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SUMMARY

Despite widespread COVID-19 vaccination, questions remain about vaccine safety and immunogenicity in 

vulnerable populations, such as older adults. We evaluated the safety and immunogenicity of four doses 

of CoronaVac in adults above and below 60 who received the first two doses in two different schedules 

(0–14 and 0–28 days apart). While CoronaVac demonstrated excellent safety across age groups, older adults 

showed reduced reactogenicity. In the 0–28 schedule, both age groups exhibited similar frequencies of 

SARS-CoV-2-specific CD4+ and CD8+ T cells, though memory T cell distribution patterns differed. Notably, 

adults over 60 showed diminished virus-neutralizing antibody responses compared to younger participants. 

The 0–14 schedule produced equivalent cellular and neutralizing antibody responses between age groups, 

albeit at lower levels than the 0–28 schedule. Our data indicate that primary vaccination schedules can influ

ence the humoral immune responses and memory T cell distribution between age groups.

INTRODUCTION

Age is one of the most significant risk factors for severe coro

navirus disease 2019 (COVID-19), with older adults being 

more likely to experience severe disease, hospitalization, 

and death following infection with severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) as compared to young 

adults.1 This heightened vulnerability has been attributed to 
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immunosenescence and a higher prevalence of chronic co

morbidities in this population.

The rapid development and global deployment of vaccines 

were critical in reducing COVID–19–related morbidity and mor

tality.2 CoronaVac, an inactivated SARS-CoV-2 vaccine, was 

widely used, particularly in low and middle-income countries. It 

was included in the World Health Organization’s Emergency 

Use Listing and administered in at least 56 countries during the 

pandemic.3,4 In May 2023, the WHO declared the end of the 

pandemic phase, in part due to the widespread adoption of 

effective vaccination campaigns.5,6

CoronaVac has been demonstrated to be a safe and immuno

genic vaccine that protects against severe COVID-19.7–12 Previ

ous work by our group showed that a two-dose primary 

schedule spaced 28 days apart elicited strong neutralizing anti

body responses and virus-specific CD4+ T cell activation.7–14

Booster doses further enhanced and sustained these immune 

responses, supporting the use of a multi-dose regimen to main

tain protection over time.12–14

Older adults were underrepresented in many of the pivotal trials 

evaluating COVID-19 vaccines. Consequently, there is limited 

knowledge of how age influences the magnitude and quality of 

vaccine-induced immune responses, particularly in the context 

of inactivated vaccines. Several reports suggest that older adults 

present fewer local and systemic adverse events following vacci

nation but also develop lower levels of neutralizing antibodies and 

antigen-specific T cells compared to younger individuals.10,14–16

These findings raise concerns regarding vaccine efficacy in this 

vulnerable group.

A previous study described that older adults fully vaccinated 

with the mRNA-based vaccine BNT162b2 (Pfizer-BioNTech) 

showed lower frequencies of activation-induced marker (AIM) 

CD4+ Th1 cells after the first dose in those aged 60 or older 

compared to younger adults, and a more pronounced reduction 

of these cells at three months after the second vaccine dose, 

compared to adults younger than 60 that received standardized 

vaccination schedules. A similar pattern was observed regarding 

the humoral response, in which adults aged 60 or older showed 

lower IgG titers against the receptor binding domain (RBD) of 

SARS-CoV-2 compared to young adults.15 Supporting these 

findings, another study showed that the humoral response 

against SARS-CoV-2 induced by three different vaccines 

(BNT162b2 mRNA, Moderna mRNA, and Janssen Ad26.COV2. 

S) elicited reduced geometric mean titers of neutralizing anti

bodies in adults older than 65 when compared to younger adults, 

six months post-immunization.17 Other studies have consistently 

shown that adults older than 60–65 develop reduced humoral re

sponses after vaccination compared to younger adults,18–21

Figure 1. Volunteer enrollment, randomization, and distribution in the study 

Among 2,303 enrolled volunteers, 2,302 were randomized and assigned to receive two doses of CoronaVac in a 28-day (0–28) or 14-day (0–14) interval. 1,616 

volunteers were younger than 60 years old, and 686 were older than 60 years old.
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Figure 2. Schematic representation of vaccination schedules, analyses performed, and sample collection of volunteers included in the 

immunogenicity study 

(A) Among 2,302 enrolled healthy adults, 437 were included in the immunogenicity study, and the immunogenicity results obtained for 238 and 199 volunteers 

from the 0–28 or 0–14 schedule, respectively, who were followed up until 12 weeks after the fourth dose, were included in the analyses. Neutralizing antibodies 

(nAb) were analyzed in blood samples from 233 volunteers (n = 126, 18-59 years old and n = 107, ≥60 years old) by conventional virus neutralization test (cVNT) 

and 187 volunteers (n = 100, 18-59 years old and n = 87, ≥60 years old) by surrogate virus neutralization test (sVNT) against ancestral SARS-CoV-2. Cellular 

immunity was analyzed in blood samples from 146 volunteers (n = 85, 18-59 years old and n = 61, ≥60 years old) at each time point by flow cytometry to quantify 

(legend continued on next page) 
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evidencing a negative association between age and anti-SARS- 

CoV-2 antibody production.18 Subjects analyzed in these latter 

studies were immunized with mRNA and adenovirus-based vac

cines. Even though these platforms are highly immunogenic, they 

are exclusively based on eliciting immune responses to the 

SARS-CoV-2 Spike protein as the viral antigen. In contrast, inac

tivated vaccines such as CoronaVac display a broader range of 

viral antigens. This difference in antigenic composition may 

shape immune responses differently across age groups, but 

such comparisons remain scarce.

In this study, we assessed how age and vaccination schedule 

influence the safety and immunogenicity of CoronaVac by 

comparing reactogenicity, T cell responses, and neutralizing an

tibodies in adults above and below 60 years old who received 

four vaccine doses under two primary schedules (0–14 or 0– 

28 days). These findings offer insights for optimizing vaccine 

strategies for older populations.

RESULTS

Older adults display more comorbidities than younger 

participants

The number of enrolled participants was 2,302 between 19 and 

78 years old (Figure 1; median 47.1, SD ± 16.5); 1,091 were 

women (47.4%) and 759 (33%) were health care workers. 

Among the 686 older adults participating (60–78 years old, me

dian age 67.4, SD ± 6.4), 508 (74.1%) had significantly higher 

frequencies of chronic diseases (p < 0.001) and chronic condi

tions (p < 0.005), except asthma, compared to younger partic

ipants. The frequency of chronic conditions in older adults was: 

44.5% arterial hypertension, 24.5% obesity, 21.4% hypothy

roidism, 9.9% allergic rhinitis, 5.8% asthma, 13.3% diabetes, 

4.4% cardiovascular disease, and 4.2% dyslipidemia.

The subgroup for immunogenicity analyses was recruited in 

one of the clinical centers (Red de Salud UC-Christus). It con

sisted of 239 participants immunized with four doses of 

CoronaVac, including 132 younger and 107 older adults for 

both vaccination schedules (Figure 2A). To confirm the repre

sentativeness of this subgroup, statistical comparisons were 

performed between participants included and non-included 

in this population, showing no significant differences in key 

variables such as age, sex, and comorbidities (p > 0.05; 

Tables S1 and S2). These baseline characteristics highlight sig

nificant age-related clinical differences, particularly in the prev

alence of chronic diseases in older adults. This comorbidity 

burden will likely modulate immune responses and under

scores the need to assess vaccine performance in this popula

tion subset.

Older adults show low reactogenicity to CoronaVac

When assessing the reactogenicity to the immunization schedule, 

we observed that adults ≥60 years old showed a lower frequency 

of most of the local and systemic adverse events (AEs) after each 

vaccine dose compared to younger adults. Regarding the vacci

nation schedule, after the second dose, younger adults vacci

nated under the 0–28 schedule reported fewer local AEs than 

those with the 0–14 schedule. On the other hand, no differences 

were found between the two vaccination schedules in older 

adults (Tables S3 and S4). Most AEs reported were mild and mod

erate (Grade 1 and 2) in older adults and resolved within a few 

days. These findings confirm the favorable tolerability profile of 

CoronaVac across age groups, with particularly low reactogenic

ity in older adults. This reduction in the frequency of AEs may 

reflect both immunosenescence and differences in AE perception 

or the reporting of these events in older populations.

CoronaVac displays a good safety profile for all age 

groups

Regarding the grade of the AEs upon vaccination, no Grade 4 

AEs were reported in the whole study population. Similarly, no 

Grade 3 AEs were reported after the first two doses. After the 

third dose, two local (1 pain and 1 induration) and 9 systemic 

Grade 3 AEs were reported (5 headache and 4 fatigue); just 

one (fatigue) occurred in a ≥60-year-old participant. After the 

fourth dose, no local and 8 systemic Grade 3 AEs were reported 

(5 fatigue, 2 myalgias, and 1 fever); none were in older adults. On 

the other hand, some local and systemic AEs were reported to 

have a lower frequency in the 0–28 vaccination schedule than 

in the 0–14 schedule (Tables S3 and S4). Regarding serious 

adverse events (SAEs), overall, during the study, 80 SAEs were 

reported in 77 subjects; 40 were older adults and 37 were 

younger (p < 0.0001). A 63-year-old participant presented 3 

SAEs and a 74-year-old presented 2 SAEs. Four deaths 

occurred in participants aged 21-, 51-, 60-, and 77 years, none 

of which were related to vaccination. These results provide reas

suring evidence for the continued use of CoronaVac in all age 

groups.

CD4+ T cell immune response across age groups and 

vaccine schedules was similar

Initially, we evaluated the CD4+ T cell responses induced after 

each of the four doses of CoronaVac in younger and older adults 

enrolled in the 0–14 and 0–28 vaccination schedules. For this pur

pose, PBMCs were stimulated with mega-pools (MPs) of pep

tides derived from the ancestral SARS-CoV-2 virus, as described 

previously.7–9,13,14,22,23 The biological markers analyzed were 

determined by flow cytometry, and the gating strategy is shown 

in Figure S1.

Our data show that the induction of SARS-CoV-2-specific 

CD4+CD137+OX40+ (AIM+CD4+) T cells (Figure 3A) and the 

numbers of IFN-γ-producing cells (Figure 3B) were equivalent 

in younger and older adults within the 0–28 schedule at each 

time point analyzed. Similarly, when we compared the induction 

of AIM+CD4+ T cells and the numbers of IFN-producing cells in 

younger and older adults within the schedule 0–14, we observed 

an equivalent frequency of activated T cells in older adults and 

Activation Induced Markers (AIM) and 83 volunteers (n = 42, 18-59 years old and n = 41, ≥60 years old) at each time point by ELISPOT to quantify IFN-γ secreting 

Spot Forming Cells (SFC). 

(B) Blood samples were collected before the first vaccination (pre-immune), 4 weeks after the second dose, 4 weeks after the third dose (1st booster), and 4 and 12 

weeks after the fourth booster (2nd booster).
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young adults at each time point analyzed (Figure 3C). Compara

ble IFN-γ-producing cells were detected at each time point for 

both age groups within the 0–14 schedule (Figure 3D).

Next, we compared the frequency of AIM+ CD4+ T cells induced 

by administering a third vaccine dose between vaccination sched

ules. Consistent with previous findings,15 young adults from the 

0 to 28 schedule showed a higher percentage of AIM+CD4+ 

T cells in response to MP-S + R as compared with younger adults 

belonging to the 0–14 schedule at four weeks after the third dose 

(Figure 3E), however, we did not observe significant differences in 

the percentage of AIM+CD4+ T cells in adults older than 60 years 

between the two schedules (Figure 3E). Additional analyses 

showed no difference in IFN-γ producing cells between older 

adults vaccinated with 0–14 compared to 0–28 schedules after 

stimulation with MP–S + R (Figure 3F).

Therefore, we evaluated the frequency of AIM+ T cells specific 

against spike (MP-S) and the rest of the viral proteome (MP-R). 

Our data showed that compared to younger adults, older adults 

from the 0–28 schedule had equivalent frequency of AIM+CD4+ 

T cells specific for the spike protein of SARS-CoV-2 (Figure S2A) 

and the rest of the viral proteome (Figure S2B) at each analyzed 

time point post-immunization. Notably, when comparing the fre

quency of AIM+CD4+ T cells in younger and older adults belonging 

to the 0–14 schedule, after the fourth dose, older adults showed an 

elevated percentage of S-specific AIM+CD4+ T cells in compari

son to younger adults (Figure S2C). However, no differences 

were found in the frequency of AIM+ CD4+ T cells specific for 

the rest of the viral proteome (Figure S2D). When we compared 

the response to the third dose for both schedules, an increased 

percentage of AIM+CD4+ T cells was observed in young adults 

in the 0–28 schedule when compared to the 0–14 schedule in 

cells that were stimulated with MP-S and MP-R (Figure S2E). 

Although these differences were not observed in older adults, 

older adults from the 0–28 schedule showed an increased ten

dency compared to adults from the 0–14 schedule after stimula

tion with MP-R alone (p = 0.06; Figure S2F). There were no signif

icant differences in IFN-γ-producing cells between younger and 

older adults from the 0–28 and 0–14 schedules after stimulation 

with each MP (Figures S2G and S2H).

We observed that both young and older adults exhibited a 

peak in AIM+CD4+ T cell activation and IFN-γ production 4 weeks 

after the third dose in both vaccination schedules, followed by a 

decline at 12 weeks after the fourth dose (Figure 3). Therefore, 

we evaluated whether the frequency of AIM+CD4+ T cells is 

associated with IFN-γ production. Simple linear regression ana

lyses revealed positive associations between AIM+CD4+T cells 

and IFN-γ production in young adults in the 0–28 schedule up 

to the 3rd dose +4 weeks (R2 = 0.41). Then, this positive associ

ation was lost (R2 = 0.01) at the 4th dose +4 weeks, compared to 

the previous time point. We hypothesize that this response is due 

to more non-responder subjects at the 4th dose +4 weeks and 

12 weeks later (Figure S3A). Consistently, we observed the 

same trend in subjects >60 years of age, at the same time points 

mentioned above (Figure S3B).

As for young and older adults with the 0–14 schedule, no pos

itive association was found between AIM+CD4+ T cells and IFN-γ 
production (Figures S3C and S3D). This may be due to the low 

frequency of IFN-γ-secreting cells observed at all time points 

evaluated for both age groups, but not necessarily due to a bio

logical effect. These data indicate that CoronaVac effectively in

duces CD4+ T cell responses across age groups and schedules. 

While activation levels are comparable, the functional coupling 

between AIM expression and IFN-γ production appears to be 

diminished in older adults, suggesting age-related uncoupling 

of T cell activation and effector functions.

CD8+ T cell immune responses against SARS-CoV-2 

were similar in younger and older adults immunized with 

CoronaVac

Next, we evaluated the CD8+ T cell response induced by 

CoronaVac in younger and older adults. PBMCs were stimu

lated with CD8+ T cell MPs, named MP-CD8A and MP-CD8B, 

to assess the expression of the activation markers CD69 and 

CD137 in CD8+ T cells (AIM+) and IFN-γ production by flow cy

tometry and ELISPOT, respectively.

Comparisons between age groups showed no significant differ

ences in SARS-CoV-2-specific CD8+ AIM+ T cells (Figure 4A) or 

IFN-γ production (Figure 4B) at any evaluated time post-immuni

zation in younger and older adults receiving either the 0–28 

(Figures 4A and 4B) or 0–14 schedule (Figures 4C and 4D). Further

more, we did not observe differences between schedules in the 

frequency of AIM+CD8+ T cells and the numbers of IFN-γ produc

ing cells after administering a third vaccine dose (Figures 4E 

and 4F).

Age and vaccine schedule shape memory T cell profiles

To evaluate the impact of age and primary vaccination schedule 

on the development of memory T cell subsets due to CoronaVac 

immunization, we analyzed the distribution of memory pheno

types within SARS-CoV-2-specific CD4+ and CD8+ T cells by 

flow cytometry. We compared them with the levels and distribu

tion of these cells before vaccination. Following stimulation with 

Figure 3. Comparison of anti-SARS-CoV-2 CD4+ T cell response between younger and older adults immunized with CoronaVac in the 0–28 or 

0–14 schedule 

(A–D) Cellular responses were evaluated in isolated PBMCs from adults 18–59 years old (n = 85) and ≥60 years old (n = 61) before vaccination (pre-immune), 

4 weeks after the second dose, 4 weeks after the third dose (first booster), at 4 weeks after the fourth dose (second booster), and at 12 weeks after the fourth dose 

(second booster). Percentages of AIM+CD4+ T cells (OX40+CD137+) and number of IFN-γ-producing spot-forming cells (SFCs) were determined by flow cy

tometry and ELISPOT, respectively, after stimulation with megapools of S + R peptides of PBMCs samples collected from volunteers immunized in the 0–28 (A 

and B) and 0–14 (C and D) schedule. 

(E and F) Subsequently, a comparison of AIM+CD4+T cells (E) and the number of IFNγ-producing spot-forming cells (SFCs) (F) for both vaccination schedules was 

performed 4 weeks after the third dose. Horizontal lines represent means and standard error of the mean. Flow cytometry data were normalized against the 

DMSO control. 

Data are presented as mean ± SEM. Statistical analysis was performed using a t-test, * p < 0.05. Each data point represents an individual volunteer, and all 

measurements were obtained from a single experiment per subject.
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MP-S and MP-R, CD4+ T cells in younger adults immunized with 

the 0–28 schedule exhibited predominantly central memory 

(TCM) and effector memory (TEM) phenotypes (Figures 5A and 

5B). Compared to pre-immune levels, TCM cells were overall 

maintained over time, although TEM cells showed a consistent 

increase after immunizations (Figures 5A and 5B). In contrast, 

terminally differentiated TEMRA or naı̈ve T cells (TN) showed a 

low frequency at every time point analyzed, even before vaccina

tion. A similar behavior was observed in older adults in the 0–28 

schedule (Figures 5A and 5B).

In the 0–14 schedule, younger adults also showed dominant 

TCM and TEM AIM+CD4+ subsets, which were sustained across 

booster doses (Figures 5C and 5D). The memory profile was 

largely comparable to that seen in subjects vaccinated with the 

0–28 schedule, although we did not observe an increase in TEM 

frequencies upon administration of boosters. In older adults 

receiving the 0–14 schedule, the CD4+ T cell memory compart

ment displayed similar characteristics, with stable TCM and TEM 

populations and minimal representation of TEMRA or TN. Overall, 

the CD4+ T cell memory response induced by CoronaVac ap

peared robust and consistent across the age groups analyzed 

and vaccination schedules, with minor differences in memory sub

set distribution that may reflect age-dependent kinetics of differ

entiation or previous antigen exposure.

Memory CD8+ T cell subset analyses revealed more pro

nounced differences between age groups. In the 0–28 schedule, 

younger adults showed a balanced distribution of TEM and 

TEMRA cells, with TEM being the predominant subset at all 

time points post-immunization for both MP-CD8A and MP- 

CD8B stimulations (Figures 6A and 6B). In contrast, older adults 

displayed a significantly higher proportion of TEMRA cells 

compared to younger adults, particularly at 4 weeks after the sec

ond dose. Specifically, for MP-CD8A, the frequency of TEMRA 

cells in older adults was significantly increased compared to 

younger adults (p = 0.045; Figure 6A).

In the 0–14 schedule, younger adults initially developed a pre

dominant TEM profile, but over time, a progressive increase in 

TEMRA percentage was observed after 12 weeks post-fourth 

dose (Figures 6C and 6D). Notably, older adults consistently ex

hibited higher TEMRA percentages and lower TCM and TN cell 

proportions across all time points. For MP-CD8A stimulation, 

at 4 weeks after the fourth dose, TN percentages were signifi

cantly lower in older compared with younger adults (p = 0.046; 

Figure 6C). This depletion of the naive T cell pool, alongside 

the expansion of TEMRA cells, underscores the impact of aging 

on T cell memory formation and plasticity.

These results demonstrate that while younger adults maintain 

a more balanced CD8+ T cell memory profile dominated by 

effector memory subsets, older adults develop a skewed mem

ory phenotype dominated by TEMRA cells, especially pro

nounced under the 0–28-day interval schedule. These findings 

suggest an age-associated shift toward terminal differentiation 

in CD8+ T cells, possibly driven by cumulative antigen exposure 

and diminished thymic output, which may impact the longevity 

and flexibility of cellular immunity.

Age impact over the neutralizing antibody response 

induced by CoronaVac

Finally, we evaluated the neutralizing capacity of anti-SARS- 

CoV-2 antibodies in sera of vaccinated volunteers by both a 

sVNT and a cVNT. Importantly, older adults from the 0–28 

schedule presented reduced neutralizing antibody titers against 

the RBD of SARS-CoV-2 induced by the second, third, and 

fourth doses of CoronaVac, compared with younger adults 

(Figure 7A). Similar results were observed for neutralization ana

lyses with infective virus, in which younger adults showed a bet

ter neutralizing response than those aged 60 years or older after 

three doses of CoronaVac in the 0–28 schedule. Similar results 

were observed against infectious viruses, where a lower neutral

izing capacity was observed in older adults after the second and 

third doses compared to young adults (Figure 7B). On the other 

hand, sVNT data showed older adults within the 0–14 schedule 

presented reduced neutralizing antibody responses at 4 weeks 

after the second dose that was partially equivalent after the third 

dose as compared with younger adults with the same immuniza

tion schedule (Figure 7C). However, this response was signifi

cantly reduced in older adults at 12 weeks post-immunization 

with the fourth dose (Figure 7C). A reduced response at 12 weeks 

post-immunization with the fourth dose was also observed when 

neutralization analyses were performed with infectious virus 

(Figure 7D). Also, as described previously,7 we found that two 

doses of CoronaVac administered in an interval of 28 days 

induced higher titers of neutralizing antibodies against SARS- 

CoV-2 in comparison to the titers induced when the second 

dose was administered 14 days after the first dose (Figures 7A 

and 7C).

When comparing the magnitude of the response related to 

neutralizing capacity at four weeks after the third and fourth 

dose between younger adults and older adults from each vacci

nation schedule, we observed that younger adults receiving the 

0–28 schedule presented a higher fold-increase in the levels of 

neutralizing titers four weeks after the third dose when compared 

Figure 4. Comparison of anti-SARS-CoV-2 CD8+ T cell response between younger and older adults immunized with CoronaVac in the 0–28 or 

0–14 schedule 

CD8+ responses in adults were evaluated in isolated PBMCs from adults 18–59 years old (n = 85) and ≥60 years old (n = 61) before vaccination (pre-immune), at 

4 weeks after the second dose, 4 weeks after the third dose (first booster), 4 weeks after the fourth dose (second booster), and 12 weeks after the fourth dose 

(second booster). Percentages of AIM+ CD8+ T cells (CD69+CD137+) and number of IFN-γ-producing spot-forming cells (SFCs) were determined by flow cy

tometry and ELISPOT, respectively, after stimulation with CD8A + CD8B MPs of PBMCs samples collected from volunteers immunized in the 0–28 (A and B) and 

0–14 (C and D) schedule, respectively. 

(E and F) Subsequently, a comparison of AIM+CD8+ T cells (E) and number of IFN-γ-producing spot-forming cells (SFCs) (F) for both vaccination schedules were 

performed 4 weeks after the third dose. Horizontal lines represent means and standard error of the mean. Flow cytometry data was normalized against the DMSO 

control. 

Data are presented as mean ± SEM. Statistical analysis was performed using a t-test, p < 0.05. Each data point represents an individual volunteer, and all 

measurements were obtained from a single experiment per subject.

8 iScience 28, 113167, August 15, 2025 

iScience
Article

ll
OPEN ACCESS



(legend on next page) 

iScience 28, 113167, August 15, 2025 9 

iScience
Article

ll
OPEN ACCESS



with the fold-increase of younger adults receiving the 0–14 

schedule (Figures 7E and 7F). Remarkably, the neutralizing re

sponses observed in older adults receiving 0–28 or 0–14 sched

ules showed no significant differences four weeks after the third 

dose (Figures 7E and 7F). We did not observe significant differ

ences after the fourth dose in any of the age groups analyzed 

(Figures 7G and 7H).

Next, we performed simple linear regressions to evaluate 

whether the neutralizing antibody responses observed after 

the first two doses were associated with the responses induced 

with the booster doses. Younger adults from the 0–28 schedule 

showed a positive association between RBD neutralization at 

four weeks after the second dose and the antibody neutralizing 

response observed four weeks after the third dose (R2 = 0.20, 

p = 0.03; Figure S4A). However, no associations were found be

tween the neutralizing antibody responses observed at four 

weeks after the second dose and 4 (R2 = 0.02, p = 0.53) or twelve 

weeks after the fourth dose (R2 = 0.006, p = 0.72; Figure S4A). 

Interestingly, in older adults receiving the 0–28 schedule, the 

neutralizing antibody response against SARS-CoV-2 RBD 

induced by two doses of CoronaVac was positively associated 

with the response observed at four weeks after the third dose 

(R2 = 0.47, p = 0.0006), 4 weeks after the fourth dose (R2 = 

0.33, p = 0.006) and even at 12 weeks after the fourth dose 

(R2 = 0.24, p = 0.02; Figure S4B).

Even though a similar association pattern was found between 

the second and the third doses in younger adults from the 0–14 

schedule (Figure S4C), no positive associations were found in 

older adults in the 0–14 schedule between the neutralizing anti

body response against the RBD observed at four weeks after 

the second dose, with the responses analyzed at 4 weeks after 

the third dose, and 4 or 12 weeks after the fourth dose 

(Figure S4D), suggesting that when the first two doses of vac

cine were administered 14 days apart, the antibody neutralizing 

responses induced by vaccination in each booster are not 

necessarily determined by the first two doses, as might occur 

in the 0–28 schedule.

DISCUSSION

The COVID-19 pandemic has highlighted the critical role of 

vaccination in protecting the global population from life-threat

ening diseases. Understanding the safety and the immune 

response induced by vaccination is essential to designing and 

implementing vaccination programs to protect the population 

optimally during pathogen outbreaks or pandemics. This is 

particularly crucial for the older adult population, who are prone 

to decompensation of chronic conditions during infectious dis

eases, such as COVID-19, and their immune response induced 

by vaccination tends to be weaker than that of younger adults, 

posing challenges in terms of identifying and deploying optimal 

vaccines and vaccination programs for this vulnerable group.

This study comprehensively assesses age-related differences 

in the immunogenicity and safety of the inactivated SARS-CoV-2 

vaccine CoronaVac across two vaccination schedules. By 

comparing cellular and humoral immune responses in adults 

above and below 60 years of age who received four vaccine 

doses, we observed important age- and schedule-dependent 

differences in vaccine-induced immunity. CoronaVac was well 

tolerated across both age groups, regardless of the vaccination 

schedule. Interestingly, older adults reported significantly fewer 

AEs, a finding consistent with prior observations in recipients 

of both inactivated and mRNA-based vaccines.15,18 While 

reduced reactogenicity may reflect immunosenescence and 

lower innate immune activation, it may also stem from differ

ences in AE perception or reporting among older adult individ

uals. Importantly, no serious adverse events were attributed to 

the vaccine, reinforcing its safety in populations with chronic 

conditions. Although there was general concern regarding the 

possibility that COVID-19 vaccines could, per se, affect the frag

ile health of older adults,24 we did not observe any decompensa

tion of chronic diseases in the older subjects from our cohort.

One of the strengths of our study is the inclusion of older adults. 

Typical underlying conditions present in this group, such as hyper

tension, obesity, and diabetes, may impair or downplay vaccine re

sponses through several mechanisms, including chronic inflam

mation, impaired lymphoid architecture, or altered immune cell 

metabolism. Evidence suggests that chronic conditions, such as 

Diabetes Mellitus T2, insulin resistance, and arterial hypertension, 

may be associated with reduced vaccine-induced immunoge

nicity even when clinically treated and controlled.25 These chronic 

diseases, which are often linked to obesity, are characterized by 

elevated levels of systemic inflammatory biomarkers. Such inflam

matory profiles have been associated with lower seroconversion 

rates and impaired B cell responses.26,27 Consequently, the higher 

prevalence of arterial hypertension and dyslipidemia observed in 

individuals over 60 years of age may contribute to a diminished im

mune response to vaccination. However, although not powered to 

dissect individual comorbidity effects, our findings support the 

need for stratified analyses in future studies.

Figure 5. Comparison of memory CD4+ T cell patterns between younger and older adults immunized with CoronaVac in the 0–28 or 0-14-day 

interval schedules 

The memory patterns of vaccinated volunteers were evaluated in blood samples of adults 18–59 years old (n = 51) and ≥60 years old (n = 44) collected before 

vaccination (pre-immune), 4 weeks after the second dose, 4 weeks after the third dose (first booster), 4 weeks after the fourth dose (second booster), and 

12 weeks after the second booster in PBMCs samples of volunteers that received CoronaVac in two vaccination schedules (0–14 and 0–28). Frequencies of 

different CD4+ T cell memory subsets were evaluated by flow cytometry, including effector memory T cells (TEM), central memory T cells (TCM), fully differ

entiated effector memory T cells (TEMRA), and naive cells (TN). The cells were stimulated with megapools of S or R peptides. Memory T cell frequencies were 

quantified based on CCR7 and CD45RA expression. 

(A and B) Memory T cell frequencies for the 0–28 vaccination schedule in adults under 60 years old and over 60 years old (A) in response to S and (B) R peptides, 

respectively. 

(C and D) The equivalent data for the 0–14 vaccination schedule in adults under 60 years old and adults over 60 years old, in response to (C) S and (D) R peptides. 

Flow cytometry data were normalized based on the DMSO control. 

Data are presented as mean ± SEM. Statistical analysis was performed using a two-way ANOVA and post hoc Tukey, p < 0.05.
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Figure 6. Comparison of memory CD8+ T cell patterns between younger and older adults immunized with CoronaVac in the 0–28 or 0-14-day 

interval schedules 

The memory patterns of SARS-CoV-2-specific CD8+ T cells were evaluated in blood samples of 18–59 years old (n = 51) and ≥60 years old (n = 44) collected 

before vaccination (pre-immune), 4 weeks after the second dose, 4 weeks after the third dose (first booster), 4 weeks after the fourth dose (second booster), and 

(legend continued on next page) 
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SARS-CoV-2-specific AIM+ T cells are key to vaccine efficacy. 

Their ability to recognize and eliminate infected cells, as well as 

to modulate the immune response, makes them an important 

target for the development of new vaccination strategies.28 In 

this context, studies have shown that vaccination against 

COVID-19 with mRNA vaccines in adults older than 65 years 

of age generates a lower percentage of antigen-specific AIM+ 

T cells than younger adults.15 This difference may be attributed 

to the decreased ability of the bone marrow to generate new 

cells with the capacity to produce an effective immune response 

as we age.5 Previous studies from our laboratory report that the 

frequency of AIM+CD8+ T cells peak at 4 weeks after the second 

and fourth dose of CoronaVac in subjects without age distinc

tion, although this study showed the existence of a decreasing 

trend of the frequency of these cells over time that returns close 

to pre-immune levels.14 Our data here is consistent with this pre

vious report and shows similar kinetics for AIM+CD8+ T cells in 

both age groups, either immunized in a 0–14 or a 0–28-day 

schedule.

Encouragingly, our study found that the two age groups have 

similar responses at 4 weeks after the second dose regarding 

the percentage of activated CD4+ and CD8+ T cells (AIM+) or in 

their ability to produce IFN-γ in the 0–28 and 0–14 vaccination 

schedule. However, in adults younger than 60 years of age, 

the 0–28 schedule promotes higher level of Spike-specific 

CD4+AIM+ T cells and IFN-γ secreting T cells. In the case of older 

adults, no difference was observed among vaccination sched

ules. These results suggest that CD8+ T cell responses induced 

by CoronaVac could be largely age-independent and consistent 

across different vaccination schedules. Thus, while the data 

support the conclusion that repeated CoronaVac immunization 

maintains detectable CD8+ T cell responses in older adults, is 

that functional equivalence cannot be assumed solely based 

on frequency or IFN-γ levels. CD8+ T cells in older adults could 

be less effective due to terminal differentiation, limited expan

sion capacity, or reduced cytotoxic granule content. In sum

mary, CD8+ T cell responses to CoronaVac appeared compara

ble between younger and older adults across vaccination 

schedules. However, the similarity in activation of T cells and 

IFN-γ production does not guarantee functional equivalence. 

Age-related shifts toward terminal differentiation may impair 

CD8+ T cell efficacy despite similar frequencies. Future studies 

should assess cytotoxic function and phenotypic quality to bet

ter define the protective potential of CD8+ responses in older 

individuals.

Another part, the generation of T cell responses, is a dynamic 

process. These cells undergo clonal expansion after contact 

with an antigen and differentiate into specialized effector and 

memory cells.29 Once the antigen is removed, the T cell popula

tion shrinks,30 allowing the immune system to switch from an im

mediate to a long-term response.31 Considering these dy

namics, it is plausible that the efficacy of the interval of time 

between the first and second dose depends on the initial effector 

state of the antigen-specific T cells. However, for older adults, 

we did not observe differences in the percentage of AIM+ 

T cells and IFN-γ production among the vaccination schedules.

We also observed a positive association between the percent

age of AIM+ cells and IFN-γ production after the second and third 

doses in adults younger than 60 years who underwent the 0–28 

vaccination schedule. This association was not observed in older 

adults. Interestingly, no significant associations were found in 

either age group when the 0–14 vaccination schedule was 

used. These results support the notion that the interval between 

vaccinations may influence the immune response dynamics 

among different age groups. At baseline, both age groups 

showed a lower and similar amount of AIM+CD4+, AIM+CD8+ 

T cells, and IFN-γ-producing cells.

Regarding the pattern of memory cells, our data showed that 

adults under 60 years of age who received CoronaVac in a 0–28 

schedule elicited a robust frequency of TCM CD4+ T cells after 

the second dose for both MP-S and MP-R. This response was 

not observed in the 0–14 schedule, where a lower proportion of 

TCM cells was observed. This finding could be associated 

with a lower differentiation of effector TCM into TEM before 

stimulation, which could be related to the shorter vaccination 

intervals.32 A high percentage of TEM was also observed in 

both schedules, which remained stable, albeit with slight varia

tions, up to 12 weeks after the fourth dose for S-derived and 

R-derived antigens.

Consistent with previous findings,15 individuals older than 60 

years presented a lower percentage of naive T cells in cells stim

ulated with Spike mega pools and the rest of the viral proteome 

antigens throughout the vaccination period. Interestingly, we 

observed a higher rate of long-lived TEM expressing CD45RA 

(TEMRA) specific to the remaining proteome antigens of the vi

rus in adults aged 60 years or older, which could suggest a pre

vious exposure to related viruses or a heterochronic immune 

response. Furthermore, the greater number of TEMRA cells 

observed in adults over 60 years of age could indicate an alter

ation in the composition and function of CD8+ T cells related to 

age, which has been previously reported.33

Finally, despite cellular response being comparable, our find

ings revealed significant age-related differences in antibody re

sponses against SARS-CoV-2 depending on when the first two 

doses of CoronaVac were administered, 14 or 28 days apart 

(0–14 and 0–28 schedules). Adults aged over 60 years of age 

12 weeks after the second booster in PBMCs samples of volunteers that received CoronaVac in two vaccination schedules (0–14 and 0–28). Frequencies of 

different CD8+ T cell memory subsets were evaluated by flow cytometry, including effector memory T cells (TEM), central memory T cells (TCM), fully differ

entiated effector memory T cells (TEMRA), and naive cells (TN). The cells were stimulated with megapools of S or R peptides, and the memory cell frequencies 

were quantified based on CCR7 and CD45RA expression. 

(A and B) Memory T cell frequencies for the 0–28 vaccination schedule in adults under 60 years old and adults over 60 years old (A) in response to S and (B) R 

peptides, respectively. 

(C and D) The equivalent data for the 0–14 vaccination schedule in adults under 60 years old and adults over 60 years old, in response to (C) S and (D) R peptides. 

Flow cytometry data was normalized based on the DMSO control. 

Data are presented as mean ± SEM. Statistical analysis was performed using a two-way ANOVA and post hoc Tukey, p < 0.05.
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displayed a lower and delayed neutralizing antibody response 

when receiving the vaccine in a 0–28 schedule compared to 

younger adults, likely explained by a reduced pool of naive B 

cells and likely associated with age-related bone marrow 

dysfunction,19 or decreasing levels of follicular helper T cells 

that support the differentiation of B cells into plasmatic cells.15

These data align with observations in subjects vaccinated with 

mRNA vaccines in a 0–21-day interval vaccination schedule15

and with studies in older adults (55–70 years old) immunized 

with an inactivated yellow fever vaccine,34 which described 

reduced neutralizing antibody titers in older adults as compared 

to young adults (20–30 years old). Interestingly, we found a 

different effect when the first two doses of CoronaVac were 

administered at an interval of 14 days (0–14), where the neutral

izing antibody response in younger adults was equivalent to that 

of older adults. These results confirm that neutralizing antibody 

responses to CoronaVac are attenuated in older adults, espe

cially in the 0–28 schedule. The magnitude and durability of hu

moral immunity are influenced by both age and vaccination inter

val, underscoring the need to optimize booster strategies in older 

adult populations.

Previous studies have shown that intervals shorter than 

3 weeks between vaccine doses can negatively impact the pro

tective immunity against smallpox,20 while a longer interval can 

enhance the proliferation of specific B cells.21 A similar effect 

was reflected in our study, which showed lower production of 

antiviral-neutralizing antibodies four weeks after the second 

dose in younger adults, especially those undergoing the 0–14 

schedule. This is possibly due to the duration of the germinal cen

ter reaction and the proliferation of memory B cells that could 

take several weeks or months to develop,35 which would affect 

their differentiation pathways at the time of secondary immuniza

tion36 and thus antibody production. Remarkably, our results 

show that the immunization schedule did not affect the titer of 

neutralizing antibodies 2 weeks after the second dose in the older 

adult group, supporting the notion that older adults show an 

impairment in B cell or follicular T cell activation after vaccination. 

Further studies need to be performed to confirm this hypothesis.

An additional challenge in SARS-CoV-2 vaccination is the 

emergence of variants. Although current vaccines have demon

strated good protection against the ancestral SARS-CoV-2 virus 

that emerged in Wuhan and its subsequent variants, it is essen

tial to continuously monitor the emergence of new SARS-CoV-2 

variants and evaluate their potential ability to evade the vaccine- 

induced immune response. The emergence of Omicron and its 

subvariants has underlined the need to assess current platforms 

and know their protection level against them. Since early 2024, 

new subvariants with increased infectivity and immune evasion 

have spread rapidly, with KP.3.1.1 and XEC37–39 being the 

most widespread in the United States. However, the effective

ness of current vaccines against these variants has not yet 

been determined. Our previous studies have shown that a sec

ond booster of CoronaVac results in a poor neutralizing response 

against the Omicron variant. Yet, it protects them from severe 

disease by activating AIM+CD4+ T cells and IFN-γ production 

to a level similar to those reached by the first booster dose.14

Overall, this study confirms the low reactogenicity, favorable 

safety profile, and robust immunogenicity of CoronaVac in older 

adults while highlighting the complexity of vaccine-induced im

mune responses depending on age and vaccination schedule. 

However, a limitation of this study is that immune monitoring 

was restricted to 12 weeks after the fourth vaccine dose, pre

cluding assessment of long-term differences in antibody levels 

and cellular memory between age groups and vaccination 

schedules. Furthermore, future studies should include large, co

morbidity-stratified cohorts, evaluate emerging SARS-CoV-2 

variants, and include extended follow-ups to define optimal 

booster intervals for older adults. A deeper understanding of 

the interactions between age, dosing intervals, and immune 

response components is essential for designing effective vacci

nation strategies to protect vulnerable populations from infec

tious diseases and future pandemics.

Limitations of the study

Despite the significant findings reported in this study, several 

limitations must be acknowledged when interpreting the ob

tained results. Although the overall study cohort comprised 

more than 2,000 participants, immunological analyses were con

ducted longitudinally on a smaller subset of 239 individuals re

cruited from a single clinical center. This limited sample size 

and representativeness may constrain the generalizability of 

the cellular and humoral immunogenicity findings reported here

in. Another noteworthy aspect is that the study did not assess the 

specific effects of individual comorbidities over the observed im

mune responses due to insufficient statistical power. Addition

ally, the immune assays carried out only targeted the ancestral 

Figure 7. Comparison of neutralizing antibody response against SARS-CoV-2 between younger and older adults immunized with CoronaVac 

in the 0–28 or 0–14 schedule 

(A–D) The neutralizing capacity of circulating antibodies was evaluated in blood samples of adults younger and older than 60 years-old collected before 

vaccination (pre-immune), 4 weeks after the second dose, 4 weeks after the third dose (first booster), 4 weeks after the fourth dose (second booster), and 

12 weeks after the second booster in PBMCs samples of volunteers that received CoronaVac in two vaccination schedules (0–14 and 0–28). Neutralizing capacity 

of serum antibodies against SARS-CoV-2 in blood samples of 85 adults younger than 60 years and 61 adults aged 60 years or older were determined by a 

surrogate Viral Neutralization Test (sVNT) and conventional Viral Neutralization Test (cVNT) for the 0–28 schedule (A and B) and the 0–14 schedule (C and D) 

expressed as IU/ml. 

(E and F) Numbers on top represent the geometric mean units (GMUs), and horizontal lines represent mean and standard error of the mean. Dashed line rep

resents the lower limit of detection (4 for sVNT). The reciprocal dilution of sera needed to prevent in vitro infection of Vero E6 cells was obtained from 126 adults 

younger than 60 and 107 adults aged 60 and older. Subsequently, the two schedules were compared four weeks after the third dose (E and F) and four weeks after 

the fourth dose (G and H), by sVNT and cVNT, respectively. Numbers on top indicate the geometric mean titers (GMTs), and horizontal lines represent means and 

standard error of the mean. Dashed line: limit of detection: 1 for cVNT. Red values under each significance line indicate a decrease in the means of the two 

compared time points. Blue values indicate an increase in the means of the compared time points. Data are presented as mean ± SEM. Statistical analysis was 

performed using a t-test and two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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SARS-CoV-2 strain, without evaluating immune responses to 

emerging variants. Finally, the relatively short follow-up period 

(12 weeks post–fourth dose) may limit insights into the long- 

term durability of the observed immune responses.
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9. Soto, J.A., Melo-González, F., Gutierrez-Vera, C., Schultz, B.M., Berrı́os- 
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and subject recruitment

A total of 2,302 adult volunteers (aged 18 years or older) participated in the CoronaVac03CL trial (clinicaltrials.gov #NCT04651790) in 

Chile from November 2020 to January 2023. After segmenting by group age (younger than 60 years old [n=1,616] and 60 to 78 years 

old [n=686]) volunteers were randomized to receive the first two doses of CoronaVac® (3 μg or 600 US of inactivated SARS-CoV-2 in 

the presence of aluminum hydroxide as adjuvant) in a time interval of 28 (0-28 schedule) or 14 days (0-14 schedule). 1,180 volunteers 

were randomized to receive the 0-28 schedule, 1,083 to the 0-14 schedule, and 39 volunteers withdrew from the study. Chronic dis

ease conditions were permitted, but subjects with decompensated diseases, as determined by medical history or physical exami

nation, neoplastic diseases, and immunodeficiencies, were excluded from the study. A third dose of CoronaVac® was administered 

20 weeks after the second dose, and a fourth dose of the same inactivated vaccine was administered 24 weeks after the third dose. 

Figure 1 shows the CONSORT flow diagram for this study.

The sample size (n = 2,302) was determined to ensure a probability of at least 95% detecting at least one rare adverse event (inci

dence ≥ 0.5%), assuming a binomial distribution. For the immunogenicity subgroup, a sample size of 238 adults (n=132 < 60 years 

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa Fluor® 700 anti-human CD3 Antibody Clone OKT4 Biolegend Cat# 317340; RRID: AB_2563407

Brilliant Violet 605TM anti-human CD4 Antibody Clone RPA-T4 Biolegend Cat# 300556; RRID: AB_2564391

Brilliant Violet 650TM anti-human CD8a Antibody Clone RPA-T8 Biolegend Cat# 301042; RRID: AB_2563505

Brilliant Violet 510TM anti-human CD14 Antibody Clone M5E2 Biolegend Cat# 301842; RRID: AB_2561379

Brilliant Violet 510TM anti-human CD19 Antibody Clone HIB19 Biolegend Cat# 302242; RRID: AB_2561668

Brilliant Violet 421TM anti-human CD45RA Antibody Clone HI100 Biolegend Cat# 304130; RRID: AB_10900421

FITC anti-human CD197 (CCR7) Antibody Clone G043H7 Biolegend Cat# 353216; RRID: AB_10916386

PE anti-human CD69 Antibody Clone FN50 Biolegend Cat# 310906; RRID: AB_314840

APC anti-human CD137 (4-1BB) Antibody Clone 4-1BB Biolegend Cat# 309810; RRID: AB_830671

PE/Cyanine7 anti-human CD134 (OX40) Antibody Clone BER-ACT35 Biolegend Cat# 350012; RRID: AB_10901161

BD HorizonTM Fixable Viability Stain Brilliant Violet 510 BD Biosciences Cat# 564406; RRID: AB_2869572

Chemicals, peptides, and recombinant proteins

MP-S (spike protein MPs) La Jolla Institute No Cat# available

MP-R (remaining of the viral proteome MPs without the spike protein) La Jolla Institute No Cat# available

MP-CD8A (epitope HLA class I A) La Jolla Institute No Cat# available

MP-CD8B (epitope HLA class I B) La Jolla Institute No Cat# available

Phorbol 12-Myristate 13-Acetate Sigma-Aldrich Cat# P8139

Ionomycin calcium salt Sigma-Aldrich Cat# I0634

Ethanol Winkler Cat. #2223

RPMI-1640 Cytiva Cat #SH30255.02

Critical commercial assays

Human IFN-γ/IL-4 Double-Color ELISPOT ImmunoSpot by C.T.L Cat#hIFNgIL4-1M-10

Surrogate virus neutralization test Genscript Cat #L00847-A

Software and algorithms

GraphPad Prism 10.2.1 GraphPad https://www.graphpad.com/ 

scientific-software/prism/

Flowjo® 10.10.0 Flowjo https://www.flowjo.com/

Other

SepMate tubes StemCell Technologies Cat# 86460

Lymphoprep StemCell Technologies Cat# 07851
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and n=106 ≥ 60 years) was calculated based on the comparison of neutralizing antibody titers between the two age groups. We 

assumed a mean effect size (d = 0.5), a significance level of α = 0.05, and a power of 1 - β = 0.80. We determined that at least 64 

subjects per group were required with these variables and conditions. The cohort included 132 and 107 participants, respectively, 

securely exceeding this requirement.

Sample population and procedures

Safety and reactogenicity: All participants were followed up to assess reactogenicity and safety according to procedures previously 

described10 and were included in this analysis.

Immunogenicity: A subgroup of participants provided blood samples before receiving the first dose and after each dose. The an

alyses included subjects who received 4 doses of CoronaVac® and had all blood samples collected (238 individuals). T cell activation 

was determined by analyzing the number of IFN-γ spot-forming cells (SFCs) by ELISPOT and by analyzing the expression of activa

tion-induced markers (AIM) in CD4+ (CD137 and OX40) and CD8+ T cells (CD137 and CD69) from isolated peripheral mononuclear 

cells (PBMCs) following stimulation with mega-pools (MPs) of peptides derived from the ancestral SARS-CoV-2 virus. A surrogate 

virus neutralization test (sVNT) (Genscript Cat#L00847-A) was used to measure neutralizing antibodies against the RBD of ancestral 

SARS-CoV-2 in the serum of 187 subjects at each described time point. In parallel, a conventional virus neutralization test (cVNT) was 

completed.

Ethics statement

The Institutional Scientific and Ethical Committee of Health Sciences at Pontificia Universidad Católica de Chile reviewed and 

approved the study protocol (# 200708006). The Chilean Public Health Institute (Instituto de Salud Pública de Chile) also approved 

the execution of the trial (#24204/20). The study followed the current Tripartite Guidelines for Good Clinical Practices, the Declaration 

of Helsinki, and local regulations. Volunteers provided their informed consent at the time of enrollment.

METHOD DETAILS

Enzyme-linked immunosorbent spot (ELISPOT) assay

PBMCs were resuspended 1:10 in fresh media to remove DMSO remnants from the freezing media. Then, the cells were centrifuged 

for 10 min at 400×g, resuspended in fresh RPMI-1640 medium (Cytiva, cat. SH30255.02) and counted using an automated cell counter 

(Logos Biosystems, #L40001). Cells were adjusted to 6 × 10̂6 cells/mL and incubated at 37◦C, 5% CO2 for 15 min. ELISPOT plates 

(CTL) containing PVDF membranes were activated with 15 μL of 70% ethanol (Winkler, cat. #2223), washed three times with sterile 

PBS, and then coated with human IFN-γ and IL-4 capture antibodies (1:250 and 1:125, respectively, CTL, ImmunoSpot). After 2 h 

of activation at room temperature (RT), plates were washed twice with PBS and twice with PBS-Tween 0.05%. 6 × 106 PBMCs/ 

well in RPMI were incubated with MP-S (spike protein MPs), MP-R (remaining of the viral proteome MPs without the spike protein), 

MP-CD8A (epitope HLA class I A),40 MP-CD8B (epitope HLA class I B),40 DMSO (as negative control), or phorbol 12-myristate 

13-acetate (PMA) (1.62 μM) (Sigma, #P8139)/ionomycin (0.6 mM) (Sigma #I0634) (as positive control) for 48 h. After the incubation 

time, the number of IFN-γ-producing T cells was determined by ELISPOT using ImmunoSpot technology (ImmunoSpot, #hIFN

gIL4-1M-10), following the manufacturer’s instructions. Spot-forming cells (SFCs) were counted in an ImmunoSpot S6 Micro Analyzer 

(CTL). The values obtained from the DMSO treatment were subtracted from each stimulated sample to quantify the number of IFN-γ 
spot-forming cells (SFCs).

Flow cytometry

5 × 105 PBMCs/well were plated in round bottom 96-well plates and stimulated with MP-S (spike protein MPs), MP-R (remaining of 

the viral proteome MPs without the spike protein), MP-CD8A (epitope HLA class I A),40 MP-CD8B (epitope HLA class I B),40 DMSO (as 

negative control), or phorbol 12-myristate 13-acetate (PMA) (1.62 μM) (Sigma, #P8139)/ionomycin (0.6 mM) (Sigma #I0634) (as 

positive control) for 24 h. After stimulation PBMCs were washed and incubated for 30 min with an antibody cocktail containing 

the following antibodies: CD3-AF700 (clone OKT4, Biolegend 317340), CD4-BV605 (clone RPA-T4, Biolegend 300556), CD8- 

BV650 (clone RPA-T8, Biolegend 301042), CD14-BV510 (clone M5E2, Biolegend 301842), CD19-BV510 (clone HIB19, Biolegend 

302242), CD45RA-BV421 (clone HI100, Biolegend 304130), CCR7-FITC (clone G043H7, Biolegend 353216), CD69-PE (clone 

FN50, Biolegend 310906), CD137-APC (clone 4-1BB, Biolegend 309810), CD134 (OX40)-PE-cy7 (clone BER-ACT35, Biolegend 

350012), fixable viability dye-BV510 (BD-HorizonTM, AB2869572). After incubation, samples were washed with PBS, fixed in PBS/ 

PFA 2%, and analyzed in a BD LSR-FORTESSA X20 at the flow cytometry core at the Pontificia Universidad Católica de Chile. 

Following data acquisition, the samples were analyzed using FlowJo 10.10.1 (flowjo.com). The gating strategies employed for cell 

identification are illustrated in Figure S1. The values obtained from the DMSO treatment were deducted from each stimulated sample 

to quantify the frequency of AIM+CD4+ and AIM+CD8+ T cells.

Surrogate virus neutralization test (sVNT)

Neutralization of the ancestral RBD-SARS-CoV-2 by circulating antibodies was evaluated by a surrogate virus neutralization test 

(sVNT) (Genscript Cat #L00847-A) according to the manufacturer’s instructions. Briefly, serum samples were thawed and incubated 
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in a round-bottom plate. Serial dilutions of 1:2 were made, beginning at a 1:4 dilution and progressing up to 1:512. Then the RBD-HRP 

solution was added and incubated for 30 minutes. The samples were then transferred to an ACE-2-coated plate and incubated for 

15 minutes. Finally, 3 washes were performed, and the TMB solution was added and incubated for 15 minutes in the dark. Then, an 

H2SO4 (2N) solution was added, and the plate was read in a spectrophotometer at 450 nm. The reciprocal titers of neutralizing an

tibodies were expressed in international units per milliliter (IU/mL) by interpolating the absorbance data from the sVNT into a standard 

curve following the World Health Organization international standard 20/136 and a 4-parameter logistic model.

Conventional virus neutralization test (cVNT)

The conventional virus neutralization test (cVNT) was measured as previously described.7–9,13,14,22,23 Vero E6 cells (4 × 10̂4 cells/well) 

were plated in 96-well plates. 100 μl of 33782CL-SARS-CoV-2 (100 TCID50) were incubated with serial dilutions of heat-inactivated 

volunteer serum sample (1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:256, and 1:512) for 1 h at 37◦C. Subsequently, the SARS-CoV-2/serum 

mixture was added to the plated Vero E6 cells, and the cytopathic effect was evaluated after 7 days. Serum samples from COVID-19- 

infected and uninfected volunteers were used as positive and negative controls, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Reactogenicity: The frequency of each solicited adverse event (AE) registered within the first 7 days after receiving each dose in both 

schedules are shown. Differences in the incidence of each adverse event (AE) between the two age groups were evaluated using the 

chi-square or Fisher’s exact test. The significance level was set at 0.05 for this and all the following assays. Safety: The frequency of 

Grade 3 and 4 adverse events (AEs) and serious adverse events (SAEs) related to vaccination is shown. Immunogenicity: Cellular and 

humoral immune responses in young adults (18-59 years) and the older adult group (≥60 years) were evaluated at each time point 

after vaccination and analyzed using a t-test. Cellular immune response analyses included AIM+ T cell quantification by flow cytom

etry and IFN− γ production by ELISPOT, while humoral immune response analyses included sVNT and cVNT. The comparison of hu

moral and cellular responses between the two vaccination schedules (0-14 and 0-28) at similar time points was assessed by two-way 

ANOVA and a post-hoc Tukey’s multiple comparison test. The comparison of memory CD4+ and CD8+ T cell subsets was completed 

using two-way ANOVA and a post-hoc Tukey’s multiple comparison test. The associations between neutralizing antibodies or IFN− γ 
production and AIM+ CD4+ T cells were analyzed using simple linear regression analysis. Parametric tests were used because the 

analyzed data exhibited a normal distribution (as determined by the Shapiro-Wilk test and Kolmogorov-Smirnov test). All data plotting 

and statistics were performed using FlowJo (version 10.7) and GraphPad Prism 10.2.1.

ADDITIONAL RESOURCES

The clinical registry number is #NCT04651790. Any additional information of this clinical trial can be found through the link: https:// 

clinicaltrials.gov/study/NCT04651790.
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