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Infectious virus shedding from individuals infected with severe acute respiratory 
syndrome- coronavirus 2 (SARS- CoV- 2) is used to estimate human- to- human trans-
mission risk. Control of SARS- CoV- 2 transmission requires identifying the immune 
correlates that protect infectious virus shedding. Mucosal immunity prevents infection 
by SARS- CoV- 2, which replicates in the respiratory epithelium and spreads rapidly to 
other hosts. However, whether mucosal immunity prevents the shedding of the infectious 
virus in SARS- CoV- 2- infected individuals is unknown. We examined the relationship 
between viral RNA shedding dynamics, duration of infectious virus shedding, and 
mucosal antibody responses during SARS- CoV- 2 infection. Anti- spike secretory IgA 
antibodies (S- IgA) reduced viral RNA load and infectivity more than anti- spike IgG/IgA 
antibodies in infected nasopharyngeal samples. Compared with the IgG/IgA response, 
the anti- spike S- IgA post- infection responses affected the viral RNA shedding dynamics 
and predicted the duration of infectious virus shedding regardless of the immune history. 
These findings highlight the importance of anti- spike S- IgA responses in individuals 
infected with SARS- CoV- 2 for preventing infectious virus shedding and SARS- CoV- 2 
transmission. Developing medical countermeasures to shorten S- IgA response time 
may help control human- to- human transmission of SARS- CoV- 2 infection and prevent 
future respiratory virus pandemics.

mucosal secretory IgA | infectious virus shedding duration | human- to- human transmission |  
COVID- 19 vaccine | prior- infection

Understanding the factors that influence human- to- human transmission of respiratory 
viral infections, such as coronavirus disease- 19 (COVID- 19), is critical for epidemic 
control, which necessitates research on the relationship between infectious viral shedding 
and immunity in individuals infected with severe acute respiratory syndrome- coronavirus- 2 
(SARS- CoV- 2) (1, 2). As SARS- CoV- 2 infects the respiratory epithelium and is trans-
mitted via respiratory droplets and aerosols (3, 4), it is postulated that secretory IgA 
antibodies (S- IgA) distributed in the respiratory mucosa play a crucial role in preventing 
SARS- CoV- 2 infection (5–7). S- IgA produced by plasma cells in the lamina propria of 
mucosal tissues binds to the poly- Ig receptor (pIgR) expressed on the basolateral side of 
mucosal epithelial cells and is transported to the mucosal surface. On the mucosal surface, 
the extracellular portion of pIgR is cleaved and incorporated into the IgA structure as a 
secretory component (SC), referred to as S- IgA (8). S- IgA is multivalent, and unlike IgG, 
S- IgA exists as dimers, trimers, and tetramers (9). These multimeric S- IgAs present higher 
coherency and avidity to respiratory virus antigens, contributing to higher and broader 
neutralizing activity (9–13). In addition, S- IgA not only provides immediate immunity 
by eliminating respiratory viruses before they cross the mucosal barrier (14) but is also 
anticipated to decrease the infectivity of viruses shed by infected individuals (5).

Mucosal IgA to SARS- CoV- 2 can be found in the saliva, nasal secretions, tears, 
tracheal- bronchial secretions, and breast milk of individuals infected with SARS- CoV- 2 
(15–21), and anti- spike S- IgA has been reported to be induced in the saliva of patients with 
a history of SARS- CoV- 2 infection after intramuscular vaccination with an mRNA vaccine 
(22). In addition, individuals with high levels of IgA against the SARS- CoV- 2 ancestral strain 
spike antigen in the nasal mucosa show decreased risk of Omicron- breakthrough infection 
(23), indicating that IgA in the nasal mucosa has a highly cross- protective effect against 
infection with SARS- CoV- 2 variants. However, respiratory viruses, such as SARS- CoV- 2, 
replicate extremely rapidly on the respiratory epithelium and disseminate to subsequent hosts 
before the adaptive immune response is completely activated (24). Therefore, how the 

Significance

Understanding the factors that 
influence human- to- human 
transmission of SARS- CoV- 2 
(severe acute respiratory 
syndrome- coronavirus- 2) is 
crucial for controlling the 
pandemic. Additionally, identifying 
the immune pathways that 
regulate infectious virus shedding 
from individuals infected with 
SARS- CoV- 2 is essential for 
estimating the inter- individual 
virus transmission risk, as 
infectious viral shedding from 
SARS- CoV- 2- infected individuals is 
considered a useful surrogate for 
estimating the risk of human- to- 
human transmission. This study 
investigated the impact of 
mucosal antibody responses on 
the prevention of infectious virus 
shedding in individuals infected 
with SARS- CoV- 2. Our findings 
establish the clinical significance 
of mucosal antibodies on 
prevention of respiratory viruses’ 
transmission, which would 
provide the impetus for the 
development of technologies to 
control future pandemics caused 
by respiratory viruses.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS. 
This open access article is distributed under Creative 
Commons Attribution License 4.0 (CC BY).
1S.M. and T.N. contributed equally to this work.
2To whom correspondence may be addressed. Email: 
iwami.iblab@bio.nagoya- u.ac.jp or tksuzuki@niid.go.jp.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2314808120/- /DCSupplemental.

Published December 22, 2023.

OPEN ACCESS

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
30

.5
4.

13
0.

25
2 

on
 J

an
ua

ry
 3

, 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
13

0.
54

.1
30

.2
52

.

https://orcid.org/0009-0007-7729-8705
https://orcid.org/0000-0003-3768-9983
https://orcid.org/0000-0002-5151-3012
https://orcid.org/0000-0002-4798-3660
https://orcid.org/0000-0002-4602-9816
https://orcid.org/0000-0002-6117-4448
https://orcid.org/0000-0002-5215-1500
https://orcid.org/0000-0003-3054-8846
https://orcid.org/0000-0003-2258-9031
https://orcid.org/0000-0002-5332-4434
https://orcid.org/0000-0002-2625-5322
https://orcid.org/0000-0002-4861-4349
https://orcid.org/0000-0001-7754-3458
https://orcid.org/0009-0007-5133-259X
https://orcid.org/0000-0002-7517-238X
https://orcid.org/0000-0001-8986-6879
https://orcid.org/0000-0002-5046-7819
mailto:
https://orcid.org/0000-0002-1780-350X
mailto:
https://orcid.org/0000-0002-3820-9542
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:iwami.iblab@bio.nagoya-u.ac.jp
mailto:tksuzuki@niid.go.jp
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2314808120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2314808120/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2314808120&domain=pdf&date_stamp=2023-12-20


2 of 10   https://doi.org/10.1073/pnas.2314808120 pnas.org

presence of S- IgA in the upper respiratory tract affects the viral 
shedding dynamics or the duration of infectious viral shedding in 
SARS- CoV- 2–infected individuals is not well understood.

Here, we measured the viral RNA load, viral titer, and mucosal 
antibody levels, including IgG, IgA, and S- IgA levels, in longitu-
dinally collected nasopharyngeal samples from Omicron- infected 
individuals and generated high- resolution trajectories of viral RNA 
shedding in the upper respiratory tract to examine the relationship 
between viral RNA shedding dynamics, infectious virus shedding 
duration, and mucosal antibody responses. We then proposed an 
approach for evaluating mucosal antibody responses linked to 
duration of infectious virus shedding and determined the mucosal 
antibodies that contributed most significantly to the control of 
infectious virus shedding. Our observations will help in develop-
ing a mucosal immunity- targeting vaccine, which will be critical 
for preventing inter- human transmission and controlling pan-
demics by respiratory viruses in the future.

Results

Anti- Spike S- IgA Is the Most Effective Nasal Antibody in Reducing 
Viral RNA Load and Infectivity in Nasopharyngeal Samples. First, 
we measured the viral RNA load, viral titer, and nasal IgG/IgA/S- 
IgA titers against the spike protein of the ancestral strain and the 
Omicron BA.1 variant in 590 nasopharyngeal samples obtained 
from 122 Omicron- variant- infected individuals who enrolled in 
the Omicron first few hundred (FF100) cohort studies conducted 
from December 2021 to January 2022 in Japan. The characteristics 
of the patients included in this study are summarized in 
SI Appendix, Table S1. Longitudinal evaluation of these measured 
values over time after onset or diagnosis (whichever came first) 
revealed that the viral RNA load and viral titer decreased over 
time, whereas nasal antibodies to Omicron BA.1 spike increased 
over time (Fig. 1A and SI Appendix, Table S1). We also measured 
serum neutralization titers (NT) and serum anti- spike IgG/IgA 
titers against the ancestral strain and Omicron BA.1 in 86 samples 
obtained from 86 of the 122 cases (SI Appendix, Table S1). To 
evaluate the correlation between nasal and serum antibodies, 
we compared nasal antibody titers with serum antibody titers 
collected within ±1 d of nasopharyngeal specimen collection. 
In instances where multiple pairs of corresponding serum and 
nasopharyngeal specimens were available for a single case, the 
specimen pair was evaluated using the latest collection date. 
Nasal anti- spike IgG, IgA, and S- IgA against the Omicron BA.1 
variant correlated positively with serum anti- spike IgG, IgA, and 
serum NT in all combinations (Fig.  1B). Notably, serum and 
nasal anti- spike IgA and nasal anti- spike S- IgA were less strongly 
associated with vaccination status than serum and nasal anti- spike 
IgG (SI Appendix, Fig. S1A). Additionally, the correlation between 
nasal S- IgA and serum antibodies was weaker than that between 
nasal IgG and IgA and serum antibodies (Fig. 1B). Considering 
the specificity of the S- IgA secreted on mucosal surfaces (8), these 
results suggested that nasal S- IgA may be an appropriate proxy for 
mucosal- specific antibody responses.

Next, we compared the viral RNA load in virus- isolation- positive 
and viral- negative samples among PCR- positive nasopharyngeal 
samples (n = 418, Fig. 1C). Nasal IgG/IgA/S- IgA to the ancestral 
strain or Omicron BA.1 spike antigens of the isolation- negative 
samples were significantly higher than those of the isolation- positive 
samples (Fig. 1D). Furthermore, a significant negative correlation 
was observed between the viral RNA load and the amount of each 
mucosal anti-  BA.1 spike antibody, such as IgG, IgA, or S- IgA, with 
the virus isolation- positive specimens having high viral RNA load 
and low titers of each antibody (Fig. 1 E–G). Viral RNA load and 

mucosal S- IgA titer have shown the most significant negative cor-
relation coefficient among the three antibody isotypes (R = −0.44, 
Fig. 1G). These results suggested that nasal anti- spike antibodies 
contributed to reduction of the viral RNA load and infectivity in 
the nasal mucosa.

A logistic regression model was then applied to estimate the 
relationship between the viral RNA load and the probability of a 
positive virus isolation test in nasopharyngeal samples, resulting 
in a high area under the receiver operating characteristic curve 
(ROC- AUC) of 0.915 (SI Appendix, Fig. S1B). Using the criterion 
of the point on the ROC curve with the highest Youden Index, 
we calculated a cut- off value for the viral RNA load of 5.364 (log10 
copy/mL) with specificity (84.5%) and sensitivity (85.2%) for 
predicting the virus isolation test (SI Appendix, Fig. S1E). This 
also indicated that several nasopharyngeal samples contained rel-
atively high viral RNA loads and tested negative for viral isolation. 
To evaluate the contribution of each antibody isotype in decreas-
ing the infectivity of the nasopharyngeal samples, we applied a 
logistic regression model to estimate the relationship between 
anti- BA.1 spike IgG, IgA, or S- IgA and the probability of 
isolation- positive test results in nasopharyngeal samples, achieving 
high ROC- AUC for IgG, IgA, or S- IgA (0.817, 0.883, and 0.857, 
respectively) (SI Appendix, Fig. S1C). Using the same criterion for 
the ROC curve, we calculated a cut- off value for anti- BA.1 spike 
IgG, IgA, or S- IgA of 22.54, 2.22, or 5.60 (ng/mL) for predicting 
the result of the virus isolation test, respectively (SI Appendix, 
Fig. S1D), revealing that the cut- off values for anti- BA.1 spike 
IgA/S- IgA were lower than that for anti- BA.1 spike IgG.

Using combinations of the cut- off values, nasopharyngeal sam-
ples obtained from Omicron- variant- infected individuals with 
viral RNA more than the viral RNA threshold and antibodies less 
than each threshold of nasal anti- BA.1 spike IgG, IgA, or S- IgA 
were predicted to contain the infectious virus with high specifici-
ties of 95.3%, 94.8%, or 94.0% and sensitivities of 64.0%, 
74.1%, and 76.9%, respectively (Fig. 1 E–G and SI Appendix, 
Fig. S1E). To compare the contribution of each antibody isotype 
(IgG, IgA, and S- IgA) in decreasing the infectivity of the naso-
pharyngeal samples, we applied logistic regression analysis with 
the isolation- positive test results as the outcome variable and 
anti- BA.1 spike mucosal antibodies as the predictor variables 
(SI Appendix, Fig. S1F). Notably, S- IgA was a significant predictor 
(P < 0.0001) of positive virus isolation, with an odds ratio (OR) 
of 0.21 (95% CI, 0.09 to 0.41) (Fig. 1H).

To compensate for the potential impact of sampling efficiency of 
nasopharyngeal mucus, we measured total IgG or IgA in nasopharyn-
geal swab fluid and the proportion of anti- spike IgG/IgA/S- IgA anti-
bodies in the total amount of IgG/IgA antibodies in the nasopharyngeal 
swab fluid was calculated. These normalized anti- spike antibody titers 
showed the same increasing trend as the non- normalized anti- spike 
antibody titers (SI Appendix, Fig. S2 A and B). In terms of predictive 
accuracy for virus isolation, the AUCs were as high as the 
non- normalized anti- spike antibody titers (SI Appendix, Figs. S1C 
and S2C). Additionally, normalized anti- spike S- IgA antibody titers 
among mucosal antibodies were also shown to be most strongly asso-
ciated with viral isolation test results (SI Appendix, Fig. S2D). 
Moreover, both normalized anti- spike IgA and S- IgA demonstrated 
more pronounced negative correlations with viral RNA load 
(SI Appendix, Fig. S2E) and showed higher sensitivity and specificity 
against virus isolation outcome than non- normalized anti- spike IgA 
and S- IgA (SI Appendix, Fig. S2F). These results suggested that the 
proportion of anti- spike S- IgA in nasal IgA also predicts the result of 
the virus isolation test.

These findings indicated that nasal anti- spike S- IgA is the nasal 
antibody most strongly associated with decreased viral RNA load D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 1

30
.5

4.
13

0.
25

2 
on

 J
an

ua
ry

 3
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

13
0.

54
.1

30
.2

52
.

http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2314808120#supplementary-materials


PNAS  2023  Vol. 120  No. 52  e2314808120 https://doi.org/10.1073/pnas.2314808120   3 of 10

Fig. 1. Prediction of virus isolation by nasal anti- spike S- IgA titer against Omicron variants: (A) Dynamics of viral load and anti- spike antibodies in nasal swabs 
in the days following diagnosis or onset of COVID- 19 in SARS- CoV- 2 Omicron- infected cases. Mean ± 95% CI of viral RNA load (Top), infectious viral titer (Middle), 
and anti- spike antibody titers against the Omicron BA.1 variant (Bottom) are shown. Dotted lines indicate the detection limits. For the viral RNA load and viral 
titer, individual data points are displayed. (B) Correlation between nasal antibody titers and serum antibody titers for symptomatic cases with matching collection 
dates against the Omicron BA.1 variant. Regression lines with 95% CIs, Pearson correlation R values, and P values are shown. (C) Comparison of viral RNA load in 
samples that are positive or negative for viral isolation among PCR- positive samples. (D) Comparison of nasal IgG, IgA, and S- IgA against the ancestral strain and 
BA.1 variant spike in samples that are positive or negative for viral isolation. Titers between the positive and negative samples were compared using unpaired  
t tests. (E–G) Verification of the accuracy of cut- off values estimated using logistic regressions. The areas and dots represent the predictive value and viral isolation 
test outcomes, respectively. Vertical and horizontal lines indicate cut- off values as shown in SI Appendix, Fig. S1D. Pearson correlation R values, and P values are 
shown. (H) Logistic regression analysis of virus isolation- test positive samples, considering nasal anti- BA.1 spike antibody titers. Forest plot showing OR and 95% 
CI. Statistical significance: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.D
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and infectivity in the nasopharyngeal mucosa. However, whether 
and how the reduction in viral RNA load and infectivity caused 
by mucosal antibodies affects the duration of infectious virus shed-
ding were not clear.

Peak Viral Load Is a Major Determinant of the Duration of 
Infectious Virus Shedding. To determine the factors associated 
with the duration of viral shedding in individuals infected with 
Omicron, we first characterized the viral RNA shedding dynamics 
in each case. We used a previously developed mathematical model to 
describe the SARS- CoV- 2 shedding dynamics (SI Appendix, Eqs. 1 
and 2) and reconstruct the best- fit dynamics of each individual 
infected with the Omicron considering inter- patient heterogeneity 
in viral shedding. For this analysis, we obtained similar viral RNA 
load data for symptomatic individuals infected with Omicron from 
the National Basketball Association (NBA) cohort (521 cases) (25) 
and symptomatic cases from the FF100 cohort with three or more 
viral RNA- positive nasopharyngeal specimens (51 cases), and used 
these datasets for our analysis of viral RNA shedding dynamics, 

as described in SI Appendix, Fig. S3A. In total, 572 symptomatic 
patients were included in the analysis. The individual- level model 
fits from the FF100 cohort are described in SI Appendix, Fig. S4. 
The definition of each feature constituting the viral RNA shedding 
dynamics is shown in Fig.  2A and Table  1, and the estimated 
fixed and individual parameters are summarized in SI Appendix, 
Tables S2 and S3. Please note that our data from the FF100 cohort 
mainly pertained to the late phase of infection (after symptom 
onset) described in Fig. 2B, whereas data from the NBA cohort 
pertained to the early phase (before symptom onset); therefore, 
the datasets complemented each other. Plots of viral shedding 
dynamics for each case reconstructed from the hybrid data of both 
cohorts showed that the characteristics of viral shedding dynamics 
for the cases from the FF100 and NBA cohorts matched well, 
suggesting the adequacy of the model composed of two different 
cohorts (Fig. 2C and SI Appendix, Table S4).

To identify the predictors of the duration of viral RNA shedding 
based on the dynamic features of viral shedding, we evaluated the 
relationship among the model- estimated values of the reconstructed 

Fig. 2. Quantification and characterization of the dynamics of viral RNA shedding: (A) Illustration of parameters (Table 1) derived from virus dynamics related 
to time and amount. (B) The measured values of individual viral RNA dynamics in the respiratory samples obtained from the FF100 cohort. (C) The reconstructed 
individual- level viral RNA dynamics based on mathematical modeling. Black and gray colors correspond to the viral loads calculated from the FF100 and NBA 
cohorts, respectively. (D) Correlation between the features extracted from the reconstructed individual- level viral RNA dynamics. Regression lines with 95% 
CIs, Pearson correlation R values, and P values are shown. (E) Association between the infectious virus shedding period and the features extracted from the 
reconstructed individual- level viral RNA dynamics. Correlation between post- onset time to viral isolation negative ( T

ISO
 ) and onset viral load ( V

O
 ), peak viral load 

( V
P
 ), duration of culturable viral RNA shedding ( D

CVS
 ), and duration of symptomatic period ( D

SP
 ) are shown, respectively. (F) Multiple regression analysis of the 

infectious virus shedding period ( T
ISO

 ), including the features extracted from the reconstructed viral RNA dynamics. Forest plot showing regression coefficients 
and 95% CI. Statistical significance: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.D
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dynamics, onset viral load ( VO ), peak viral load ( VP ), and duration 
of culturable viral RNA shedding ( DCVS ). Notably, VP vs. DCVS 
showed a higher positive correlation than Vo vs. DCVS , suggesting 
that the strength of the association between viral RNA load (amount 
of viral RNA; Vo and VP ) and duration of viral RNA shedding 
( DCVS ) was not constant, but changed over time after the infection. 
Additionally, VP , rather than VO , was a potential predictor of the 
duration of viral RNA shedding (Fig. 2D).

Next, to evaluate the relationship between the estimated values 
of viral RNA shedding dynamics and the measured values regard-
ing the duration of infectious virus shedding of the FF100 cohort 
cases, we compared the model- estimated values ( VO , VP , and 
DCVS ) with time to becoming viral isolation- negative after onset 
( TISO ), a proxy indicator for the infectious virus shedding dura-
tion. Among the estimated values for viral RNA load, VP , but not 
VO , correlated positively with TISO (Fig. 2E). Additionally, the viral 
RNA shedding duration- related value, DCVS , correlated positively 
with TISO (Fig. 2E). In contrast, the duration of symptomatic 
period ( DSP ) did not show any significant correlation with TISO 
(Fig. 2E). These results indicated that the peak viral load and dura-
tion of viral RNA shedding are important for determining the 
duration of infectious virus shedding. Furthermore, multiple 
regression analysis considering the covariates for TISO revealed that 
VP , rather than DCVS , was associated with TISO with a high effect 
size (Fig. 2F). This suggested that among the features of viral RNA 
shedding dynamics, the peak viral load reflected the duration of 
infectious virus shedding.

Notably, the measured time to becoming PCR- negative after 
onset ( TPCR ) showed a strong positive correlation with DCVS 
among the model- estimated values (SI Appendix, Fig. S3B). 
Additionally, multiple regression analysis considering the covariates 
for TPCR showed that DCVS was associated with TPCR (SI Appendix, 

Fig. S3C). This highlights the differences between the durations 
of infectious viral shedding and viral RNA shedding, and confirms 
the accuracy of the model- estimated value regarding the duration 
of viral RNA shedding, DCVS . Collectively, these results suggested 
that evaluation of the peak viral load was useful for predicting the 
duration of infectious virus shedding.

Correlation of Nasal Anti- Spike S- IgA Response Latency with 
Duration of Infectious Virus Shedding. Next, we evaluated the 
relationship between the duration of viral shedding and the 
dynamics of mucosal antibodies that control viral infectivity in 
the upper respiratory tract. To profile nasal anti- spike antibody 
responses, we used longitudinal anti- spike IgG, IgA, and S- IgA in 
nasopharyngeal samples obtained from the same patients in the 
FF100 cohort, as described above (Fig. 2). The time- dependent 
patterns of nasal IgG, IgA, and S- IgA levels against the spike 
of the Omicron BA.1 variant after infection are described in 
Fig.  3A, along with the viral RNA load. Anti- spike IgG, IgA, 
and S- IgA levels increased over time with similar dynamics for 
approximately 1 mo after infection. Considering these patterns 
of steadily increasing mucosal antibodies, we suggested that the 
latency period of each antibody response after infection, which is 
the time required to induce the mucosal antibody levels necessary 
to suppress infectious viruses in nasopharyngeal samples, could 
be used as a surrogate indicator of mucosal antibody responses, 
contributing to the prevention of infectious virus shedding in 
individuals infected with Omicron (Fig. 3B). To determine the 
immune correlates for the duration of infectious virus shedding, 
the time at which the IgG, IgA, and S- IgA levels exceeded the 
threshold for suppressing viral infectivity (cut- off value for viral 
isolation- negative) in each case [IgG response latency ( LIgG ), IgA 
response latency ( LIgA ), and S- IgA response latency ( LS−IgA )] was 

Table 1. Definition of features describing viral shedding and the dynamics of the mucosal antibody response

Feature name Figure label Explanation Source

Duration of symptomatic 
period

D
SP

Number of days during the observation period in which any clinical 
symptoms related to COVID- 19 were observed.

Measured value 
FF100 cohort

IgG response latency L
IgG

The day when the anti- spike IgG titer first exceeded the threshold 
for infectious virus suppression during the observation period.

Measured value 
FF100 cohort

IgA response latency L
IgA

The day when the anti- spike IgA titer first exceeded the threshold 
for infectious virus suppression during the observation period.

Measured value 
FF100 cohort

S- IgA response latency L
S−IgA

The day when the anti- spike S- IgA titer first exceeded the threshold 
for infectious virus suppression during the observation period.

Measured value 
FF100 cohort

Time to viral isolation 
negative

T
ISO

The first day of a negative viral culture test after the last positive 
viral culture test with nasopharyngeal samples during the 
observation period. Used as a measured value for the infectious 
virus shedding duration.

Measured value 
FF100 cohort

Time to PCR negative T
PCR

The first day of a negative PCR test after the last positive PCR test 
with nasopharyngeal samples during the observation period, or 
the last day of the observation period in which the patient passed 
the serial testing of the criteria to end isolation (whichever came 
first). Used as a measured value for the viral RNA shedding 
duration.

Measured value 
FF100 cohort

Duration of culturable 
viral RNA load shedding

D
CVS

Period in which viral RNA loads above the viral RNA load threshold 
with a high probability of being culturable are detected in the viral 
RNA dynamics of each case constructed in the model.

Model estimate

Onset viral load V
O

The amount of viral RNA at the onset of symptoms determined in 
the viral RNA dynamics of each case constructed in the model.

Model estimate

Peak viral load V
P

Peak amount of viral RNA determined in viral RNA dynamics for 
each case constructed in the model.

Model estimate
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obtained (Fig. 3B and Table 1). The LIgG , LIgA , and LS−IgA levels 
correlated strongly and positively with the duration of infectious 
virus shedding ( TISO ) (Fig. 3C). The TISO also correlated positively 
with the measured duration of viral RNA shedding (i.e., TPCR ), 
but not with DSP and age (Fig. 3C). Multiple regression analysis 
considering covariates for TISO revealed that among mucosal 
antibody responses and viral RNA shedding duration, LS−IgA was 
associated most strongly with TISO (Fig. 3D). Additionally, we did 
not find any differences in sex or symptom onset for LS−IgA and 
TISO among the groups (SI Appendix, Fig. S5 A and B). These 
results suggested that virus- specific S- IgA response latency acts as 
an immune correlate of the duration of infectious virus shedding, 
which is consistent with the results shown in Fig. 1H.

Additionally, we evaluated the relationship between LS−IgA 
and model- estimated values describing viral RNA shedding 
dynamics. Among the model- estimated values related to viral 
load, VP , but not VO , correlated positively with LS−IgA (Fig. 3E). 
Additionally, the viral RNA shedding duration- related value, 
DCVS , showed similar positive correlation with LS−IgA (Fig. 3E). 
Consistent with the results of multiple regression analysis for 
TISO (Fig. 2F), multiple regression analysis considering covariates 
for LS−IgA revealed that VP was strongly associated with LS−IgA 
(Fig. 3F). This indicated that the peak viral load may reflect the 
mucosal antibody response after infection and influence the 
duration of infectious viral shedding. However, LIgG and LIgA 
exhibited weaker correlations with VP than with LS−IgA 
(SI Appendix, Fig. S5 C and E) and no association with VP in the 
multiple regression analysis (SI Appendix, Fig. S5 D and F). 
Collectively, these results suggested that mucosal S- IgA response 
latency significantly influenced the duration of infectious virus 
shedding and correlated with the prevention of infectious virus 
shedding.

Prior Infection History Was Associated with Short Nasal Anti- 
Spike S- IgA Response Latency and Duration of Short Viral 
Shedding. Finally, we investigated whether a patient’s immune 
history (infection and vaccination) altered the mucosal antibody 
response latency and duration of viral shedding because a short 
S- IgA response latency group ( LS−IgA ≤ 5) had a significantly 
higher proportion of SARS- CoV- 2 infection history (SI Appendix, 
Table S5). We stratified all cases, including asymptomatic cases 
from the FF100 cohort, into three groups according to their 
immune history: an unvaccinated group with no history of SARS- 
CoV- 2 infection (naive), a group with a history of one to three 
vaccinations but no prior- SARS- CoV- 2 infection (vaccination- 
only), and a group with prior- SARS- CoV- 2 infection history, 
regardless of vaccination history (prior infection) (SI Appendix, 
Table S6).

The levels of nasal anti- spike IgG, IgA, and S- IgA in the ances-
tral strain and BA.1 variant were lowest in the naive group and 
highest in the prior infection group (Fig. 4A and SI Appendix, 
Table S6). Longitudinal evaluation of viral RNA load, viral titer, 
and nasal antibody titers over time after onset or diagnosis for 
each immune history group revealed that infectious viral titers 
were negative when viral RNA loads and S- IgA crossed each 
threshold for virus isolation, as shown in Fig. 1G (Fig. 4B and 
SI Appendix, Table S6). Additionally, the vaccination- only group 
showed a more rapid onset of IgG responses than IgA or S- IgA 
responses, whereas the prior infection group showed rapid onset 
of all antibody responses and short antibody response latency for 
all antibodies (Fig. 4B).

We compared the differences in the duration after diagnosis/
onset regarding viral shedding and mucosal antibody responses, 
including the durations of infectious virus shedding ( TISO ) and 
viral RNA shedding ( TPCR ), LIgG , LIgA , and LS−IgA among the 
naive, vaccination- only, and prior- infection groups (Fig. 4C). 
Notably, the prior infection history group showed the lowest 
LIgA, LS−IgA , and TISO levels among the three groups. However, 
the vaccination- only group showed markedly shorter LIgG than 
the naive group but did not differ from the naive group in TISO 
or TPCR (Fig. 4C). Additionally, a comparison of the vaccine- only 
and naive groups using model estimates showed that all features 
describing viral RNA shedding dynamics were comparable 
between the two groups (SI Appendix, Fig. S6 A and B). The 
differences between TISO and LIgA , or TISO and LS−IgA were 
approximately 0 d for any of the immune history groups and 
were comparable among these groups, suggesting a more direct 
effect on TISO for LIgA and LS−IgA than for the immuno history 
(SI Appendix, Fig. S7A). Meanwhile, a divergence between TISO 
and LIgG was noted in the naive and vaccination only groups. 
Notably, only LS−IgA among the antibody response latencies 
showed a significantly higher positive correlation with TISO across 
all immuno history groups (SI Appendix, Fig. S7 B–D). To eval-
uate the LS−IgA and TISO of the hybrid immunity group (Hybrid) 
having exposure history to both vaccination and prior infection 
with a small number of cases (n = 8), hierarchical Bayesian mod-
eling was employed, considering the probability distribution of 
all cases. Estimations showed that LIgG , LIgA , LS−IgA , TISO , and 
TPCR were comparable between the Prior- infection only (prior 
infection history without vaccination) and Hybrid groups 
(SI Appendix, Fig. S8A). It was also confirmed that LIgA and 
LS−IgA tend to coincide with TISO in any group (SI Appendix, 
Fig. S8B). These findings demonstrated that the virus- specific 
S- IgA response latency robustly reflected the duration of infec-
tious virus shedding, even with different immune histories. 
Collectively, these results suggested that a history of prior infec-
tion with SARS- CoV- 2, but not vaccination, significantly 
enhanced rapid and efficient nasal anti- spike S- IgA responses 
that shortened the duration of infectious virus shedding.

Discussion

In this study, we demonstrated that induction of antiviral S- IgA 
is associated with reduced viral RNA load and infectivity in the 
nasal mucosa. Furthermore, our study showed that the promptness 
of the antiviral S- IgA response in the nasal mucosa after infection 
correlated with viral RNA shedding dynamics and predicted the 
duration of infectious virus shedding, strongly suggesting that 
S- IgA functions as a mechanistic immunological correlate for pre-
venting infectious virus shedding.

Antibodies in the nasal mucosa are primarily composed of the 
IgA isotype (9, 10), while the IgG isotype in the nasal mucosa is 
considered a blood spillover. In this study, nasal anti- spike IgG levels 
correlated highly with serum anti- spike IgG levels. Nasal IgA con-
tains the monomeric IgA form not bound to SC, and the mono-
meric IgA in the nasal mucosa is also considered a blood spillover 
(9). The antibodies exuded from the blood may not accurately reflect 
the physiological state of mucosal antibody responses because they 
may be actively exuded as a result of the physical stimuli encountered 
during sample collection. However, as SC- bound S- IgA antibodies 
are physiologically present only in the mucosa and not in the blood 
(8), the influence of spillover antibodies from the blood to the 
mucosa can be ignored by specifically measuring nasal S- IgA in 
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nasopharyngeal specimens. The nasal antiviral S- IgA response meas-
ured in this study demonstrated a low correlation with serum anti-
viral antibodies, suggesting that the S- IgA response is an appropriate 
proxy for mucosa- specific antibody response. Recent reports showed 
that individuals with high levels of SARS- CoV- 2 spike- specific 

mucosal IgA and S- IgA are less likely to experience breakthrough 
infection with the Omicron variant, suggesting that mucosal S- IgA 
plays a substantial role in cross- protection against SARS- CoV- 2 
variants (23, 26). Furthermore, nasal antibodies after breakthrough 
infection with Omicron BA.1 or BA.2 virus possess neutralizing 

Fig. 3. Relationship between nasal anti- spike S- IgA response latency and dynamics of virus shedding: (A) Time- series patterns of viral RNA load (blue), IgG 
(green), IgA (orange), and S- IgA (pink) for total patients are shown. Lines indicate cross- sectional averages from each group, with shading representing 95% CI 
and colored accordingly. (B) Illustration of time- related parameters derived from S- IgA dynamics. Details of the parameters are shown in Table 1. (C) Correlations 
between time to viral isolation negative after diagnosis/onset and each of the following: Antibody response latencies after diagnosis/onset ( L

IgG
 , L

IgA
 , and L

S−IgA
 ), 

time to PCR negative after diagnosis/onset, and duration of symptomatic period are shown, along with its multiple regression analysis (D). Regression lines with 
95% CIs, Pearson correlation R values, and P values are shown. Forest plot showing regression coefficients and 95% CI. (E) Correlations between post- onset S- IgA 
response latency ( L

S−IgA
 ) and each of the following parameters: onset viral load ( V

O
 ), peak viral load ( V

P
 ), and duration of culturable viral RNA shedding ( D

CVS
 ).  

(F) Multiple regression analysis of L
S−IgA

 , including the features extracted from the reconstructed viral RNA dynamics. Statistical significance: ns, not significant; 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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activity against BA.5 and Delta viruses (27), indicating that mucosal 
S- IgA has high cross- protective activity against SARS- CoV- 2 variant 
infections.

Antibodies present in the mucosa, such as S- IgA, neutralize 
viruses in the saliva and nasal secretions of infected individuals 
and reduce reinfection by preventing infectious virus shedding  
(5, 9, 10). However, the clinical significance of mucosal antibodies 
in preventing viral shedding in respiratory viral infections has not 
been established because of the lack of appropriately designed 
clinical studies. Nasopharyngeal viral loads in COVID- 19 patients 
are strongly associated with the human- to- human transmission 
of SARS- CoV- 2 infection (28). Additionally, positive viral culture 
results in the upper respiratory tract specimens from COVID- 19 
patients have been used as indicators of the presence of infectious 
viruses shed from infected individuals (29). Therefore, the dynam-
ics of viral RNA and shedding should be understood to determine 
the risk of contracting reinfections. This study demonstrated that 
individuals infected with Omicron variants with shorter S- IgA 
response latencies had shorter duration of infectious virus shed-
ding and lower peak viral load, regardless of vaccination status. 
S- IgA secreted on the mucosa prior to viral exposure contributes 
to protection from infection; however, even in case the amount 
of S- IgA is insufficient to protect against infection, the rapid 
induction of sufficient amounts of S- IgA to suppress the infectivity 
of progeny viruses after infection may be important in reducing 
the risk of reinfection in infected individuals. A report from the 

human challenge trial showed that the amount of the virus needed 
to infect more than 50% of humans with SARS- CoV- 2 was a 10 
median tissue culture infectious dose (TCID50) (30). Given that 
the detection limit for the virus isolation test was 24 TCID50/mL 
in our study, the anti- spike S- IgA antibody titer (6.5 ng/mL) is 
comparable to the antibody titer required to suppress the viral 
titer (10 TCID50) to establish infection. Furthermore, the current 
study revealed that infected individuals with the shortest S- IgA 
response latency had prior history of infection, highlighting the 
importance of antigen stimulation of the mucosal route obtained 
by natural infection for the prompt induction of the S- IgA 
response after infection.

The COVID- 19 pandemic highlights the need for a vaccine 
that can not only prevent disease but can also prevent reinfection 
(31), and respiratory mucosal vaccines may be capable of address-
ing these issues. To improve the feasibility of clinical trials of intra-
nasal mucosal vaccines, appropriate immune correlates that can 
be used to predict the clinical relevance should be identified. Our 
study, which focused on the response latency to reach a certain 
level of S- IgA rather than the level of induced S- IgA, shows that 
the S- IgA response latency can be used as an immunological cor-
relate to prevent infectious virus shedding from respiratory 
virus- infected individuals, which is precisely what is required for 
next- generation vaccines that will enable pandemic control (5). 
Such a correlation would be useful in the development of intra-
nasal mucosal vaccines, which can induce mucosal immunity and 

Fig. 4. Effect of immune history on S- IgA response latency and viral shedding duration: (A) Comparison of nasal IgG, IgA, and S- IgA against the ancestral strain 
and BA.1 variant spike in groups with different immune histories: no vaccination or SARS- CoV- 2 infection history (naive), a history of 1 to 3 vaccinations but no 
prior- SARS- CoV- 2 infection (vaccination- only), or prior- SARS- CoV- 2 infection history regardless of vaccination history (prior- infection). Mean ± 95% CI is shown. 
Antibody titers between the groups were compared using Tukey’s test. Dotted lines indicate the detection limits. (B) Dynamics of viral load and anti- spike 
antibodies in nasal swabs in the days after diagnosis or onset in each immune history group. Mean ± 95% CI of viral RNA load, infectious viral titer, and anti- BA.1 
spike antibody titers are shown. Dotted lines indicate the detection limits. Individual data are displayed in the viral tier. Gray regions indicate regions above the 
viral RNA threshold or below the S- IgA threshold. (C) Comparison of post- diagnosis/onset parameters obtained from the FF100 cohort among the exposure 
histories. Mean ± 95% CI is shown. Significance was measured using one- way ANOVA corrected using Tukey’s test. Statistical significance: ns, not significant;  
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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reduce human- to- human transmission. Thus, it may be crucial 
not only for controlling the current SARS- CoV- 2 epidemic but 
also for preventing the next pandemic.

Limitations of the Study. Despite the overall strengths of this 
study, it had several limitations. First, owing to the nature of 
observational studies using residual clinical specimens (FF100 
cohort), the intervals at which nasopharyngeal specimens 
were collected differed between cases, and specimens were not 
always obtained at optimal intervals. Although our quantitative 
modeling approach can reconstruct the overall profiles of viral 
RNA dynamics at the individual level, it may prevent precise 
determination of the infectious virus shedding duration and S- 
IgA response latency for each case. Second, the small number of 
previously infected participants in this study may have impeded 
accurate evaluation of the effect of prior infection. Third, 
the trajectory data on nasal antiviral antibody levels should 
be interpreted with consideration of the infection variant, 
vaccination status, and time of infection; only data obtained 
in the present study were used, limiting the precision because 
of the small sample size. Finally, in COVID- 19, viral culture 
positivity has been proposed as a surrogate for infectivity. Our 
findings highlight an association between anti- spike S- IgA and 
viral infectivity, but direct causation has not been established. 
Further research is required to examine the relationship 
among viral culture positivity, mucosal antibody responses, 
and the incidence of reinfection in individuals infected with 
SARS- CoV- 2.

Materials and Methods

Human Participants and Sampling. The characteristics of the human par-
ticipants included in this study from the FF100 cohort study are shown in 
SI Appendix, Table S7. Demographic information, vaccination status, and infor-
mation on sera and respiratory samples obtained from the FF100 cohort study 
were collected as part of public health activity under the Act on the Prevention 
of Infectious Diseases and Medical Care for Patients with Infectious Diseases. 
Serum and respiratory samples obtained from Omicron- variant- infected 
patients were collected for clinical testing during admission and submitted 
to the NIID for virological and serological tests as part of the public health 
activity. In this study, cases with a history of COVID- 19 diagnosis prior to the 
current event or positive anti- N antibody (cut- off index > 1.0) within 5 d after 
onset or diagnosis were considered to have a history of SARS- CoV- 2 infection 
based on previous reports (32). Serum antibodies were not measured prior to 
the study enrollment event (prior to Omicron infection) in the enrolled cases. 
Respiratory specimens were collected from nasopharyngeal swabs. RT- qPCR 
assays were performed at NIID for all respiratory samples to confirm the sample 
quality for genome sequencing and to quantify the viral RNA load. The infected 
viral strains from the FF100 cohort study were confirmed using whole- genome 
sequencing as described (32) and the consensus sequences were uploaded 
to Global Initiative on Sharing Avian Influenza Data (GISAID) (https://www.
gisaid.org). Viral isolation was attempted for the RT- qPCR positive samples, 
as described previously (33). To evaluate the sensitivity of our virus isolation 
tests, we compared our TISO data with the previously published data by Boucau 
et  al. (34). No apparent differences were observed in the efficiency of virus 
isolation during the same time period between the FF100 cohort in this study 
and the previously reported cohorts (34) involving Omicron and Delta cases 
(SI Appendix, Fig. S9A). Furthermore, the Unvaccinated (34), Vaccinated (34), 
Naive (this study), and Vaccinated- only (this study) groups all showed a similar 
downward trend in virus isolation rates, which differed from the trend observed 
in the Prior- infection (this study) group (SI Appendix, Fig. S9B). S- IgA against 
SARS- CoV- 2 in the nasopharyngeal swabs was measured using the V- PLEX 
SARS- CoV- 2 panel 24 (Mouse IgG) kit (Meso Scale Discovery, MD, USA). With 
the exception of the secondary antibody and calibrator, the assays were mostly 
performed according to the manufacturer’s instructions.

Additionally, similar viral load data (521 cases) were obtained from the NBA 
occupational health cohort (the e cohort) (25) for robust parameter estimations of 
our mathematical model (SI Appendix, Eqs. 1 and 2). Only symptomatic patients 
were included and patients with fewer than three viral RNA- positive nasopharyngeal 
swab specimens were excluded for this mathematical modeling (we used data from 
572 cases, 51 cases from the FF100 cohort and 521 cases from the NBA cohort).

Data, Materials, and Software Availability. The characteristics of human par-
ticipants included in this study are shown in SI Appendix, Table S7. All other data 
are included in the manuscript and/or supporting information.
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