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Analysis of humoral immune responses as
correlates of protection against SARS-CoV-2

infection in the Omicron era
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Summary

Introduction: Serum anti-spike IgG and neutralizing antibody against SARS-CoV-2 are
accepted as immune correlates of protection (ICP) against COVID-19. However, there are
limited data available on the ICP after the Omicron variant wave and the introduction of the
BA.4/5 bivalent vaccine. Thus, this study aimed to analyze the antibody responses as correlates
of protection in the Omicron era and to investigate the protective factor against COVID-19

amid complex immunologic status of the population.

Methods: A prospective cohort of healthcare workers was enrolled at Asan Medical Center,
the largest tertiary care hospital in South Korea between December 2022 and January 2023,
and followed up for 5 months. Study participants had previously received a 3- or 4-dose of
COVID-19 vaccine and either planned to receive a bivalent BA.4/5 vaccine or not. Blood and
saliva samples were collected at 0, 1, and 3 months from the time of study enrollment, while
for individuals who did not receive the bivalent vaccine, samples were collected only at 0 and
3 months. Immunological assessments were conducted using ELISA to measure variant-
specific serum S1-IgG and saliva S1-IgA, and virus reduction neutralization test to measure

neutralizing antibody levels.

Results: A total of 482 participants were enrolled, of whom 69 (14.3%) underwent subsequent
infection after study enrollment during 5-month follow-up, while 413 (85.7%) did not. Of
these 482 participants, 381 (79.0%) experienced previous SARS-CoV-2 infection before, and
166 (34.4%) received the BA.4/5 bivalent booster vaccination at the study enrollment. There
was a significant difference in baseline antibody levels of Wuhan-Hu-1 (Wuhan) S1-1gG, BA.5
S1-IgG, and neutralizing antibody (nAb) against BA.5 between individuals with and without

subsequent infection (all P <0.001), whereas baseline saliva Wuhan S1-IgA and BA.5 S1-IgA

i



did not show significant difference according to the subsequent infection. The infection rate
showed a decreasing trend as baseline serum antibody levels increased (all P for trend <0.001),
but no significant trend was observed with baseline saliva antibody levels. The optimal cutoff
value for distinguishing subsequent infection was determined from receiver operative
characteristic (ROC) curves as 1.36 log OD ratio for Wuhan-Hu-1 S1-IgG, 1.43 log OD ratio
for BA.5 S1-IgG and 7.00 1og:50% neutralization dose [ND50] for neutralizing antibody
against BA.5. Baseline serum Wuhan S1-IgG (adjusted hazard ratio [aHR] 0.43; P=0.02),
BA.5 S1-IgG (aHR 0.32; P=0.005) and neutralizing antibody against BA.5 (aHR 0.26,
P=0.045) exceeding the cutoff value, were found to be independent protective factors against
subsequent SARS-CoV-2 infection in multivariable Cox regression analysis, and also hybrid
immunity was a robust protective factor against subsequent infection in all analysis based on
each immune marker (all P <0.01). However, saliva S1-IgA did not show a protective role
against SARS-CoV-2 infection. The high antibody levels exceeding cutoff values, Wuhan S1-
IgG (aHR 0.40; P=0.007), BA.5 S1-IgG (aHR 0.30; P <0.001), as well as neutralizing
antibodies against BA.5 (aHR 0.15; P=0.02) and hybrid immunity (all P <0.05), were also
significantly protective against subsequent infection in the 1-month subgroup analysis that
reflected the antibody levels after the bivalent booster vaccination in those vaccinated.
Furthermore, combining high baseline antibody levels that exceed optimal cutoff values and
hybrid immunity, the sensitivity and specificity for protection from subsequent SARS-CoV-2
infection were 89.0% and 42.0% for Wuhan S1-IgG, 88.5% and 47.8% for BA.5 S1-IgG, and
87.2% and 56.3% for neutralizing antibody against BA.5, respectively, with similar positive

predictive value (90.2%, 91.0% and 92.3%, respectively).

Conclusions: This 5-month observational cohort study reconfirms that humoral immune

responses are immune correlates of protection against SARS-CoV-2 infection in the Omicron

era with the complex immune status of the population, and hybrid immunity is an independent

il



protective factor against subsequent infection. Also, high serum antibody levels exceeding the
cutoff value when combined with hybrid immunity demonstrate a significant predictive

performance for protection against subsequent SARS-CoV-2 infection.

Keywords: antibody response, correlates of protection, hybrid immunity, mucosal immunity,

SARS-CoV-2
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Introduction

The measurement of particular immune responses as correlates of protection against infection
or disease is essential to evaluate the protective efficacy of vaccines'. After the rollout of
Coronavirus Disease-19 (COVID-19) vaccines, serum anti-spike protein IgG antibody and
neutralizing antibody against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
have been accepted as correlates of protection, serving as key immune markers of vaccine
efficacy’. The level of spike-specific binding antibody was demonstrated as mechanistic
correlates of protection in a study assessing immunogenicity and protection of mRNA-1273
vaccine in nonhuman primates®. Also, the titer of neutralizing antibodies induced by multiple
COVID-19 vaccines in humans*’ has been recognized as immunological correlates of
protection. Meanwhile, considering that these correlates of protection were determined based
on studies involving individuals who had not previously been infected, it appears crucial to
reevaluate the correlates of protection within the context of the complex immunity of the
population established during the Omicron wave that made a significant portion of the
population to acquire hybrid immunity after booster vaccination.

Hybrid immunity made by exposure to both natural SARS-CoV-2 infection and
COVID-19 vaccine has been known to provide more durable and broader cross-variant
protection against COVID-19 than vaccination or infection alone®'’. One of the possible
contributing factors to hybrid immunity could be mucosal immunity that develops during
natural infection. Mucosal immunity is also considered an important immune correlates of

protection against COVID-19'"!?

, and secretory IgA, a key component of mucosal immunity,
plays a critical role in protecting against respiratory viral infections including SARS-CoV-2",
Furthermore, it appears that overall mucosal immunity induced by vaccination is not as robust
as that generated by natural SARS-CoV-2 infection, despite mucosal IgA responses being

reported variably according to the natural infection or vaccination in previous studies'*'®. Thus,

it could be assumed that hybrid immunity may have a strong protective effect due to mucosal



immunity induced by natural infection. Consistent with this, robust epidemiological data

suggest that hybrid immunity provides substantial protection against subsequent infection'*%’,

212 However, there are limited

particularly in the context of the Omicron variant
immunological data on the landscape of immune correlates of protection in the Omicron era
where a significant portion of the population has hybrid immunity. Also, as the BA.4/5 bivalent
vaccine was introduced in August 2022 in response to the need for an updated COVID-19
vaccine due to the waning antibody responses and immune escape of variants from
neutralizing antibodies, this study aimed to investigate the immune correlates of protection

against COVID-19 focusing on the role of hybrid immunity and the effects of BA.4/5 bivalent

vaccine.



Methods

1. Study design and participants

South Korea introduced its COVID-19 vaccine in February 2021, with the AZD1222
(AstraZeneca, Cambridge, UK) and BNT162b2 (Pfizer-BioNTech, New York City, NY, USA,
and Mainz, Germany). In the hospital setting, BNT162b2 was assigned to healthcare workers
who were in close contact with COVID-19 patients and AZD1222 to those not directly
involved with COVID-19 patient care in accordance with the South Korean government policy.
Booster vaccination was conducted using mRNA vaccines in fall, 2021. After the booster
vaccination, there have been three waves of COVID-19 caused by the Omicron SARS-CoV-2
variant in South Korea: the first wave from February to May 2022 was dominated by BA.1
subvariant at the beginning, but after a few weeks, BA.2 subvariant predominated, followed
by BA.5 subvariant from July to October 2022, and finally BA.5 again from November 2022
to January 2023 with a slow overlap of the BN.1 subvariant (Figure 1)*. As a result, a
substantial number of healthcare workers in South Korea who previously received booster
vaccination and remained naive to infection acquired hybrid immunity against COVID-19
during this Omicron wave.

In this context, a cohort of healthcare workers was enrolled at Asan Medical Center, the
largest tertiary medical center in Seoul, South Korea, with 2,700 beds, between December
2022 and January 2023, who had completed a booster vaccination and had either planned to
receive the bivalent booster vaccination or not. Individuals with a history of SARS-CoV-2
infection twice or more were excluded to ensure clarity in evaluating the concept of hybrid
immunity. This study was approved by the institutional review board of Asan Medical Center

(IRB No. 2022-1269).
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2. Definitions

Demographic characteristics, underlying diseases, medications, previous SASR-CoV-2
infection, and COVID-19 vaccination history were reviewed. Hybrid immunity was defined
as a combination of a 3- or 4-dose COVID-19 vaccine and previous SARS-CoV-2 infection
which was identified as having a positive nasopharyngeal polymerase chain reaction (PCR)
prior to the study as well as a positive nucleocapsid protein (NP) antibody detected in the
baseline sampling of the participants. The type of previous vaccination was classified as
heterologous and homologous vaccination: the former involved one or more doses of
AZD1222 followed by mRNA vaccines while the latter consisted of consecutive mRNA
vaccinations. The BA.4/5 bivalent vaccine that the study participants received was all
BNT162b5 (Pfizer-BioNTech, New York City, NY, USA, and Mainz, Germany). Subsequent
infection was defined as a SARS-CoV-2 infection during the 5 months following study
enrollment. For infection-naive individuals at the time of enrollment, those whose follow-up
nucleocapsid protein antibody changed from negative to positive were presumed to have
experienced a subsequent infection even if they did not self-report any infection. However, for
participants with previous infections at the start of the study, subsequent infections could not
be determined based on seroconversion of the nucleocapsid protein antibody. Thus, if an
antibody titer increase was observed in individuals with hybrid immunity, greater than the 25"
percentile of the increase in those who had a subsequent infection without bivalent booster
vaccination, it was assumed that these individuals likely experienced a subsequent infection

despite reporting no infection.

3. Specimen collection
The baseline blood and saliva sampling were done on the day of enrollment in participants
without bivalent vaccination and on the same day as the bivalent vaccination or before the

vaccination if not feasible. Following the study enrollment, information on subsequent SARS-



CoV-2 infection was obtained regularly, and specimen collection was done at 1 month and 3
months for all participants, except those who did not receive the bivalent vaccine; these

individuals underwent follow-up sampling only after 3 months.

4. Estimation of SARS-CoV-2 variants of the previous infection

The SARS-CoV-2 variants of previous infection in those with hybrid immunity were estimated
by considering the most prevalent variants during the time of infection, with the information
provided by the Korea Disease Control and Prevention Agency from January 20, 2020, to the

pres ent™,

5. Immunological evaluation of the study cohort

SARS-CoV-2 S1-specific serum IgG antibody and saliva IgA were determined by in-house
ELISA that used Wuhan-Hu-1 (Wuhan) and Omicron BA.5 subvariant spike protein S1 as
antigen. The in-house ELIS A began with careful preparation of the primary antigen, the SARS-
CoV-2 S1 protein, which I diluted to a concentration of 2ug/mL in phosphate-buffered saline
(PBS). I gently pipetted 100uL of this solution into each well of the immunoplate and left it to
incubate undisturbed overnight at a chilly 4°C. After this incubation period, I carried out 3
times of washes, each with 200uL. of PBS infused with 0.05% Tween 20, ensuring the removal
of any unbound S1 protein. Subsequently, I applied a blocking solution consisting of PBS plus
1% bovine serum albumin (BSA), using it to fill each well with 200uL of the mixture. The
immunoplate was then allowed to incubate for at least an hour, providing ample time for the
BSA to bind any remaining protein-free sites and prevent nonspecific binding. The standard
and samples required a series of dilutions in PBS plus 1% BSA, beginning at 1/100 and
extending to 1/1,000, 1/10,000, and beyond. Following this, I added 100uL of these diluted
entities (sample, positive control, or negative control) into the immunoplate and left it at room

temperature, patiently waiting for 2 hours. The horseradish peroxidase (HRP) conjugated anti-



human Fc gamma antibody was next in line, which I diluted in PBS plus 1% BSA to a precise
working concentration of 40ng/mL (1:20000 dilution from the stock antibody of 0.8mg/mL.).
After ensuring this mixture was filtered through a 0.2 um filter, I proceeded with a more
rigorous washing protocol, involving five washes with 200uL of PBS plus 0.05% Tween 20.
A 100uL aliquot of the meticulously prepared detection antibody was added to each well,
followed by an hour-long incubation at room temperature in the dark, ensuring the antibody
had sufficient time to bind to the antigen without any interference from light. After this crucial
step, I engaged in an even more rigorous washing regimen, flushing the wells seven times with
200uL of PBS plus 0.05% Tween 20. Subsequently, I dispensed 100uL of tetramethylbenzidine
(TMB) substrate into each well, which was incubated again at room temperature in the dark
for 30 minutes, allowing for the enzymatic reaction to occur. To halt the reaction, I swiftly
added 50uL of stop solution to each well. The final act was to read the optical density (OD) at
a wavelength of 450 nm, which, in essence, is a measure of the binding between the primary
antigen and the detection antibody. In-house ELISA for Wuhan S1-specific serum IgG was
standardized with reference pooled sera from the International Vaccine Institute (Seoul, South
Korea). However, since no reference pool was provided for the BA.5 variant, antibody units
were not normalized to international units and were kept as OD for statistical comparison.

In-house ELISA for S1-specific saliva IgA and the commercially available SARS-CoV-2
IgA ELISA kit (Eurolmmun, Liibeck, Germany) showed a high correlation coefficient of 0.74
(P <0.001) with 100% (95% CI, 83.2-100) of sensitivity and 100% (95% CI, 85.8-100) of
specificity when the commercial kit was used as the standard.

The 50% neutralizing dose (ND50) was determined using virus reduction neutralization
test (VRNT) as previously described®. Briefly, viruses were directly detected with fluorescent
antibodies in a 96-well plate, and neutralizing antibody titers were determined by analyzing
the number of infected cells. There was a high correlation between the results of the plaque

reduction neutralization test (PRNT) and VRNT in a laboratory (R?=0.95). Also, both Wuhan-



S1 IgG and BA.5 S1-IgG showed a good correlation with the VRNT assay (R=0.73 and

R=0.80, respectively; both P <0.001) (Figure 2).
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Figure 2. Correlation between serum binding antibody and neutralizing antibody



6. Statistical analysis

The titer of the S1-specific IgG and IgA antibody was log-transformed using base 10, and the
ND50 was transformed using base 2. The 2 or Fisher’s exact test was used to compare
categorical variables and the Wilcoxon rank sum was used to compare continuous variables,
as appropriate. The correlation between the two variables was analyzed using Spearman’s rank
correlation analysis. The P for trend was calculated using the Cochran-Armitage test. The area
under the receiver operating characteristic (AUROC) curve was calculated for each immune
marker to measure the ability to discriminate subsequent SARS-CoV-2 infection, and DelLong
test was used to compare ROC curves. A cutoff value of each immune marker was determined
using the Youden index®®. The sensitivity, specificity, positive predictive value, and negative
predictive value with 95% confidence intervals (CI) were computed under the optimal cutoff
values for each immune marker to evaluate the predictive performance for protection from
subsequent SARS-Cov-2 infection. A Cox-proportional hazard model was used to estimate the
protective factors from subsequent SARS-CoV-2 infection after study enrollment. Variables
with P values < 0.10 in the univariate analysis, were included in the multivariable analysis.
Kaplan-Meier methods were used to draw cumulative incidence curves for subsequent
infection. All tests of significance were two-tailed, and P values of <0.05 were considered to
indicate statistical significance. Data analysis and graph plotting were conducted using R

software version 4.1.3 (R Project for Statistical Computing, Vienna, Austria).
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Results

1. Baseline characteristics

A total of 482 participants were enrolled in this cohort. Of these participants, 381 (78.8%) had
previous SARS-CoV-2 infection (hybrid immunity), yet 34 (9%) were unaware of their past
infection and were identified as having a previous infection based on a positive nucleocapsid
protein antibody result. The variants of previous infection were estimated as follows: 4 (1.0%)
with Delta, 222 (58.3%) with BA.1/2, and 121 (31.8%) with BA.4/5. Among the 381 with
hybrid immunity, 119 (31.2%) received the bivalent vaccine, while 262 (68.8%) did not; in the
102 infection-naive individuals, 47 (46.1%) received the bivalent vaccine and 55 (53.9%) did
not. A schematic diagram of the study participants is shown in Figure 3. Of the participants,
15.4% were male and the median age was 33 years (interquartile range [IQR], 28-41). In this
study cohort, 34.4% of the participants received bivalent booster vaccination. During the 5-
month observation, 69 (14.3%) experienced subsequent SARS-CoV-2 infection. Previous
SARS-CoV-2 infection was significantly more common in participants who did not experience
subsequent infection. Also, the time since the last exposure to the SARS-CoV-2 antigen,
whether through vaccination or infection, was significantly shorter in individuals without
subsequent infection. Demographic and baseline clinical characteristics of the study

participants according to the subsequent infection are presented in Table 1.
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Unknown: n=34
Delta: n=4
BA.1/2: n=222
BA.4/5: n=121

T Bivalent vaccine:
n=119

Hybrid immunity:

n=381 ,| No bivalent vaccine:
Total Final n=262
recruitment: enrollment:
n=510 n=482 Bivalent vaccine:
Infection-naive: n=47
n=101

No bivalent vaccine:
* Drop out: n=7 n=54

* Two or more previous infections: n=5

* Received COVID-19 vaccines other
than ChAdOx1 nCoV-19, BNT162b2,
mRNA-1273 or only 2-dose vaccine
before recruitment: n=13

* Did not receive additional dose with
bivalent vaccine : n=3

Figure 3. Schematic diagram of the study participants
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Table 1. Demographics and baseline characteristics of study participants according to the subsequent SARS-CoV-2 infection

Variable Total Subsequent No subsequent P value
(n=482) infection infection
(n=69) (n=413)
Age, years, median (IQR) 33 (28—41) 35 (28-42) 33 (28-41) 0.68
Male 74 (15.4) 13 (18.8) 61 (14.8) 0.39
Underlying comorbidity 55(11.4) 9 (13.0) 46 (11.1) 0.64
Number of previous vaccinations 0.77
3-dose 457 (94.8) 65 (94.2) 392 (94.9)
4-dose 25(5.2) 4 (5.8) 21 (5.1)
Type of previous vaccination 0.66
Heterologous 400 (83.0) 56 (81.2) 344 (83.3)
Homologous 82 (17.0) 13 (18.8) 69 (16.7)
Time from last vaccination to study enroll, days, median (IQR) 375 (365-383) 376 (366, 383) 375 (365, 383) 0.96
Previous SARS-CoV-2 infection 381 (79.0) 31 (44.9) 350 (84.7) <0.001
Time from the previous infection, days, median (IQR)* 251 (127-275) 269 (116-286) 250 (127-272)  0.20
Bivalent booster vaccination 166 (34.4) 23 (33.3) 143 (34.6) 0.83
Time from last SARS-CoV-2 antigen exposure, days, median (IQR)* 260 (128-296) 338 (269-378) 254 (127-284)  <0.001

Data represent n (%) unless otherwise indicated.
IQR, interquartile range
aCalculated without 34 individuals whose infection date was not identified.
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2. Baseline antibody responses and subsequent SARS-CoV-2 infection
Participants with a subsequent SARS-CoV-2 infection showed significantly lower baseline
serum antibody levels of Wuhan S1-IgG, BA.5 S1-IgG, and neutralizing antibodies against
BA.5 compared to those who did not experience a subsequent infection (all P <0.001). These
differences were statistically significant across both the hybrid immunity and infection-naive
groups, except for neutralizing antibodies against BA.5 in the infection-naive participants
(Figure 4). However, baseline saliva SARS-CoV-2 Wuhan S1-IgA (P=0.42) and BA.5 S1-IgA
(P=0.18) antibody levels did not show significant differences between those with and without
subsequent infection (Figure 5).

Baseline serum and saliva antibody levels were significantly higher in participants with
hybrid immunity (all P <0.01, Figure 6), regardless of immune markers. Also, there was a
significant inverse correlation between the interval from the previous infection to baseline

antibody measurement and the level of each immune marker (all P <0.01, Figure 7).
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Figure 4. Baseline serum SARS-CoV-2 S1-IgG and neutralizing antibody levels according to the subsequent SARS-CoV-2 infection. 4. Wuhan-
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D. Baseline saliva Wuhan S1-gA E. Baseline saliva BA.5 S1-gA
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Figure 6. The baseline antibody levels according to the previous infection history. Each box denotes the interquartile range (IQR), where the lower
boundary of the box indicates the 25th percentile and the upper boundary indicates the 75th percentile. The line inside the box represents the median
value. Whiskers extend from the box to the minimum and maximum values within 1.5 times the IQR.
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D. Baseline saliva Wuhan-Hu-1 S1-IgA E. Baseline saliva BA.5 S1-IgA
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Figure 7. Correlation between time from previous SARS-CoV-2 infection and baseline antibody levels
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3. Participants with subsequent infection stratified by baseline SARS-CoV-2 antibody
titer

We analyzed the distribution of participants with subsequent infection by antibody level. The
50 percent of infected participants during the study period had antibody levels lower than 1.18
log OD ratio for Wuhan S1-IgG, 0.95 log OD ratio for BA.5 S1-IgG and 5.86 logoNDS50 for
neutralizing antibody against BA.5, respectively, and the 80 percent had lower than 1.72 log
OD ratio for Wuhan S1-IgG, 1.45 log OD ratio for BA.5 and 6.79 1logz2ND50 for neutralizing
antibody against BA.5, respectively (Figure 8). The infection rate showed a decreasing trend
as serum antibody levels increased (Figure 8A, 8B, and 8C, all P for trend <0.001), but no
significant trend was observed with saliva antibody levels (Figure 8D, 8E).

For the Wuhan S1-IgG antibody, the probability of having subsequent infection decreased
from 14.3% (69/482, all subsequent infection) to 7.1% (34/482) with baseline IgG 1.20 log
OD ratio. If Wuhan S1-IgG was higher than 1.81 log OD ratio, the probability of becoming
infected among all participants dropped to 1.9% (9/482) (Figure 8A). Similarly, the probability
of having subsequent infection decreased as BA.5 S1-IgG increased, reducing to 7.7% (37/482)
with baseline IgG 0.9 log OD ratio and 0.8% (4/482) with baseline IgG 1.81 log OD ratio
(Figure 8B). Similarly, for baseline neutralizing antibody titers were up to 7.00 logaNDS50, the
probability of having subsequent infection was 6.1% (14/228), and among participants with
neutralizing antibody titer higher or equal to 7.00 logzND50 the probability of subsequent

infection dropped to 2.2% (5/228) (Figure 8C).
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B. Serum BA.5 S1-IgG
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C. Serum neutralizing antibody against BA.5
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E. Saliva BA.S S1-IgA
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Figure 8. Participants with subsequent infection stratified by baseline SARS-CoV-2 antibody levels. A. By serum Wuhan-Hu-1 S1-
IgG. B. By serum BA.S S1-IgG. C. By serum neutralizing antibody against BA.5. D. By saliva Wuhan-Hu-1 S1-IgA. E. By saliva
BA.5 S1-IgA. The blue bars represent the distribution of infected individuals attributed to each specific antibody titer. The red dots indicate
the infection rate at each specific antibody titer. Black lines indicate the probability of getting infected with antibody titers exceeding the
given values, providing cumulative incidence, and the grey shaded area denotes the 95% confidential interval. The P value for trend of the
infection rate was calculated using the Cochran-Armitage test. The cutoff levels corresponding to 50% and 80% of the infected individuals
were indicated for the serum antibody responses. The x-axis of saliva antibody levels was divided into quartiles.
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4. Receiver operating characteristic curves of each immune marker

We estimated the receiver operating characteristic (ROC) curves of each immune marker to
estimate the optimal cutoff value to discriminate subsequent infection in this study. The
optimal cutoff values for distinguishing subsequent infection were 1.36 log OD ratio for
baseline serum Wuhan-Hu-1 S1-IgG, 1.43 log OD ratio for baseline serum BA.5 S1-IgG and
7.00 logaND5O0 for baseline serum neutralizing antibody against BA.S, respectively.

At the study enrollment, the area under the receiver operating characteristic curve (AUROC)
was the highest for neutralizing antibody against BA.5 (0.78; 95% CI, 0.70—-0.86) followed by
BA.5 S1-1gG (0.77; 95% CI, 0.71-0.82) and Wuhan S1-IgG (0.75; 95% CI, 0.69-0.81). The
AUROCs were not significantly different between the three immune markers (Figure 9).
Meanwhile, AUROC of baseline saliva Wuhan S1-specific I[gA was 0.53 (95% CI, 0.46—0.60),

and that of baseline saliva BA.5 S1-IgA was 0.55 (95% CI, 0.48—0.62) (Figure 10).
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Figure 9. Receiver operating characteristic curves of baseline serum Wuhan-Hu-1 S1-IgG, BA.5 S1-IgG, and neutralizing antibody against
BA.S5 for distinguishing subsequent infection. Black dots indicate the optimal cutoff value by the Youden index method and the two numbers in
parentheses refer to specificity and sensitivity, sequentially.
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Figure 10. Receiver operating characteristic curves of saliva Wuhan-Hu-1 S1-IgA and BA.5 S1-IgA for distinguishing subsequent infection.
Black dots indicate the optimal cutoff value by the Youden index method and the two numbers in parentheses refer to specificity and sensitivity,
sequentially.
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5. Protective factors against subsequent SARS-CoV-2 infection

We fitted a Cox-proportional hazard model to estimate the hazard ratio against SARS-CoV-2
infection. Baseline antibody levels of each immune marker higher than optimal cutoff values
determined by ROC curves were used as predictive variables. In univariate analysis, hybrid
immunity (P <0.001) and high baseline serum antibody level of Wuhan S1-IgG (P <0.001),
BA.5 S1-IgG (P <0.001), neutralizing antibody against BA.5 (P <0.001), Wuhan S1-IgA
(P=0.045), BA.5 S1-IgA (P=0.02) were found to be protective factors against subsequent
SARS-CoV-2 infection. In multivariable Cox regression analysis, hybrid immunity (adjusted
hazard ratio [aHR] 0.20 in analysis with Wuhan S1-IgG, aHR 0.20 in analysis with BA.5 S1-
IgG, and aHR 0.19 in analysis with neutralizing antibody against BA.5, respectively; all P
<0.01) and baseline serum antibody level higher than cutoff value (serum Wuhan S1-IgG,
aHR=0.43, P=0.02; BA.5 S1-IgG, aHR=0.32, P=0.005; neutralizing antibody against BA.S5,
aHR=0.26, P=0.045) were independent protective factor against subsequent SARS-CoV-2
infection during the 5-month follow-up period, whereas saliva IgA antibody levels did not

show protective effect (Table 2).
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Table 2. Cox-proportional hazard model for prediction of subsequent infection using baseline antibody levels

Univariate analysis Multivariable analysis

Variable (prediction by baseline serum Wuhan S1-IgG) Hazard ratio P value
(n=466) (95% confidence interval)

Adjusted odds ratio P value
(95% confidence interval)

Homologous previous vaccination 1.30 (0.67-2.53) 0.44

Hybrid immunity 0.13 (0.07-0.23) <0.001  0.20 (0.10-0.39) <0.001
Bivalent BA.4/5 booster vaccination 1.40 (0.81-2.41) 0.23

Time since last exposure to SARS-CoV-2 antigen®before 0.16 (0.02—-1.17) 0.07 0.46 (0.06-3.53) 0.46
study enroll (< 90 days)

Baseline serum Wuhan S1-specific IgG >1.36" 0.20 (0.11-0.35) <0.001  0.43 (0.21-0.87) 0.02
Variable (prediction by baseline serum BA.5 S1-IgG)

(n=466)

Homologous previous vaccination 1.30 (0.67-2.53) 0.44

Hybrid immunity 0.13 (0.07-0.23) <0.001  0.20 (0.10-0.37) <0.001
Bivalent BA.4/5 booster vaccination 1.40 (0.81-2.41) 0.23

Time since last exposure to SARS-CoV-2 antigen® before 0.16 (0.02-1.17) 0.07 0.55 (0.07-4.25) 0.57
study enroll (< 90 days)

Baseline serum BA.5 S1-specific IgG level >1.43° 0.15 (0.08-0.31) <0.001  0.32(0.15-0.71) 0.005
Variable (prediction by baseline serum neutralizing

antibody against BA.5)

(n=219)

Homologous previous vaccination 1.30 (0.67-2.53) 0.44

Hybrid immunity 0.13 (0.07-0.23) <0.001  0.19 (0.07-0.51) 0.001
Bivalent BA.4/5 booster vaccination 1.40 (0.81-2.41) 0.23

Time since last exposure to SARS-CoV-2 antigen®” before 0.16 (0.02-1.17) 0.07 0.00 (0.00-NA) >0.99

study enroll (< 90 days)
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Baseline serum neutralizing antibody against BA.5 >7.00°  0.09 (0.03-0.32) <0.001  0.26 (0.07-0.97) 0.045
Variable (prediction by baseline saliva Wuhan S1-IgA)

(n=454)

Homologous previous vaccination 1.30 (0.67-2.53) 0.44

Hybrid immunity 0.13 (0.07-0.23) <0.001  0.14 (0.08-0.26) <0.001
Bivalent BA.4/5 booster vaccination 1.40 (0.81-2.41) 0.23

Time since last exposure to SARS-CoV-2 antigen® before 0.16 (0.02-1.17) 0.07 0.43 (0.06-3.26) 0.42
study enroll (< 90 days)

Baseline saliva Wuhan S1-specific IgA >0.53° 0.49 (0.25-0.99) 0.045 0.73 (0.36-1.47) 0.38
Variable (prediction by baseline saliva BA.5 S1-IgA)

(n=454)

Homologous previous vaccination 1.30 (0.67-2.53) 0.44

Hybrid immunity 0.13 (0.07-0.23) <0.001  0.14 (0.08-0.27) <0.001
Bivalent BA.4/5 booster vaccination 1.40 (0.81-2.41) 0.23

Time since last exposure to SARS-CoV-2 antigen®before 0.16 (0.02—-1.17) 0.07 0.45 (0.06-3.36) 0.43
study enroll (< 90 days)

Baseline saliva BA.5 S1-specific IgA level >0.76° 0.25 (0.08-0.81) 0.02 0.40 (0.12-1.29) 0.12

NA, Not available

“Either vaccination or infection

°Optimal cutoff value determined from ROC curve (values are presented as the logio of the OD ratio for IgG and log, of the ND50 for neutralizing
antibody)
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6. Stratified analysis according to the baseline serum antibody level

The cumulative incidence of subsequent infection according to the baseline serum antibody
levels of each immune marker was estimated using the Kaplan-Meier method (Figure 11). The
high and low antibody levels were divided based on the cutoff value derived from the ROC
curves, and the cumulative SARS-CoV-2 infection rate was significantly higher among
participants with low baseline serum antibody levels (all P <0.001).

Based on baseline antibody level at study enrollment, a stratified analysis was also performed.
In participants with low baseline serum antibody levels of Wuhan S1-IgG, BA.5 S1-IgG and
neutralizing antibody against BA.5, those with hybrid immunity showed a significantly low
cumulative incidence of subsequent infection compared with infection-naive participants (all
P <0.001) (Figure 12A). Among participants with high baseline antibody levels of Wuhan S1-
IgG and BA.5 S1-IgG antibody, there was a significant difference in cumulative incidence of
subsequent infection between those with hybrid immunity and infection-naive (P <0.001 and
P=0.001, respectively), but this difference was not observed among those with high levels of

neutralizing antibody against BA.5 (P=0.68) (Figure 12B).
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Figure 11. Cumulative incidence of subsequent infection by baseline serum antibody levels higher and lower than cutoff values determined by
ROC curves. A. Wuhan-Hu-1 S1-IgG. B. BA.5 S1-IgG. C. Neutralizing antibody against BA.S.

34



Cumulative incidence of subsequent infection

A. Participants with low baseline antibody level
- Baseline Wuhan-S1 IgG <1.43 log OD ratio - Baseline BA.5-S1 IgG <1.36 log OD ratio - Baseline nAb against BA.5 <7 log ND50

== Infection-naive -+ Hybrid immunity == Infection-naive -~ Hybrid immunity == Infection-naive == Hybrid immunity

100% 100% 100%

75% 75% 75%

Cumulative incidence of subsequent infection
Cumulative incidence of subsequent infection

50% 50% 50%
p < 0.0001 p <0.0001 p < 0.0001
25% 25% 25%
e
0% 0% 0%
0 30 60 90 120 150 0 30 60 90 120 150 0 30 60 90 120 150
Days from the study enroll Days from the study enroll Days from the study enroll

35



Cumulative incidence of subsequent infection

Figure 12. Comparison of cumulative incidence of subsequent infection according to the previous SARS-CoV-2 infection stratified by baseline
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7. Subgroup analysis 1-month after bivalent vaccine administration

Subgroup analysis was also conducted to reflect the effect of bivalent vaccine on antibody
responses after excluding participants who were infected within 1 month after vaccination. A
total of 470 participants were included in the subgroup analysis with 57 (12.1%) subsequently
infected participants.

In the 1-month subgroup analysis, the participants who received the bivalent vaccine
were assessed based on their antibody levels 1 month after vaccination, while those who did
not receive the bivalent vaccine were evaluated using their baseline antibody levels. The
optimal cutoff values for distinguishing subsequent infection in the 1-month subgroup analysis
were determined to be 1.85 log OD ratio for serum Wuhan-Hu-1 S1-IgG, 1.55 log OD ratio
for serum BA.5 S1-IgG and 7.86 logpND50 for serum neutralizing antibody against BA.S,
respectively (Figure 13).

Hybrid immunity and antibody levels exceeding optimal cutoff value were also
significant protective factors against subsequent infection in the 1-month subgroup analysis
(Table 3). However, there was no significant difference in the cumulative incidence of
subsequent infection according to the bivalent vaccine administration in the 1-month subgroup
analysis (Figure 14).

The differences in demographics and baseline characteristics according to the bivalent
vaccine administration are shown in Table 4. There were significantly more participants who
experienced previous SARS-CoV-2 infection in those who did not receive the bivalent vaccine
while those who received the bivalent vaccine were significantly older.

Additionally, the baseline Wuhan S1-IgG and BA.5 S1-IgG antibody levels were
significantly higher in participants who did not receive the bivalent vaccine (all P <0.05)
regardless of the previous infection history, despite only observing a numerical trend in terms
of neutralizing antibody levels (hybrid immunity, P=0.20; infection-naive, P=0.77) (Figure

15).

37



Serum antibody responses

o
2 1
o
2
7.9 (91.3%, 68.3%) LEAT02%, 1078)
o 1.8 (75.4%. 62.2%)
2
9
z
s
2
@
%]
(=3
3 4
o
2 4
— Wuhan-Hu-1 S$1-IgG: AUC=0.73 (95% ClI, 0.66-0.79)
o | —— BA.5 81-IgG: AUC=0.76 (95% CI, 0.70-0.82)
—— nAb against BA.5: AUC=0.81 (95% CI, 0.72-0.89)

T T T T T T
0 20 40 60 80 100

100 - Specificity (%)
Figure 13. Receiver operating characteristic curves for 1-month subgroup analysis with serum Wuhan-Hu-1 S1-IgG, BA.5S S1-IgG, and

neutralizing antibody against BA.5 for distinguishing subsequent infection. Black dots indicate the optimal cutoff value by the Youden index
method and the two numbers in parentheses refer to specificity and sensitivity, sequentially.
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Table 3. Cox-proportional hazard model for the 1-month subgroup analysis for prediction of subsequent infection.

Univariate analysis Multivariable analysis

Variable (prediction by Wuhan S1-IgG) Hazard ratio P value
(n=454%) (95% confidence interval)

Adjusted odds ratio P value
(95% confidence interval)

Homologous previous vaccination 1.39 (0.66-2.91) 0.38

Hybrid immunity 0.14 (0.08-0.27) <0.001  0.17 (0.09-0.31) <0.001
Bivalent BA.4/5 booster vaccination 0.76 (0.38-1.53) 0.44

Time since last exposure to SARS-CoV-2 antigen” 0.20 (0.03-1.49) 0.12

before study enroll (< 90 days)

Wuhan S1-specific IgG >1.85¢ 0.31 (0.16—-0.59) <0.001  0.40 (0.21-0.78) 0.007
Variable (prediction by BA.S S1-IgG)

(n=454%)

Homologous previous vaccination 1.39 (0.66-2.91) 0.38

Hybrid immunity 0.14 (0.08-0.27) <0.001  0.19 (0.10-0.36) <0.001
Bivalent BA.4/5 booster vaccination 0.76 (0.38-1.53) 0.44

Time since last exposure to SARS-CoV-2 antigen” 0.20 (0.03-1.49) 0.12

before study enroll (< 90 days)

BA.5 S1-specific IgG level >1.55¢ 0.21 (0.11-0.41) <0.001  0.30(0.15-0.59) <0.001
Variable (prediction by neutralizing antibody)

(n=200°)

Homologous previous vaccination 1.39 (0.66-2.91) 0.38

Hybrid immunity 0.14 (0.08-0.27) <0.001  0.22 (0.07-0.72) 0.01
Bivalent BA.4/5 booster vaccination 0.76 (0.38-1.53) 0.44

Time since last exposure to SARS-CoV-2 antigen” 0.20 (0.03-1.49) 0.12

before study enroll (< 90 days)
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Neutralizing antibody against BA.5>7.63¢ 0.09 (0.02—0.39) 0.001 0.15 (0.03-0.75) 0.02
*The 1-month subgroup analysis excluded those with the occurrence of subsequent infection within 1-month after bivalent booster vaccination.
PEither vaccination or infection
‘Optimal cutoff value determined from Youden index (values are presented as the logo of the OD ratio for IgG and log, of the ND50 for neutralizing
antibody). Antibody titers were used as the baseline antibody level for individuals who did not receive the bivalent vaccine and as the antibody level
one month after vaccination for those who did receive the bivalent vaccine.
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Subgroup analysis: 1-month after bivalent vaccine
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Figure 14. Cumulative incidence of subsequent SARS-CoV-2 infection according to the bivalent vaccine administration in the 1-month

subgroup analysis. The 1-month subgroup analysis excluded those with the occurrence of subsequent infection within 1-month after bivalent booster
vaccination.
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Table 4. Demographics and baseline characteristics of study participants according to the bivalent vaccine administration

Variable Bivalent vaccine No bivalent vaccine P value
(n=166) (n=316)
Age, years, median (IQR) 39 (32-46) 31 (27-38) <0.001
Male 33 (19.9) 41 (13.0) 0.046
Underlying comorbidity 25 (15.1) 30 (9.5) 0.07
Number of previous vaccinations 0.02
3-dose 152 (91.6) 305 (96.5)
4-dose 14 (8.4) 11 (3.5)
Type of previous vaccination 0.41
Heterologous 141 (84.9) 259 (82.0)
Homologous 25 (15.1) 57 (18.0)
Time from last vaccination to study enroll, days, median (IQR) 375 (364-383) 375 (366-383) 0.99
Previous SARS-CoV-2 infection 119 (71.7) 262 (82.9) 0.004
Time from the previous infection, days, median (IQR)* 255 (150-271) 242 (120-277) 0.13
Time from last SARS-CoV-2 antigen exposure, days, median (IQR)" 264 (149-330) 256 (125-290) 0.03

Data represent n (%) unless otherwise indicated.
IQR, interquartile range

aCalculated without 34 individuals whose infection date was not identified.
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C. Serum neutralizing antibody against BA.5
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Figure 15. Serum antibody levels before and after bivalent booster vaccine. 4. Serum Wuhan-Hu-1 IgG. B. Serum BA.5 S1-IgG. C. Serum
neutralizing antibody against BA.5. Each box denotes the interquartile range (IQR), where the lower boundary of the box indicates the 25th percentile
and the upper boundary indicates the 75th percentile. The line inside the box represents the median value. Whiskers extend from the box to the
minimum and maximum values within 1.5 times the IQR.
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8. Predictive performance of baseline serum immune markers

With the optimal cutoff values determined from ROC curves (1.43 log OD ratio for Wuhan
S1-IgG, 1.36 log OD ratio for BA.5 S1-IgG and 7.00 logzND50 for neutralizing antibody,
respectively), Wuhan S1-IgG showed the highest sensitivity (72.9%) compared with
neutralizing antibody against BA.5 (64.3%) and BA.5 S1-IgG (62.7%), with highest
specificity of neutralizing antibody against BA.5 (84.4%) followed by BA.5 S1-1gG (78.3%)
and Wuhan S1-1gG (65.2%). Wuhan S1-IgG, BA.5 S1-1gG, and neutralizing antibody against
BA.5 showed similar positive predictive values (92.6%, 94.5%, and 96.1%, respectively) and
negative predictive values (28.7%, 26.0%, and 28.3% respectively) (Table 5).

We also assessed the predictive performance of antibody levels for protection from
subsequent SARS-CoV-2 infection when combined with hybrid immunity (previous SARS-
CoV-2 infection). Among the 111 cases that did not experience subsequent infection despite
baseline Wuhan S1-IgG level lower than the cutoff value, 66 (59.5%) had hybrid immunity.
Adding hybrid immunity increased the sensitivity of Wuhan S1-IgG to 89.0%, whereas
decreased the specificity of Wuhan S1-IgG to 42.0%. A similar pattern was observed with
BA.5 S1-IgG when combined with hybrid immunity, showing an increased sensitivity of
88.5%, but a decreased specificity of 47.8%. Likewise, the integration of hybrid immunity
enhanced the sensitivity of neutralizing antibody against BA.5 reaching 87.2%, while

concurrently reducing its specificity to 56.3%.
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Table 5. Predictive performance of baseline serum Wuhan S1-IgG, BA.S S1-IgG, and neutralizing antibody against BA.S at optimal cutoff

values for protection against subsequent SARS-CoV-2 infection

Sensitivity (%)
(n/N, 95% CI)

Specificity (%)
(n/N, 95% CI)

PPV (%)
(N, 95% CI)

NPV (%)
(95% CI)

Baseline Wuhan S1-IgG*

Baseline BA.5 S1- IgG*

Baseline nAb against BA.5"

Hybrid immunity

Baseline Wuhan S1-IgG + hybrid immunity
Baseline BA.5 S1-IgG + hybrid immunity
Baseline nAb S1-IgG + hybrid immunity

72.9 (299/410, 68.4-77.2)
62.7 (257/410, 57.8—67.4)
64.3 (126/196, 57.2-71.0)
84.8 (350/413, 80.9-88.1)
89.0 (365/410, 85.6-91.9)
88.5(363/410, 85.1-91.5)
87.2 (171/196, 81.8-91.6)

65.2 (45/69, 52.8-76.3)
78.3 (54/69, 66.7-87.3)
84.4 (27/32, 67.2-94.7)
55.1(38/69, 42.6-67.1)
42.0 (29/69, 30.2-54.5)
47.8 (33/69, 35.7-60.2)
56.3 (18/32,37.7-73.6)

92.6 (89.2-95.2)
94.5 (91.1-96.9)
96.1 (91.2-98.7)
91.9 (88.7-94.4)
90.2 (86.9-92.9)
91.0 (87.8-93.7)
92.3 (87.4-95.7)

28.7 (21.8-36.5)
26.0 (20.1-32.5)
28.3 (19.6-38.4)
37.6 (28.2-47.8)
39.0 (27.9-51.0)
41.1 (30.2-52.7)
42.4 (27.5-58.4)

Abbreviation: PPV, positive predictive value; NPV, negative predictive value; Wuhan, Wuhan-Hu-1; nAb, neutralizing antibody
“cutoff value: Wuhan S1-IgG, 1.43 log OD ratio; BA.5 S1-IgG, 1.36 log OD ratio; nAb against BA.5, 7.00 logoND50
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Discussion

In this prospective cohort study of 5-month follow-up, we demonstrated that antibody
responses still provide the immune correlates of protection against SARS-CoV-2 infection
during the period dominated by the Omicron variant and when most people have hybrid
immunity. Also, hybrid immunity was an independent predictive factor for protection against
subsequent infection. Moreover, the combination of antibody levels exceeding the optimal
cutoff value and the presence of hybrid immunity demonstrated a predictive performance for
protection against subsequent SARS-CoV-2 infection, exhibiting approximately 90%
sensitivity and positive predictive value.

This study has three unique findings. First, this study reaffirmed that antibody
responses continue to serve as immunologic correlates of protection against COVID-19 during
the Omicron predominance and in population with hybrid immunity. There was a significant
difference in the serum S1-IgG antibody and neutralizing antibody level between those who
had subsequent infection and those who did not in this study. Also, higher baseline serum
antibody levels were consistently protective against subsequent SARS-CoV-2 infection
regardless of immune markers in multivariable analysis. There has been a recent study
reporting the association of baseline antibody level before 4™ dose COVID-19 vaccine and
subsequent SARS-CoV-2 infection rate’’, but only infection-naive individuals were included,
and all participants received the booster vaccine. Thus, the effect of hybrid immunity and
booster vaccination could not be considered in that analysis. In this study, almost all
participants with hybrid immunity had prior exposure to the Omicron variant (except the
unknown variant) and the cohort included both those who received the bivalent vaccine and
those who did not. Therefore, we could collectively draw a comprehensive analysis of
immunologic correlates of protection against subsequent SARS-CoV-2 infection reflecting the
effect of hybrid immunity and booster vaccination in the Omicron era. Moreover, the serum

antibody responses and hybrid immunity were also significant protective factors in the 1-
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month subgroup analysis that reflected antibody responses 1-month after vaccination in those
vaccinated. Interestingly, the participants who did not receive the bivalent vaccine had a
significantly higher proportion of previous SARS-CoV-2 infection and significantly higher
baseline antibody levels compared to those who received the bivalent vaccine. Additionally,
the individuals who received the bivalent vaccine were significantly older than those who did
not. Considering these unfavorable conditions among recipients of the bivalent vaccine along
with the robust impact of hybrid immunity, it is plausible that these factors might have
contributed to the lack of difference in the cumulative incidence of subsequent infection
following the administration of the bivalent booster vaccination.

Second, hybrid immunity emerged as an independent protective factor against
subsequent infection in this study. Hybrid immunity exposes the immune system not only to
spike-derived epitopes provided by COVID-19 vaccines but also to a wide range of viral
epitopes stimulation by natural SARS-CoV-2 infection, resulting in enhanced immune breadth
to both spike and non-spike epitopes. This is also important to the breadth of T-cell responses?*.
Also, whereas the antibody responses decline over time and can be compromised by evolving
mutations of neutralizing antibody epitopes, T cell epitopes exhibited substantial conservation
both in spike protein and non-spike protein across different variants including Omicron® and
thus T cell responses showed limited escape by variants®®. Moreover, hybrid immunity
acquired from natural SARS-CoV-2 infection is known to lead to the acquisition of mucosal
immunity in the nasal cavity and tissue-specific immunity (specifically lung) exclusively

detected in individuals with hybrid immunity'”!

and might contribute to protection against
the initial acquisition of SARS-CoV-2 Omicron infection consequently'"'?. In contrast, the
baseline saliva IgA antibody in this study did not demonstrate a protective role. This
discrepancy might be attributed to possible explanations: Firstly, the participants' past

infections were predominantly mild potentially leading to an insufficient acquisition of

mucosal immunity; Secondly, a substantial time interval had elapsed between the previous
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infection and study enrollment, which might have resulted in the waning of mucosal IgA levels
to an extent that precluded a measurable protective effect against subsequent infection in this
study. Given the reported rapid waning of airway IgA, as early as 3 months post-infection'*,
the protective effect of mucosal IgA in this study may have been influenced by the median
interval of 7 months between previous infection and study enrollment. Taken together, my
study suggests that hybrid immunity could be a protective factor against SARS-CoV-2
infection, independently of the antibody responses despite the exact mechanism may require
further immunologic studies.

Finally, antibody responses in combination with hybrid immunity demonstrated high
sensitivity and positive predictive value for protection from subsequent infection. In other
words, those who have high antibody titers along with a history of previous SARS-CoV-2
infection (hybrid immunity) demonstrated a high likelihood of avoiding a subsequent infection,
although it should be noted that the prevalence of subsequent infection in this study was
relatively low, at around 14.3%. However, there was a substantial overlapping distribution of
antibody responses in those with and without subsequent infection which made it difficult to
identify a protective serum antibody threshold level that could clearly distinguish between
those with and without SARS-CoV-2 infection, unlike what has been observed in the previous
study on measles®”. It could be due to the pathogenesis of SARS-CoV-2, which is largely
driven by invasive mucosal infection through the respiratory tract, rather than viremia.

There are some limitations to this study. First, because all participants with subsequent
infections had mild COVID-19, we could not estimate correlates of protection against severe
COVID-19 infection or death. Second, there are lack of data on T-cell responses or memory
immune responses in this study participants. Memory immune responses may have some roles
to confer protection against infection despite the waning serum antibody level and prevent the
progression of severe infections. Lastly, we estimated the occurrence of subsequent infection

in participants with hybrid immunity by evaluating the degree of antibody titer increase even
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in the absence of self-reported subsequent infection as described in the method section. In the
context of a relatively low incidence of subsequent infections observed in this study, such

estimation could have potentially influenced the results.
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Conclusions

In conclusion, this 5-month observational cohort study suggests that serum humoral immune
responses, both serum binding antibody and neutralizing antibody provide immunological
correlates of protection against subsequent SARS-CoV-2 infection whereas saliva IgA does
not. Also, hybrid immunity was an independent protective factor against subsequent SARS-
CoV-2 infection. High baseline serum antibody levels exceeding optimal cutoff levels in
combination with hybrid immunity showed substantial predictive performance for protection

from subsequent SARS-CoV-2 infection.
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