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ABSTRACT CoronaVac is an inactivated SARS-CoV-2 vaccine approved by the World
Health Organization (WHO). Previous studies reported increased levels of neutralizing anti-
bodies and specific T cells 2 and 4 weeks after two doses of CoronaVac; these levels
were significantly reduced at 6 to 8 months after the two doses. Here, we report the
effect of a booster dose of CoronaVac on the anti-SARS-CoV-2 immune response gener-
ated against the variants of concern (VOCs), Delta and Omicron, in adults participating in
a phase III clinical trial in Chile. Volunteers immunized with two doses of CoronaVac in a
4-week interval received a booster dose of the same vaccine between 24 and 30 weeks
after the second dose. Neutralization capacities and T cell activation against VOCs Delta
and Omicron were assessed 4 weeks after the booster dose. We observed a significant
increase in neutralizing antibodies 4 weeks after the booster dose. We also observed a
rise in anti-SARS-CoV-2-specific CD41 T cells over time, and these cells reached a peak 4
weeks after the booster dose. Furthermore, neutralizing antibodies and SARS-CoV-2-
specific T cells induced by the booster showed activity against VOCs Delta and Omicron.
Our results show that a booster dose of CoronaVac increases adults’ humoral and cellular
anti-SARS-CoV-2 immune responses. In addition, immunity induced by a booster dose of
CoronaVac is active against VOCs, suggesting adequate protection.

IMPORTANCE CoronaVac is an inactivated vaccine against SARS-CoV-2 that has been
approved by WHO for emergency use. Phase III clinical trials are in progress in several
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countries, including China, Brazil, Turkey, and Chile, and have shown safety and immu-
nogenicity after two doses of the vaccine. This report characterizes immune responses
induced by two doses of CoronaVac followed by a booster dose 5 months after the
second dose in healthy Chilean adults. The data reported here show that a booster
dose increased the immune responses against SARS-CoV-2, enhancing levels of neu-
tralizing antibodies against the ancestral strain and VOCs. Similarly, anti-SARS-CoV-2
CD41 T cell responses were increased following the booster dose. In contrast, levels of
gamma interferon secretion and T cell activation against the VOCs Delta and Omicron
were not significantly different from those for the ancestral strain. Therefore, a third
dose of CoronaVac in a homologous vaccination schedule improves its immunogenic-
ity in healthy volunteers.

KEYWORDS CoronaVac, phase III clinical trial, SARS-CoV-2, COVID-19, booster dose

The ongoing pandemic caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has promoted the rapid development of safe, immunogenic, and

effective vaccines against SARS-CoV-2 to be used by the general population, and these
vaccines have successfully reduced the transmission of the disease. CoronaVac is an
inactivated SARS-CoV-2 vaccine developed by Sinovac Life Sciences Co., Ltd. (Beijing,
China). It is among the current vaccines approved by the World Health Organization
(WHO) to combat coronavirus disease 2019 (COVID-19) and one of the most used vac-
cines worldwide (1, 2). Phase I and II clinical trials in China demonstrated that this vac-
cine induces cellular and humoral responses upon immunization (3–5). Furthermore,
results from an ongoing phase III clinical trial in Chile in adults older than 18 years
showed increased IgG levels with capacities and T cell-specific for SARS-CoV-2 antigens
2 and 4 weeks after the second dose of CoronaVac (6, 7). Furthermore, although the
primary immunization schedule induces neutralizing antibodies in the serum of vacci-
nated people (8), these titers decrease in time (9) and show reduced neutralization
capacities against highly transmissible variants of concern (VOCs) compared to the an-
cestral strain (10–13). For these reasons, booster doses were approved in August 2021
in Chile for high-risk populations and adults 20 weeks after administering the second
dose. In this sense, a previous study performed in adults aged 18 to 59 years demon-
strated that a booster dose of CoronaVac, applied 20 weeks after the second dose of
the same vaccine, increased the levels of antibodies 3- to 5-fold compared to the levels
observed 4 weeks after the second dose (14). Here, we further extend these findings
by reporting the levels of neutralizing antibodies and specific T cells against SARS-CoV-2 and
their activity against VOCs Delta and Omicron in adults aged $18 years that participated in
a phase III clinical trial carried out in Chile who were vaccinated on a 28-day vaccination
schedule and received a booster dose 20 weeks after the second dose.

RESULTS
A booster dose of CoronaVac induced a significant increase in antibody titers

with neutralizing capacity in adults. First, the safety of CoronaVac was assessed in
participants previously vaccinated with two doses of the same vaccine. The first dose
was inoculated between January and March 2021, the second dose was inoculated
286 7 days after the first one, and the booster dose was inoculated 20 weeks6 14 days
after the second dose. In line with our previous report in the same clinical trial (5, 15),
the most frequent adverse local effect was pain in the inoculation site, reported in 32.1%
of the volunteers. The rest of the adverse effects were reported at a low frequency (less
than 5% of the volunteers) (see Table S1 in the supplemental material). When we ana-
lyzed the data by age group, we observed that volunteers under 60 years presented
more adverse effects than those older than 60 years, with more pain at the site of inocu-
lation, induration, erythema, and swelling (see Table S1). Consistent with these findings,
the first and booster doses showed that the CoronaVac vaccine has low reactogenicity
and good tolerability. Most systemic adverse events were mild, as was observed with the
two first doses of CoronaVac. In this sense, the adverse events more frequently reported
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after the booster dose were headache (19.7%), fatigue (14.2%), and myalgia (15%).
Again, the volunteers under 60 years presented higher frequencies of headache and
myalgias (see Table S2). These results support the notion that CoronaVac is safe and bet-
ter tolerated in people over 60 years.

Of the 1,440 volunteers analyzed for the safety arm, 186 volunteers from the immunoge-
nicity branch that received a booster dose of the CoronaVac were included in this study
(Fig. 1A). The neutralizing capacities of serum antibodies were evaluated in 77 and 62 volun-
teers by surrogate virus neutralization test (sVNT) and conventional VNT (cVNT), respectively,
at the five different time points indicated in Fig. 1B. As shown in Fig. 2A and D (see also
Fig. S1A), the peak level of antibodies with neutralizing capacity in the total population eval-
uated, tested by sVNT and cVNT, was reached 2 weeks after the second dose (geometric
mean units [GMU] of 168.0, 95% confidence interval [CI] of 19.5 to 34.2; geometric mean titer
[GMT] of 12.8, 95% CI of 8.8 to 18.6) and 4 weeks after the second dose (GMU of 124.8, 95%
CI of 96.3 to 161.7; GMT of 13.5, 95% CI of 9.6 to 19.2). However, this neutralizing capacity
significantly decreased 20 weeks after the second dose (GMU of 39.0, 95% CI of 32.4 to 47.0;
GMT of 8.3, 95% CI of 9.6 to 19.2), which is in line with previous reports (16, 17).
Furthermore, after the booster dose, the neutralizing capacity of the antibodies increased
even more than that reported 2 weeks after the second dose (GMU of 499.0, 95% CI of 370.6
to 673.0; GMT of 89.5, 95% CI of 64.0 to 125.2). Overall, we observed that 4 weeks after the
booster dose, the neutralizing capacity increased more than 12-fold (sVNT) and 10-fold
(cVNT) compared to the response at 20 weeks after the second dose, and it increased almost
3-fold compared to 2 weeks after the second dose (Fig. 2A and D; see also Fig. S1A).

In adults 18 to 59 years old, the neutralizing capacity of circulating antibodies tested
by sVNT and cVNT (Fig. 2B and E; see also Fig. S1B) reached high titers 4 weeks after the

FIG 1 Study profile, enrolled volunteers, and cohort included in the study by 11 November 2021. (A) Of the
186 vaccinated individuals that received the booster dose, 77 that received two doses of CoronaVac in a 28-
day interval (28-day schedule of vaccination) were selected from the center assigned for the immunogenicity
study. Samples from the 77 volunteers were tested for neutralizing antibodies by sVNT, 62 were selected for
analysis of neutralizing antibodies by cVNT, and 40 were selected for analysis of cellular immunity. Analyses for
immunity against SARS-CoV-2 variants were performed on 30 volunteers for assays by use of sVNT, pVNT, and
T cells. (B) Timeline of 28-day schedule of vaccination and booster dose immunization. Text in red denotes
time points at which blood draws occurred and the sample collection time window.
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FIG 2 Quantification of circulating antibodies inhibiting the interaction between the S1-RBD and hACE2 and in live SARS-CoV-2 in volunteers who received
the booster dose of CoronaVac. (A to C) Inhibiting antibodies were detected in the serum of volunteers immunized with CoronaVac using a surrogate viral
neutralization test (sVNT), which quantified the interaction between S1-RBD and hACE2 on ELISA plates. Results were obtained from a total of 77
volunteers (A); 36 of them were adults between 18 and 59 years old (B), and 41 were $60 years old (C). Data is presented as WHO arbitrary units per
milliliter, the numbers above each set of individual data points show the geometric mean units (GMU), the error bars indicate the 95% CI, and the number
at the right represents the fold increase of the GMU 4 weeks after the third dose, compared with the respective times after administration of the second
dose. (D to F) Neutralizing antibodies were detected in the serum of volunteers that received a booster dose of CoronaVac 20 weeks after the second
dose, using a conventional viral neutralization test (cVNT), which quantified the reduction of cytopathic effect (CPE) in Vero E6 cells infected with SARS-
CoV-2. Results were obtained from 62 volunteers (D); 30 of them were adults between 18 and 59 years old (E), and 32 of them were $60 years old (F).
Data are expressed as the reciprocal of the highest serum dilution preventing 100% cytopathic effect, the numbers above each set of individual data
points show the Geometric Mean Titer (GMT), the error bars indicate the 95% CI, and the number at the right represents the fold increase of the GMU the
third dose 1 4 weeks, compared with the respective times after administration of the second dose. CI were not adjusted for multiplicity and should not be
used for inference. A repeated-measures one-way ANOVA assessed statistical differences to compare all times against the booster dose 1 4 weeks. ****,
P , 0.0001.
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booster dose (GMU of 918.8, 95% CI of 623.4 to 1,354; GMT of 176.9, 95% CI of 111.7 to
280.1), increasing more than 18- and 12-fold compared to 20 weeks after the second
dose (GMU of 48.9, 95% CI of 37.6 to 63.5; GMT of 14.2, 95% CI of 7.1 to 28.4) and more
than 4-fold compared to 2 weeks after the second dose (GMU of 220.2, 95% CI of 150.7
to 321.7; GMT of 17.5, 95% CI of 9.8 to 31.3) (Fig. 2B and E; see also Fig. S1B). The seropo-
sitivity rate in this group reached 100% 4 weeks after the booster dose (Table 1). On the
other hand, 53.2% of the total volunteers were adults $60 years old. In this group, the
same tendency was observed, as seen in Fig. 2C and F and Fig. S1C, with an increase in
the level of neutralizing antibodies evaluated by both techniques of more than 9-fold at
4 weeks after the booster dose (GMU of 300.5, 95% CI of 203.5 to 443.6; GMT of 47.3,
95% CI of 32.1 to 69.5) compared to the response observed 20 weeks after the second
dose (GMU of 32.4, 95% CI of 25.1 to 41.8; GMT of 5.0, 95% CI of 3.5 to 7.0).

The seropositivity rate in this age group reached 100% 4 weeks after the booster
dose (Table 1). In addition, the seropositivity rate achieved at 4 weeks after the booster
dose was the highest compared with the other visits in this study in the total vacci-
nated group and both groups analyzed.

A booster dose of CoronaVac induced a robust cellular immune response in
adults. The cellular responses following a booster dose of CoronaVac were evaluated
in 40 volunteers. We observed that CD41 T cell activation was increased 20 weeks after
the second dose compared to the other time points in both age groups, suggesting
that CoronaVac can stimulate CD41 T cell responses sustained over time (Fig. 3A to C).
Importantly, we observed a significant increase in CD41 T cell activation in both groups
following the booster dose compared to the preimmune sample and samples obtained
2 and 4 weeks after the second dose (Fig. 3A to C). However, only the participants older
than 60 years exhibited a significant increase compared to the time point at 4 weeks
after the second dose. Participants aged 18 to 59 years also exhibited an increase in
anti-SARS-CoV-2 activation-induced marker-positive (AIM1) CD41 T cells compared to
this time point, but the increase was not significant, which may have been due to the
data dispersion. Indeed, the mean number of AIM1 CD41 T cells was higher in the age
group 18 to 59 years, and so it may be misleading to suggest that only participants
older than 60 years were more responsive to the booster dose.

TABLE 1 Seropositivity rates, GMT, and GMU of circulating neutralizing antibodies against SARS-CoV-2 RBDa

Testing
method

Age group
(yrs) Indicator 2nd dose+ 2 wks 2nd dose+ 4 wks 2nd dose+ 20 wks 3rd dose+ 4 wks

sVNT All Seropositivity [no. positive/total
no. tested (%)]

72/77 (93.5) 73/77 (94.8) 38/77 (49.4) 75/77 (97.4)

GMU (95% CI) 168.0 (126.8–222.5) 124.8 (96.3–161.7) 39.0 (32.4–47.0) 499.4 (370.6–673.0)
GMT (95% CI) 25.8 (19.5–34.2) 16.6 (13.1–21.0) 3.5 (3.0–4.1) 53.0 (40.8–68.8)

18–59 Seropositivity [no. positive/total
no. tested (%)]

35/36 (97.2) 36/36 (97.2) 24/36 (66.7) 36/36 (100)

GMU (95% CI) 220.2 (150.7–321.7) 155.0 (108.0–222.6) 48.9 (37.6–63.5) 918.8 (623.4–1,354)
GMT (95% CI) 33.3 (23.4–47.3) 19.1 (14.0–26.1) 4.3 (3.4–5.4) 82.8 (59.7–114.8)

$60 Seropositivity [no. positive/total
no. tested (%)]

38/41 (90.5) 39/42 (92.9) 15/42 (35.7) 40/42 (95.2)

GMU (95% CI) 134.1 (89.2–201.6) 104.1 (71.8–151.0) 32.4 (25.1–41.8) 300.5 (203.5–443.6)
GMT (95% CI) 20.8 (13.6–31.9) 14.7 (10.3–21.0) 2.4 (2.4–3.5) 36.5 (25.3–52.7)

cVNT All Seropositivity [no. positive/total
no. tested (%)]

49/62 (79.0) 51/62 (82.3) 44/62 (71.0) 62/62 (100)

GMT (95% CI) 12.8 (8.8–18.5) 13.5 (9.6–19.2) 8.3 (5.6–12.2) 89.5 (64.0–125.2)
18–59 Seropositivity [no. positive/total

no. tested (%)]
25/30 (83.3) 27/30 (90.0) 23/30 (76.7) 30/30 (100)

GMT (95% CI) 17.5 (9.8–31.3) 18.8 (11.2–31.7) 14.2 (7.1–28.4) 176.9 (111.7–280.1)
$60 Seropositivity [no. positive/total

no. tested (%)]
24/32 (75.0) 24/32 (75.0) 21/32 (65.6) 32/32 (100)

GMT (95% CI) 9.5 (5.8–15.4) 9.9 (6.2–15.8) 5.0 (3.5–7.0) 47.3 (32.1–69.5)
aSamples from the 77 volunteers were used to evaluate the antibodies with neutralizing capacity at the different visits by use of either sVNT or cVNT.
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Moreover, we did not observe a significant increase in the expression of AIM by
CD81 T cells following the booster, suggesting that specific CD81 T cell responses
induced by CoronaVac are not detected with the current methodologies, even after a
third dose (see Fig. S2A and C). Accordingly, we observed an increase in gamma inter-
feron (IFN-g) production upon stimulation with megapools of peptides (MPs) S and R

FIG 3 Changes in activation-induced marker (AIM) expression in CD41 T cells and in the number of IFN-g-secreting cells specific
for SARS-CoV-2 after a booster dose of CoronaVac. (A to C) AIM1 CD41 T cells were quantified in peripheral blood mononuclear
cells of volunteers that received a booster dose of CoronaVac 20 weeks after the second dose by flow cytometry upon
stimulation with megapools of peptides derived from SARS-CoV-2 proteins. The percentages of activated AIM1 CD41 T cells
(OX401 CD1371) were determined upon stimulation for 24 h with MP-S 1 R in samples obtained at preimmune, 2 weeks after
the second dose, 4 weeks after the second dose, 20 weeks after the second dose, and 4 weeks after the booster dose. Data from
flow cytometry were normalized against DMSO and analyzed separately by a Friedman test against the booster dose. Results
were obtained from a total of 40 volunteers (A); 21 of them were adults between 18 and 59 years old (B), and 19 of them
were $60 years old (C). Changes in the secretion of IFN-g were quantified as the number of spot-forming cells (SFCs) in
peripheral blood mononuclear cells of volunteers that received a booster dose of CoronaVac 20 weeks after the second dose. (D
to F) Data were obtained upon stimulation with MP-S 1 R for 48 h in samples obtained at preimmune, 2 weeks after the second
dose, 4 weeks after the second dose, 20 weeks after the second dose, and 4 weeks after the booster dose. Results were obtained
from a total of 40 volunteers (D); 21 of them were adults between 18 and 59 years old (E), and 19 of them were $60 years old
(F). The number at the right represents the fold increase of the GMU 4 weeks after the booster dose compared with the
respective times after administering the second dose. Data from ELISPOT were analyzed separately by Friedman test against the
booster dose. *, P , 0.05; **, P , 0.005; ***, P , 0.001; ****, P , 0.0001.
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by enzyme-linked immunosorbent spot assay (ELISPOT) 4 weeks after the booster dose
for both groups, compared to the preimmune sample (Fig. 3D to F). As with the flow
cytometry results, we did not observe a significant increase of IFN-g spot-forming cells
(SFCs) upon stimulation with CD8 MPs at any time point (see Fig. S2). These results sug-
gest that although humoral responses decrease over time following vaccination with
CoronaVac, anti-SARS-CoV-2 CD41 T cell responses remain significantly increased com-
pared to preimmune samples, and the booster dose promotes slight increases in both
IFN-g production and CD41 T cell activation that are not significantly different from the
levels observed 20 weeks after the second dose.

Neutralizing antibodies and specific T cells induced by a booster dose of CoronaVac
recognize Delta andOmicron variants of SARS-CoV-2. As we observed that the neutral-
ization capacity increased significantly with the booster dose and, knowing that vacci-
nated volunteers exhibit decreased neutralization against VOC (10), we proceeded to
evaluate the neutralizing abilities in 30 booster-vaccinated individuals by using a pseu-
dotyped virus neutralization test (pVNT) assay against two VOCs of SARS-CoV-2 and
comparing these results with the level obtained for the SARS-CoV-2 mutant with a
D-to-G mutation at position 614 (D614G) (Fig. 4A and B). We observed that the titers of
antibodies with neutralizing capacities against the Delta and Omicron variants showed
a reduction compared to the levels achieved for the D614G variant (D614G: GMT of
241.8, CI of 155.7 to 375.6; Delta: GMT of 159.2, CI of 99.1 to 256.0; Omicron: GMT of
50.7, CI of 30.4 to 84.8), with a reduction of 1.5 for Delta and 4.8 for Omicron, which
was statistically significant for the latter (Fig. 4A). However, when we compared the
changes in seropositivity for Delta and Omicron (Fig. 4B), we observed rates of 93%
and 76.7%, respectively, following the booster dose (Table 2). Furthermore, neutraliza-
tion assays against the Delta variant with a cVNT in a different group of 19 volunteers
also showed that antibodies induced 4 weeks after the booster dose had a reduced
capacity to neutralize this VOC (see Fig. S3A). However, the seropositivity rate observed
was 84% (see Fig. S3B).

The cellular responses to VOCs following a booster dose of CoronaVac were also
evaluated in 30 volunteers using MPs of peptides derived from the Spike protein of
Delta and Omicron variants. We observed equivalent numbers of IFN-g-secreting T cells
after 4 weeks of the booster dose upon stimulation with MP-S of SARS-CoV-2 wild type
(WT), Delta, or Omicron variant (Fig. 5A), with no significant differences between the

FIG 4 Quantification of circulating neutralizing antibodies against SARS-CoV-2 variants in volunteers
that received the booster dose of CoronaVac. (A) Neutralizing antibodies were detected in the serum
of 30 volunteers at 4 weeks after the booster dose of CoronaVac, by use of a pseudotyped virus
neutralization test (pVNT). Data are expressed as the reciprocal of the highest dilution preventing
80% of the infection (ID80). The numbers above the bars show the means, and the error bars indicate
the 95% CI. The number at the right represents the fold decrease of the GMT 4 weeks after the
booster dose, compared with the response of D614G. (B) Seropositivity rate of neutralizing antibodies
for each time point analyzed. The numbers above the bars show the percent seropositivity rates in
the respective graphs. The number at the right represents the fold increase of the GMU 4 weeks after
the third dose, compared with the respective times after administering the second dose. A repeated
measures one-way ANOVA assessed statistical differences of the GMT to compare each variant
against D614G. *, P , 0.05; ***, P , 0.001; ****, P , 0.0001.
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responses against the MP-S of the variants compared to the MP-S of the WT strain. AIM1

CD41 T cells were also analyzed in these samples, and no differences were observed
(Fig. 5B). We also quantified the production of different cytokines in the supernatants of
peripheral blood mononuclear cells (PBMCs) stimulated with the MP-S of WT, Delta, and
Omicron variants, and we observed that at 4 weeks after the booster dose, the stimu-
lated cells secreted equivalent levels of interleukin 2 (IL-2) and IFN-g (see Fig. S4). These
results suggest that although the humoral response, measured as neutralization capaci-
ties and seroconversion against these VOCs, is lower than the humoral response against

TABLE 2 Seropositivity rates and GMT of circulating neutralizing antibodies against SARS-
CoV-2 RBD of D614G and variants of concern (Delta and Omicron)a

Variant D614G Delta (B.1.617.2) Omicron (B.1.1.529)
Indicators 3rd dose1 4 wks 3rd dose1 4 wks 3rd dose1 4 wks
Seropositivity [no. positive/
total no. tested (%)]

30/30 (100) 28/30 (93.3) 23/30 (76.6)

GMT (95% CI) 241.8 (155.7–375.6) 159.2 (99.1–256.0) 50.7 (30.4–84.8)
aSamples from 30 volunteers were evaluated for antibodies with neutralizing capacity against D614G and VOCs
by pVNT.

FIG 5 A booster dose of CoronaVac induces changes in the number of IFN-g-secreting cells and in
activation-induced marker (AIM) expression in CD41 T cells specific for the Spike protein of SARS-
CoV-2 variants. (A) Changes in the secretion of IFN-g were determined as the number of spot-forming
cells (SFCs). Data were obtained upon stimulation of PBMC with MP-S of variants of concern of SARS-
CoV-2 for 48 h in samples obtained 4 weeks after the booster dose. Data shown represent
means 1 95% CI. Data from 30 volunteers were analyzed 4 weeks after the booster dose to compare
the MP-S of the variants of concern. Data from ELISPOT were analyzed separately by Friedman test
against the WT MP-S. No significant differences were obtained. (B) AIM1 CD41 T cells were quantified
in peripheral blood mononuclear cells of 30 volunteers 4 weeks after they received a booster dose of
CoronaVac by use of flow cytometry, upon stimulation with megapools of peptides derived from
proteins of variants of concern of SARS-CoV-2. The percentage of activated AIM1 CD41 T cells (OX401

CD1371) was determined after stimulation for 24 h with MP-S 1 R in samples obtained 4 weeks after
the booster dose. The number at the right represents the fold increase of the GMU 4 weeks after the
third dose, compared with the respective times after administering the second dose. Data shown
represent means 1 95% CI. Data from flow cytometry were normalized against DMSO. No significant
differences were obtained between WT and the variant MP stimulation.
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the D614G strain, the cellular responses against SARS-CoV-2 VOCs are equivalent to the
responses elicited by the ancestral strain in volunteers vaccinated with a booster dose.

DISCUSSION

In this study, we evaluated the humoral and cellular immune responses generated
4 weeks after the application of a booster dose of inactivated CoronaVac vaccine in a
cohort of volunteers enrolled in a phase III clinical trial held in Chile. The data reported
here showed that, although there was an adequate humoral response after two doses
of CoronaVac, with 65.9% effectiveness in preventing COVID-19 (7), both the sVNT and
cVNT assays showed a decrease in the GMT of neutralizing capacities of circulating
antibodies against SARS-CoV-2 20 weeks after the second dose (Fig. 2). Due to this
decrease in neutralizing capacities, a booster dose of CoronaVac was evaluated in a
clinical study in China, which showed promising results in enhanced humoral immune
responses (14, 18). Data reported here show that after the booster dose, the neutraliz-
ing titers and seroconversion rates increased in the whole group, to a higher extent
than 2 weeks after the second dose, where the peak in neutralization was previously
observed, which is in line with the observations of Clemens et al. (11). Also, we
observed a steady activation of the CD41 T cells and secretion of IFN-g in response to
SARS-CoV-2 peptide MPs at the time points evaluated (Fig. 3).

Since the neutralizing antibody titers correlated with protection against SARS-CoV-2
infection (8), these results likely imply a better outcome and protection against COVID-
19, as reported in previous studies performed in Israel, which showed a decrease in the
transmission and the disease severity of this virus 12 or more days after booster inocula-
tion (19). In Chile, the effectiveness and prevention of hospitalization increased when
assessed 14 days after the booster dose of CoronaVac (20). Another study, performed
with a booster dose of CoronaVac, showed that an additional dose resulted in good neu-
tralization capacity against parental SARS-CoV-2 and the Delta variant 4 weeks after the
booster dose, generating a long-lasting humoral response that was due to an enhance-
ment of the memory immune response generated by B cells (18).

Adults $60 years old produced lower levels of antibodies with neutralizing capaci-
ties than the whole group during this study (Fig. 2C and F), which was also described
previously (5). In this sense, our results are equivalent to those described in phases I
and II of the clinical trial performed with CoronaVac in China, showing that the neutral-
izing antibody titers in this group decreased 5 months after the second dose and that
a booster dose was required 6 to 8 months after the first vaccination to rapidly increase
and maintain the neutralizing antibody titers (21).

In terms of the T cell response (Fig. 3), other studies have shown that Pfizer
BNT162b2 and mRNA-1273 induce durable anti-SARS-CoV-2 CD41 T cell activation and
cytokine production up to 6 months following vaccination. However, it remains to be
elucidated whether the expression of AIM by CD41 T cells and cytokine production
increase after a booster dose with these vaccines (22, 23). Here, we observed that the
activation of CD41 T cells and IFN-g production stayed increased up to 20 weeks after
the second dose, and that after the booster dose, both parameters increased in the
age group 18 to 59 years old and were maintained at the levels observed 20 weeks af-
ter the second dose in adults $60 years old. In contrast to BNT162b2 and mRNA-1273
vaccines, CoronaVac delivers the Spike protein upon immunization and other viral anti-
gens, which may explain why vaccinated individuals still display AIM1 CD41 T cells 5
months after the second dose, regardless of a third dose. In addition, our data indicate
that volunteers vaccinated with CoronaVac also exhibit anti-SARS-CoV-2 CD41 T cell
responses against other proteins from the virus different from the Spike protein, and
this may confer an advantage compared to other vaccine platforms that only target
anti-Spike immune responses. Further assays are required to evaluate immune responses
against other SARS-CoV-2 proteins, such as M, N, and E proteins, which are included in
the inactivated viral particle contained in the CoronoVac vaccine.

Although we did not detect a significant increase in AIM1 CD81 T cells or IFN-g
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production upon stimulation with CD8 MPs, other studies have reported increased
anti-SARS-CoV-2-CD81 T cell responses in volunteers vaccinated with CoronaVac,
which could have been due to stimulation with different peptides or proteins and the
evaluation of other parameters, such as granzyme production (24, 25). Indeed, we
observed high levels of IFN-g production and a high frequency of anti-SARS-CoV-2
AIM1 CD81 T cells in the preimmune samples of all participants, suggesting some non-
specific responses in our assays. Therefore, we cannot rule out that the participants
vaccinated with a booster dose may exhibit enhanced anti-SARS-CoV-2-CD81 T cell
responses, but additional assays may be required to support this hypothesis. On the
other hand, heterologous vaccination combining adenovirus-vectored and mRNA vac-
cines may enhance Th1 CD41 and CD81 T cell responses against SARS-CoV-2 (26).
However, it remains to be elucidated whether a heterologous vaccination with two doses
of CoronaVac and a booster with another vaccine may generate higher and more durable T
cell responses than homologous vaccination.

When the neutralization capacity analyzed using pVNT of the VOCs Delta and
Omicron was evaluated 4 weeks after the booster dose, we observed differences in the
neutralization capacity compared to that for D614G, which does not exhibit mutations
in the receptor binding domain (RBD) of the S1 protein (Fig. 4 and Table 2). We previ-
ously reported that CoronaVac could induce neutralization against the Delta variant
4 weeks after the second dose, although to a lesser extent than the the response to
the WT strain (10). Although we did not observe similar levels of enhanced neutraliza-
tion against the Delta variant after the booster dose based on pVNT (Fig. 4A), the sero-
positivity against the Delta variant was almost 100% (Fig. 4B and Table S4), which is in
line with findings of previous studies (18, 27). Here, we also showed that a booster
dose induced neutralization against the Omicron variant, which has rapidly spread
worldwide and is the predominant circulating variant to date (28). The high number of
mutations described for the RBD of this variant has been associated with increased
evasion of neutralizing responses in either unvaccinated or vaccinated subjects (28).
Although the neutralization observed in subjects vaccinated with a booster dose of
CoronaVac was significantly lower than that observed for the D614G variant, we
observed a seropositivity of 76.7% following the booster dose, suggesting some
degree of protection in most of the vaccinees. In this sense, it has been reported that a
heterologous vaccination schedule may induce a higher neutralization ability and a
better neutralization against variants of concern such as Delta (29) and Omicron (12).
Similarly, a comparison between heterologous and homologous booster schedules af-
ter vaccination with CoronaVac showed an increase in neutralization against the VOCs
Delta and Omicron (11). There are discrepancies between the results in neutralization
titers, which can be attributed to the neutralization assays performed and/or the study
population; however, important booster responses were observed in these studies,
and seropositivity reached after the booster dose of CoronaVac against VOCs were also
similar (12). Of note, we could not perform cVNT to assess neutralization against the
Omicron variant, and further assays need to be performed to address this limitation.

In the case of the cellular response, we characterized CD41 T cell responses follow-
ing a booster dose of CoronaVac against the Omicron variant of SARS-CoV-2. Previous
studies using the same MP from VOCs evaluated here have shown that CD41 T cells
respond to VOCs to a similar extent as with the ancestral strain in individuals vacci-
nated with CoronaVac (10, 30) and mRNA vaccines, which has been explained by the
high conservation of T cell epitopes. In this sense, the booster dose of CoronaVac indu-
ces the expression of CD41 T cell activation markers and secretion of IFN-g and IL-2
against the VOCs Delta and Omicron, comparable to the response generated against
the WT strain (Fig. 5). In line with this, a recent study showed that T cell responses against
the ancestral strain are cross-reactive against the Omicron variant in convalescent individuals
and volunteers vaccinated with Pfizer BNT162b2 (31), supporting the idea that the induction
of T cell responses against the ancestral strain may be protective against the Omicron vari-
ant. Indeed, studies in subjects vaccinated with Pfizer BNT162b2, Moderna mRNA-1273,

Immune Response of CoronaVac Booster mBio

July/August 2022 Volume 13 Issue 4 10.1128/mbio.01423-22 10

https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.01423-22


Ad26.COV2.S, or NVX-CoV2373 also have shown lower levels of neutralizing responses and
memory B cells against Omicron compared to the ancestral strain, even after a booster dose,
but comparable T cell responses were reported against Omicron compared to the ancestral
strain (32, 33). Similarly, although memory B cell responses against Omicron wane over time
in subjects vaccinated with two doses of mRNA vaccines, T cell responses against VOCs,
including Omicron, are maintained up to 6 months postvaccination (33). These findings sug-
gest that T cell responses against Omicron may even compensate for the lower levels of
neutralizing antibodies in vaccinated subjects, which may also be the case for participants
vaccinated with CoronaVac.

Our report shows that the booster dose of CoronaVac in a 28-day schedule induces
antibodies with neutralizing capacities that are higher than the levels observed at 2 and
4 weeks after the second dose, generating an increased humoral response even in adults
$60 years old. Additionally, our results suggest that the third dose of CoronaVac sup-
ports CD41 T cell activation, which may confer either protection or enhanced immune
responses against the virus and prevent severe disease following exposure to SARS-CoV-2.
Notably, the humoral and cellular immune responses promoted by a booster dose of
CoronaVac show activity against Delta and Omicron variants and probably result in better
effectiveness of this vaccine during the predominance of these VOCs.

Finally, among the advantages of this inactivated vaccine are the easy preparation
method, transport, and storage, especially in countries with low incomes. Also, as we
mentioned here, the vaccine does not induce unexpected side effects, with only mild
local and systemic adverse effects. Our data indicate that the inactivated vaccine
CoronaVac induces both humoral and cellular immune responses against SARS-CoV-2.
Considering that the vaccine includes peptides from all the different antigens reported
for SARS-CoV-2, it is important to study the immune response generated against viral
proteins other than the Spike protein. This type of vaccine may confer an advantage
compared to other vaccine platforms that only target anti-Spike immune responses.

Strengths. This work further characterizes immune responses induced by two
doses of CoronaVac separated by 4 weeks and a booster dose 5 months after the sec-
ond dose in healthy adults from the Chilean population. We evaluated four different
time points following vaccination (2 weeks after the second dose, 4 weeks after the
second dose, 5 months after the second dose, and 4 weeks after the booster dose),
thus providing a complete picture of the durability of immune responses elicited by
CoronaVac. The vaccination with CoronaVac in a 28-day schedule is safe and well toler-
able and does not present important secondary effects, as the local and systemic
adverse events are mild. Also, we report increased antibodies with neutralizing capaci-
ties following the booster dose compared to the levels observed 5 months after the sec-
ond dose, which were evaluated using a surrogate neutralization assay and expressed in
WHO arbitrary units, allowing their comparison to other SARS-CoV-2 vaccines. We con-
firmed this increased neutralization by using a conventional neutralization assay.
Remarkably, the booster dose also enhanced CD41 T cell responses upon stimulation
with megapools of peptides from the proteome of SARS-CoV-2, increasing IFN-g secre-
tion and the expression of activation-induced markers. In addition, we found that the
booster dose induced reduced neutralization against the Delta and Omicron variants
compared to that against the D614G mutant, as measured in a pseudovirus neutraliza-
tion assay. In contrast, IFN-g secretion and T cell activation against these variants of con-
cern were similar in comparison with the WT strain. Therefore, a third dose of CoronaVac
in a homologous vaccination schedule improves its immunogenicity in healthy volunteers.
It is important that the immune response generated by an inactivated vaccine, performed
with the whole virus, can induce an immune response (humoral or cellular) to viral pro-
teins different from the Spike proteins, and this may confer an advantage compared to
other vaccine platforms that only target anti-Spike immune responses.

Limitations. This study has several limitations, such as the reduced sample size
for the assays and the absence of data for neutralization against the Omicron variant
obtained with a conventional viral neutralization test. The assessment of total anti-
body response against Spike proteins and other SARS-CoV-2 proteins would also add
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additional information about the humoral immune response against SARS-CoV-2 af-
ter the booster dose. Due to the limit of quantification of the technique, samples
with an undetermined concentration at the lowest dilution tested (1:4) were assigned
the lower limit of quantification (16.4 IU). Also, it is necessary to analyze more time af-
ter the booster dose, as the response 4 weeks after the booster dose is short for eval-
uation if there is a maintained or decreased immune response measured as neutraliz-
ing antibody capacities or in the cellular response as we observed previously 6
months after the first dose, which was the reason to use this booster dose. Further
studies are necessary in order to evaluate if for this homologous schedule another
booster dose is necessary.

MATERIALS ANDMETHODS
Volunteers and sample collection. Blood samples were obtained from volunteers recruited in the

clinical trial CoronaVac03CL (clinicaltrials.gov NCT04651790) carried out in Chile starting in November
2020. The Institutional Scientific Ethical Committee of Health Sciences reviewed and approved the study
protocol at the Pontificia Universidad Católica de Chile (number 200708006). Trial execution was
approved by the Chilean Public Health Institute (24204/20) and was conducted according to the current
Tripartite Guidelines for Good Clinical Practices, the Declaration of Helsinki (34), and local regulations. A
complete list of inclusion and exclusion criteria has been reported (5). The frequency of local and sys-
temic adverse effects (AEs) occurring 7 days after the booster dose by age group (ages 18 to 59 and
$60 years) was evaluated in 1,440 volunteers that received the booster dose (see Tables S1 and S2 in
the supplemental material). These data are in accordance with results previously reported (5, 15). Of
these 1,440 volunteers, on 11 November 2021 186 volunteers from the immunogenicity branch were an-
alyzed. The antibody- and cell-mediated immune responses were evaluated in volunteers who had com-
pleted their previous visits in one of the study centers (Fig. 1A). Demographic and clinical data from
these volunteers are presented in Table 3. The selection of these volunteers was not biased due to their
immune responses before the booster, and samples were evaluated by arrival order. Blood samples
were obtained from all the volunteers before administration of the first dose (preimmune), 2 weeks after
the second dose (14 days), 4 weeks after the second dose (14 days), 20 weeks (or 5 months) after the
second dose (or booster dose), and 4 weeks (17 days) after the booster dose (Fig. 1B). The breakthrough
cases (19 cases after received the booster dose) were followed as part of the phase III clinical trial.
However, they are not included in this study (6).

Procedures. The presence of antibodies against RBD with neutralizing capacities was measured in
sera from volunteers that had completed all their study visits, including 1 month after the booster dose
of CoronaVac. The neutralizing capacities of circulating antibodies were evaluated by a surrogate virus
neutralization test (sVNT) (Genscript catalog number L00847-A) (5) and conventional virus neutralization
tests (cVNT) (5) (Fig. 1A). Further details are provided in Text S1.

A pseudotyped virus neutralization test (pVNT) assay was performed to assess the capacity of the
antibodies against SARS-CoV-2 VOC in 30 volunteers of the group of 77 previously analyzed by sVNT, as
previously reported (10, 13). Also, cVNT was performed on 19 volunteers to evaluate the capacity of the
antibodies against the SARS-CoV-2 Delta variant. Further details are provided in Text S1.

The number of SFC for IFN-g were determined by ELISPOT, and the expression of activation-induced
markers (AIM) by T cells was evaluated by flow cytometry in 40 volunteers of the 77 previously analyzed
(Fig. 1A), after stimulating PBMCs with four megapools (MPs) of peptides derived from the proteome of
SARS-CoV-2 (35): MP-S, MP-R, MP-CD8-A, and MP-CD8-B (35). Samples from 30 of the previously analyzed

TABLE 3 Demographic and comorbidity data for the 77 volunteers

Sex and age
group Total no. (%)a

No. (% of all volunteers) with comorbidityb

AHT AR MD Obesity
Insulin
resistance COPD HT

Female
All 41 (53.2) 11 (14.3) 8 (10.4) 1 (1.3) 6 (7.8) 6 (7.8) 3 (3.9) 7 (9.1)
18–59 yrs 18 (23.4) 3 (3.9) 6 (7.8) 0 2 (2.6) 3 (3.9) 0 2 (2.6)
$60 yrs 23 (30.0) 8 (10.4) 2 (2.6) 1 (1.3) 4 (5.2) 3 (3.9) 3 (3.9) 5 (6.5)

Male
All 36 (46.8) 11 (14.3) 8 (10.4) 3 (3.9) 11 (14.3) 1 (1.3) 0 1 (1.3)
18–59 yrs 17 (22.0) 4 (5.2) 4 (5.2) 2 (2.6) 4 (5.2) 0 0 0
$60 yrs 19 (24.6) 7 (9.1) 4 (5.2) 1 (1.3) 7 (9.1) 1 (1.3) 0 1 (1.3)

aPercentages are per all 77 volunteers with the characteristic.
bAHT, arterial hypertension; COPD, chronic obstructive pulmonary disease; MD, mellitus diabetes; HT,
hypothyroidism; AR, allergic rhinitis.
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volunteers were also stimulated with three MPs of VOCs, provided by La Jolla Institute for Immunology
(10), to evaluate T cell activation 4 weeks after the booster dose. Assays were performed according to
the manufacturer’s instructions and as reported previously (5). Further details for the ELISPOT assay, anti-
bodies used for flow cytometry, and the respective protocols can be found in the Text S1 and Table S3.

IL-2 and IFN-g secretion were evaluated in the supernatants of 22 volunteers previously stimulated
for 20 h with a SARS-CoV-2 MP of peptides derived from the Spike protein of VOCs, using a Luminex 200
xMap multiplex system (Luminex Corporation, Austin, TX). The limit of detection for the cytokines meas-
ured ranged from 4.2 to 13,390 pg/mL, according to the manufacturer's instructions. Further experimen-
tal details can be found in Text S1.

Statistical analyses. Statistical differences for the immunogenicity results were evaluated with a
repeated-measures analysis of variance (ANOVA) with the Geisser-Greenhouse correction and Dunnet’s
a posteriori multiple-comparisons test to compare the booster dose and the other visits. Analyses were
performed over 10 logs of the data for neutralizing antibodies by sVNT, cVNT, and pVNT. Cellular
immune responses were analyzed by a Friedman test for repeated measures for ELISPOT and flow
cytometry data to compare responses to the booster dose and the other visits. Secretions of cytokines
were compared between the secretion induced by the ancestral strain against the VOCs Delta and
Omicron by a repeated-measures ANOVA. The significance level was set at 0.05 for all the analyses. All
data were analyzed with GraphPad Prism 9.0.1.
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