87—1.7)
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clinical outcomes, which, based on inverse relationships 
with markers of lung tissue damage and viral load, may 
be associated with a protective role against viral replica-
tion and lung tissue damage. In both studies, baseline 
disease severity was positively associated with viral load 
(serum and NP swab) and antibodies (neutralizing and 
ACOV2S), and age was positively associated with NP 
swab viral load; however, the prognostic models demon-
strate an association of viral load and anti-SARS-CoV-2 
antibodies with worse clinical outcomes independent of 
age or baseline disease severity. We previously identi-
fied several biomarkers prognostic for clinical outcomes 
in COVACTA, including IL-6, CRP, ferritin, lympho-
cytes, monocytes, neutrophils, platelets, and white 
blood cells.34 Results of the current analysis suggest that 

serum viral load is among the strongest prognostic bio-
markers for clinical outcomes.

Although most studies of SARS-CoV-2 infection have 
quantified virus in the nasopharynx, our results con-
firm previous reports showing that viremia (serum viral 
RNA) is prevalent in hospitalized patients with COVID-
19.7–9,11,12,14–16,20,35 SARS-CoV-2 viral load at baseline 
in NP swabs and serum was highly variable; however, 
the highest viral load in serum and NP samples was 
generally observed in patients enrolled ~5–7 days after 
symptom onset, which is consistent with previous re-
ports.36–39 Serum viral load had greater prognostic value 
and was more strongly correlated with inflammatory 
cytokines and tissue damage biomarkers than NP swab 
viral load. These findings imply that serum viral load is 

F I G U R E  6   Correlation of serum viral load and antibodies with biomarkers in (a) COVACTA and (b) REMDACTA. Heatmaps indicated 
strength of correlation between biomarker and viral load or antibody levels where * indicates statistically significant difference of P < 0.05 
based on correlation tests. Abs, absolute; ACOV2S, anti-SARS-CoV-2-Spike; AGER, advanced glycation end product-specific receptor; 
ANGPT2, angiopoietin-2 CCL18, chemokine ligand 18; CRP, C-reactive protein; CXCL, C-X-C motif chemokine ligand; IFN, interferon; IL, 
interleukin; NeutAb, neutralizing antibodies; NP-virus, nasopharyngeal viral load; SFTPD, surfactant protein-D; S-virus, serum viral load; 
TNF, tumor necrosis factor; TNFRSF1A, tumor necrosis factor receptor superfamily member 1A.

(a) (b)
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a better biomarker of more severe disease with organ 
damage; however, it is also possible that weak correla-
tion of NP viral load with organ damage biomarkers 
could be related to greater variability in the NP viral load 
introduced by repeat swabbing and use of supplemental 
oxygen.

Most patients enrolled in COVACTA and REMDACTA 
had detectable ACOV2S and neutralizing anti-SARS-
CoV-2 antibodies at baseline and levels increased over 
time with all patients having detectable antibodies by 
day 28, as reported previously for COVACTA.26 The prog-
nostic relationship of low antibody levels at baseline 
with worse clinical outcomes may seem contradictory to 
the higher baseline antibody levels observed in patients 
with worse ordinal scale at baseline; however, subgroup 
analysis in COVACTA showed the prognostic value of 
low antibody titers for shorter time to death and longer 
time to hospital discharge was stronger for patients with 
severe disease (ordinal scale score ≥4 [requiring at least 
noninvasive ventilation or high-flow oxygen] at base-
line). One potential explanation for this is that timing 
of the antibody response may be an important determi-
nant of the protective effect, with greater protection af-
forded in patients with earlier antibody responses.22,23 
Patients with higher antibody levels tended to have lon-
ger duration from the time of symptom onset (Figure 
1), likely reflecting further progression to the adaptive 
phase of immunity. However, patients with delayed 
antibody onset or persistently low antibody levels may 
have progressed to a more severe phase of disease with 
greater lung damage compared to patients with lower 
antibody levels who may have received intervention ear-
lier during the course of infection before extensive lung 
damage occurred. Indeed, ACOV2S and neutralizing an-
tibodies were negatively correlated with AGER, a bio-
marker of lung epithelial damage. As most patients were 
positive for anti-SARS-CoV-2 antibodies at the time of 
enrollment in COVACTA and REMDACTA and samples 
were not available from patients before enrollment, the 
relative influence of time to seropositivity on clinical 
outcomes could not be assessed in our study.

Serum viral load correlated more strongly with circu-
lating levels of AGER compared with other biomarkers 
measured across both studies. This extends findings from 
studies of fewer patients and biomarkers.20,21 AGER is 
expressed by alveolar epithelial cells, and elevated serum 
levels are interpreted as a biomarker of epithelial injury 
and loss of barrier integrity. Serum viral load also cor-
related with elevated serum LDH, an intracellular protein 
released by damaged cells and used as a biomarker of cell 
injury. These results imply that the viral RNA detected in 
serum may result from the loss of lung barrier integrity 
in severe disease. This loss of pulmonary barrier integrity 

may allow replication-competent virus to establish ex-
trapulmonary infection reservoirs that could also con-
tribute viral RNA to serum. Conversely, the association 
between high antibody levels and low AGER levels sup-
ports a protective effect of antibodies against lung damage 
and virus leakage into the blood, possibly by controlling 
infection before damage occurs. SFTPD, previously identi-
fied as a biomarker of alveolar-capillary damage in severe 
infections, such as influenza, was positively correlated 
with antibodies at baseline. Another study reported that 
SFTPD was elevated in patients with severe influenza in-
fection but not severe COVID-19, suggesting there may be 
a unique effect of SARS-CoV-2 infection on expression of 
SFTPD.40

Higher NP swab and serum viral loads were correlated 
with increased blood interferon (IFN)γ and CXCL10 lev-
els in our study, consistent with reports that have demon-
strated an association between high SARS-CoV-2 viral 
loads from NP swabs and autopsied lungs with elevated 
expression of interferon-stimulated genes.41,42 Our results 
expand upon this to show that, similar to findings in the 
airway, viral load in serum is associated with elevated IFN 
pathway biomarkers in blood. Because serum includes 
proteins in the blood produced by a mixture of cells, iden-
tifying the cellular source of these cytokines will require 
quantification using flow cytometry or transcriptional 
analyses of single cells to account for cell composition.

Antibody levels and viral loads (NP swab and serum) 
were weakly inversely correlated in our study, consis-
tent with other studies that have shown no or a weak re-
lationship between viral load and antibodies.20,22 These 
findings could indicate that other contributors to viral 
clearance, such as T cell-mediated adaptive immunity, 
were dysregulated in these patients, although T cell func-
tion was not measured in COVACTA or REMDACTA. 
The weak correlation between antibody levels and viral 
load might also reflect a delay in RNA clearance after 
antibody neutralization because SARS-CoV-2 RNA can 
be detected in the airway for months after the onset of 
symptoms.43

In conclusion, SARS-CoV-2 viremia is associated 
with systemic inflammation and lung tissue damage, 
whereas antibodies to SARS-CoV-2 may be protective 
against lung tissue damage. The findings of this study 
confirm the utility of viral load and antibody titers in 
predicting clinical outcomes in patients with COVID-19 
in two clinical trials encompassing more than 1000 
hospitalized patients. There are several important 
limitations of this work. This post hoc analysis is ob-
servational and, therefore, the results are limited to hy-
pothesis generation. Mechanistic studies are required 
to confirm whether the observed associations of viral 
load with lung damage and inflammation biomarkers 
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reflect uncontrolled SARS-CoV-2 replication as a driver 
or consequence of COVID-19 pathogenesis. Because 
COVACTA and REMDACTA enrolled patients in 2020 
to early 2021, before the emergence of Omicron strains 
and availability of vaccines, clinical utility of SARS-
CoV-2 antibody titers and viral load requires confir-
mation in the current context of widespread use of 
vaccines, variants with differing virulence, and high 
rates of prior SARS-CoV-2 infection. Although PCR 
viral load assessment is widely available, serum PCR 
testing is not frequently performed outside of clinical 
research in hospital settings and point-of-care devices 
that rapidly quantify viral load would be needed for 
clinical utility in the context of fast-progressing disease. 
Last, further analyses are required to define and con-
firm quantitative assay cutoff points for clinical utility. 
Notably, although we previously reported that treat-
ment response to tocilizumab did not vary with respect 
to baseline NP swab or serum viral load levels in the 
COVACTA study,26 clinical utility of antibody levels is 
supported by studies of the anti-SARS-CoV-2 monoclo-
nal antibody cocktail casirivimab/imdevimab, in which 
greater efficacy was observed in patients who were se-
ronegative for antibodies to SARS-CoV-2.44,45 Viral load 
may be particularly relevant to guide treatment with 
antivirals, but this requires further assessment. Despite 
these limitations, our findings support consideration of 
viral load, especially in the serum, for identification of 
patients at greatest risk for the most adverse outcomes 
and underscore the relevance of treatments aimed at 
controlling viral replication or boosting humoral re-
sponse to SARS-CoV-2 in patients hospitalized with 
COVID-19.
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