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ABSTRACT Multiple vaccines against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) have been evaluated in clinical trials. However, trials addressing the immune
response in the pediatric population are scarce. The inactivated vaccine CoronaVac has
been shown to be safe and immunogenic in a phase 1/2 clinical trial in a pediatric cohort
in China. Here, we report interim safety and immunogenicity results of a phase 3 clinical
trial for CoronaVac in healthy children and adolescents in Chile. Participants 3 to 17 years
old received two doses of CoronaVac in a 4-week interval until 31 December 2021. Local
and systemic adverse reactions were registered for volunteers who received one or two
doses of CoronaVac. Whole-blood samples were collected from a subgroup of 148 partici-
pants for humoral and cellular immunity analyses. The main adverse reaction reported after
the first and second doses was pain at the injection site. Four weeks after the second dose,
an increase in neutralizing antibody titer was observed in subjects relative to their baseline
visit. Similar results were found for activation of specific CD4* T cells. Neutralizing antibod-
ies were identified against the Delta and Omicron variants. However, these titers were lower
than those for the D614G strain. Importantly, comparable CD4" T cell responses were
detected against these variants of concern. Therefore, CoronaVac is safe and immunogenic
in subjects 3 to 17 years old, inducing neutralizing antibody secretion and activating CD4*
T cells against SARS-CoV-2 and its variants. (This study has been registered at ClinicalTrials
.gov under no. NCT04992260.)

IMPORTANCE  This work evaluated the immune response induced by two doses of
CoronaVac separated by 4 weeks in healthy children and adolescents in Chile. To date, few
studies have described the effects of CoronaVac in the pediatric population. Therefore, it is
essential to generate knowledge regarding the protection of vaccines in this population.
Along these lines, we reported the anti-S humoral response and cellular immune response
to several SARS-CoV-2 proteins that have been published and recently studied. Here, we
show that a vaccination schedule consisting of two doses separated by 4 weeks induces
the secretion of neutralizing antibodies against SARS-CoV-2. Furthermore, CoronaVac indu-
ces the activation of CD4* T cells upon stimulation with peptides from the proteome of
SARS-CoV-2. These results indicate that, even though the neutralizing antibody response
induced by vaccination decreases against the Delta and Omicron variants, the cellular
response against these variants is comparable to the response against the ancestral strain
D614G, even being significantly higher against Omicron.

KEYWORDS CoronaVac, phase 3 clinical trial, pediatric, SARS-CoV-2, COVID-19,
vaccines, variants of concern, immunogenicity, safety

he inactivated severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vac-

cine CoronaVac, developed by Sinovac Life Sciences Co., Ltd. (Beijing, China), has
shown favorable safety and immunogenicity results in adults (1-5). In children and
adolescents between 3 and 17 years old, this vaccine induces neutralizing antibodies
against SARS-CoV-2 after immunization with two doses (6). Similar results have been
shown with Pfizer BNT162b2 and Moderna mRNA-1273 in children between 6 and
11 years old and adolescents (7, 8). However, these reports lack a characterization of
the cellular immune responses elicited in children and adolescents after immunization
and the neutralizing capacity of antibodies against SARS-CoV-2 variants of concern
(VOQ). Here, we further characterize the immune responses elicited in participants
between 3 and 17 years old 4 weeks after the second dose of CoronaVac applied in a
4-week interval (or 0- to 28-day vaccination schedule) in a phase 3 trial in Chile. The
present study was generated during an epidemiological period with a high presence
of SARS-CoV-2 Delta variant and a low number of cases caused by the Omicron variant.
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FIG 1 Study profile, enrolled participants, and cohort included in this study from September 10th to December 31st 2021. (A) Timeline of the vaccination
schedule and sample collection. Text in red denotes time points at which blood draws occurred. (B) Study profile of subjects that received 1 dose (orange

boxes) and 2 doses (light blue boxes) until December 31st 2021 by age and safety group.

The administration of this vaccine in the participants between 3 and 17 years old is
safe and elicits significant levels of both humoral and cellular immunity in adolescents
and children against the original strain of SARS-CoV-2 and VOC.

RESULTS

Population included in the study. Nine hundred sixty-three participants were
recruited between September 10th and December 31st; 482 of them were male (51.1%),
with an average age of 6.35 years (standard deviation [SD], 3.12 years). The study included
children and adolescents 3 to 17 years old who were inoculated with two doses of 3 ug
(600 Standard Unit) of CoronaVac in a 4-week interval (0- to 28-day schedule) (Fig. 1A).
Figure 1B shows the enrolled population and distribution by age, dose, and safety group.

Adverse events identified in children and adolescents vaccinated with CoronaVac.
(i) Immediate adverse events. In the 30 min postvaccination, local pain was reported
by 3.8% and 1.7% of subjects in the 3- to 11-year age group after the first and second
doses, respectively, and 2.2% and 8.2% in the 12- to 17-year age group. Pain adverse
event (AE) was statistically significantly higher in adolescents than children after the
second dose (P = 0.003). The rest of the local AEs were reported in 2% or fewer partici-
pants, without age or dose differences, such as pruritus localized in the site of injection
of two children of 3 to 11 years old after the first dose (see Table S1 in the supplemen-
tal material).

Systemic immediate AEs were reported in less than 1% of the 3- to 11-year age
group. Meanwhile, the 12- to 17-year age group reported mainly headache after the
first and second doses at 2.2% and 1.2%, respectively. They reported no other systemic
AEs after the first dose, and one adolescent reported self-limited pruritus after the sec-
ond dose (Table S1).

(ii) Nonimmediate adverse events. Only the safety group reported nonimmediate
AEs. However, immediate AEs, postvaccination AEs of grade 3 or more, any medical
consult due to an EA, and serious AEs/AEs of special interest (SAEs/AESI) were recorded
for all participants. The rationale for this measure is that, as this is a multicenter study
performed in several countries, the safety data measured in the subgroups of each cen-
ter are representative of the entire population studied. The most frequent local nonim-
mediate AE was pain, observed in around 15% of subjects in the 3- to 11-year age
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FIG 2 Frequency and duration of nonimmediate local and systemic adverse events by dose and age group. Shown are the total number of nonimmediate
local AEs presented by 653 participants in the 3- to 11-year age group and 46 participants in the 12- to 17-year age group after their first dose of
CoronaVac (A) or 336 participants in the 3- to 11-year age group and 45 participants in the 12- to 17-year age group after their second dose of CoronaVac
(B). (C and D) Total number of systemic AEs presented by 653 participants in the 3- to 11-year age group and 46 participants in the 12- to 17-year age
group after the first (C) or the second (D) dose of CoronaVac. Black bars correspond to the 3- to 11-year age group, and white bars correspond to the 12-
to 17-year age group. The values on the bars represented as percentages correspond to the number of the AEs evaluated over the total number of
participants of that age range.

group after the first dose and 8% after the second dose (P = 0.003). In the 12- to 17-
year age group, pain was reported in around 25% of subjects after each dose, which
was significantly higher than the frequency reported in the 3- to 11-year age group af-
ter the second dose (P = 0.006). The remaining local AEs were reported in less than 5%
of subjects in the 3- to 11-year age group and less than 10% in the 12- to 17-year age
group. The nonimmediate AEs lasted between 0 and 2 days. For systemic AEs, the over-
all duration was 0 to 2 days. However, some AEs, such as “skin or mucosa abnormality,”
maintained durations of 4.3 days (dose 1) and 5 days (dose 2) for the 3- to 11-year-old
group. The duration of “nausea” in subjects 12 to 17 years old after dose 1 was
10.7 days. Finally, in the “other” category, the duration of AEs was 2.3 to 4.3 days for
both groups evaluated after vaccination (Fig. 2). These percentages represent solicited
AEs within the first week. Nonsolicited AEs are reported up to 28 days after each dose
and SAE/AESI throughout the study.

Systemic AEs were reported at a frequency of less than 10% each (Fig. 2). The most
frequent systemic AEs were fever for children 3 to 11 years old and headache and fa-
tigue for adolescents. Comparison by age and dose showed a significantly higher fre-
quency of headache in adolescents than in children after both doses (P = 0.002 and
0.003) and a higher frequency of fatigue in the 3- to 11-year age group after the first
dose than after the second dose (P = 0.012). There were 8 allergic reactions only in the
3- to 11-year-old group, and only 2 of them were considered probably related to vacci-
nation. However, none of the volunteers suffered anaphylaxis (Table S2). The severities
of systemic AEs were grade 1 in 62 to 79% of participants and grade 3 in only 1.7 to
2.7%. There was no grade 4 AE. All previous medical histories were recorded, but spe-
cific symptoms such as headaches were not. Symptoms of myocarditis, such as fatigue,
are specifically asked about on the reactogenic daily card, but any other symptoms
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and hospitalizations should also be reported. In this way, we would be able to detect
any picture suggestive of myocarditis.

There was just one nonrelated SAE reported in the period (a 3-year-old participant
hospitalized for 24 h due to influenza A infection).

Two doses of CoronaVac increase antibody titers with neutralizing capacity in
children and adolescents. Ninety-two participants from the immunogenicity branch,
who received two doses of CoronaVac, were included in this study (Fig. S1). Clinical
data from these patients are described in Table S3. Samples from the placebo group
were not analyzed as they did not receive two doses prior to starting the data blind.
The samples analyzed were obtained before vaccination (baseline) and 4 weeks after
the second dose. IgG against the S1 receptor-binding domain (RBD) of SARS-CoV-2
was significantly increased in plasma samples obtained 4 weeks after the second dose
of CoronaVac compared to the baseline sample in both age groups (Fig. 3A).
Accordingly, we detected significant neutralizing capacity by a surrogate virus neutrali-
zation test (sVNT) in plasma in both age groups 4 weeks after the second dose
(Fig. 3B), which is in line with previous reports in adult cohorts (2). Similarly, when ana-
lyzing neutralization with a conventional VNT (cVNT), we observed a significant
increase in both age groups (Fig. 3C and Table S4A). In addition, the seropositivity
reached 96% for the 3- to 11-year age group and 94.5% for the 12- to 17-year age
group. However, 100% of seropositivity was found for the samples analyzed by sVNTs
4 weeks after the second dose in both groups, while it reached 100% for the 3- to 11-
year age group and 88.2% for the 12- to 17-year age group for cVNT (Table S4A). When
comparing the humoral immune responses of both age groups 4 weeks after the sec-
ond dose, significant differences were found only for cVNT assays (Fig. 3D to F). These
results were corroborated with the seroresponse (geometric mean 2nd dose plus 4
weeks versus the baseline) found, which was higher for the 3- to 11-year age group
than the 12- to 17-year age group (Fig. 3G).

Of note, volunteers enrolled in the study were considered seronegative subjects
determined by a rapid IgG/IgM antibody test, excluding those seropositive for further
immunogenicity assays. The results show that some volunteers presented total and
neutralizing anti-SARS-CoV-2 antibodies before vaccination (Fig. 3A and C). These
results could be explained by volunteers undergoing asymptomatic infections, whose
titers were not detected by the rapid diagnostic tests carried out during the enroll-
ment. These differences in the inclusion criteria could be associated with the increased
sensitivity of the techniques used in these trials compared to the rapid test used at
enrollment.

To rule out any possible infection that occurred during the evaluation period, vol-
unteers who had any type of symptoms related to a SARS-CoV-2 infection underwent a
diagnostic test using reverse transcription-quantitative PCR (RT-gPCR).

CoronaVac induces a robust activation and memory population of CD4+ T cells
in children and adolescents. We also analyzed the cellular immune responses follow-
ing two doses of CoronaVac in children and adolescents, which, to our knowledge, has
not been reported in other studies with CoronaVac or mRNA vaccines against SARS-
CoV-2. Compared to the baseline samples, we observed a significant increase in CD4*
T cell activation 4 weeks after the second dose of CoronaVac upon stimulation with
four megapools (MPs) comprising peptides from the S, R (all but S), M, and N viral pro-
teins (Fig. S2A and B). A significant increase in the activation of CD4* T cells was found
in the 12- to 17-year age group for all the MPs evaluated. In contrast, the increase in
the activation of CD4* T cells for the 3- to 11-year age group was statistically signifi-
cant for the S and N stimuli only (Fig. 4A). Additionally, the induction of memory
markers in activated CD4" T cells induced 4 weeks after the second dose was com-
pared to the baseline samples (Fig. S2C and D). An increase in the ratio of memory cells
with respect to the baseline samples was observed in the 12- to 17-year age group in
the presence of all stimuli (Fig. 4B). For the 3- to 11-year age group, an increase in the
ratio of memory cells with respect to the baseline samples was observed only in the
presence of the S and N stimuli (Fig. 4B).
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FIG 3 CoronaVac immunization induces anti-S1 RBD antibodies with neutralizing capacities in children and adolescents after two vaccine doses. (A) Total
1gG anti-S1 RBD antibodies were detected by chemiluminescence in the plasma of participants immunized with CoronaVac. Results were obtained from 25
participants in the 3- to 11-year age group and 36 participants in the 12- to 17-year age group. (B) Neutralizing antibodies were detected in plasma using
a surrogate viral neutralization test (sVNT), which quantifies the interaction between S1 RBD and hACE2 on ELISA plates. Results were obtained from 55
participants in the 3- to 11-year age group and 36 participants in the 12- to 17-year age group. Data are represented as WHO international units per
milliliter. (C) Neutralizing antibody titers in plasma were evaluated using a conventional virus neutralizing test (cVNT) in 27 children in the 3- to 11-year age
group and 34 participants in the 12- to 17-year age group. A comparison between the 3- to 11-year age group and the 12- to 17-year age group was
performed for total IgG anti-S1 RBD antibodies (D), sVNT (E), and cVNT (F). Seroresponse was calculated as the ratio of the geometric means of the 2nd
dose plus 4 weeks to baseline (G). The numbers above each set of individual data points show the geometric mean, and the error bars indicate the 95%
confidence interval (Cl). A two-way ANOVA was followed by Sidak's multiple-comparison test (A to C) and unpaired t test (D to F) on the log,,-transformed

data to evaluate differences. ***, P < 0.001; ns, nonsignificant.

Moreover, secretion of the cytokines interleukin-2 (IL-2) and gamma interferon (IFN-y)
by peripheral blood mononuclear cells (PBMCs) stimulated with MPs of peptides was
evaluated using Luminex. We observed a significant increase in IL-2 secretion in
response to the S and R MPs and M and N MPs in the 12- to 17-year age group (Fig. S3A
to D). In the case of the 3- to 11-year age group, we observed a significant increase in
response to the S, M, and N MPs. In contrast, we did not observe a significant increase in
IFN-y release after the MP stimulation for participants of ages 12 to 17 years (Fig. S3E to
H). However, the production of IFN-yin response to the S, M, and N MPs showed a signif-
icant increase in the 3- to 11-year age group (Fig. S3E to H). No differences were found
in IL-4 levels after vaccination, measured by Luminex technology (data not shown).
Levels of IFN-y and IL-4 were also evaluated by enzyme-linked immunosorbent spot
(ELISPQT), but we did not observe significant differences in any of these cytokines upon
stimulation with SARS-CoV-2 MPs (Fig. S4A to H). We were not able to evaluate IL-2 by
ELISPOT due to the limited number of cells obtained from each volunteer.

We did not observe an increase in CD8™" activation-induced marker-positive (AIM*)
T cells with MP CD8A and CD8B in any age group following the second dose of
CoronaVac compared to the baseline sample (data not shown). However, we found

November/December 2022 Volume 13 Issue 6

10.1128/mbio.01311-22 6


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01311-22

CoronaVac Protects Children against SARS-CoV-2

A MPS B MPR C MP M
* %k ns skeokok ns *k
1.0- 001 079 | 0007 0083 1.0- 0.003 0.037 | 0.008 0.083 1.0- 0003 0019 0.012 0.062
v P 1 T °
5 03 0 & g3 ° 03
2R 03 ° 2R 03 ° 2 03
82 e g2
g8 ] e °
gL 02 o Qp 02 ° ° gL 02
x + [¢) x + (o] x + .
ex . o COx o e3
+ + ’ +
= O 01 N ) Y s O 01 ° = O 01 8
< < <
0.0 0.0 0.0
311 12417 311 1217 311 1217
E MPS F MP R G MP M
* *okok ns *ok ns *
164 3.92 177 487 176 275 174 477 135 1.93 143 271
s 501 : o 50 & o 501
e ° [T ° T
2 L 15 2 15 *
3 8 8
2 g 10 ° S 10 °
‘® 5 o T
g . 2 e d 2
° (<
g i E 5 i E' 5 [ .
3 £ & £
= 2 )
= =
0 0
1247 3411 12417 3411 1247

AIM+ (OX40+CD137+)

CD4+ T cells %

1.0
0.3
0.3
0.2
0.1

0.0

Memory:Naive cells ratio

mBio
MP N
%* Kk
[ 1
0.002 0.046 0.013 0.062
1 ® Baseline
°
© 2nddose
° +4w
31 1217
MP N
k% AFkk
129 474 196 5.36

50

3-11

0o

]

1217

FIG 4 Changes in activation-induced marker (AIM) expression in CD4" T cells and memory AIM* CD4™ T cells specific for SARS-CoV-2 after two doses of
CoronaVac in children and adolescents. AIM" CD4" T cells were quantified in peripheral blood mononuclear cells (PBMCs) from participants that received
two doses of CoronaVac by flow cytometry upon stimulation with megapools (MPs) of peptides derived from SARS-CoV-2 proteins. The percentages of
activated AIM™ CD4" T cells (OX40", CD137") were determined upon stimulation for 24 h with MPs S, R, M, and N in baseline samples and with samples
obtained 4 weeks after the second dose. Data from flow cytometry were normalized against dimethyl sulfoxide (DMSO). Percentages of AIM* CD4™ T cells
against MPs S, R, M, and N were obtained from a total of 51 participants in the 3- to 11-year age group and 38 participants in the 12- to 17-year age
group (A). Memory AIM* CD4" T cells were quantified in PBMCs from participants that received two doses of CoronaVac upon stimulation with MPs of
peptides derived from SARS-CoV-2 proteins. The percentages of memory-activated AIM* CD4" T cells (OX40*, CD137%, CD45RA—, CCR7*/7) were
determined upon stimulation for 24 h with MPs S, R, M, and N in samples obtained at baseline and 4 weeks after the second dose. Data from flow
cytometry were normalized against DMSO. Memory AIM™ CD4* T cells against the MPs S, R, M, and N were obtained from a total of 51 participants in the
3- to 11-year age group and 38 participants in the 12- to 17-year age group (B). The numbers above each individual point data set represent the mean,
and the error bars are the 95% Cl. A two-way ANOVA followed by Sidék's multiple-comparison test was used to assess differences in panels A and B. *, P <

0.05; **, P < 0.01; ***, P < 0.001; n.s., nonsignificant.

significant differences for memory CD8* AIM* T cell analyses (Fig. S5). Representative
flow cytometry plots of memory CD8" AIM* T cells for participants in the 3- to 11-year
age group (Fig. S5A) and 12- to 17-year age group (Fig. S5B) are shown. A significant
increase in memory CD8* AIM™* T cells after vaccination with CoronaVac was observed
only upon stimulation with MP CD8A in the 3- to 11-year age group (Fig. S5C). Both
groups found no differences upon stimulation with MP CD8B (Fig. S5D).

Neutralizing antibodies and specific T cells induced by two doses of CoronaVac
in children and adolescents recognize Delta and Omicron variants of SARS-CoV-2.
To assess whether CoronaVac induces immune responses against SARS-CoV-2 VOC, we
evaluated by a pseudotyped virus neutralization assay (pVNT) the neutralizing anti-
body levels against VOC Delta and Omicron comparing them to the D614G strain
(which was used as a control as it has a Spike RBD identical to the ancestral strain but
contains a mutation outside the RBD, which is also contained in most of the VOCQ)
(Fig. 5). A 1.9-fold reduction relative to strain D614G was found in neutralization
against Delta, while a 15.8-fold reduction was observed against Omicron (Fig. 5A). The
percentages of seropositivity showed an important reduction for the Omicron variant
(Table S4B). When we compared the responses between both age groups, we did not
find significant differences for the D614G and Delta variants. However, a significantly
higher level of neutralizing antibodies against Omicron was observed in the 3- to
11-year age group (Fig. 5B). A mild but insignificant reduction of AIM* T cells against
MP-S of the Delta variant (1.4-fold reduction) and a significant increase against MP S of
the Omicron variant (3.5-fold increase) were observed, compared to the response
obtained for MP S of the wild-type (WT) strain (Fig. 5C). This T cell response was
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FIG 5 Quantification of circulating neutralizing antibodies and AIM* CD4" T cells against SARS-CoV-2 variants Delta and Omicron in participants that
received two doses of CoronaVac. (A) Neutralizing antibodies were detected in the plasma of 88 participants 4 weeks after the second dose of CoronaVac,
using a pseudotyped virus neutralization test (pVNT). Data are expressed as the reciprocal of the highest dilution preventing 80% of the infection (IDg).
Numbers above the bars show the GMT, and the error bars indicate the 95% ClI. (B) Neutralizing antibody levels between 52 participants in the 3- to 11-
year age group and 36 participants in the 12- to 17-year age group against D614G, Delta, and Omicron variants are shown. (C and D) AIM™ CD4" T cells
against the variants Delta and Omicron were measured by flow cytometry. (C) Results were obtained from a total of 59 participants. (D) Results shown by
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equivalent in both age groups (Fig. 5D). While Fig. 5B and D suggest a possible correla-
tion between the humoral and cellular responses against Omicron in the 3- to 11-year
age group, it was not possible to find a positive correlation between antibody titers
against Omicron and CD4™" T cell response (Fig. 5E).

DISCUSSION

Multiple vaccines against SARS-CoV-2 have been evaluated in clinical trials.
However, trials addressing the immune response in the pediatric population are scarce.
Here, we report that CoronaVac has a good safety profile in children and adolescents
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in Chile, comparable to what was reported by Han et al. (6), with pain as the main AE
in both age groups but statistically more frequently reported in adolescents than in
children. Most AEs were mild or moderate, and no SAEs related to the vaccine were
reported. This is in line with previous reports in adults vaccinated with CoronaVac in
Chile and other countries, which have mainly reported mild or moderate AEs in partici-
pants 18 to 59 years old and older than 60 years (2, 4, 5). Of note, we acknowledge
that the safety follow-up reported here is relatively short term. Indeed, for rare SAEs
such as myocarditis, the sample size may be small and the observation time too short
to detect any cases.

We also show that two doses of CoronaVac, administered in a 4-week interval, stim-
ulate the induction of both total and neutralizing antibodies in participants 3 to
17 years old 4 weeks after the second dose. This is the first report of total IgG antibod-
ies anti-S1 RBD expressed as WHO international units in children and adolescents vac-
cinated with CoronaVac, allowing their comparison to other vaccine platforms.
However, clinical trials in children and adolescents have only reported neutralizing
antibodies against SARS-CoV-2 (7, 8).

Our results suggest that CoronaVac promotes CD4* T cell responses against SARS-
CoV-2, which can be protective against infection and/or severe disease. Here, we report
a significant increase in CD4% AIM* T cells in response to MPs but no differences in
CD8* AIM™ T cells, in line with the results previously observed in vaccinated adults,
which indicate that CoronaVac is better at inducing CD4* T cell responses. We did not
observe significant differences between age groups in CD4* AIM* T cells, suggesting
that children and adolescents can activate CD4" T cell responses against SARS-CoV-2
following vaccination. The 12- to 17-year age group exhibit increased CD4* T cell acti-
vation against all the SARS-CoV-2 MP evaluated, which indicate that the vaccine stimu-
lates cellular immunity not only against the Spike protein but also against the M and N
proteins, consistent with the fact that this is an inactivated virus vaccine containing
the major structural proteins. However, the 3- to 11-year age group did not exhibit
increased CD4* T cell activation against the M protein. Consistent with this, we show a
significant increase in IL-2 secretion in response to S and N MPs in both age groups,
whereas we detected a significant increase in response to the M MPs only in subjects
12 to 17 years old. As previously reported in adults vaccinated with CoronaVac (2), we
did not observe an increase in IL-4 production in stimulated cells, indicating that
CoronaVac stimulates a Th1 profile in vaccinated children and adolescents. Similarly,
we observed a significant increase in IFN-y production using Luminex technology in
the 3- to 11-year age group upon stimulation with the MP-S but not in the other age
group and in the presence of other MPs. However, this significant difference may be
attributed to the high levels of IFN-yin some subjects but is not necessarily representa-
tive of the whole group. In line with this, we did not observe significant differences in
this cytokine using ELISPOT. Furthermore, we observed an increase in the frequency of
memory CD4* AIM* T cells in response to SARS-CoV-2 MP-S and slightly higher induc-
tion of memory T cells in subjects 12 to 17 years old than in subjects 3 to 11 years old.
This increased ratio of memory CD4* T cells suggests that the vaccine may induce
durable CD4" T cell responses. However, evaluation of these responses at later time
points following the second dose are required to confirm this idea. These results agree
with reports showing that memory T cell responses against SARS-CoV-2 structural pro-
teins increase with age (9).

Moreover, we evaluated the neutralization using a pseudotyped virus against var-
iants Delta and Omicron compared to the ancestral strain D614G and found decreased
antibody neutralization capacity against these variants. While we observed high sero-
positivity against D614G (100%), lower seropositivity against the variant Omicron was
found (45.5%) (Table S4B) in line with previous reports indicating lower protection
against VOC in adult cohorts after two doses of CoronaVac (10-12). However, a booster
dose of CoronaVac has been shown to increase virus neutralization of the VOC Gamma
and Delta (13). Thus, a booster dose of CoronaVac may be required to increase virus
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neutralization of circulating SARS-CoV-2 variants in children and adolescents. This is
consistent with our studies and another trial conducted in Israel (14).

On the other hand, we observed that both age groups elicited CD4™ AIM* T cells in
response to MPs from the variants Delta and Omicron. We did not observe significant
differences in CD4* AIM* T cells against the Delta variant compared to the ancestral
strain, but surprisingly, an increase against the Omicron variant was observed. Several
studies in vaccinated adults have shown that CD4" T cell responses against VOC are
conserved, and cross-reactive T cells against the Omicron variant have been reported
(15, 16). However, it is unclear why this pediatric population exhibits increased CD4*
AIM* T cells against the Omicron variant, and further research is required to under-
stand these results. In this sense, a study in volunteers 12 to 16 years old vaccinated
with two doses of ChAdOx1 nCoV-19 or mRNA vaccines showed an effect on the cellu-
lar response against the Omicron variant similar to that reported by us, suggesting
that the cellular response is more stable against other SARS-CoV-2 variants than the
humoral response.

One of the main limitations of this study is the impossibility of repeating a large
part of the assays, given that the volumes of blood extracted from the volunteers were
very small, especially for the younger subjects. Since, in this study, the monitoring of
possible SARS-CoV-2 infections by RT-qPCR was performed for symptomatic cases
only, we cannot rule to the presence of asymptomatic cases during the study. Despite
this, a study evaluating long-lived immunity observed that seronegative participants
who received two doses of BNT162b2 presented a response similar to the reported in
this investigation against variants such as Omicron (17), suggesting a low, if any, the
contribution of asymptomatic cases to our results. These results indicate that
CoronaVac is safe in children and adolescents and induces both humoral and cellular
responses able to recognize the VOC Delta and Omicron.

Finally, CoronaVac shows promising results in the induction of the immune
response against SARS-CoV-2 and the variants of interest. However, to date, there is
limited information regarding the long-term immune response in the pediatric popula-
tion, whose information is essential for the implementation of vaccination schedules.
In this sense, a study comparing adult volunteers vaccinated with two doses of
CoronaVac and receiving a booster with CoronaVac, BNT162b2, and ChAdOx1 after 6
to 8 months showed that the best immune response is induced when the booster is a
vaccine different than CoronaVac. However, no differences were found in the three
groups evaluated when the humoral response was compared 30 or 100 days after the
booster (18), suggesting that a booster dose with either CoronaVac or other vaccine
platforms may be beneficial in pediatric individuals. Further studies are required to
assess the immune responses using a heterologous or homologous vaccination
schedule.

MATERIALS AND METHODS

Study design. This study is a global multicenter, randomized, double-blind, and placebo-controlled
phase 3 clinical trial that aims to assess the safety, efficacy, and immunogenicity of CoronaVac among
children aged 6 months to 17 years. The administration of placebo and vaccine was in a ratio of 1:1.
Four countries participated in this study, including South Africa, Malaysia, Philippines, and Chile
(ClinicalTrials registration no. NCT04992260). This report will focus only on the study performed in Chile
for participants that received CoronaVac. In Chile, this trial has been conducted at 11 different sites,
eight in the center of the country (seven in Santiago and one in Valparaiso), two in the South (Puerto
Montt and Valdivia), and one in the North (Antofagasta) of Chile. The study protocol was conducted
according to the current Tripartite Guidelines for Good Clinical Practices, the Declaration of Helsinki (19),
and local regulations. This trial was approved by each Institutional Ethical Committee (ID 210616012)
and the Chilean Public Health Institute (ISP Chile, no. 20674/21). Written informed consent was obtained
from the parent(s) or legal representative(s) of the child before enrollment. Assent was obtained from
individuals from 7 years old. Participants did not receive any payment for their participation. The study
included children and adolescents 3 to 17 years old who were inoculated with two doses of 3 ug (600
SU) of CoronaVac in a 4-week interval (0- to 28-day schedule) (Fig. 1A). Before the volunteers were vacci-
nated, a negative rapid antigen test result was required. Exclusion criteria included, among others, a his-
tory of confirmed symptomatic SARS-CoV-2 infection, pregnancy, allergy to vaccine components, and
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immunocompromised condition. Well-controlled medical conditions were allowed. A complete list of
inclusion/exclusion criteria is provided in the supplemental material.

Study population and outcomes. Participants were assigned to the age groups 3 to 5 (children), 6
to 11 (children), and 12 to 17 (adolescents) years and immunogenicity subgroup, safety subgroup, or
nonsubgroup. The nonsubgroup, which included only children 3 to 5 years old with vaccine and pla-
cebo, did not have a daily follow-up after the vaccination and only had a follow-up if the members of
the group reported serious adverse events (SAEs) and adverse events of special interest (AESI). The initial
protocol had a placebo for the 3- to 5-year-old arm and was a double-blind study, but this was modified
to an open-label study due to the approval of the emergency vaccination to the general population in
Chile. Therefore, the nonsubgroup (3 to 5 years old) was redistributed to the immunogenicity and safety
arms. After the unblinding, 158 children who received a placebo were reenrolled to be immunized with
CoronaVac. For the present study, we combined the children in the 3- to 11-year age group (Fig. 1B).
Besides, only volunteers with two doses of CoronaVac until 31st December 2021 were included in these
analyses. Participants not considered in this article received their second dose after 31st December
2021. The safety group includes registration of every local and systmic nonimmediate adverse events
(AEs) 7 days after vaccination and any other AE until 28 days after each dose. For all participants, imme-
diate AEs (30 min postvaccination) and SAEs as well as AESI were recorded. The safety studies consid-
ered the subjects enrolled until 31st December 2021, enrolled from the 11 centers in Chile. The safety
data on the other countries participating in the study were not included since the global safety data set
of the entire study is only managed by the sponsoring company, Sinovac, and until the closing date of
this article, there was no information on all of the countries.

The study aims were to evaluate the immunogenicity of CoronaVac in a subgroup of participants
4 weeks after 2 doses and the frequency of solicited immediate (first 30 min postdose) and nonimmedi-
ate adverse events (AEs) that occur during 7 days after each dose, stratified by age group (3 to 11 and
12 to 17 years old). The frequency of SAEs/AESI and any other AEs represents events that occur 28 days
after each dose, and the frequency of any SAE/AESI represents events that occur 12 months after the
second dose.

Sample collection. Subjects enrolled in one specific clinical center (CLO1, Marcoleta) were assigned
to the immunogenicity branch, which considered 148 volunteers. Blood samples were obtained in hep-
arinized tubes before administration of the first dose (baseline) and 4 weeks after the second dose as
described in Fig. S1 in the supplemental material. Samples were used to obtain plasma and peripheral
blood mononuclear cells (PBMCs) and stored at —80°C (plasma) and -170°C (PBMCs) until humoral and
cellular immunity analyses were performed. The sample size included in each experimental analysis is
described in Fig. S1.

Procedures. IgG anti-S1 RBDs of SARS-CoV-2 were tested using ADVIA Centaur XP SARS-CoV-2 IgG
(sCOVG) (Siemens) (20, 21), an automated two-step sandwich antibody-binding immunoassay using indi-
rect chemiluminescence. sCOVG was used for quantitative detection expressed in binding antibody
units (BAU) per milliliter after interpolating the WHO standard NIBSC code 20/136 calibration (21). The
cutoff considered for this methodology was 1.18 U/mL. The presence of circulating antibodies able to
block the interaction of the RBD of the S1 subunit of the SARS-CoV-2 Spike protein with the recombinant
human angiotensin 2 receptor (hACE2) was evaluated using a surrogate virus neutralization test (sVNT)
(Genscript catalog no. L00847-A). A cutoff of >30% was used to define if samples were positive or not
for the presence of anti-SARS-CoV2 neutralizing antibodies. Seropositivity designation and transforma-
tion to WHO arbitrary units were described previously (13). As previously reported, conventional virus
neutralization tests (cVNTs) to detect neutralization against the ancestral SARS-CoV-2 virus were per-
formed. The neutralization titer was calculated considering 100% inhibition of the virus, which was
related to an absence of cytopathic effect on Vero E6 cells (2). A pseudotyped virus neutralization test
(pVNT) assay was performed to assess neutralization against SARS-CoV-2 VOC, as previously reported
(12, 22) (Text S1). To evaluate the cellular immune response, PBMCs of 60 participants were stimulated
with six megapools (MPs) derived from the SARS-CoV-2 proteome (23) (Text S1). MPs of peptides from
the S protein of SARS-CoV-2 VOC Delta and Omicron were provided by La Jolla Institute for Immunology
(16). Positive and negative controls were included in each assay. The numbers of spot-forming cells
(SFCs) for IFN-y and IL-4 were determined by ELISPOT, and the expression of activation-induced marker
(AIM™) and memory markers by T cells was evaluated by flow cytometry using a LSR Fortessa X-20 flow
cytometer (BD Biosciences). Assays were performed according to the manufacturer’s instructions as
reported previously (2). Supernatants from PBMCs stimulated for 20 h with SARS-CoV-2 MPs were eval-
uated using the Luminex technology (R&D Systems, USA) to assess IL-2 and IFN-y production (Text S1).

The selection of participants for immunogenicity analysis was based on the availability of samples
collected from the baseline and 4 weeks post-second dose. In addition, only those subjects who were
seronegative at study entry were included.

Statistical analyses. Statistical differences in the immunogenicity results were assessed using a two-
way ANOVA followed by Sidak's multiple-comparison test to compare the levels of antibodies 4 weeks
after the second dose against the baseline levels in the different age groups (total IgG, sVNT, pVNT, and
cVNT). Two-way ANOVA followed by Sidak's multiple-comparison tests was also used for cellular
immune response to compare the percentages of AIM*, memory AIM* CD4™" T cells, and cytokine secre-
tion 4 weeks after the second dose against the baseline levels in both age groups. A one-way ANOVA
followed by Dunnett's multiple-comparison test was used to evaluate total antibodies or cells from var-
iants of SARS-CoV-2. When indicated, the analyses were performed on the log,,-transformed data.
Regarding clinical data, adverse events among groups were compared with the chi-square test or Fisher
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exact test. The significance level was set at 0.05 for all the analyses. All data were analyzed with
GraphPad Prism 9.4.0 or R version 3.6.1.

Data availability. All analyzed and raw data (masked to protect the information of volunteers) are
available upon reasonable request to the corresponding authors through email after the publication of
this article. A signed data access agreement will be requested to share the data. The study protocol is
also available online.
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