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mRNA and adenoviral vector vaccine platforms were used for the primary series of COVID-19 vaccines 
in many countries. However, the distinct immunogenic properties on these platforms remain less 
understood. We traced neutralizing antibodies, memory B cells, and T cells longitudinally in cohorts 
that received either mRNA (BNT162b2 or mRNA-1273) or adenoviral vector (ChAdOx1) vaccines with 
homologous or heterologous regimens (total 9 groups, n = 26–28 for each group) at 4 weeks interval. 
The priming and boosting effects on various immune parameters were comparably assessed between 
mRNA and adenoviral vector platforms. We found that initial priming by adenoviral vector vaccine 
elicited robust T cell responses, but B cell responses, including antibody titers, were relatively lower 
than those elicited by mRNA priming. The dissociation between T cell and antibody responses were 
exaggerated at greater extents after the homologous booster with the adenoviral vector vaccine, 
resulting in 5-19-fold lower antibody titers despite comparable spike-specific T cell numbers at day 
28 after the boost. Robust IFN-γ and few IL-2 and IL-5 production characterized T cell functionality 
primed by adenoviral vector. Boosting with mRNA vaccines restored their IL-2 and IL-5 production at 
some extents, but the IL-5 T cell responses elicited by adenoviral vector/mRNA heterologous regimen 
waned faster than those by mRNA homologous regimen. Thus, our data revealed that the cytokine 
production of helper T cells was skewed by adenoviral vector priming, leading to the attenuated IL-2 
and IL-5 responses which were prolonged even after mRNA boosting, suggesting an imprinting of T-cell 
functionality depending on the vaccine platform used for initial priming. These results highlight the 
importance of selecting vaccine platforms based on the immunogenic properties.

The swift development of multiple COVID-19 vaccines within one year after viral genome isolation greatly 
contributed to the pandemic response and the end of Public Health Emergency of International Concern on May 
2023. While two types of COVID-19 mRNA vaccines (BNT162b2 and mRNA-1273) have been administered 
for primary series of vaccination in several countries including Japan, the other platforms of vaccines, such as 
adenoviral vector (ChAdOx1 nCoV-19), recombinant protein (NVX-CoV2373), and inactivated (CoronaVac) 
vaccine were also utilized for the prompt acquisition of herd immunity in other regions. Numerous studies have 
been performed to profile immune responses elicited by COVID-19 vaccines and extended our understanding 
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of vaccine-induced immunity as well as their potential relevance to the vaccine effectiveness. Many immune 
profiling studies have been performed in mRNA vaccinees1–10, as the populations in many regions were 
vaccinated with mRNA platform at highest percentage. However, it is important to explore the immunogenic 
properties of other vaccine platforms or prime-boost vaccination regimen by heterologous vaccine platforms, 
as the multiple vaccine platforms and regimens are required for the preparedness of the next pandemic caused 
by unknown pathogen X for which we cannot predict the appropriate platforms to elicit protective immunity.

The main aim of the current COVID-19 vaccination is to durably elicit multiple layers of memory responses 
that are coordinated by neutralizing antibodies, memory B, and T cells. Neutralizing antibodies are relatively 
easy to quantitate by standardized methods in high-throughput manner while the memory B and T cells in the 
second layer requires immunological techniques with in vitro culture and flow cytometric analysis hampering 
standardization and high-throughputness. The neutralizing antibodies serve as the first line of defense and are 
shown to correlate with the vaccine effectiveness (VE) within 3 months after the booster when high antibody 
titers are maintained, providing the basis for using the neutralizing antibody titers as the immune correlate 
of protection11–14. However, the gap between neutralizing antibody titers and VE expands along with an 
antigenic mismatch between the vaccine and infected strains occurs as we experienced by the emergence of 
Omicron variants. Moreover, the waning of neutralizing antibody titers with time enhances the gap, because 
the contribution of memory B and T cells on the VE increases in such situation, especially against more severe 
diseases15. Indeed, the longer persistence of VE against severe diseases relative to preventing infection is 
frequently observed16. Therefore, a detailed evaluation of the vaccine-specific immune responses with relevance 
of VE requires the profiling of not only neutralizing antibodies but also memory B and T cells.

In the early COVID-19 pandemic period, the ChAdOx1 nCoV-19 (AZD1222) vaccine accounted for over 
one third of all global COVID-19 vaccine doses administered in 2021. Although ChAdOx1 received regulatory 
approval as a two-dose regimen with 4 to 12 weeks interval longer than homologous mRNA vaccination, an 
association with immune thrombocytopenia with the adenoviral vector vaccination hampered the booster 
vaccination by this platform17,18. As a result, the substantial numbers of individuals primed by a ChAdOx1 
vaccine were boosted with mRNA vaccine. The heterologous prime-boost regimen (ChAdOx1/mRNA vaccine) 
elicited higher neutralizing antibodies and comparable numbers of IFN-γ-producing T cells, along with the 
greater VE19,20. However, the factors underlying the enhanced immunogenic properties by the ChAdOx1 
priming remains unknown, even though it was used in more countries than any other COVID-19 vaccine21. 
This point can be addressed using the cohorts which were given by the prime-boost regimens with the same time 
interval with homologous vaccination. Here, we compared vaccine-elicited neutralizing antibody and memory B 
and T cell responses in various cohorts which received mRNA (BNT162b2 or mRNA-1273) or adenoviral vector 
(ChAdOx1) vaccines with homologous or heterologous regimen with the same 4 weeks interval, elucidating the 
priming and boosting properties of ChAdOx1 vaccines on T cells which are previously unappreciated.

Results
Study design
We enrolled a total of 270 healthy volunteers as subjects (Fig. 1). The subjects were separated into 9 groups (n 
= 30) who then received any possible combination of BNT162b2, mRNA-1273, and ChAdOx1 with a uniform 
28-days-interval. We enrolled subjects with > 40 ages for ChAdOx1 doses, because the vaccine was approved for 
> 40 years adults in Japan (Fig. S1A and B). Blood samples were collected for analyses on serum antibody titers 
and peripheral blood mononuclear cells (PBMCs) at 0, 28, 56, 84, and 168 days after the primary vaccination. 
We first measured anti-nucleocapsid antibody titers to assess SARS-CoV-2 infection histories throughout the 
study period (Fig. S1C and D). We excluded 26 subjects (2 to 4 subjects per group) who seroconverted by 

Fig. 1.  Study design.
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day 56 from further longitudinal analyses. The subjects seroconverted at day 84 or 168 (1 to 6 subjects per 
group, 34 subjects in total) were excluded from the analyses at all time points later than seroconversion. We 
analyzed anti-spike IgG titers, neutralization titers, memory B cells, and T cells in peripheral blood (Fig. S1A). 
For memory B cell analyses, we focused on receptor-binding domain (RBD)-reactive B cells, since RBD is a main 
target of potently neutralizing antibodies22–27. It is important to mention that the numbers of spike-reactive 
B cells and RBD-reactive B cells highly correlate each other in the vaccinees7. Memory B cells were detected 
as CD19+CD20+CD21+CD27+IgM−IgA−IgG+ B cells that bind SARS-CoV-2 spike and RBD probes (Fig. S2A). 
Spike-specific T cells were analyzed as CD4+ or CD8+ in CD3+ T cells with activation-induced markers (AIM), 
CD69 and CD137, expression after overnight stimulation of PBMCs with spike overlapping peptides (Fig. S2B). 
The study design with a uniform prime/boost interval and any possible combination provided us with a rare 
and relatively straightforward approach to compare the priming/boosting effects between adenoviral vector and 
mRNA platforms.

Robust T-cell responses but attenuated antibody and B-cell responses following adenoviral 
vector priming
First, we compared the immune responses induced by the primary vaccination at 28 days. Among three vaccines, 
mRNA-1273 was most potent for eliciting anti-spike titers, neutralization titers, and RBD-reactive memory B 
cells (Fig. 2A-C). BNT162b2 and ChAdOx1 were comparable for these responses except for anti-spike titers, 
where BNT162b2 induced slightly higher titers than ChAdOx1. Regarding T cell responses, mRNA-1273 and 
ChAdOx1 induced higher frequencies of CD4 and CD8 T cells than BNT162b2 (Fig. 2D), indicating that the 
three vaccines have distinct immunogenic properties for priming antibody, T cell, and B cell responses. Overall, 
adenoviral vector ChAdOx1 induced robust T-cell responses, although its antibody and B-cell responses were 
equal or lower than those by two types of mRNA vaccines. To visualize the T-cell biased responses, the ratios 
of the antibody responses over the CD4+ T-cell responses were plotted (Fig. 2E). Indeed, the ratios were lower 
in ChAdOx1 compared to BNT162b2 and mRNA-1273, while the numbers were equivalent among the mRNA 
vaccines. The similar analysis from CD8+ T cells revealed more profound reduction in ChAdOx1 compared 
to BNT162b2 and mRNA-1273 (Fig. 2F), supporting the adenoviral vector-directed biases for priming T-cell 
responses over antibody/B-cell responses.

ChAdOx1 vaccinees were composed of > 40 years adults only, whereas the mRNA vaccinees included < 
40 years adults as well owing to the distinct age eligibility. To assess the possible biases posed by differential 
age distribution between the groups, we stratified the mRNA vaccinees into > 40 and < 40 ages (Fig. 3). Most 
immune parameters, except RBD B cells from BNT162b2, were comparable between two age groups in the 

Fig. 2.  Robust T-cell responses but attenuated antibody and B-cell responses following adenoviral vector 
priming. Immune responses were analyzed at 28 days after primary vaccination with BNT162b2, mRNA-1273, 
and ChAdOx1. Subjects with ≥ 40 years of age were analyzed. (A) Serum anti-spike titers were measured with 
ECLIA. (B) Neutralization titers against authentic SARS-CoV-2 virus were measured. (C) Frequencies of 
CD19 + CD20 + IgG + B cells which bind SARS-CoV-2 spike RBD were measured with flow cytometry. (D) 
Frequencies of spike-specific CD4 and CD8 T cells were measured using AIM assay. (E) Indicated humoral 
immune parameters were normalized to spike+ CD4 T cell frequencies. (F) Indicated humoral immune 
parameters were normalized to spike+ CD8 T cell frequencies. Data were analyzed by Kruskal-Wallis test and 
subsequent Dunn’s multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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mRNA vaccinees, showing the minor contribution of ages in these parameters. Indeed, the comparison between 
adenoviral vector and mRNA vaccinees > 40 ages reproduced the similar trend without the age adjustment 
(Fig. 2); robust T-cell responses but equal or lower antibody/B-cell responses were observed after adenoviral 
vector priming compared to mRNA priming. In sum, the T cell-biased responses over antibody/B-cell responses 
are adenoviral vector-dependent event rather than age-dependent events.

Comparable T-cell responses but attenuated antibody responses following homologous 
adenoviral vector booster
We next analyzed the immune parameters induced by the homologous and heterologous booster vaccination 
with any possible combination. The booster vaccinations recalled the comparable numbers of T-cells by any 
combination of adenoviral vector and mRNA vaccines from day 56 (day 28 after the boost) to day 168 (day 
140 after the boost) (Fig. 4A). B cell numbers were also within the similar ranges among the different platform 
combination (Fig. 4B). In contrast, both spike-binding and neutralizing antibody titers from the homologous 
ChAdOx1 booster regimen were 5–19 folds lower than those from any other regimens that include mRNA 
platform for either priming or boosting at day 56 (Fig. 4C and D). These results indicate that the usage of mRNA 
vaccines for either priming or boosting as the heterologous regimens compensated the poor immunogenicity 
of homologous ChAdOx1 regimen on eliciting antibodies. Antibody titers elicited by heterologous booster 
regimens also persisted from day 56 to day 168 as well as those by homologous mRNA booster regimen (Fig. 4E 
and F). Besides the vaccine platform, the differential antibody titers following homologous booster regimen were 
notified between the mRNA vaccines (BNT162b2 vs. mRNA-1273), with higher antibody responses observed 
at days 56 and 168 from mRNA-1273 group (Fig. 4G and H). The superior immunogenicity in mRNA-1273 is 
observed from several studies28–30, possibly accounting for the higher antibody responses in this study.

Fig. 3.  Immune responses induced by primary vaccination in young and aged subjects. Immune responses 
were analyzed at 28 days after primary vaccination with BNT162b2, mRNA-1273, and ChAdOx1. For mRNA 
vaccinees, subjects were classified into < 40 and ≥ 40 years of age were analyzed. (A) Serum anti-spike titers 
were measured with ECLIA. (B) Neutralization titers against authentic SARS-CoV-2 virus were measured. 
(C) Frequencies of CD19+CD20+IgG+ B cells which bind SARS-CoV-2 spike RBD were measured with flow 
cytometry. (D) Frequencies of spike-specific CD4 and CD8 T cells were measured using AIM assay. (E) 
Indicated humoral immune parameters were normalized to spike+ CD4 T cell frequencies. (F) Indicated 
humoral immune parameters were normalized to spike+ CD8 T cell frequencies. Data were analyzed by 
Kruskal-Wallis test and subsequent Dunn’s multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001).
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Cytokine profiles of spike-reactive T cells
To investigate mechanisms underlying the differences in antibody responses induced by the ChAdOx1 
vaccination, we analyzed the frequencies of circulating follicular helper T (cTfh) cells, which has been reported 
to correlate with antibody responses (Fig. S2C). After the primary vaccination, mRNA-1273 and ChAdOx1 
induced higher frequencies of cTfh cells in total CD4 T cells (or in total PBMCs) than BNT162b2 did (Figs. 5A 
and S3A), which does not explain the difference in antibody titers at the primary vaccination. We confirmed the 
frequency of spike-specific cTfh cells were comparable among the three groups before the vaccination (Fig. S4A). 
Likewise, cTfh cells were almost comparable between the nine groups after the homologous and heterologous 
booster vaccination (Figs. 5B and S3B). Hence, we concluded that cTfh cell induction is not determinant for the 
differential antibody responses in our study.

To identify the T-cell derived correlates for differential antibody responses, we next analyzed cytokines 
secreted from spike-reactive T cells. We measured major cytokines produced by CD4 T cell subsets, including 
Th0 (IL-2), Th1 (IFN-γ), Th2 (IL-4 and IL-5), Th17 (IL-17A), and regulatory T (IL-10) cells. We confirmed 
the cytokine producing ability of spike-specific T cells were comparable among the three groups before the 
vaccination (Fig. S4B), indicating the differences below were induced by the vaccination. After the primary 
vaccination, the spike-reactive T cells showed different patterns of cytokine production, indicating that these 
vaccines induce qualitatively different helper T cell responses (Fig. 5C). Notably, ChAdOx1 priming induced 
robust IFN-γ-producing T cells at the levels higher than those by BNT162b2 and comparable to mRNA-1273. 
mRNA-1273 also elicited T cells that produce other cytokine, such as IL-2 and IL-5, which were not produced by 
spike-specific T cells induced by ChAdOx1. Indeed, the ratios of IFN-γ versus IL-2 or IL-5 revealed 2.4–5.5 or 
2.3–4.3 folds skewing, respectively, of ChAdOx1 priming for IFN-γ production (Fig. 5D). Since the provision of 
IL-2 and IL-5 enhances the antibody responses from in vitro stimulated B cells, the results suggest that induction 
of IL-2 and/or IL-5 T cells may have contributed to higher antibody responses in the mRNA-1273 vaccinees. 
After the booster vaccination, the IL-2 and IL-5 production remained low in the homologous ChAdOx-1 group 
(Fig. 5E), while other groups receiving mRNA vaccines for either priming or boosting showed more elevated 
IL-2 and IL-5 production. Especially, IL-5 production was significantly lower in the homologous ChAdOx1 
group compared with any other groups. Collectively, these results suggest that IL-5 levels in the stimulated 
culture may be one of correlates for attenuated antibody responses observed following homologous ChAdOx1 
boosters compared to other booster regimens including mRNA vaccines for either priming or boosting.

Durability of the IL-5-producing T cells is imprinted by the primary vaccine
Finally, we examined kinetics of the IL-5-producing T cells in each group (Fig.  6A). IL-5-producing T cells 
remained below the detection limit throughout the period following homologous ChAdOx1 booster; however, 
IL-5-producing T cells were elicited above the detectable levels in heterologous booster groups at day 28 
(Fig. 6A), indicating the usage of mRNA vaccines for either priming or boosting compensates the immunogenic 
properties for eliciting IL-5-producing T cells above detectable levels, similar to the antibody titers. Of note, IL-
5-producing T cells detected at day 28 in the heterologous booster (adenoviral vector/mRNA) groups waned to 
undetectable levels over time (Fig. 6B). In contrast, the heterologous booster groups with reversed vaccination 
order sustained higher numbers of IL-5-producing T cells, showing the adenovirus vector priming rather than 
boosting affected more profoundly on the waning of IL-5 T cells, the phenomenon similar to immunological 
imprinting. Such imprinting was specific to the IL-5-producing T cells since cTfh cells and IL-2-producing T 
cells were sustained throughout the period (Fig. 6C and D).

Discussion
We have performed the immune profiling analysis following heterologous booster regimens with a combination 
of adenoviral vector and mRNA vaccines, and demonstrated the distinct immunogenic properties by adenoviral 
vector and mRNA vaccines, particularly in the elicited T-cell functionality and durability. Adenoviral vector 
priming induced T-cell responses characterized by robust IFN-γ production with an attenuated IL-2 and IL-5 
production and anti-spike antibody titers. This cytokine skewing appears to have long-lasting effects, as the 
IL-5 production detected in this study were significantly less durable in individuals primed with the ChAdOx1 
vaccine, even after a subsequent mRNA vaccine boost.

IL-2 and IL-5 have been reported to be involved in humoral immune responses. IL-5 is a well-established 
type 2 helper cytokine for humoral immune responses, inducing B cell differentiation into antibody-secreting 
cells31. Although IL-2 is not so established for B cell help functions as IL-5, several studies revealed that IL-2 
promotes B cell proliferation and differentiation into antibody-secreting cells32–34. Hence, the attenuated IL-2 
and IL-5 T cell responses in adenoviral vector vaccination may contribute to the modest antibody responses.

One of the key implications in this study is to shed new lights on the concept of “immunological imprinting” 
depending on the initial vaccine platform. The ChAdOx1 adenoviral vector vaccine not only influenced the 
magnitude of the T-cell response but also appeared to establish a prolonged bias in T-cell functionality that 
persisted at least after the boosting with mRNA vaccine platform. This suggests that the initial exposure to 
a particular vaccine platform could influence the quality of the immune response to future vaccinations, 
underscoring the need to understand the immunogenic properties of individual vaccine platforms for applying 
heterologous vaccine regimens. The balance of T cell responses is regulated by innate antigen-presenting cells 
and microenvironmental milieu, such as cytokines35,36. Our results showed that the primary dose of ChAdOx-1 
induced higher production of IFN-γ by spike-stimulated T cells, which could skew Th balance towards Th1. 
Further, one dose of ChAdOx-1 has been reported to induce trained immunity, where monocytes isolated from 
ChAdOx-1 vaccinees highly produced IFN-γ in response to stimulation for months after the vaccination37. 
Hence, one possible scenario is that the IFN-γ-producing T cells and monocytes induced by primary ChAdOx-1 
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dose dampen Th2 cell response and impair durability of IL-5-producing T cells after heterologous mRNA 
booster dose.

Our results also stress the importance of immune profiling studies not only for quantitating neutralizing 
antibody titers but also for detecting the multiple parameters associated with vaccines-elicited protective 
immunity. Although neutralizing antibody titers serve as one of immune correlates of protection in individuals 
who have completed vaccination regimens (COVID-19, influenza, rabies, mumps, and more)38, the other 
immune parameters, such as non-neutralizing antibody titers, B-cell and T-cell responses are also suggested to 
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contribute to VE15. Notably, the VE for severe COVID-19 is maintained for long periods even after the waning 
of neutralizing antibody titers16, supporting the contribution of immune parameters other than neutralizing 
antibody titers for durable protection. The prolonged skewing of T-cell cytokine production observed in our 
study suggests that vaccine strategies need to be tailored not just to elicit neutralizing antibody responses in the 
early time points, but also to ensure that T-cell and B-cell responses are well-balanced and capable of supporting 
long-term immune protection which is contributed by multiple layers of immune responses as represented by 
antibody, B-cell, and T-cell responses.

In conclusion, this study highlights the important roles of the initial vaccine platform in shaping the long-
term immune responses, with significant implications for the design of future vaccination regimens. The concept 
of vaccine-induced T-cell imprinting should be taken into consideration when planning booster doses at least 
one time, as it could influence the durability of the protective immune response and VE as well. Further research 
into the mechanisms underlying this imprinting and its impact on other aspects of the immune response, such 
as antibody and B-cell helper function, will be essential for optimizing vaccine strategies in the emerging and 
re-emerging infectious diseases.

Fig. 4.  Comparable T-cell responses but attenuated antibody responses following adenoviral vector priming 
and boosting. (A–D) Overall kinetics of spike-specific CD4 and CD8 T cells (A), RBD-reactive IgG B cells 
(B), serum anti-spike titers (C), and neutralization titers (D) were analyzed. Medians and IQRs were depicted. 
(E–H) Serum anti-spike titers (E, G) and neutralization titers (F, H) at 56 and 168 days after the primary 
vaccination (28 and 140 days after the booster vaccination, respectively) were analyzed. Data were analyzed 
by Mixed-effects analysis of time points (Time) and vaccine combination (Vac.) (A–D) and Kruskal-Wallis 
test followed by Dunn’s multiple comparison test (E–H) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
Differences in ages were included in as fixed effects the mixed-effects model.

◂

Fig. 5.  Cytokine profiling of T cells. (A and B) Frequencies of spike-specific cTfh cells at 28 days after the 
primary (A) and booster (B) vaccination were analyzed. (C and E) Cytokines secreted into supernatants of 
AIM culture at 28 days after the primary (C) and booster (E) vaccination were analyzed. (D) Ratio of indicated 
cytokines were calculated for data from 28 days after the primary vaccination. In (A, C, and D), subjects with 
≥ 40 years of age were analyzed. Data were analyzed by Kruskal-Wallis test and subsequent Dunn’s multiple 
comparison test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). In (E), the analyses were performed 
between the homologous ChAdOx1 group and the others.
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Limitations of the study
We analyzed combinations of three COVID-19 vaccines to compare immunogenic differences of vaccine platforms 
with well-coordinated cohorts for comparable study. For more generalizable information about immunogenic 
properties of vaccine platforms, further analyses on cohorts with other vaccine platforms are needed. We also 
did not trace the cohorts after third vaccine dose. Further studies are needed to examine how much extents the 
imprinting effects of ChAdOx1 priming on IL-5-producing T cells can be alleviated by an additional mRNA 
vaccine booster or not. Our study compared the effects of vaccines at clinically used dose (30 µg of BNT162b2, 
100 µg of mRNA-1273, and 5 × 1010 viral particles of ChAdOx1) to evaluate immune responses in real world. The 
differences in antigen dose may have affected the immune responses, e.g., higher antibody responses in mRNA-
1273 than BNT162b2. The responses may also be affected by differences in conformation of spike antigen, as 
two-proline mutations are introduced in BNT162b2 and mRNA-1273 to stabilize prefusion conformation of 
the spike39, which increase antibody titer40. Further detailed study will be needed for elucidating differences in 
immune responses induced by each vaccine platform.

Methods
Human participants
Healthy volunteers were recruited and grouped into the nine regimens in order of their first visit. Only the 
participants with age of > 40 years were included in groups where participants received ChAdOx1 as a primary 
or booster vaccine. We obtained written informed consent from all the participants before enrollment. The 
vaccination was conducted in double-blind. This study was approved by Certified Review Board of National 
Center for Global Health and Medicine (NCGM-C-004337-00). All methods were performed in accordance 
with the principles of the Declarations of Helsinki.

Sample preparation
Blood samples were longitudinally collected from the participants at PS Clinic (Fukuoka, Japan). For serum 
samples, blood was collected in Venoject II (Terumo) and left at room temperature for 30 min. After centrifuge 
at 4 °C and 3000 rpm for 30 min., serum samples were collected and stored at -80 °C. PBMCs were prepared 
as previously described41. Briefly, blood was collected in Vacutainer CPT tubes (BD biosciences), followed by 
centrifugation at 1800 g for 20 min. PBMCs suspended in plasma were transferred into conical tubes followed 
by further centrifugation at 300 g for 15 min. PBMC pellets were washed with PBS three times followed by 
cryopreservation in CELLBANKER 1 plus (Zenogen pharma).

Fig. 6.  Durability of the IL-5-producing T cells is imprinted by the primary vaccine. (A) Overall kinetics of 
IL-5 secreted into supernatants of AIM culture were analyzed. Medians and IQRs were depicted. (B) IL-5 
secreted into supernatants of AIM culture at 168 days after the primary vaccination (140 days after the booster 
vaccination) were analyzed. (C and D) Overall kinetics of cTfh cell frequencies (C) and IL-2 secreted into 
supernatants of AIM culture (D) were analyzed. Medians and IQRs were depicted. Data were analyzed by 
Mixed-effects analysis of time points (Time) and vaccine combination (Vac.) (A, C, and D, *P < 0.05, **P 
< 0.01, ****P < 0.0001) and Kruskal-Wallis test followed by Dunn’s multiple comparison test (B, groups not 
sharing a common letter are significantly different (P < 0.05)). Differences in ages were included in as fixed 
effects the mixed-effects model.
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ECLIA
Serum anti-spike and nucleocapsid protein antibody titers were measured as cut-off index (COI) values 
using Cobas e411 (Roche) with Elecsys Anti-SARS-CoV-2 S (Roche) and Elecsys Anti-SARS-CoV-2 (Roche), 
respectively, according to the manufacturer’s instruction.

Viral neutralization assay
Serum neutralization titers against authentic SARS-CoV-2 viruses were measured as described previously9,42. 
Briefly, serum samples were serially diluted (2-fold dilutions starting from 1:5) in Dulbecco’s modified Eagle’s 
medium (D-MEM) supplemented with 2% fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin, 
and were mixed with 100 TCID50 SARS-CoV-2 WK-521 (hCoV-19/Japan/TY-WK-521/2020, ancestral strain), 
followed by incubation at 37 °C for 1  h. The virus-plasma mixtures were placed on VeroE6/TMPRSS2 cells 
(JCRB1819) seeded in 96-well plates and cultured at 37 °C with 5% CO2 for 5 days. After the culture, the cells 
were fixed with 20% formalin (Fujifilm Wako Pure Chemicals) and were stained with crystal violet solution 
(Sigma-Aldrich). The mean cut-off dilution index with > 50% cytopathic effect from 2 to 4 multiplicate series 
was presented as the neutralizing titers.

Flow cytometry
RBD-reactive B cells were analyzed by flow cytometry as described previously43. Briefly, cryopreserved 
PBMCs were thawed at 37 °C and immediately washed with D-MEM supplemented with 2% FBS. The PBMCs 
were suspended in D-MEM supplemented with 2% FBS containing the spike- and RBD-probes and 10 µM 
biotin, followed by incubation for 30 min at room temperature. The cells were then incubated with D-MEM 
supplemented with 2% FBS containing fluorochrome-conjugated antibodies against surface antigens, 10 µM 
biotin, and Brilliant stain buffer plus (BD Biosciences), and incubated for 30 min at room temperature followed 
by washing. The cells were suspended in D-MEM supplemented with 2% FBS. Flow cytometry was performed 
with FACSymphony A3 (BD Biosciences). Data were analyzed with FlowJo software (BD Biosciences).

AIM assay
Spike-specific T cells were analyzed using AIM assay as previously described44. Briefly, cryopreserved PBMCs 
were suspended in R10 medium [RPMI1640 supplemented with 10% heat-inactivated human AB serum 
(Sigma-Aldrich), 10 mM Hepes (Thermo Fisher Scientific), 1% minimum essential medium non-essential 
amino acid (Thermo Fisher Scientific), 1 mM L-glutamine (Thermo Fisher Scientific), and 100 U/mL penicillin/
streptomycin (Thermo Fisher Scientific) ] and incubated at 0.5–1.5 × 106 cells/well in 96-well U-bottom plates 
with or without overlapping (15 oligomers with 11 amino acids overlap) peptide pools spanning the Wuhan spike 
glycoprotein (spike-OLPs) at 37 °C for 16 h in a 5% CO2 incubator. The spike-OLPs were purchased from JPT 
(PM-WCPV-S-1) and Myltenyi Biotec (PepTivator SARS-CoV-2 Prot_S Complete), reconstituted with dimethyl 
sulfoxide (DMSO) and distilled water, respectively, and used at a final concentration of 1 µg/ml. Supernatants 
were harvested for cytokine quantification. Cells were washed with staining buffer (PBS supplemented with 2% 
fetal bovine serum and 0.01% NaN3), incubated with Fc Receptor Blocking Solution (Human TruStain FcX, 
Biolegend) on ice for 20 min, and then stained for 1 h on ice with the following antibodies: CD3-BUV805 (SK7, 
BD Biosciences), CD4-BV480 (SK3, BD Biosciences), CD8-BUV496 (RPA-T8, BD Biosciences), CD69-FITC 
(FN50, BioLegend), CD137-APC (4B4-1, BioLegend), and CD185-PE-Cy7 (J252D4, BioLegend). After staining, 
cells were washed twice with staining buffer and then subjected to flow cytometry using a FACSymphony A3 
(BD Biosciences). Data were saved as FCS files and analyzed using FlowJo software (v. 10.8.0, BD Biosciences), 
and the frequencies of spike-specific CD4 T cells and cTfh cells in total CD4 T cells, and spike-specific CD8 T 
cells in total CD8 T cells were calculated. We also calculated the frequency of cTfh cells in total PBMCs.

The concentrations of cytokines secreted into the culture supernatant were quantified using the cytometric 
bead array kit (BD Biosciences) according to the manufacturer’s instructions. Culture supernatant was diluted 
two-fold for analysis. Data were acquired using a FACSCanto II cytometer (BD Biosciences) and analyzed using 
FCAP Array Software Version 3.0 (BD Biosciences). The cytokine quantities in the supernatant were normalized 
by the number of PBMCs. The data represent the amount of cytokines produced by one million PBMCs.

Statistical analysis
Statistical analyses were performed using Prism software (GraphPad). Detailed methods used for the statistical 
analyses are indicated in figure legends.

Materials availability
All unique and stable materials generated in this study are available from the lead contact under a Material 
Transfer Agreement.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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