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We conducted a retrospective cohort study to evaluate the transmission risk of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron BA.2
variant and the effectiveness of inactivated COVID-19 vaccine boosters in
Shenzhen during a BA.2 outbreak period from 1 February to 21 April 2022. A
total of 1,248 individuals were infected with the BA.2 variant, and 7,855 close
contacts were carefully investigated. The risk factors for the high secondary
attack rate of SARS-CoV-2 infection were household contacts [adjusted odds
ratio (@OR): 1.748; 95% confidence interval (Cl): 1.448, 2.110], younger individuals
aged 0—17 years (aOR: 2.730; 95% Cl: 2.118, 3.518), older persons aged >60 years
(@aOR: 1.342; 95% Cl: 1.135, 1.588), women (aOR: 1.442; 95% Cl: 1.210, 1.718), and
the subjects exposed to the post-onset index cases (aOR: 8.546; 95% ClI: 6.610,
11.050), respectively. Compared with the unvaccinated and partially vaccinated
individuals, a relatively low risk of secondary attack was found for the individuals
who received booster vaccination (aOR: 0.871; 95% CI: 0.761, 0.997). Moreover, a
high transmission risk was found for the index cases aged >60 years (aOR: 1.359;
95% Cl: 1.132, 1.632), whereas a relatively low transmission risk was observed for
the index cases who received full vaccination (aOR: 0.642; 95% Cl: 0.490, 0.841)
and booster vaccination (aOR: 0.676; 95% Cl: 0.594, 0.770). Compared with full
vaccination, booster vaccination of inactivated COVID-19 vaccine showed an
effectiveness of 24.0% (95% Cl: 7.0%, 37.9%) against BA.2 transmission for the
adults >18 years and 93.7% (95% Cl: 72.4%, 98.6%) for the adults >60 years,
whereas the effectiveness was 51.0% (95% Cl: 21.9%, 69.3%) for the individuals of
14 days to 179 days after booster vaccination and 51.2% (95% Cl: 37.5%, 61.9%) for
the non-household contacts. The estimated mean values of the generation
interval, serial interval, incubation period, latent period, and viral shedding
period were 2.7 days, 3.2 days, 2.4 days, 2.1 days, and 17.9 days, respectively. In

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1290279/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1290279/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1290279/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1290279/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1290279/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1290279&domain=pdf&date_stamp=2024-01-08
mailto:914494557@qq.com
mailto:tamgshixing@smu.edu.cn
https://doi.org/10.3389/fimmu.2023.1290279
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1290279
https://www.frontiersin.org/journals/immunology

He et al.

10.3389/fimmu.2023.1290279

summary, our results confirmed that the main transmission route of Omicron
BA.2 subvariant was household contact, and booster vaccination of the
inactivated vaccines was relatively effective against BA.2 subvariant
transmission in older people.
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Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) Omicron (B.1.1.529) variant was first identified in South
Africa on 24 November 2021; it was categorized as a variant of
concern on 26 November 2021, by the World Health Organization
(1). In January 2022, over 98% of new infections were caused by the
Omicron variant worldwide (2). Moreover, the Omicron variant
had over 50 mutations and 26-35 amino acids on the spike protein
that differed from all previous variants (3). Furthermore, Omicron
had stronger transmissibility than other variants, making infection
more difficult to control (4-6). Between February and April 2022,
an Omicron BA.2 sub-lineage outbreak occurred in Shenzhen,
Guangdong, China.

It is crucial to understand the transmission characteristics of
the Omicron BA.2 sub-lineage in order to develop strategies to
prevent future epidemic or outbreaks. Moreover, a clearer
understanding of the Omicron BA.2 sub-lineage will aid in
understanding the time-interval distribution of the crucial
spreading events. For instance, knowing the incubation period
or the time from infection to clinical symptoms can help us
determine the necessary durations of isolation and quarantine
periods for the close contacts (7). In addition, the generation
interval (GI) or the time from index case infection to secondary
attack infection (SAI) may provide insight into the measures
needed to track close contacts (8). Therefore, it is essential to
analyze the distribution of the time intervals of the key spreading
events for the Omicron BA.2 sub-lineage (9, 10).

Several studies have reported the vaccine effectiveness (VE) of
inactivated COVID-19 vaccines against Omicron BA.2 with regard
to various infection outcomes in China (11-15). Although one
study evaluated VE against Omicron BA.5.2 sub-lineage
transmission in China (16), more studies are definitely needed to
answer the questions about the extent to which the inactivated
vaccines are related to the risk of transmission (17). In this study, we
conducted a retrospective cohort study to evaluate the
characteristics, dynamics, and risk of transmission of SARS-CoV-
2 Omicron variant infection, to estimate the effectiveness of
inactivated vaccine boosters against transmission in Shenzhen
during an Omicron BA.2 sub-lineage outbreak period from 1
February to 21 April 2022.

Frontiers in Immunology

Methods
Study setting and design

This study was conducted as a retrospective cohort study and
included all individuals with laboratory-confirmed infections and
their close contacts between 1 February and 21 April 2022, in
Shenzhen, Guangdong, China, during an Omicron BA.2 sub-
lineage outbreak period. This report was developed using the S1
STROBE Checklist. The first Omicron BA.2-infected individual was
identified on 1 February 2022, in Shenzhen, after which the variant
quickly spread among the population. In response to the epidemic of
COVID-19, including Omicron infection, very stringent preventive
measures were quickly implemented and included by the local
government (1): identification and isolation of SARS-CoV-2-
infected subjects and their close contacts. All the infected patients
were asked to stay and treated in the hospitals of infectious diseases,
whereas all the close contacts (i.e., household and non-household)
were exclusively quarantined in the specific facilities to receive
medical observation and screening for SARS-CoV-2 every 2-3 days
by reverse transcription polymerase chain reaction (RT-PCR) tests
for SARS-CoV-2 to monitor whether they were infected with SARS-
CoV-2 (2); in the areas of COVID-19 epidemic, people were asked to
stay in the home and screen for SARS-CoV-2 every 2-3 days to
identify any potential SARS-CoV-2 infection due to potential delays
in viral load reaching detectable levels; and (3) when necessary, some
districts or even the whole city may be locked down to prevent the
expansion of COVID-19 epidemic. These measures influenced the
transmission and resulted in lower secondary attack rate of SARS-
CoV-2 BA.2 infection.

SARS-CoV-2 infections

Data on Omicron BA.2 sub-lineage-infected individuals and
their close contacts were retrospectively collected between 1
February and 21 April 2022, from Shenzhen Center for Disease
Control and Prevention in China. For individuals with BA.2 sub-
lineage infection, we extracted data, which mainly included age, sex,
history of exposure, contact setting, onset date of clinical symptoms,
first positive test date, serial PCR test results, and history of
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COVID-19 vaccination. In this study, SARS-CoV-2 infection was
indicated by a positive nucleic acid amplification test regardless of
illness severity. Asymptomatic infection referred to a positive
nucleic acid amplification test without clinical symptoms (12).
Symptomatic COVID-19 was defined as PCR-confirmed infection
with any COVID-19 clinical symptom. COVID-19 pneumonia was
diagnosed on the basis of characteristics of chest computed
tomography imaging.

Close contacts and transmission pairs

Close contacts were individuals in the same exposure settings
within proximity of a COVID-19-infected individual without any
effective protection (18). Exposure settings for close contacts
included household and non-household settings (19). In this
study, individuals at risk of exposure were considered to be close
contacts of confirmed cases. Those close contacts who eventually
tested positive for COVID-19 were treated as infected individuals
(infectees) and their index cases (who were originally confirmed to
have COVID-19) as infectors. We extracted these epidemiologically
linked infectees and infector pairs and their individual data for all
transmission pairs. Figure 1 shows a flowchart of the sample
selection procedure for transmission pairs.

A Generation and serial interval

1248 Individuals with SARS-CoV-2 infections
reported February 1 to April 21, 2022

218 Individuals with infections
excluded due to unknown contact-
tracing history or unclear record of
individual spreading infection

1040 Infections with known individual
spreading or acquiring infection

436 Individuals with infections
excluded due to unavailable
exposure date or interval for
individuals spreading or receiving
infection

with known exposure date or interval for

604 Identified infections in transmission pair
individual spreading or receiving infection

185 Excluded individuals with
—>| infections due to asymptomatic

infections or unknown symptom-

10.3389/fimmu.2023.1290279

Vaccination status

We classified the individuals infected with the BA.2 sub-lineage
and their close contacts into an unvaccinated group, a partially
vaccinated group, a fully vaccinated group, and a booster-
vaccinated group based on their electronic COVID-19 vaccination
records. The unvaccinated group had received no COVID-19
vaccines before their last known contact with a confirmed
infected individual or COVID-19 onset time. The partial
vaccination group included those who had their first dose of viral
vector (non-replicating) COVID-19 vaccines <14 days, their first
dose of inactivated COVID-19 vaccine >0 days or their second dose
of inactivated COVID-19 vaccine <14 days, or their first and second
doses of protein subunit COVID-19 vaccines >0 days or third dose
of protein subunit COVID-19 vaccine <14 days before their last
known contact or symptom onset time. Full vaccination included
those =14 days after their first dose of viral vector (non-replicating)
COVID-19 vaccine, 214 days after their second dose of inactivated
COVID-19 vaccine, 214 days after their third dose of protein
subunit COVID-19 vaccine, and <7 days after booster vaccination
before their last known contact or onset time. The booster
vaccination group included those >7 days after their second dose
of viral vector (non-replicating) COVID-19 vaccine and >7 days
after their third dose of inactivated COVID-19 vaccine or other

B Vaccine effectiveness against transmission

8466 Close contacts of individuals with confirmed
SARS- CoV-2 infections from February 1 to
April 21, 2022

634 Close contacts excluded because
individuals spreading infection
received non-inactivated vaccines
and aged 0-17 years

7832 Contacts for whom the individual who spread
the infection received inactivated vaccines
aged > 18 years

968 Close contacts excluded because
individual who spreading infection
unvaccinated, received partial
vaccination and was infected within
14 day of last dose

[ 6864 1dentified contacts for statitical anayses |

onset date

with known exposure date or interval and
symptom-onset date for individual spreading

419 Identified infections in transmission pair
or receiving infection

4395 Contacts for whom the
individual who spread
the infection had booster
vaccination

272 Tested positive

4123 Tested negative

2469 Contacts for whom the
individual who spread
the infection had full
vaccination

196 Tested positive

2273 Tested negative

C Key time intervals after SARS-CoV-2 infection

‘ 1248 Individuals with SARS-CoV-2

reported February 1 to April 21, 2022 |

854 Individuals with
infections
excluded due to
unavailable
exposure date

4 Excluded individuals
with infections due to
unknown first test
negative date after
infection

925 Excluded individuals
with infections due to
asymptomatic
infections or
unknown symptom-

v v

onset date

v

394 Identified individuals
with infections and
known exposure and
first test-positive
dates

1244 |dentified individuals
with infections and
known first test-

test-negative date
after infection

positive date and first

323 Identified individuals
with infections and
known exposure
and symptom
onset dates

FIGURE 1

Flowchart of sample selection in this study. (A) The sample selection procedure for transmission pairs that were used for estimating generation and
serial interval is presented. (B) The sample selection procedure for eligible close contacts who were used for estimating vaccine effectiveness against
transmission is presented. (C) The sample selection procedure for eligible SARS-CoV-2 infections that were used for estimating the period from
exposure to viral shedding, viral shedding period, and incubation period is presented.
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third dose of heterologous COVID-19 vaccine before their last
known contact or onset time. To evaluate the inactivated COVID-
19 VE against transmission, the full vaccination group included
only those >14 days after their second dose, excluding those 0-7
days after their third dose, and the booster vaccination group
included only those >14 days after their third dose because index
cases who received their booster vaccination within 7-13 days were
absent in this study.

Statistical analysis

Baseline characteristics were calculated as the number (%) for
categorical variables and the median [interquartile range (IQR)] for
continuous variables. Differences in proportions and median values
were analyzed with the chi-squared and Wilcoxon tests,
respectively. The secondary attack rate (7, 20) was estimated by
dividing the number of individuals with secondary infections by the
overall number of close contacts related to index cases. Moreover,
we analyzed the proportion of cases of supercritical transmission
(SCT), which referred to cases with an individual transmission
number >1 (21, 22).

To assess the risk of SAI with the Omicron BA.2 sub-lineage, a
stepwise logistic regression model was used involving age, age of
index case, sex, sex of index case, contact setting, type of index case,
COVID-19 vaccination status of close contacts, COVID-19
vaccination status of index case, and exposure to index case before
or after onset. Of the index cases in this study, most were in the
groups with full and booster vaccinations with inactivated COVID-19
vaccines. Therefore, we focused on evaluating the effectiveness of
inactivated vaccine boosters against transmission compared with that
of full vaccination. The crude odds ratio (OR) was calculated by
applying a univariate logistic regression model, and the adjusted OR
(aOR) was calculated using a multivariable ordinary logistic
regression model by adjusting for potential confounding variables,
including sex of index case and their close contacts, age of index case
and their close contacts, contact setting, COVID-19 vaccination
status of close contacts, and exposure to an index case before or
after onset. The crude or adjusted VE (aVE) was calculated as (1 —
OR) x 100%, and the OR is the odds ratio for the incidence of
secondary infection (23-25). Subgroups were evaluated on the basis
of age, time interval of COVID-19 vaccination, and contact setting.
All statistical analyses were conducted with IBM SPSS Statistics 25.0.

Then, the time intervals between key events were estimated
involving GI, serial interval (SI), latent period, viral shedding
period, and incubation period with gamma distributions using a
Bayesian framework (16). All of these analyses were performed with
the rstan package in R software (R Foundation for Statistical
Computing, Vienna, Austria). GI was estimated as the mean
duration between the time of SAI with known exposure time and
time of infection of index case. SI was estimated as the mean
duration between the onset time of clinical symptoms in index cases
and the onset time of clinical symptoms in secondary cases
generated by those index cases. Moreover, we estimated the
distribution of the latent period, from exposure to viral shedding,
using the first positive test date as an alternative to the time of viral
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shedding; we included cases with a known exposure date or a first
positive PCR test date. Furthermore, we estimated the viral
shedding period using the first positive PCR test date and the first
negative test date as the end date of viral shedding. Finally, the
incubation period was estimated using symptomatic cases with a
known exposure date. Subgroup analyses were conducted according
to contact setting, age, symptom status, and vaccination status. We
estimated the daily instantaneous reproduction number (Rt) with
the EpiEstim package (7) in R software.

Results

In this study, we identified 7,855 uninfected close contacts {4,822
men [61.4%]; mean age, 36.1 [standard deviation (SD): 13.0] years}
and 1,248 individuals infected with Omicron BA.2 [710 men (56.9%);
mean age, 34.4 (SD: 16.5) years]. Of the infected individuals, 203
(16.3%) were asymptomatic and 1,045 (83.7%) were symptomatic
(Supplementary Table 1). Among the 1,045 symptomatic cases, 975
(93.3%) presented with mild symptoms and 70 (6.7%) had COVID-
19 pneumonia (Supplementary Table 1). The most frequently
reported symptoms were pyrexia [573 (60.5%) of 947], cough [341
(36.0%)], pharyngeal pain [223 (23.5%)], and fatigue [135 (14.3%)]
(Supplementary Table 2 and Supplementary Figure 1). The number
of daily infections continuously increased until reaching a peak of 107
infections on 15 March 2022. Thereafter, the number of daily
infections gradually decreased to one infection on 21 April 2022
(Supplementary Figure 2).

Characteristics of close contacts and
index cases

We included 8,466 close contacts associated with 644 index
cases. Among the 644 index cases, 368 (57.1%) were men, and the
median age was 35.0 years (IQR: 27.0, 47.0), with 545 (84.6%) index
cases aged between 20 years and 59 years (Table 1). The majority of
index cases had mild COVID-19 (510, 79.2%) or asymptomatic
infection (101, 15.7%), whereas the remaining cases had COVID-19
pneumonia (33, 5.1%) (Table 1). Among the index cases, there were
66 (10.3%), 29 (4.5%), 232 (36.0%), and 317 (49.2%) cases in the
unvaccinated, partially vaccinated, fully vaccinated, and booster-
vaccinated groups, respectively (Table 1). We also found that the
cycle threshold (Ct) values for the first positive test were 24.0 (IQR:
20.0, 29.0) and 23.0 (IQR: 18.0, 28.0) for the ORFlab and N genes,
respectively (Table 1). Finally, significant differences (P < 0.05) were
observed for age and Ct value of the first positive test for the
ORFlab or N gene between the transmitted index cases (216,
33.5%) and non-transmitted index cases (428, 66.5%) (Table 1).

Among the 8,466 close contacts, 5,150 (52.8%) were men, with a
median age of 34.0 years (IQR: 27.0, 45.0 years) and 7,402 (87.4%)
individuals aged between 20 years and 59 years (Table 2). In terms
of contact setting, there were 1,568 (18.5%) and 6,898 (81.5%)
household and non-household settings, respectively (Table 2).
Contact frequency was categorized as “occasionally or sometimes”
for 7,258 (85.7%) individuals and “frequently” for 1,208 (14.3%)
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TABLE 1 Characteristics of index cases, Shenzhen, China, February to April 2022.

Characteristics of Non-transmitted index

Transmitted index cases

Overall index cases (644)

index cases cases [428 (66.5)] [216 (33.5)]

Gender

Male 249 (58.2) 119 (55.1) 368 (57.1) 0.423
Female 179 (41.8) 97 (44.9) 276 (42.9)

Age, years

Overall (median, IQR) 34.0 (27.3, 47.0) 38.0 (26.0, 48.8) 35.0 (27.0, 47.0) 0.757
0-9 14 (3.2) 17 (7.9) 31 (4.8) 0.019
10-19 24 (5.6) 11 (5.1) 35 (5.5)

20-29 96 (22.4) 44 (20.4) 140 (21.7)

30-39 130 (30.4) 48 (22.2) 178 (27.6)

40-49 76 (17.8) 48 (22.2) 124 (19.3)

50-59 71 (16.6) 32 (14.8) 103 (16.0)

> 60 17 (4.0) 16 (7.4) 33 (5.1)

COVID-19 vaccine dose

None 38 (8.9) 28 (13.0) 66 (10.3) 0.119
Partial vaccination 19 (4.4) 10 (4.6) 29 (4.5)

Full vaccination 147 (34.4) 85 (39.4) 232 (36.0)

Booster vaccination 224 (52.3) 93 (43.0) 317 (49.2)

Type of index cases

Asymptomatic 66 (15.4) 35 (16.2) 101 (15.7) 0.900
Mild COVID-19 341 (79.7) 169 (78.2) 510 (79.2)

COVID-19 pneumonia 21 (4.9) 12 (5.6) 33 (5.1)

Ct value of the first positive test for the ORFlab

Overall (median, IQR) 24.0 (20.0, 30.0) 23.0 (19.0, 27.0) 24.0 (20.0, 29.0) 0.003
Ct value of the first positive test for the N gene

Overall (median, IQR) 23.0 (19.0, 28.5) 22.0 (18.0, 26.0) 23.0 (18.0, 28.0) 0.007

Data are n (%), unless otherwise specified. *None: not vaccinated; part vaccination: <14 days after first vaccination for viral vector (non-replicating) vaccine, after first vaccination or <14 days
after second vaccination for COVID-19 inactivated virus vaccine, and after first and second vaccination or <14 days after third vaccination COVID-19 protein subunit vaccine (if any); full
vaccination: >14 days after first vaccination for viral vector (non-replicating) vaccine, 214 days after second vaccination for COVID-19 inactivated virus vaccine, 214 days after third vaccination

for COVID-19 protein subunit vaccine, and <7 days after booster vaccination (if any); booster vaccination: >7 days after second dose for COVID-19 viral vector (non-replicating) vaccines or >7
days after third dose for COVID-19 any vaccine [including protein subunit, inactivated virus, and viral vector (non-replicating) vaccines] (if any).

(Table 2). Moreover, 737 (8.7%) close contacts did not receive any
COVID-19 vaccines, and the percentages in the partial, full, and
booster vaccination groups were 3.3%, 36.8%, and 51.1%,
respectively (Table 2). Furthermore, of the 8,466 close contacts,
611 {7.2% [95% confidence interval (CI): 6.7%, 7.8%]} were
secondarily infected, 85 [1.0% (95% CI: 0.8%, 1.2%)] were
asymptomatic, 499 [5.9% (95% CI: 5.4%, 6.4%)] had mild
COVID-19, and 27 [0.3% (95% CL 0.2% to 0.5%)] had COVID-
19 pneumonia. Of these 611 cases, 85 (13.9%) presented with no
clinical symptoms and 526 (86.1%) presented with clinical
symptoms (Table 2). Finally, significant differences (P < 0.05)
were found for age, gender, contact setting, contact frequency,
and COVID-19 vaccination status between the SAI and non-
infected groups (Table 2).

Frontiers in Immunology 05

Incidence of SAl and factors associated
with transmission risk

Of the 8,466 close contacts, 611 were SAI cases caused by Omicron
BA.2, with an incidence of 7.2% (95% CI: 6.7%, 7.8%) (Table 3). There
were two secondary attack and spreading infection peaks in the groups
of individuals aged 0-9 years old and 260 years old (Supplementary
Figure 3). Moreover, the SCT rate was higher for individuals spreading
infection among the group of individuals aged =60 years old [26.8%
(95% CI: 15.7%, 41.9%)] (Supplementary Table 3).

Next, we found that the close contacts aged 0-17 years old [aOR:
2.730 (95% CI: 2.118, 3.518)] and =60 years old [aOR: 1.342 (95% CI:
1.135, 1.588)] had a higher SAI risk than those aged 18-59 years old
(Table 3). Moreover, we observed that female contacts had a slightly
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TABLE 2 Characteristics of close contacts of index cases, Shenzhen, China, February to April 2022.

Characteristics of close contacts

Non-infection [7,855 (92.8)]

SAl [611 (7.2)] Close contacts (8,466) P

Age (years)

Overall (Median, IQR) 34.0 (27.0, 44.0) 35.0 (24.0, 49.0) 34.0 (27.0, 45.0)

0-9 259 (3.3) 75 (12.3) 334 (4.0) < 0.001
10-19 321 (4.1) 44 (7.2) 365 (4.3)

20-29 2,082 (26.5) 93 (15.2) 2,175 (25.7)

30-39 2,483 (31.6) 143 (23.4) 2,626 (31.0)

40-49 1,450 (18.5) 115 (18.8) 1,565 (18.5)

50-59 944 (12.0) 92 (15.1) 1,036 (12.2)

=60 316 (4.0) 49 (8.0) 365 (4.3)

Gender

Male 4,822 (61.4) 328 (53.7) 5,150 (60.8) < 0.001
Female 3,033 (38.6) 283 (46.3) 3,316 (39.2)

Contact setting

Household 1,321 (16.8) 247 (40.4) 1,568 (18.5) < 0.001
Non-household 6,534 (83.2) 364 (59.6) 6,898 (81.5)

Contact frequency

Occasionally or sometimes 6,877 (87.5) 381 (62.4) 7,258 (85.7) < 0.001
Frequently 978 (12.5) 230 (37.6) 1,208 (14.3)

COVID-19 vaccine dose*

None 651 (8.3) 86 (14.1) 737 (8.7) < 0.001
Part vaccination 262 (3.3) 21 (3.4) 283 (3.3)

Full vaccination 2,875 (36.6) 243 (39.8) 3,118 (36.8)

Booster vaccination 4067 (51.8) 261 (42.7) 4,328 (51.2)

COVID-19 cases

Asymptomatic NA 85 (13.9) NA NA
Symptomatic NA 526 (86.1) NA

Mild NA 499 (81.7) NA

pneumonia NA 27 (4.4) NA

Data are n (%), unless otherwise specified. *None: not vaccinated; part vaccination: <14 days after first vaccination for viral vector (non-replicating) vaccine, after first vaccination or <14 days
after second vaccination for COVID-19 inactivated virus vaccine, and after first and second vaccination or <14 days after third vaccination COVID-19 protein subunit vaccine (if any); full
vaccination: >14 days after first vaccination for viral vector (non-replicating) vaccine, 214 days after second vaccination for COVID-19 inactivated virus vaccine, 214 days after third vaccination
for COVID-19 protein subunit vaccine, and <7 days after booster vaccination (if any); booster vaccination: 27 days after second dose for COVID-19 viral vector (non-replicating) vaccines or =7
days after third dose for COVID-19 any vaccine [including protein subunit, inactivated virus, and viral vector (non-replicating) vaccines] (if any). SAI, secondary attack infection.

higher SAI risk (aOR: 1.442; 95% CI: 1.210, 1.718) than the male
contacts (Table 3). Among the exposure settings, household contacts
were associated with a higher risk of SAI (aOR: 1.748; 95% CI: 1.448,
2.110) versus non-household contacts (Table 3). A lower SAI rate was
found for the close contacts who received full vaccination compared
with those who were unvaccinated and partially vaccinated [7.8%
(95% CI: 6.9%, 8.8%) versus 10.5% (95% CI: 8.8% to 12.5%)]
(Table 3), but this difference was not significant according to
multivariate analysis. However, a lower risk of SAI was found for
the close contacts who received booster vaccination (aOR: 0.871; 95%
CIL: 0.761, 0.997) compared with unvaccinated and partially

Frontiers in Immunology

vaccinated close contacts (Table 3). Moreover, the close contacts
with exposure to an index case after onset had a higher SAI risk (aOR:
8.546;95% CI: 6.610, 11.05) compared with those exposed to an index
case before onset (Table 3). The frequency of contact was not
separately evaluated due to multicollinearity with the
household contacts.

A higher transmission rate was also found for the index cases
aged 0-17 years [10.6% (95% CI: 8.1%, 13.9%)] compared with
those aged 18-59 years [6.7% (95% CI: 6.2%, 7.3%)] (Table 3). A
relatively high transmission risk was found for index cases aged >60
years (aOR: 1.359; 95% CI: 1.132, 1.632) compared with those aged

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1290279
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

He et al. 10.3389/fimmu.2023.1290279

TABLE 3 Estimating the association of demographic and behavioral factors with the risk of acquiring and transmitting SARS-CoV-2 Omicron BA.2.

Characteristics Close Secondary SAR [%, Crude OR P- Adjusted OR

contacts Cases (95% ClI)] (95% CI) value | (95% Cl)

Age (years)

0-17 608 110 18.1 (15.2, 21.4) 3.441 (2.741, 4.319) <0.001 | 2730 (2.118, 3.518) < 0.001
18-59 7493 452 6.0 (5.5, 6.6) 1 (ref) . 1 (ref)
> 60 365 49 13.4 (103, 17.3) 1.554 (1.327, 1.820) < 0.001 1.342 (1.135, 1.588) < 0.001

Age of index cases (years)

0-17 442 47 10.6 (8.1, 13.9) 1.656 (1.208, 2.270) 0.002 1.079 (0.761, 1.531) 0.670
18-59 7757 520 6.7 (6.2,7.3) 1 (ref) . 1 (ref)

> 60 267 44 16.5 (12.5, 21.4) 1.657 (1.401, 1.960) < 0.001 1.359 (1.132, 1.632) 0.001
Gender

Male 5150 328 6.4 (5.7,7.1) 1 (ref) . 1 (ref)

Female 3316 283 8.5 (7.6,9.5) 1.372 (1.163, 1.618) < 0.001 1.442 (1.210, 1.718) < 0.001

Gender of index cases

Male 5290 370 7.0 (63,7.7) 1 (ref) . 1 (ref)

Female 3176 241 7.6 (6.7, 8.6) 1.092 (0.923, 1.292) 0.307 0.967 (0.808, 1.157) 0.715
Contact setting

Household 1568 247 15.8 (14.0, 17.6) 3.356 (2.826, 3.987) < 0.001 1.748 (1.448, 2.110) < 0.001

Non-household 6898 364 5.3 (4.8, 5.8) 1 (ref) . 1 (ref)

COVID-19 vaccine dose*

None/ 1020 107 10.5 (8.8, 12.5) 1 (ref) . 1 (ref)
partial vaccination

Full vaccination 3118 243 7.8 (6.9, 8.8) 0.721 (0.568, 0.916) 0.007 0.903 (0.696, 1.170) 0.439

Booster vaccination 4328 261 6.0 (5.4, 6.8) 0.740 (0.658, 0.833) < 0.001 0.871 (0.761, 0.997) 0.045

COVID-19 vaccine dose of index cases*

None/ 928 102 11.0 (9.1, 13.2) 1 (ref) . 1 (ref)
partial vaccination

Full vaccination 3020 237 7.9 (6.9, 8.9) 0.690 (0.540, 0.881) 0.003 0.642 (0.490, 0.841) 0.001
Booster vaccination 4518 272 6.0 (5.4, 6.8) 0.720 (0.639, 0.812) < 0.001 0.676 (0.594, 0.770) < 0.001

Type of index cases

Asymptomatic 1521 105 6.9 (5.7, 8.3) 1 (ref) . 1 (ref)

infection

Symptomatic 6945 506 7.3 (6.7,7.9) 1.060 (0.852, 1.318) 0.602 1.172 (0.929, 1.478) 0.181
COVID-19

Exposure to an index case at onset?®

Yes 4551 73 1.6 (1.3, 2.0) 1 (ref) . 1 (ref)

No 3915 538 13.7 (12.7, 14.9) 9.773 (7.662, 12.530) < 0.001 8.546 (6.610, 11.050) < 0.001

Data are n (%), unless otherwise specified. *None: not vaccinated; partial vaccination: <14 days after first vaccination for viral vector (non-replicating) vaccine, after first vaccination or <14 days
after second vaccination for COVID-19 inactivated virus vaccine, and after first and second vaccination or <14 days after third vaccination COVID-19 protein subunit vaccine (if any); full
vaccination: >14 days after first vaccination for viral vector (non-replicating) vaccine, >14 days after second vaccination for COVID-19 inactivated virus vaccine, >14 days after third vaccination
for COVID-19 protein subunit vaccine, and <7 days after booster vaccination (if any); booster vaccination: >7 days after second dose for COVID-19 viral vector (non-replicating) vaccines or =7
days after third dose for COVID-19 any vaccine [including protein subunit, inactivated virus, and viral vector (non-replicating) vaccines] (if any). Ct, cycle threshold; SAR, secondary attack rate.
“Close contacts were exposed to an index at the time of symptom onset of the index.
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18-59 years. In terms of COVID-19 vaccination status of index
cases, a lower transmission risk was observed for index cases who
received full vaccination (aOR: 0.642; 95% CI: 0.490, 0.841) and
booster vaccination (aOR: 0.676; 95% CI: 0.594, 0.770) compared
with those who were unvaccinated and partially vaccinated.

VE against transmission of the Omicron
BA.2 variant

Overall, 6,864 close contacts were related to 502 index cases
who spread infections; their data were analyzed to assess VE of
inactivated COVID-19 vaccines against BA.2 transmission for those
aged 218 years old (Table 4). Of the close contacts, 2,469 (36.0%)
and 4,395 close contacts (64.0%) received full and booster
vaccinations, respectively. Among index cases, 184 (36.7%) and
318 (63.3%) individuals received full and booster vaccinations,
respectively. Overall, the aVE was 24.0% (95% CI: 7.0%, 37.9%)
against BA.2 transmission for booster vaccination compared with
full vaccination. An aVE against transmission of 93.7% (95% CI:

10.3389/fimmu.2023.1290279

72.4%, 98.6%) was found among those aged >60 years. Moreover,
the aVE against transmission remained high 14 to 179 days after
booster vaccination [51.0% (95% CI: 21.9%, 69.3%)]. We also found
that the aVE [51.2% (95% CI: 37.5%, 61.9%)] against transmission
was high for the non-household contact setting.

Estimation of time intervals between
key events

We analyzed data from 604 transmission pairs to estimate the GI,
which was 2.7 days [97.5% credible interval (CrI): —0.8 to 6.7 days]
(Table 5; Figure 2A). In a subgroup analysis based on contact setting,
the mean GI estimate was longer for non-household settings than for
household settings [2.9 days (97.5% CrI: -0.8 to 7.0 days) versus 2.4
days (97.5% Crl: -0.9 to 6.0 days), respectively] (Supplementary Table
4). Moreover, 419 transmission pairs were used to estimate SI, which
was 3.2 days (97.5% Crl: —0.6 to 7.4 days) (Table 5; Figure 2B).
According to subgroup analysis based on contact setting, the mean SI
estimate was similar in non-household and household settings [3.2

TABLE 4 Inactivated vaccine effectiveness of booster vaccination vs full vaccination against transmission.

Characteristic Close contacts, no. (%) Adjusted*
Individuals spreading Individuals spreading VE (95% OR VE (95%
infection with full infection with Cl), % (95% Cl), %
vaccination (reference) booster vaccination Cl)

Contact Contact Contact Contact
tested tested tested tested
positive negative positive negative
Overall 196 (7.9) 2273 (92.1) 272 (6.2) 4123 (93.8) 0.765 235 0.760 24.0
(0.632, (7.4,368) | (0.621, (7.0, 37.9)
0.926) 0.930)
Age of Individuals spreading infection
18-59 165 (7.0) 2178 (93.0) 270 (6.2) 4055 (93.8) 0.879 12.1 0.868 13.2
(0.719, (-7.4,281) | (0.702, (-7.3,29.8)
1.074) 1.073)
> 60 31 (24.6) 95 (75.4) 2(29) 68 (97.1) 0.090 91.0 0.063 93.7
(0.021, (61.1,97.9) | (0.014, (724, 98.6)
0.389) 0.276)
Time since last vaccine dose for Individuals spreading infection (day)
14-179 25 (7.7) 299 (92.3) 267 (6.3) 3973 (93.7) 0.804 19.6 0.490 51.0
(0.525, (-23.1, (0.307, (219, 69.3)
1.231) 47.5) 0.781)
> 180 171 (8.0) 1974 (92.0) 5(3.2) 150 (96.8) 0.385 61.5 0.817 183
(0.156, (4.9,844) | (0318, (-109.7,
0.951) 2.097) 95.1)
Contact setting
Household 61 (10.9) 499 (89.1) 108 (15.5) 589 (84.5) 1.503 -50.3 1.305 -30.5
(1.074, (-110.3, (0.907, (-87.9,9.3)
2.103) ~7.4) 1.879)
Non-household 135 (7.1) 1774 (92.9) 164 (4.4) 3534 (95.6) 0.610 39.0 0.488 512
(0.482, (22.9,51.8) | (0.381, (375, 61.9)
0.771) 0.625)

VE, vaccine effectiveness. *Variables adjusted in the model were sex of index cases and their close contacts, age of index cases and their close contacts, contact setting, vaccination dose of close

contacts, and exposure to an index case at onset for each contact.
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TABLE 5 Estimates of the time intervals about key events.

Time intervals Sample size = Parameters [mean (SD)] Mean (days) Quantiles (0.025-0.975, days)
Generation interval 604 Shape = 79.19 (4.55), rate = 4.6 (0.26), shift = 14.5 2.7 —-0.8, 6.7

Serial interval 419 Shape = 73.45 (5.06), rate = 4.15 (0.29), shift = 14.5 32 -0.6, 7.4

Latent period 394 Shape = 0.55 (0.04), rate = 0.26 (0.02) 2.1 0.0, 9.7

Incubation period 323 Shape = 0.75 (0.06), rate = 0.31 (0.03) 24 0.0, 9.9

Viral shedding period 1244 Shape = 12.55 (0.50), rate = 0.71 (0.03) 17.9 9.4, 28.5
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FIGURE 2

Estimated cumulative vy distributions of key time intervals for Omicron BA.2. (A) Generation interval; (B) Serial interval; (C) Incubation period;
(D) Latent period; (E) Viral shedding period.
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days (97.5% Crl: =0.7 to 7.6 days) versus 3.2 days (97.5% CrI: =0.5 to
7.2 days)] (Supplementary Table 4). Furthermore, 323 transmission
pairs were used to estimate the mean incubation period of 2.4 days
(97.5% Crl: 0.0 to 9.9 days) (Table 5; Figure 2C). Individuals aged 18-
59 years had a longer mean incubation period than the overall average
(Supplementary Table 4). The mean latent period was 2.1 days (97.5%
Crl: 0.0 to 9.7 days) (Table 5; Figure 2D) based on an analysis of the
data from 394 transmission pairs, although individuals aged 0-17 years
had a shorter mean latent period (Supplementary Table 4). Finally, we
found that the mean viral shedding period was 17.9 days (97.5% Crl:
9.4, 28.5 days) (Table 5; Figure 2E) according to analysis of data from
1,244 individuals with BA.2 infection. A shorter mean viral shedding
period (Supplementary Table 4) was observed among asymptomatic
individuals aged 0-17 years. The estimated reproduction number
declined from 2.8 on 14 February 2022 to 0.4 on 21 April
2022 (Figure 3).

Discussion

In this study, we conducted a comprehensive analysis to
evaluate the characteristics, dynamics, and risk of transmission of
BA.2 infection. Moreover, we estimated the effectiveness of
inactivated COVID-19 vaccine boosters against transmission in
Shenzhen, China.

The secondary attack rate was 7.2% among close contacts with
BA.2 infection. No significant difference was found for the
transmission risk related to the type of index case or gender of
index case; however, female close contacts showed a higher SAT risk.
Moreover, individuals aged 0-17 years old and >60 years old had a
higher SAI and transmission incidence compared with those aged
18-59 years old. Although this difference was not significant for the
index cases aged 0-17 years old compared with those aged 18-59
years old, a higher SAI incidence was found for index cases aged 0-
17 years. Furthermore, we observed that close contact exposure to
an index case after onset was associated with a higher SAI risk than
exposure to an index case before onset. This may be because post-
onset index cases may carry a higher viral load. Moreover,
household contacts had a higher SAI risk than non-household

10.3389/fimmu.2023.1290279

contacts. SAI incidence was 15.8% among household contacts,
which was not consistent with the incidence of SAI in Denmark
in a published study (21). This may be because the local government
in Shenzhen immediately compulsorily isolated household contacts
at designated facilities after the index cases were diagnosed,
resulting in a relatively low secondary attack rate compared with
published study in Denmark (21). In addition, we observed that
individuals who received booster vaccination had a lower risk of
SAI compared with unvaccinated or only partial vaccinated subjects
although the effectiveness was not very high. Several studies have
reported a lower VE against Omicron BA.2 infection than other
variants of SARS-CoV-2 (26-31).

The VE against transmission is rarely reported (7, 16, 32). We
found that a lower risk of SAI for close contacts was associated with
index cases who received full or booster vaccinations compared
with index cases in the unvaccinated and partially vaccinated
groups. The results further showed the importance of increasing
vaccine coverage to mitigate the spread of COVID-19 (33). We then
excluded individuals who were unvaccinated or partially vaccinated
because most index cases [549 of 644 individuals (85.2%)] and their
close contacts [7,446 of 8,466 individuals (88.0%)] in this study had
received at least two doses of COVID-19 vaccines. Moreover,
individuals aged 0-17 years old were not included in the analysis
of VE against transmission because they were not covered by the
booster immunization campaigns in China. Furthermore, we
excluded those who received non-inactivated COVID-19 vaccines
because most individuals in this study had received the inactivated
COVID-19 vaccines (>90%). Therefore, we focused on evaluating
the inactivated VE against transmission for the individuals with
booster vaccination versus full vaccination.

The overall aVE was 24.0% against BA.2 transmission for
booster vaccination compared with full vaccination indicating no
effective protection. Our estimated overall VE against BA.2
transmission was consistent with the previous estimates of 28.9%
for Omicron BA.5.2 variant [18]. However, an aVE of 93.7% against
transmission was found among those aged >60 years older, but not
in those aged 18-59 years older when comparing the booster versus
full vaccination groups. As we know, the current COVID-19
vaccines are less effective in preventing SARS-CoV-2 Omicron

FIGURE 3
Estimated the daily instantaneous reproduction number (Rt).
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infection but are useful in mitigating the severity of COVID-19
especially in old adults (26-31). Because of the high frequency of
complications, such as hypertension and diabetes mellitus, senior
adults are more easily to suffer from severe COVID-19. Moreover,
our study indicated that family members and household contacts
were prone to being infected with SARS-CoV-2. Old adults are
more often to stay in home and became susceptible to SARS-CoV-2
infection. We indeed observed two secondary infection peaks in
children and old adults. These factors might contribute to the
observed high effectiveness in the age group of 260 years. A
moderate level of protection was observed against the
transmission in non-household contact setting, whereas no
significantly protective effect was found in household contact
setting. Moreover, a moderate level of protection was observed
against the transmission at 14 to 179 days after booster vaccination,
whereas no any effectiveness was found against the transmission at
>180 days after booster vaccination. The results indicate the
protective effect was waning over time against BA.2 transmission.
Wang et al. [18] observed inactivated vaccines booster
immunization provided ineffective protection against BA.5.2
transmission at over 90 days after booster vaccination. As we
know, SARS-CoV-2 has been evolving and even the Omicron
sub-lineages are constantly emerging, such as XXB, EG.5, and
HV.1 (1). The emerging variants and sub-lineages showed new
features including different virulence, transmission capability and
resistance to the existing neutralizing immunity, which, in turn,
require the continuous assessment of VE against emerging SARS-
VoV-2 variants. Furthermore, new COVID-19 vaccines including
different SARS-CoV-2 variants, i.e., bivalent or trivalent COVID-19
vaccines, have been developing and implemented in response
to emerging Omicron sub-lineage according to WHO
recommendation. However, the VE remains to be evaluated by
using real world data. Therefore, we emphasize the importance of
continuously evaluating VE for emerging Omicron subvariants.
Overall, these results indicated that inactivated vaccine boosters can
effectively prevent the transmission of index cases, especially in the
population aged >60 years.

The data on exposure history were collected on the basis of in-
depth epidemiological investigations, allowing us to provide a
fitting estimation of the distribution of the time intervals of key
transmission events. We noted that there was considerable
uncertainty in the previous estimates generated prior to the
emergence of SARS-CoV-2 variants of concern, and previous
studies reported ranges from 3.0 to 7.8 days for the SI (33-39)
and from 4.8 to 8.0 days for the incubation period (33, 40-45). In
this study, we observed that the mean SI was 3.2 days for the BA.2
variant. Moreover, the mean incubation period estimates were
shorter (2.4 days) than previous estimates for BA.1 (3.2-4.6 days)
(9), BA.2 (4.4 days) (10), and BA.5 (5.7 days) (16). Only three
studies (10, 16, 33) provided GI estimates because it was difficult to
obtain the required information on the infection dates of both the
index cases and their close contacts. We found a mean GI of 2.7
days, which was shorter than those of the previous Alpha (4.7 days)
and Delta (5.5 days) variants (33), but longer than that of the
Omicron BA.1 variant (2.4 days) (10). Moreover, it was slightly
shorter than that of the Omicron BA.5 variant (2.8 days) (16).
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Finally, we found that the mean latent and viral shedding periods
were approximately 2.1 days and 17.9 days, respectively. Previously
uncertain estimated time intervals for key events may have resulted
from small sample sizes and possible sampling biases (46, 47). Our
data were based on an entire epidemic wave and had a larger sample
size. These factors may mean that this study does not have the same
bias and may provide stable results (47).

In this study, we evaluated the characteristics, dynamics, and
risk of Omicron BA.2 transmission based on a major outbreak of
the epidemic. It was the first study to comprehensively evaluate
Omicron BA.2 sub-lineage SAI and transmission risk, and the first
study to assess the effectiveness of inactivated COVID-19 vaccine
boosters against the transmission of SARS-CoV-2 Omicron variant
in comparison with a full schedule of vaccination without boosters.
However, there were also several limitations. First, we used the
positive PCR test (Ct value < 40) to estimate the time intervals of
key effects. The use of PCR test positivity may impact the accuracy
of transmission dynamics assessments due to its imperfect
sensitivity caused by the potential delays in viral load reaching
detectable levels. However, at present, PCR test is the gold standard
for diagnosing SARS-CoV-2 infection. In addition, in our study, all
the close contacts received multiple tests during medical
observation period, which increased the possibility of early
diagnosis of SARS-CoV-2 infection and made up for the low
sensitivity of PCR. Second, different countries implemented
different measures to control the COVID-19 outbreak. Those
different measures may influence the incidence of SAI among
close contacts and limit the generalization of our results. Third,
our estimates of the high VE for adults of over 60 years old may be
associated with a relatively small sample size. Further studies are
needed to identify our findings. Fourth, because our data relied on
the epidemiological contact-tracing data, we could not always
accurately reconstruct the entire transmission chain and fully
avoid recall bias.

In summary, the main Omicron BA.2 subvariant transmission
setting was in households, and the effectiveness of inactivated
vaccine boosters against BA.2 subvariant transmission was
relatively high in older people. These findings indicate the
importance of continuously assessing VE against different
Omicron variant sub-lineages as they quickly evolve and mutate.
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