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Numerous studies have suggested that the titers of antibodies against SARS-CoV-2 are
associated with the COVID-19 severity, however, the types of antibodies associated with
the disease maximum severity and the timing at which the associations are best observed,
especially within one week after symptom onset, remain controversial. We attempted to
elucidate the antibody responses against SARS-CoV-2 that are associated with the
maximum severity of COVID-19 in the early phase of the disease, and to investigate
whether antibody testing might contribute to prediction of the disease maximum severity
in COVID-19 patients. We classified the patients into four groups according to the disease
maximum severity (severity group 1 (did not require oxygen supplementation), severity
group 2a (required oxygen supplementation at low flow rates), severity group 2b (required
oxygen supplementation at relatively high flow rates), and severity group 3 (required
mechanical ventilatory support)), and serially measured the titers of IgM, IgG, and IgA
against the nucleocapsid protein, spike protein, and receptor-binding domain of SARS-
CoV-2 until day 12 after symptom onset. The titers of all the measured antibody responses
were higher in severity group 2b and 3, especially severity group 2b, as early as at one
week after symptom onset. Addition of data obtained from antibody testing improved the
ability of analysis models constructed using a machine learning technique to distinguish
severity group 2b and 3 from severity group 1 and 2a. These models constructed with
non-vaccinated COVID-19 patients could not be applied to the cases of breakthrough
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infections. These results suggest that antibody testing might help physicians identify non-
vaccinated COVID-19 patients who are likely to require admission to an intensive care unit.

Keywords: COVID-19, severity, machine learning, IgM, IgG, IgA, nucleocapsid protein, spike protein

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), exhibits a
wide clinical spectrum, ranging from an asymptomatic state to
severe disease requiring mechanical respiratory support. For
proper triage of the patients and appropriate use of medical
resources for patients with COVID-19, it is important to identify
suitable biomarkers/diagnostic systems for predicting the
maximum severity of COVID-19 in the early phase of the
disease. Until date, several demographic characteristics and
clinical features, including laboratory data, have been reported
to be associated with the severity of COVID-19, including male
sex, advanced age, underlying hypertension, diabetes, and
cardiovascular disease, positive smoking history (1, 2), and
serum CRP and D-Dimer levels (3, 4).

In addition to the aforementioned parameters, the titers of
antibodies against SARS-CoV-2 have also been reported by
several studies to be associated with the disease severity in
COVID-19 patients. While, in general, studies have reported
positive associations between SARS-CoV-2 antibody titers and
the clinical disease severity and/or laboratory data such as the
serum CRP, a few studies have denied the existence of a positive
association between the antibody titers and the severity of
COVID-19 (5-7). The timing of measurement of the
antibodies varied among these studies; while the measurements
were made in a rather acute phase of the disease, that is, within 2
weeks from the onset of symptoms, in some studies (8-20), in
others, they were made in the later phases of the disease (8-10,
13, 16-19, 21-32), at the time of admission to the hospital (33,
34), or at arbitrary times (35-37). Previous studies have
demonstrated positive associations between the clinical severity
of COVID-19 and variously measured antibody responses,
including the neutralizing antibody titers (8, 10, 17, 20, 21, 26,
28, 31, 34-37), total antibody titers (9, 27, 36), IgG titers (10, 12—
14, 16, 18, 22, 28-30, 32, 33), IgM titers (10, 11, 22-24, 32), and/
or IgA titers (10, 13, 18, 19, 22, 29, 32). Various antigens eliciting
the antibody responses have been also demonstrated to be
associated with the disease severity, including antibodies
elicited against the spike (S) protein and/or receptor-binding
domain (RBD) in the S protein (12, 16, 19, 22, 29, 30, 32, 36),
antibodies elicited against the nucleocapsid (N) protein (10, 11,
13, 23, 32, 33, 36), and antibodies against both the S and N
proteins (14, 24).

While the aforementioned observational studies demonstrated
positive associations of the antibody titers with the disease severity,
several issues still remain to be resolved. For example, since many
of these studies did not measure the IgG, IgM, and IgA titers
against the S protein, RBD, or N protein simultaneously, it
remains unclear as to which of these are associated with the

maximum severity of COVID-19. Moreover, while antibody
testing undoubtedly contributes to the diagnosis of COVID-19
(38), it is necessary to clarify whether antibody testing could also
contribute to prediction of the maximum severity of COVID-19,
in order to establish its usefulness in clinical practice. In most
previous studies, the antibody titers were not measured serially at
short intervals, for example once in a week, even though they
could be expected to change dynamically, especially in the early
phase of the disease.

To resolve these issues related to determining the usefulness of
antibody testing for prediction of the maximum severity of
COVID-19, we attempted to find answers to the following
questions by the study approaches described below. (1) What
types of antibody responses to SARS-CoV-2 that are associated
with the maximum severity of COVID-19 are elicited in the early
phase of the disease? To answer this question, we serially measured
the titers of IgM, IgG, and IgA elicited against the N protein, S1
protein, and RBD simultaneously in samples collected within short
intervals of one or two days until 12 days after symptom onset and
compared the titers among four patient groups classified
according to the disease maximum severity: severity group 1
(did not require oxygen supplementation), severity group 2a
(required oxygen supplementation at low flow rates of under 4
L/min via a nasal cannula), severity group 2b (required oxygen
supplementation at relatively high flow rates, but not mechanical
ventilatory support), and severity group 3 (required mechanical
ventilatory support). (2) Does antibody measurement contribute
to prediction of the disease maximum severity in patients with
COVID-19? To answer this question, we used an artificial
intelligence, on behalf of thinking of physicians, to answer this
question objectively. We constructed models using a machine
learning approach based on clinical and laboratory parameters
with or without addition of the results of antibody testing and
investigated whether addition of the antibody data improved the
ability of the machine learning models to predict the disease
maximum severity in COVID-19 patients (Figure 1).

METHODS

Samples

We collected the residual serum samples after routine clinical
testing of 134 subjects who had been diagnosed as having
COVID-19 by RT-PCR assay between April 2020 and January
2021. None of the subjects had been vaccinated against SARS-
CoV-2. The subjects were classified into four groups according to
the disease maximum severity: severity group 1 (did not require
oxygen supplementation), severity group 2a (required oxygen
supplementation at low flow rates of under 4 L/min via a nasal
cannula), severity group 2b (required oxygen supplementation at
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(age, gender, diabetes, hypertension,
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I9G(RBD), IgA(N), IgA(S1), IgA(RBD))

Artificial intelligence

(on behalf of physicians) improve accuracy ?

predict

( severity of COVID-19 |

FIGURE 1 | The concept for using a machine learning approach in the
present study.

relatively high flow rates, but not mechanical ventilatory
support), and severity group 3 (required mechanical
ventilatory support). We subclassified patients of severity
group 2 into groups 2a and 2b, since the clinical phenotypes
and necessity of admission to the intensive care unit were quite
different between these two subgroups. The characteristics of the
subjects are described in Supplemental Table S1. To investigate
whether the models could be applied to the cases of
breakthrough infections, we used 33 points of clinical and
antibody data obtained from 11 individual subjects. Two of the
subjects had taken mRNA vaccine twice and others had taken
once. The average duration from the last vaccination to the onset
of symptom was 10 days for the patients who had taken
vaccination once and 16 days for those who had taken twice.

The current study was performed in accordance with the
ethical guidelines laid down in the Declaration of Helsinki.
Written informed consent for sample analysis was obtained
from some of the patients. For the remaining participants from
whom written informed consent could not be obtained (owing to
their having been discharged or transferred out of the hospital),
informed consent was obtained in the form of an opt-out on the
website, as follows. Patients were informed about the study on
the website and those who were unwilling to be enrolled in our
study were excluded. The study design was approved by The
University of Tokyo Medical Research Center Ethics Committee
(2019300NI-4 and 2020206NT).

Measurements of Antibodies Against
SARS-CoV-2

Antibody testing was performed using an iFlash3000 fully
automated chemiluminescent immunoassay analyzer (Shenzhen
YHLO Biotech Co., Ltd., China). The assay procedure adopted was
in accordance with that described by Qian C, et al. (39), with minor
modifications. Briefly, acridinium-labeled anti-human IgM, IgG, or
IgA conjugate antibody was used to detect the antibodies bound to
the beads. The magnetic beads used in these chemiluminescent
immunoassays were coated with each of the antigens of

SARS-CoV-2 (N protein, S1 protein, or RBD). The SARS-CoV-2
IgM, IgG, or IgG titers in 5-uL samples were calculated in relative
light units (RLU) obtained from the analyzer and expressed as
arbitrary units per milliliter (AU/mL), by comparing the RLU
detected by the iFlash optical system with the cutoff calculated from
the calibrators containing anti-SARS-CoV-2 IgM, IgG, or IgA
chimeric antibody.

Statistical Analysis

Locally weighted scatter plot smoothing (LOESS) lines were
fitted to visualize the changes in the antibody responses to the
COVID-19 antigens over time in COVID-19 patients of the four
severity groups (Figure 2). These lines were plotted by the
ggplot2 package (version 3.3.5) in the R language.

The antibody responses to the COVID-19 antigens measured
at different time-points after symptom onset were compared
among the four severity groups. The Brunner-Munzel test (40)
was used to analyze the differences after verifying the significant
deviations from normality and homoscedasticity of the datasets
by the F and Shapiro-Wilk tests (41).

Machine learning models were developed to predict the

maximum severity of the disease in the subjects based on the
clinical information, including the age, gender, presence/absence
of underlying diabetes mellitus and hypertension, current smoking
history, serum levels of CRP and D-Dimer, and the results of
antibody testing. Out of the 111 cases used to develop the machine
learning model, multiple blood samples had been obtained
between 4 to 12 days after symptom onset in most subjects. In
total, 316 samples with complete measurements of features were
collected. To explore whether the antibody data obtained in the
early phase of the disease could improve the prediction accuracy of
the models, 6 subsets were created according to the timings of the
sample collection: from 4 to 7 days (day 4-7), 5 to 8 days (day 5-8),
6 to 9 days (day 6-9), 7 to 10 days (day 7-10), 8 to 11 days (day 8-
11), and 9 to 12 days (day 9-12) after symptom onset. These
subsets were randomly split into training (70%) and validation
(30%) datasets with stratification sampling for the severity group
as the label using the initial split function of the R language. Since
the frequency of the severity groups was unbalanced, that is, the
number of samples in one group was much higher than that in
another group (Supplemental Table S2), class weights calculated
by the following formula were set to groups to penalize
the misclassification:
w; = nng where w; is the weight in group j (j = 1 ~ ng; ng is the
number of groups), N is the total number of samples, and #; is
number of samples from group j. In the training phase, XGBoost
(eXtreme Gradient Boosting) classifier (42) models were
optimized by tuning hyperparameters and repeating 3-fold
cross-validation. The optimum hyperparameters for each
model were found by grid search, and are described in
Supplemental Table S3. The XGBoost classifies samples into
several categories based on a trained gradient boosting decision
tree and has been used for similar studies (43-45). To investigate
the impact of antibody titers as features on the model accuracy,
models with and without inclusion of the results of antibody
testing as input data were built, and the feature importance
was calculated.
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P <0.05 was regarded as denoting statistical significance in all
the analyses.

RESULTS

The Antibody Response to SARS-CoV-2
Was Differently Influenced by the
Maximum Severity of COVID-19

We measured the serum levels of IgM, IgG, and IgA against the
N protein (IgM(N), IgG(N), and IgA(N)), S1 protein (IgM(S1),

IgG(S1), and IgA(S1)), and RBD (IgM(RBD), IgG(RBD), and
IgA(RBD)) in the serum samples of the COVID-19 patients
collected until 12 days after symptom onset. The approximate
curves, drawn from the results in the subjects classified according
to the maximum severity of COVID-19, are shown in Figure 2,
and those of the ratios of IgM(S1) to IgM(N) (IgM(S1/N)), IgM
(RBD) to IgM(N) (IgM(RBD/N)), IgM(RBD) to IgM(S1) (IgM
(RBD/S1)), IgG(S1) to IgG(N) (IgG(S1/N)), IgG(RBD) to IgG(N)
(IgG(RBD/N)), IgG(RBD) to IgG(S1) (IgG(RBD/S1)), IgA(S1) to
IgA(N) (IgA(S1/N)), IgA(RBD) to IgA(N) (IgA(RBD/N)), and
IgA(RBD) to IgA(S1) (IgA(RBD/S1)) are shown in
Supplemental Figure S1.
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In general, the absolute titers of the antibodies increased with
increasing severity level of COVID-19. In regard to the kinetics
of IgM, “the titers of all of IgM(N), IgM(S1) and IgM(RBD)
seemed to increase as the disease maximum severity increased.
Especially, the titers of IgM(N) increased earlier in severity group
2a or greater than in severity group 1, while the titers of IgM(S1)
and IgM(RBD) increased earlier in severity groups 2b and 3 than
in severity groups 1 and 2a (Figures 2A-C). No obvious
differences were observed in the time-course of changes in the
IgM(S1/N), IgM(RBD/N), and IgM(RBD/S1) among the four
severity groups, except that the IgM(S1/N) and IgM(RBD/N)
seemed to be higher around day 4 in severity group 2b than in
the other severity groups (Supplemental Figures S1A-C). In
regard to the kinetics of IgG, the titers of IgG(S1) and IgG(RBD)
increased in a bell-shaped manner depending on the disease
maximum severity from day 3 to day 6; the IgG(S1) and IgG
(RBD) titers appeared to increase earlier in severity group 2b
than in severity groups 1, 2a, and 3, while the time-course of
increase of the IgG(N) titers appeared to be similar between
severity groups 2b and 3 (Figures 2D-F). IgG(S1/N) and IgG
(RBD/N) appeared to be higher in severity group 2b, and lower
in severity group 3, as compared to the ratios in severity groups 1
and 2a (Supplemental Figures S1D-F). In regard to the kinetics
of IgA, the titers of IgA increased with increasing maximum
severity of COVID-19, especially from day 3 to day 6, and no
differences were observed in the pattern of increase of IgA(N),
IgA(S1) and IgA(RBD) among the severity group
(Figures 2G-I). No obvious differences in the IgA(S1/N), IgA
(RBD/N) or IgA(RBD/S1) were observed among the four severity
groups, except that IgA(S1/N) and IgA(RBD/N) seemed rather
higher in severity group 1 (Supplemental Figures S1G-I).

Cross-Sectional Analyses Revealed That
the Antibody Titers Increased Significantly
More Rapidly in Patients With More
Severe Disease From as Early as Day 4-5
or Day 6-7 After Symptom Onset
When we conducted a cross-sectional analysis of the antibody
titers, significant differences were observed from day 4-5 after
symptom onset in the titers of all the antibody responses, except
for that of IgM(N), which began to show a significant increase
only from day 6-7 (Figure 3). Although the titers of IgM(N), IgG
(N), IgG(RBD), IgA(N), IgA(S1), and IgA(RBD) differed
significantly between severity groups 1 and 2a, even larger
differences were observed between severity groups 2a and 2b,
and at more time-points. The duration after symptom onset until
when significant differences were observed differed among the
antibody types. While significant differences in the titers of IgM
(N), IgG(N), IgA(N) and IgA(S1) among the four severity groups
were observed until day 8-9, differences in the other antibody
responses were observed until day 12. These results suggest the
potential usefulness of antibody testing to identify severity group
2b and 3 patients even at a rather early phase of the disease (that
is, by day 8-9).

Interestingly, in regard to the ratios of the antibody titers,
while significant differences were found in the IgM (IgM(S1/N),

IgM(RBD/N) and IgM(RBD/S1) and IgG (IgG(S1/N), IgG(RBD/
N) and IgG(RBD/S1)) ratios on day 3-4 and day 5-6 among the
four severity groups, no such differences were found in the IgA
ratios (Supplemental Figure S2). In regard to the ratios of the
antibody titers against S1 protein/RBD to those against the N
protein, IgM(S1/N), IgM(RBD/N), IgG(S1/N), and IgG(RBD/N)
were higher only in severity group 2b, but not in severity group 3
on day 4-5. As for the ratios of the antibody titers against RBD to
those against S1 protein, IgM(RBD/S1) was lower in severity
group 3 on day 4-5 and day 6-7, and IgG(RBD/S1) was higher in
severity group 3 on day 6-7. These results suggest the potential
usefulness of measuring the antibody ratios to identify severity
group 2b patients on day 4-5.

Antibody Tests Did Not Improve the Ability
of the Models Constructed Using a
Machine Learning Technique to
Distinguish Severity Groups 2a and Over
From Severity Group 1

Lastly, we investigated whether the results of antibody testing
could contribute to prediction of the disease maximum severity
by a machine learning approach. We randomly divided the
subjects into a training set and a validation set as described in
the Methods section. We investigated two possible models:
severity group 1 vs. severity groups 2a, 2b, and 3 (model 1),
and severity groups 1 and 2a vs. severity groups 2b and 3 (model
2) and created the workflow with only clinical data or with both
clinical data and antibody data. The analyses were performed
with data obtained on day 4-7, day 5-8, day 6-9, day 7-10, day 8-
11, and day 9-12 after symptom onset, considering that the
disease onset was determined from a rather subjective disease
history obtained from the subjects.

In regard to model 1, the workflow to predict the maximum
severity which represents one of tree estimators in the optimum
model on day 4-7 is shown in Supplemental Figure S3 and the
feature importance in the models is described in Supplemental
Figure S4. The accuracy of the model in the validation set is
shown in Table 1. As shown in the table, the addition of antibody
data to the clinical parameters did not improve the ability of the
model constructed by the machine learning technique to
distinguish severity group 2a or over from severity group 1; in
fact, it was worse based on the day 4-7 data. The receiver-
operating characteristic (ROC) of the constructed models are
shown in Figures 4A-F, which also did not suggest the
usefulness of addition of antibody data to distinguish severity
group 2a or over from severity group 1.

Antibody Tests Improved the Ability of the
Models Constructed Using a Machine
Learning Technique to Distinguish Severity
Groups 2b and 3 From Severity Groups 1
and 2a

In regard to model 2, which was aimed at distinguishing
severity groups 2b and 3 from severity groups 1 and 2a, the
workflow to predict the maximum severity which represents
one of tree estimators in the optimum model on day 4-7 is
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TABLE 1 | The accuracy of the model to distinguish severity group 2a or over from severity group 1 in the validation set.

A. Clinical data alone

Day True Severity Estimated S1 (n) Estimate S2a, 2b, 3 (n) Error Rate Accuracy

day 4-7 S1(n) 8 1 0.11 0.93
S2a, 2b, 3 (n) 1 17 0.06

day 5-8 S1(n) 5 5 0.50 0.82
S2a, 2b, 3 (n) 1 23 0.04

day 6-9 S1(n) 9 2 0.18 0.92
S2a, 2b, 3 (n) 1 27 0.04

day 7-10 S1(n) 9 3 0.25 0.89
S2a, 2b, 3 (n) 2 31 0.06

day 8-11 S1(n) 6 6 0.50 0.76
S2a, 2b, 3 (n) 5 28 0.15

day 9-12 S1(n) 7 4 0.36 0.88
S2a, 2b, 3 (n) 3 42 0.07

B. Clinical data + antibody data

Day True Severity Estimated S1 (n) Estimate S2a, 2b, 3 (n) Error rate (%) Accuracy

day 4-7 S1(n) 6 3 0.33 0.74
S2a, 2b, 3 (n) 4 14 0.22

day 5-8 S1(n) 5 5 0.50 0.85
S2a, 2b, 3 (n) 0 24 0.00

day 6-9 S1(n) 8 3 0.27 0.92
S2a, 2b, 3 (n) 0 28 0.00

day 7-10 S1(n) 8 4 0.33 0.89
S2a, 2b, 3 (n) 1 32 0.03

day 8-11 S1(n) 5 7 0.58 0.82
S2a, 2b, 3 (n) 1 32 0.08

day 9-12 S1(n) 7 4 0.36 0.91
S2a, 2b, 3 (n) 1 44 0.02

shown in Supplemental Figure S5 and the feature importance
in the models is described in Supplemental Figure S6. The
accuracy of the model in the validation set is shown in Table 2.
As shown in the table, the addition of antibody data to
the clinical parameters improved the ability of the model
constructed using a machine learning technique to
distinguish severity groups 2b and 3 from severity groups 1
and 2a, especially based on the data of day 5-8, day7-10,
and day8-11. It is important for physicians to avoid
underestimating the disease maximum severity in severity
groups 2b and 3, as these patients require treatment in an
intensive care unit. In regard to the error rate in predicting the
disease maximum severity in severity groups 2b and 3, the error
rate was suppressed to a great degree, especially when the
determination was made based on data obtained on day 4-7,
day 5-8, and day 6-9. The ROC analyses also revealed that the
addition of antibody data improved the predictive ability of the
models, except for the model using data obtained on day 8-12
(Figures 4G-L).

When we analyzed the data with sub-grouping the subjects on
day 1-6 and day 7-12, no obvious improvement of the predicting
accuracy was observed in both models (Supplemental Figures
S7 - 89 and Supplemental Tables S$4, S5). These results suggest
that the monitoring antibody titers in a narrow span is necessary
to predict the maximum severity of COVID-19, since the
antibody titers dramatically fluctuate as shown in Figures 2
and 3.

The Models for the Prediction of Maximum
Severity Constructed With the Data
Obtained From Non-Vaccinated Patients
Could Not Be Applied to the Cases of
Breakthrough Infections

Since breakthrough infections are now clinical concerns, we
lastly investigated whether the models for the prediction of
COVID-19 maximum severity, which we had constructed with
the data obtained from non-vaccinated patients, might help
physicians to predict the maximum severity in the cases of
breakthrough infections. As shown in Tables 3 and 4, antibody
tests did not apparently improve the ability of the models
constructed using a machine learning technique to distinguish
maximum severity in both models, except the ability to
distinguish severity group 2a or over from severity group 1 on
day 4-7 in the cases of breakthrough infections, in comparison to
the model constructed with clinical data alone.

Considering that the antibodies against S1 and RBD should be
especially modulated by vaccination, we further constructed the
models for the prediction of maximum severity, using only the
antibody data on IgM(N), IgG(N), and IgA(N). However, as
shown in Supplemental Figure S10 and Supplemental Tables
$6, S7, in both models, the addition of the data on only IgM(N),
IgG(N), and IgA(N) did not improve the accuracy of the models
for predicting the maximum severity in the cases of
breakthrough infections. The workflow to predict the
maximum severity which represents one of tree estimators is

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 13 | Article 811952


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kurano et al.

Antibody Tests Predict COVID-19 Severity

>

37 1gM(N) IgM(S1)

2 m

w
IS

w

]

t_ﬂﬁ

Antibody titers (Log10[IgM(N)])
Antibody titers (Log10[IgM(S1)])

4:5
Time course after the onset (day)

10411 45 67

=]

18G(N)

m

]~]"‘I=

W

4 5 6 7 10 1
Time course after the onset (day)

I8A(N)

45 67 89 12
Time course after the onset (day)

Antibody titers (Log10[IgG(N)])

Antibody titers (Log10[IgG(S1)])

IgA(S1)

[2]
I

]:

ooAS)

]:].]:
)

. o, -

T

o
o
:

Antibody titers (Log10[IgA(N)])
y 0 - o l:]:
= E

Antibody titers (Log10[IgA(S1

FIGURE 3 | Differences in antibody titers among COVID-19 patients classified by the disease maximum severity. We compared the titers of different types of
antibodies among COVID-19 patients classified according to the disease maximum severity as described in the Material and Methods section, measured on day 4-5,
day 6-7, day 8-9, day 10-11, day 12 after symptom onset. “P < 0.05, **P < 0.01. The horizontal bar represents the median, the box bar represents the lower and
upper quartiles, and the fine bar represents the minimum and maximum. (A) IgM(N), (B) IgM(S1), (C) IgM(RBD), (D) IgG(N), (E) I9G(S1), (F) IgG(RBD), (G) IgA(N),

(H) IgAS1), (1) IgARBD).

Time course after the onset (day)
1gG(S1)

. 4:5 617 8:9 10:11 1'2
Time course after the onset (day)

45 67 89 10411 12
Time course after the onset (day)

(]

1gM(RBD) —

S

1}
].

Antibody titers (Log10[IgM(RBD)])

Ty

)

RSRENE

.
L
1
.

)

4- 5 6 7 8- 9 10 1
Time course after the onset (day)

89 1011

-n

1G(RBD)

——_——

Antibody titers (Log10[IgG(RBD)])

==

04
. 475 677 8—9 10711 1'2
Time course after the onset (day)

IgA(RBD)

H

. £t

—

o
— e

o

Antibody titers (Log10[IgA(RBD)])
i
)

. 4:5 S:7 819 o | 1'2
Time course after the onset (day)

Severity 1 Severity 2a Severity 2b Severity 3

shown in Supplemental Figure S11 and the feature importance
in the models is described in Supplemental Figure S12.

DISCUSSION

Numerous studies have demonstrated that the antibody responses
to SARS-CoV-2 are associated with the clinical disease severity,
however, the timing in the clinical course at which the associations
are observed and the types of antibody responses that are associated

with the disease maximum severity remain uncertain at present, as
described in the Introduction section. Moreover, the clinical
usefulness of antibody testing also needed to be demonstrated.
The underlying issues for these limitations are that few studies have
measured the serum titers of IgM, IgG, and IgA against the S
protein, RBD, and N protein serially at short intervals span. In the
present study, we serially measured nine types of antibodies
simultaneously in samples obtained from COVID-19 patients,
especially in the early phase of the disease, when determination of
the disease maximum severity is clinically important. In addition, in
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TABLE 2 | The accuracy of the model to distinguish severity groups 2b and 3 from severity groups 1 and 2a in the validation set.

A. Clinical data alone

Day True Severity Estimated S1, 2a (n) Estimate S2b, 3 (n) Error Rate (%) Accuracy

day 4-7 S1,2a(n) 22 0 0.00 0.93
S2b, 3 () 2 3 0.40

day 5-8 S1, 2a (n) 25 2 0.07 0.80
S2b, 3 () 5 3 0.63

day 6-9 S1, 2a (n) 26 1 0.04 0.92
S2b, 3 (n) 2 10 0.17

day 7-10 S1, 2a (n) 26 3 0.10 0.77
S2b, 3 () 7 8 0.47

day 8-11 S1,2a(n) 22 8 0.27 0.77
S2b, 3 () 4 18 0.18

day 9-12 S1, 2a (n) 25 4 0.14 0.84
S2b, 3 () 5 22 0.23

B. Clinical data + antibody data

Day True Severity Estimated S1 (n) Estimate S2a, 2b, 3 (n) Error Rate (%) Accuracy

day 4-7 S1, 2a (n) 22 0 0.00 0.96
S2b, 3 () 1 4 0.20

day 5-8 S1, 2a (n) 26 1 0.04 0.91
S2b, 3 () 2 6 0.25

day 6-9 S1, 2a (n) 25 2 0.07 0.95
S2b, 3 () 0 12 0.00

day 7-10 S1, 2a (n) 29 0 0.00 0.89
S2b, 3 () 5 10 0.33

day 8-11 S1, 2a (n) 25 5 017 0.88
S2b, 3 (n) 1 21 0.05

day 9-12 S1, 2a (n) 26 3 0.10 0.84
S2b, 3 (n) 6 21 0.22

this study, we subdivided COVID-19 patients of the disease severity
group of 2, who require oxygen supplementation, but not
mechanical respiratory support, into two groups: severity group
2a, that required supplemental oxygen at relatively low flow rates
(under 4 L/min via a nasal cannula) and severity group 2b, who
required oxygen supplementation at relatively high flow rates.

As shown in Figures 2 and 3, the antibody titers in the COVID-
19 patients increased more rapidly in patients with more severe
disease. Many studies conducted to date have failed to demonstrate
associations between the antibody responses within 7 days of the
disease onset and the disease severity (8-10, 16, 25, 27); this could be
due to the limited number of samples analyzed or the analysis
including the cumulative antibody titers from day 0 to day 7,
although a few studies suggested early elevation, not reaching
statistical significance, of IgG and IgA within one week from the
onset in patients with more severe disease (12, 13). To the best of
our knowledge, this is the first study to demonstrate elevation of
various antibody types within one week from symptom onset in
patients with COVID-19. In the early phase of the disease, within
one week of the symptom onset, the titers of all the antibody types
described above, except IgM(N), were higher in COVID-19 patients
belonging to severity group 2b or 3, which suggested the possible
usefulness of antibody testing to identify the subgroup of patients
who would require oxygen supplementation at high flow rates.
Moreover, although no significant difference was observed, the titers
of IgG(S1) and IgG(RBD), which are considered as neutralizing
antibodies, tended to be higher in severity group 2b than in severity
group 3. This result might suggest that the requirement of

mechanical respiratory support could be avoided in patients who
can raise neutralizing antibodies sufficiently quickly, as also
suggested by a previous study (46). Consistent with this
hypothesis, IgG(S1/N) and IgG(RBD/N), as well as IgM(S1/N)
and IgM(RBD/N) were higher in severity group 2b than in
severity group 3 (Supplemental Figure S2).

To validate the clinical usefulness of antibody testing for
predicting the maximum severity of COVID-19, we adopted a
machine learning approach to establish analytical models. As
expected from the associations between the antibody classes and
the disease maximum severity, addition of the antibody data
improved the ability for predicting severity groups 2b and 3, but
not for predicting severity groups of 2a and over (Tables S1, 2 and
Figure 4). In clinical practice, subjects of severity group 2a require
hospitalization, while subjects of severity group 2b further require
admission to the intensive care unit. Considering this situation, we
believe that antibody testing will help physicians triage patients with
COVID-19, especially identify patients who require admission to
hospitals that are adequately equipped to deal with severe disease. In
other words, antibody testing is expected to reduce the risk of
underestimating the severity of COVID-19.

The limitations of the present study were 1) that the study was
retrospective in nature, and 2) that the effects of mutations of SARS-
CoV-2 were not taken into account, since the immune responses
would be expected to be influenced by the strain of SARS-CoV-2.
However, the samples for this study were collected from April 2020
to January 2021, when the N501Y, E484Q), and L452R variants were
not yet prevalent in Japan, suggesting that the results of the present
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TABLE 3 | The accuracy of the model to distinguish severity group 2a or over from severity group 1 in the cases of breakthrough infection.

A. Clinical data alone

Day True Severity Estimated S1 (n) estimate S2a, 2b, 3 (n) Error Rate Accuracy

day 4-7 S1(n) 3 2 0.40 0.78
S2a, 2b, 3 (n) 0 4 0.00

day 5-8 S1(n) 3 1 0.25 0.90
S2a, 2b, 3 (n) 0 6 0.00

day 6-9 S1(n) 1 2 0.33 0.78
S2a, 2b, 3 (n) 0 6 0.00

day 7-10 S1(n) 1 2 0.67 0.75
S2a, 2b, 3 (n) 0 5 0.00

day 8-11 S1(n) 1 3 0.75 0.63
S2a, 2b, 3 (n) 1 6 0.14

day 9-12 S1(n) 1 3 0.75 0.60
S2a, 2b, 3 (n) 1 5 017

B. Clinical data + antibody data

Day True Severity Estimated S1 (n) Estimate S2a, 2b, 3 (n) Error Rate (%) Accuracy

day 4-7 S1(n) 4 1 0.20 0.89
S2a, 2b, 3 (n) 0 4 0.00

day 5-8 S1(n) 3 1 0.25 0.90
S2a, 2b, 3 (n) 0 6 0.00

day 6-9 S1(n) 0 3 1.00 0.67
S2a, 2b, 3 (n) 0 6 0.00

day 7-10 S1(n) 0 3 1.00 0.63
S2a, 2b, 3 (n) 0 5 0.00

day 8-11 S1(n) 0 4 1.00 0.64
S2a, 2b, 3 (n) 0 7 0.00

day 9-12 S1(n) 0 4 1.00 0.60
S2a, 2b, 3 (n) 0 6 0.00

TABLE 4 | The accuracy of the model to distinguish severity groups 2b and 3 from severity groups 1 and 2a in the cases of breakthrough infection.

A. Clinical data alone

Day True Severity Estimated S1 (n) estimate S2a, 2b, 3 (n) Error Rate Accuracy

day 4-7 S1, 2a (n) 6 0 0.00 0.67
S2b, 3 (n) 3 0 1.00

day 5-8 S1, 2a (n) 4 1 0.20 0.60
S2b, 3 (n) 3 2 0.60

day 6-9 S1, 2a(n) 3 1 0.25 0.56
S2b, 3 (n) 3 2 0.60

day 7-10 S1, 2a (n) 1 2 0.67 0.50
S2b, 3 (n) 2 3 0.40

day 8-11 S1, 2a (n) 3 2 0.40 0.45
S2b, 3 (n) 4 2 0.67

day 9-12 S1, 2a (n) 3 2 0.40 0.60
S2b, 3 (n) 2 3 0.40

B. Clinical data + antibody data

Day True Severity Estimated S1 (n) Estimate S2a, 2b, 3 (n) Error Rate (%) Accuracy

day 4-7 S1,2a (n) 6 0 0.00 0.67
S2b, 3 (n) 3 0 1.00

day 5-8 S1,2a(n) 5 0 0.00 0.50
S2b, 3 (n) 5 0 1.00

day 6-9 S1,2a(n) 4 0 0.00 0.44
S2b, 3 (n) 5 0 1.00

day 7-10 S1,2a(n) 3 0 0.00 0.38
S2b, 3 (n) 5 0 1.00

day 8-11 S1, 2a (n) 5 0 0.00 0.45
S2b, 3 (n) 6 0 1.00

day 9-12 S1,2a (n) 3 2 0.40 0.50
S2b, 3 (n) 3 2 0.60

Frontiers in Immunology | www.frontiersin.org 9 January 2022 | Volume 13 | Article 811952


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kurano et al.

Antibody Tests Predict COVID-19 Severity

1.00-

0.75+

Sensitivity
o
3

0.26-

0.75+4

ivity

0.50 4

Sensit

0.25+

4
0004 &°
0.00

1 - Specificity
F day 9-12

1.00+

025

1 - Specificity

1 day 6 -9

1.00

0.75+

tivity

0.50 4

Sens

0.25+

T T T
0.25 0.50 0.75

1 - Specificity

L -
1001 day 9-12

0.75+

0.50 4

Sensitivity

0.25+

T
0.75

T T
0.25 0.50

1 - Specificity

Clinical data + antibody data

A — F: Severity 1 vs. Severity 2a, 2b, 3
A day4-7 B day5-8
1.00 -
1.004
0.754
0.754
2 2
= =
@ 0.50 « § 0.501
Q [
(%] (7]
0.254 0251
0.004 0:009
0 '00 0 '25 o '50 0 '75 1"00 O.;JO 0..25 0,.50 0..75 1.‘00
1 - Specificity 1 - Specificity
D day 7-10 E  day8-11
1.004 1.004
0.754 0.751
2 2
= =
‘@ 050+ ] 0.504
[} [0
(%] 7]
0.25- 0.25+
0.00- 0.00+
4] 'DO 0.’25 0] ISO 0 .75 1.‘00
1 - Specificity 1 - Specificity
G - L: Severity 1, 2a vs. Severity 2b, 3
G day4-7 H day 5-8
1.004 7 1.00+ presee-—eoe—00
0.754 ,’/ 0754 ,’/
z z
= e = o
S 0.504 e 5 0.504 R
[ 7’ c ’
[ | ’ [ 4
7] R » L
0.25- s 0.25 4 ,,’
0.00- d B 0.00+ ﬂ,
0.00 025 050 0.75 1.00 0.00 025 050 0.75 1.00
1 - Specificity 1 - Specificity
J day 7 - 10 K day 8 - 11
00+ 1.004
0.754 0.754 /,"
2 z
= = e
20504 5 0.504 "
c c ’
o} o} Re
(%) %] .
0.254 0.25- s
0.00- 0.00-
0.00 025 050 0.75 1.00 025 050 0.75 1.00
1 - Specificity 1 - Specificity
FIGURE 4 | ROC analyses of the analysis models constructed using a machine learning technique for predicting the maximum severity of COVID-19. The ROCs of
the analysis models constructed using a machine learning technique for predicting the COVID-19 severity, using the data obtained on day 4-7 (A, G), day 5-8
(B, H), day 6-9 (C, ), day 7-10 (D, J), day 8-11 (E, K), and day 9-12 (F, L), are shown. The models were constructed to distinguish severity groups 2a or over
from severity group 1 (A-F) or distinguish severity groups 2b and 3 from severity groups 1 and 2a (G-L). The yellow curves represent the ROCs of the model
constructed using clinical parameters and the green curves represent those of the model constructed using both clinical and antibody data.

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 13 | Article 811952


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kurano et al.

Antibody Tests Predict COVID-19 Severity

study would not have been confounded by the virus variant types.
Nonetheless, a further prospective study considering the types of
SARS-CoV-2 strains is needed to validate these findings.

Although the present study had been conducted when the
vaccination had not prevailed in Japan, now the vaccination has
prevailed and breakthrough infections are clinical concerns in many
countries. We investigated the possible application of the models
constructed with the data obtained from non-vaccinated COVID-
19 subjects to the cases of breakthrough infections. As shown in
Tables 3 and 4, the accuracy of the constructed models to predict
the maximum severity of COVID-19 was not so high in the cases of
breakthrough infections. Even when we used the antibody data on
only IgM(N), IgG(N), and IgA(N), which was obtained from non-
vaccinated subjects, the antibody data did not obviously improve the
ability to predict the maximum severity in the cases of breakthrough
infections (Supplemental Tables S6, S7). However, considering that
the antibody data surely improved the ability of the models
constructed using a machine learning technique to distinguish
severity groups 2b and 3 from severity groups 1 and 2a and that
the accuracy of the predicting models for severity groups 2b and 3,
which was constructed only with clinical data, was relatively low in
the cases of breakthrough infections (Table 4A), we expect that
further studies with the antibody data in the cases of breakthrough
infections will construct more proper models for the cases of
breakthrough infections and also help physicians to triage patients
who had taken vaccination.

In summary, the present study is the first study to clearly show
that the titers of IgM, IgG and IgA against the S protein, RBD, and
N protein increased rapidly according to the maximum severity of
COVID-19, especially in those who required supplemental oxygen
at high flow rates. Thus, antibody testing may be expected to help
physicians in identifying non-vaccinated COVID-19 subjects who
need admission to an intensive care unit.
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