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SUMMARY
Unlike mRNA vaccines based only on the spike protein, inactivated severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) vaccines should induce a diversified T cell response recognizing distinct struc-
tural proteins. Here, we perform a comparative analysis of SARS-CoV-2-specific T cells in healthy individuals
following vaccination with inactivated SARS-CoV-2 or mRNA vaccines. Relative to spike mRNA vaccination,
inactivated vaccines elicit a lower magnitude of spike-specific T cells, but the combination of membrane,
nucleoprotein, and spike-specific T cell response is quantitatively comparable with the sole spike T cell
response induced by mRNA vaccine, and they efficiently tolerate the mutations characterizing the Omicron
lineage. However, this multi-protein-specific T cell response is not mediated by a coordinated CD4 and CD8
T cell expansion but by selective priming of CD4 T cells. These findings can help in understanding the role of
CD4 and CD8 T cells in the efficacy of the different vaccines to control severe COVID-19 after Omicron infec-
tion.
INTRODUCTION

The availability of vaccines against severe acute respiratory syn-

drome coronavirus-2 (SARS-CoV-2) have altered the landscape

of the COVID-19 pandemic and allowed the virus to persist

among vaccinated populations. Globally, numerous SARS-

CoV-2 vaccines have been developed, clinically trialed, and

administered to date,1 and vaccines based on inactivated virus

(CoronaVac-Sinovac and BBIBP-CorV-Sinopharm) have been

utilized in almost half of the 7.3 billion doses that have been deliv-

ered to people worldwide before the end of 2021.2 Despite this

staggering number, a detailed analysis of cellular immune

response elicited by inactivated vaccines compared with

mRNA or adenoviral-based vaccines are still limited.3 The rea-

sons for the lack of a comparative analysis of the components

of the adaptive immunity responsible for killing virus-infected

cells (virus-specific CD8 T cells), aiding the production of high-

affinity antibodies (T follicular helper T cells), and sustaining

CD8 T cell function (T helper 1 [Th1]) are different.4 Inactivated
Cell Report
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vaccines were utilized largely in China, where Western vaccines

based on mRNA or adenoviral vectors were not available for a

parallel comparison, or in less wealthy nations that often lack

research infrastructure to perform the complex characterization

of T cells. Furthermore, the evaluation of the efficacy of different

vaccines was performed before the emergence of the antibody-

escaping Omicron variant,1 where clinical and virological param-

eters, such as the protection from infection or from symptomatic

disease, were associated with the quantity of neutralizing anti-

bodies.5 These comparative studies showed that the quantity

of neutralizing antibodies stimulated by inactivated vaccines

were �10 times lower than those induced by spike mRNA vac-

cines and that significant waning of the antibodies occurs

approximately 3 months post vaccination,6–10 faster than the

decline of antibodies observed with mRNA vaccines, which

appear to persist at high levels for at least 6 months.11–17

These antibody response comparisons are, however, now

obsolete since the evaluation of vaccination efficacy against

Omicron is now directed more toward understanding the ability
s Medicine 3, 100793, November 15, 2022 ª 2022 The Author(s). 1
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Table 1. Demographics of vaccinees from the three study

cohorts

Heterologous Inactivated mRNA

Characteristic one dose of mRNA

vaccine (BNT162b2

or mRNA-1273)

followed by two

doses of CoronaVac

two doses of

BBIBP-CorV,

21 days apart

two doses

of BNT162b2,

21 days apart

N 20 30 76

Age (years) mean (range):

47.54 (22–69)

mean (range):

48.7 (22–74)

mean (range):

38.6 (22–60)

Gender F: 14

M: 6

F: 16

M: 14

F: 53

M: 23

Race Chinese: 18

Malay: 2

Chinese: 26

Indian: 1

Malay: 1

Others: 2

Chinese: 40

Indian: 7

Malay: 10

Others: 19

Please cite this article in press as: Lim et al., A comparative characterization of SARS-CoV-2-specific T cells induced by mRNA or inactive virus COVID-
19 vaccines, Cell Reports Medicine (2022), https://doi.org/10.1016/j.xcrm.2022.100793

Article
ll

OPEN ACCESS
of vaccines to protect from disease and not infection.18 Here,

T cells are likely to play a more important role in light of their abil-

ity to recognize a large number of epitopes that were not affected

by the amino acid mutations present in Omicron and their ability

to target virus-infected cells.11,19,20 In this regard, real-world

vaccine efficacy data showed that individuals vaccinated with

inactivated virus developed, in general, milder disease than

non-vaccinated individuals.21–24 However, a direct comparative

analysis of individuals vaccinated with inactivated SARS-CoV-2

and mRNA vaccines showed lowered protection from infection

and severe disease against Delta lineage in the former,17 in line

with a meta-analysis comparing the clinical efficacy of multiple

COVID-19 vaccines.25 These data suggest that inactivated vac-

cines might actually induce not only a weaker humoral response

toward spike but also an impaired level of T cell response, which

was, however, not experimentally supported. Analysis of SARS-

CoV-2-specific T cells in individuals vaccinated with inactivated

virus demonstrated the induction of T cells specific for spike and

other structural proteins (nucleoprotein andmembrane)3,26 and a

magnitude of vaccine-induced CD8 T cells that were superior to

the spike-specific CD8 T cells induced by mRNA vaccines.3

Such strong induction of CD8 T cell response was perplexing

since the antigen processing and presentation pathway associ-

ated with an exogenous protein antigen such as inactivated
Figure 1. Lower quantities of spike-specific T cells were induced follo

mRNA vaccines

(A) Schematic showing the different groups of vaccinated individuals studied an

individuals were given two doses of either inactivated SARS-CoV-2 vaccines (in

n = 76) spaced 21 days apart. In the third group (heterologous, mRNA + Corona

vaccine, followed by two doses of inactivated SARS-CoV-2 vaccine spaced 21 da

vaccination. Blood collected at the indicated time points was used to quantify S

(B) Longitudinal IFN-g and IL-2 concentrations detected through whole-blood C

positivity cutoff for the measured cytokines. Pie charts show the proportion of in

(C) Cross-sectional comparison of median IFN-g and IL-2 concentrations detec

ences were analyzed with Kruskal-Wallis test, and multiple comparisons were ad

are shown (****p % 0.0001, ***p % 0.001, **p % 0.01, *p % 0.05).

(D) Dot plots show the IFN-g and IL-2 concentrations detected through whole-bl

Each dot denotes a single individual. Individuals in the inactivated cohort (red dots

the mRNA cohort (blue dots). A dashed line of identity was added for reference.
SARS-CoV-2 vaccine is expected to induce primarily a CD4

T cell response.27 Even though adjuvants can increase cross-

presentation of viral antigen to CD8 T cells mediated by a

specialized population of dendritic cells,28 such processes

should be less efficient than the direct presentation of viral anti-

gen bymajor histocompatibility complex (MHC) class I occurring

in vaccine preparations where antigen is endogenously synthe-

sized within the cells, such as in the case of mRNA-based

vaccines.

We therefore longitudinally analyzed the vaccine-specific

T cells induced in healthy individuals after SARS-CoV-2 vaccina-

tion with inactivated (CoronaVac or BBIBP-CorV) or mRNA

vaccine (BNT162b2) and characterized their ability to recognize

multiple proteins and the involvement of CD4 and CD8 T cells in

such response. In addition, some of the inactivated SARS-CoV-2

vaccinees received a homologous booster within the study

period of 6 months. The effects of boosting on the vaccine-

induced T cell response were also analyzed together with the

evaluation of the effects of mutations present in the Omicron

variant of concern (VOC) on the vaccine-induced T cell response

against multiple viral proteins.

RESULTS

Magnitude of spike-specific T cell response following
vaccination with inactivated SARS-CoV-2 vaccines
Utilizing a pool of peptides covering the major immunodominant

regions of the spike protein (SpG pool) in a whole-blood cytokine

release assay (CRA) that we have previously developed and vali-

dated in mRNA vaccinated or infected individuals,29 we longitu-

dinally analyzed the magnitude of spike-specific T cell response

following vaccination with inactivated SARS-CoV-2 vaccines in

two cohorts (Figure 1A; Table 1). The first cohort (inactivated

cohort) are healthy individuals who received two doses of

BBIBP-CorV inactivated vaccine (Sinopharm) given 21 days

apart (n = 30). The second cohort (heterologous cohort) are

healthy individuals who first received a single dose of spike

mRNA vaccine (BNT162b2-Pfizer-BioNTech or mRNA-1273-

Moderna) and developed adverse events that precludes the

administration of the second dose of mRNA vaccine. After the

normalization of the adverse events (1–6 months after occur-

rence of adverse events), these individuals received two doses

of CoronaVac inactivated vaccine (Sinovac) given 21 days apart
wing vaccination with inactivated SARS-CoV-2 compared with spike

d the time points where SARS-CoV-2-specific T cells were analyzed. Healthy

activated, BBIBP-CorV: n = 30) or spike mRNA vaccines (mRNA, BNT162b2:

Vac: n = 20), healthy individuals were first given a single dose of spike mRNA

ys apart due to the development of significant adverse events following mRNA

ARS-CoV-2-specific T cells.

RA after stimulation with SpG peptide pool. Gray shaded areas denote the

dividuals with detectable SpG-reactive T cells at the different time points.

ted through whole-blood CRA after stimulation with SpG peptide pool. Differ-

justed with Dunn’s multiple comparison test. Only significant adjusted p values

ood CRA after stimulation with SpG peptide pool at the indicated time points.

) and the heterologous cohort (green dots) were overlaid on the vaccinees from
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(n = 20). A reference cohort (mRNA cohort) of healthy individuals

who received two doses of spike mRNA vaccine (Pfizer-

BioNTech) were also analyzed with the whole-blood CRA

(n = 76).

A single dose of inactivated vaccine induced an increase in

spike-induced interferon (IFN)-g and/or interleukin (IL)-2 in all in-

dividuals of the inactivated cohort 21 days post vaccination (Fig-

ure 1B). In the heterologous cohort, spike-induced cytokines

were already elevated in most of the individuals before receiving

inactivated vaccines due to the prior dose of spike mRNA vac-

cine, and the response remained high after inactivated SARS-

CoV-2 vaccination (Figure 1B). The level of cytokines induced

by the spike peptide pool remained stable at 2–3 months post

vaccination (1–2 months after receiving the second dose) in

both cohorts (Figure 1B). Even with the initial priming from

mRNA vaccines prior to inactivated SARS-CoV-2 boosting, the

peak magnitude of the spike-induced cytokines detected in the

heterologous cohort do not differ from the reference mRNA

cohort (Figures 1B and 1C).

While the response kinetics appear similar between the inacti-

vated (BBIBP-CorV) and mRNA (BNT162b2) cohorts, with peaks

of spike-induced IFN-g and IL-2 observed 21 days post vaccina-

tion, the magnitude of the spike-induced response was lower in

individuals who received inactivated vaccines compared with

those who had spike mRNA vaccination (Figures 1B and 1C).

This difference was particularly significant 2–3 months post

vaccination (Figure 1C). Even in the heterologous cohort where

individuals were primed with spike mRNA vaccines before

boosting with inactivated vaccine (CoronaVac), the magnitude

of the spike-induced T cell cytokines was lower but did not reach

statistical significance (Figure 1C). Analysis of the quantities of

IFN-g and IL-2 secreted after SpG peptide pool stimulation did

not show significant differences between all three cohorts at

21 days or 2–3 months post vaccination (Figure 1D).

These results show that inactivated SARS-CoV-2 vaccines

(BBIBP-CorV and CoronaVac) induced a quantitatively lower

spike-specific T cell response with minimal differences in the

balance of IFN-g and IL-2 secreted compared with BNT162b2

mRNA vaccine. Consistent with what was observed previ-

ously,29 quantifying the spike T cell response through IL-2 secre-

tion also appears more robust with less variability than by IFN-g

secretion (Figure 1).

Immunodominance of spike-specific T cells induced by
inactivated SARS-CoV-2 vaccines
To understand the breadth of the spike-specific T cell response

induced by inactivated SARS-CoV-2 vaccines, we also per-

formed the whole-blood CRA assay using seven overlapping

peptide pools that spans the entire spike protein on blood

collected 2–3 months after receiving inactivated or mRNA vac-

cines. A schematic representation of the localization of peptide

pools 1 to 7 in relation to the S1 (N-terminal), RBD and S2 (C-ter-

minal) regions of spike is displayed in Figure 2A. Randomly

selected individuals from the inactivated (BBIBP-CorV, n = 5)

and heterologous (mRNA + CoronaVac, n = 8) cohorts were

analyzed and we detected spike-specific T cells in all individuals

(Figure 2B). Almost all of the tested individuals had dominant

spike-specific T cells targeting the S2 chain of the spike protein
4 Cell Reports Medicine 3, 100793, November 15, 2022
(spike pool 5–7) (Figures 2B and 2C), with the strongest response

targeting pool 6, which covers amino acid 886–1,085 of the spike

protein. There were no observable differences between the co-

horts, and this immunodominance pattern is similar to that

observed in a previous study on mRNA vaccinated individuals

(Figure 2B, mRNA n = 6), where most of the spike-specific

T cells were targeting epitopes present in the S2 chain of spike.29

Inactivated vaccine-induced T cell responses targeting
multiple viral structural proteins
The breadth of inactivated SARS-CoV-2 vaccine-induced T cell

response should extend beyond the spike protein since the inac-

tivated vaccines (BBIBP-CorV and CoronaVac) contain other

structural proteins in addition to spike.30,31 Similar to the analysis

of spike-specific T cell response, we used overlapping peptides

covering the entire membrane and nucleoprotein in a whole-

blood CRA. We observed induction of membrane- (Figure 3A)

and nucleoprotein-specific (Figure 3B) T cell response in both

cohorts. Around 90% of the individuals in both cohorts had

detectable membrane- and nucleoprotein-specific T cells

21 days after vaccination, and the T cells persisted for at least

2–3 months post-vaccination (Figures 3A and 3B). Secretion of

IL-2 was again more robust with less variability among the indi-

viduals. Importantly, the magnitude of the spike T cell response

was positively correlated with both the membrane and nucleo-

protein T cell response (Figure 3C), demonstrating that these re-

sponses were indeed induced and associated with inactivated

SARS-CoV-2 vaccination. Comparative analysis of the cytokine

quantity induced by spike, membrane, and nucleoprotein pep-

tide pools 2–3 months post vaccination showed that the majority

of the vaccine-induced T cells were targeting the spike protein,

followed by nucleoprotein and membrane, a hierarchy propor-

tional to the size of the respective proteins (Figure 3D).

We also measured the global level of T cell response induced

by inactivated SARS-CoV-2 and spike mRNA vaccines. The

amount of IFN-g or IL-2 secreted after stimulation with SpG,

membrane, and nucleoprotein peptide pools in both inactivated

(n = 27) and heterologous (n = 18) vaccinated cohorts were com-

parable with the one detected by SpG only in mRNA vaccine re-

cipients (n = 76) (Figure 4).

Phenotype of vaccine-induced T cells against multiple
viral proteins
We next sought to determine whether the inactivated vaccine-

induced T cells were mediated by helper CD4+ or cytotoxic

CD8+ T cells. Two different methods were used: a classical anal-

ysis of upregulation of T cell activation markers (AIMs) on the

CD4 (CD25+OX40+ 41BB+) and CD8 (CD69+ 41BB+) T cell sub-

sets after peripheral blood mononuclear cell (PBMC) stimulation

with peptide megapools, or a depletion approach where CD8

and CD4 T cells were removed from the PBMC before stimula-

tion with the peptide indicated megapools in an IFN-g enzyme-

linked immunosorbent spot (ELISPOT) assay (Figure 5A).

The two methods yielded completely different results in

terms of the composition of the peptide pools’ responsive

T cells. Using the depletion approach, we observed a clear

CD4-centric spike T cell response induced by inactivated

vaccines (Figure 5B). Spike-specific CD8 T cells were only



Figure 2. Inactivated SARS-CoV-2 vaccine-induced spike-specific T cells target the S2 chain of the spike protein

(A) Schematic representation of the seven spike-specific peptide pools containing 15-mer overlapping peptides spanning the entire spike protein. Pools 1–4

contain peptides from the signal peptide and the S1 chain, while pools 5–6 encompass the S2 chain together with the transmembrane and cytoplasmic domains.

(B) The amount of IFN-g and IL-2 secreted in the whole-blood CRA in response to overlapping peptides covering the entire spike protein (total spike-specific T cell

response) of all vaccinees 2–3 months after receiving inactivated (inactivated, BBIBP-CorV, n = 5; heterologous, mRNA + CoronaVac, n = 8) or mRNA vaccines

(mRNA, BNT162b2, n = 6) are shown in the blue heatmap. The red heatmap denotes the proportion of spike-specific T cell responses of each vaccinee targeting

the different parts of the spike protein.

(C) Bars shows themedian proportion of spike-specific T cell responses targeting the different parts of the spike protein as assayed through IFN-g and IL-2whole-

blood CRA in the vaccinees from the inactivated (circles) and heterologous (triangles) cohorts. Differences were analyzed with Kruskal-Wallis test, and multiple

comparisons were adjusted with Dunn’s multiple comparison test. Only significant adjusted p values are shown (****p % 0.0001, ***p % 0.001, **p % 0.01,

*p % 0.05).
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observed at very low quantities in two out of 12 individuals

vaccinated with inactivated SARS-CoV-2 (only found in the het-

erologous cohort), in contrast to the spike-specific CD4 T cells,

which were present in all individuals tested (Figure 5B). In addi-

tion, T cells specific for nucleoprotein and membrane were also

CD4 centric with no detectable response in the CD8-enriched
samples (Figure S3). On the other hand, both CD4 and CD8

spike-specific T cells were induced by mRNA vaccines (Fig-

ure 5B). In contrast, a significant upregulation of AIM on both

CD4 and CD8 T cells upon spike stimulation was detected in

all tested individuals from both inactivated and mRNA cohorts

(Figures 5C and 5D).
Cell Reports Medicine 3, 100793, November 15, 2022 5
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Figure 4. Total T cell responses induced by

inactivated SARS-CoV-2 and mRNA vac-

cines are comparable

Total vaccine-specific T cell response (spike only

for mRNA vaccine; spike, membrane, and nucleo-

protein for inactivated vaccines) detected through

whole-blood CRA (IFN-g, left; IL-2, right) of vacci-

nees 2–3 months after receiving the respective

vaccines (mRNA, BNT162b2, n = 76; inactivated,

BBIBP-CorV, n = 27; heterologous, mRNA +

CoronaVac, n = 18). Spike-specific T cell re-

sponses were evaluated by stimulation with SpG

peptide pool, while overlapping peptide mega-

pools covering the entire membrane or nucleo-

protein were used to quantify the respective pro-

tein-specific T cell response. Dotted lines denote

the lower limit of quantification (lower limit of

detection [LLOQ]) for each of the measured cyto-

kine. Differenceswere analyzedwith Kruskal-Wallis

test, and multiple comparisons were adjusted with

Dunn’s multiple comparison test. Only significant

adjusted p values are shown (****p % 0.0001, ***p

% 0.001, **p % 0.01, *p % 0.05).
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Effects of inactivated SARS-CoV-2 vaccine booster
(third dose) on the T cell response
Studies following individuals who received primary vaccination

(two doses) with inactivated SARS-CoV-2 vaccines have

reported a progressive waning of neutralizing antibody at

3 months with titers almost reaching pre-vaccination levels at

�6 months.7–9 This has prompted policy changes in Singapore

to recommend the inclusion of a third dose of inactivated

SARS-CoV-2 into the primary vaccination series 3 months after

the administration of the second dose. While the additional

dose of inactivated SARS-CoV-2 vaccine have been shown to

effectively recall the neutralizing antibody titers that have

declined substantially after the second dose,8 little is known

about its effects on the amplification of vaccine-induced T cell

responses.32 As such, we compared the vaccine-induced

T cell response before and after the third homologous vaccine

dose in the inactivated and heterologous cohorts using the

whole-blood CRA with SpG, membrane, and nucleoprotein pep-

tide pools.

In the cohorts studied, a total of 18 individuals in the inacti-

vated cohort and seven in the heterologous cohort were given

the third vaccine dose 1–3 months and <1 month before blood

collection at �6–7 months after the first vaccination dose

respectively (Figure 6A). Three individuals in the inactivated
Figure 3. T cell responses targeting membrane and nucleoprotein wer

(A and B) Longitudinal IFN-g and IL-2 concentrations detected through who

(inactivated, BBIBP-CorV, n = 30; heterologous, mRNA + CoronaVac, n = 20) afte

nucleoprotein (B). Gray shaded areas denote the positivity cutoff for the measu

membrane� or nucleoprotein� reactive T cells at the different time points.

(C) Linear regression analysis of the T cell response against SpG peptide pool and

IFN-g (top) or IL-2 (bottom) in peptide-stimulated whole blood from vaccinees (ina

analyzed time points. Dotted lines denote the 95% confidence interval.

(D) Total spike-, membrane-, and nucleoprotein-specific T cell response dete

2–3 months after receiving inactivated vaccines (inactivated, BBIBP-CorV, n = 28

(amino acid) of the indicated proteins. Differences were analyzed with Kruska

comparison test. Only significant adjusted p values are shown (****p % 0.0001, *
cohort and 11 in the heterologous cohort have not received the

third dose of vaccine at the time of blood collection and they

were analyzed as controls. None of the vaccinated individuals

analyzed had a known history of SARS-CoV-2 infection up until

the last blood sample collection at �6–7 months from the first

vaccination dose.

From the whole-blood CRA, we did not observe an appre-

ciable change in the amount of secreted IFN-g and IL-2 after

SpG peptide pool stimulation of whole-blood samples

collected before (�1–2 months after the second dose) and af-

ter (either 1–3 months or <1 month after the third dose) the

third dose of inactivated SARS-CoV-2 vaccine in both inacti-

vated and heterologous cohorts (Figure 6B). The response

to membrane and nucleoprotein also remained largely un-

changed before and after the third vaccination dose (Fig-

ure 6C). Importantly, the magnitude of the whole-blood CRA

response against all peptide pools tested did not differ be-

tween the individuals in either cohort who received the third

inactivated vaccine dose and the controls who did not

(Figures 6B and 6C).

Thus, the third dose of inactivated SARS-CoV-2 vaccine did not

effectively induce a significant boost of the vaccine-induced T cell

response stimulated by the first two inactivated vaccine doses.

Unlike the neutralizing antibody titers that wanewithin 3–6months
e expanded following vaccination with inactivated SARS-CoV-2

le-blood CRA of all vaccinees receiving inactivated SARS-CoV-2 vaccines

r stimulation with overlapping peptides covering the entire membrane (A) and

red cytokines. Pie charts show the proportion of individuals with detectable

themembrane (blue) or nucleoprotein (red) as evaluated by the quantification of

ctivated, BBIBP-CorV, n = 30; heterologous, mRNA + CoronaVac, n = 20) at all

cted through whole-blood CRA (IFN-g, top; IL-2, bottom) of all vaccinees

; heterologous, mRNA + CoronaVac, n = 20). Bar graph insert shows the size

l-Wallis test, and multiple comparisons were adjusted with Dunn’s multiple

**p % 0.001, **p % 0.01, *p % 0.05).
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Figure 5. Inactivated SARS-CoV-2 vaccines stimulates primarily CD4 T cell responses

(A) Schematic illustrates the analysis of SARS-CoV-2-specific CD4 and CD8 T cells by IFN-g ELISPOT and by the detection of AIMs on CD4 (CD25+ OX40+

41BB+) and CD8 (CD69+ 41BB+) T cells. PBMCs collected from the three cohorts of vaccinees 2–3 months after vaccination (inactivated, BBIBP-CorV, n = 6;

mRNA, BNT162b2, n = 6; heterologous, mRNA + CoronaVac, n = 6) were either depleted of CD8 or CD4 T cells through negative selection before stimulation with

overlapping peptides covering the entire spike for ELISPOT. Total PBMCs were also analyzed as a control. For the AIM assay, total PBMCs were stimulated with

overlapping peptides covering the entire spike protein for 24 h before flow cytometry analysis.

(B) Bars denote the IFN-g SFU quantified for each vaccinee after stimulating CD4-enriched (green), CD8 enriched (blue), or total PBMCs (gray) with spike

overlapping peptides. Representative ELISPOT well images of the respective peptide-stimulated cell populations are shown.

(legend continued on next page)
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of the second dose,7–9 the inactivated vaccine-induced T cell

responsewasmaintained for at least 6monthswithout observable

waning (Figures 6B and 6C).

Inactivated vaccine-induced T cell responses are
largely preserved against the Omicron VOC
Given that the Omicron VOC is the prevailing SARS-CoV-2 line-

age circulating globally, we determined whether the inactivated

vaccine-induced T cell responses can recognize the Omicron

VOC proteins. We designed three sets of peptide pools specific

for the spike, membrane, and nucleoprotein respectively

(Table S1). Each set consist of a megapool made up of overlap-

ping peptides spanning the entire vaccine-derived protein, a

wild-type (WT) pool containing peptides covering the regions

affected by mutations present in the Omicron variant of the pro-

tein, and a mutant (MT) pool consisting of peptides from theWT

pool with the amino acid mutations present in the Omicron

variant of the protein (Figure 7A). These peptide pools were

used in the whole-blood CRA using samples collected from in-

dividuals in the inactivated and heterologous cohorts �6–

7 months after their first inactivated vaccine dose. Only individ-

uals who received the third inactivated vaccine dose were

analyzed to ensure that the vaccine-induced T cell response

was at its peak.

We observed a wide heterogeneity in the ability of inactivated

vaccine-induced T cell response to recognize the spike and

membrane proteins from the Omicron VOC, which ranges from

the complete abrogation to a gain of function exceeding the

response to the corresponding vaccine-derived proteins (Fig-

ure 7B). Based on the amount of IFN-g secreted in the whole-

blood CRA, 13 out of 18 individuals from the inactivated cohort

and six out of seven individuals from the heterologous cohort

have at least 50% of their spike-specific T cell response pre-

served against the Omicron spike protein (Figure 7B). For the

membrane-specific T cell response, at least 50% of the

response was maintained in 10 out of 18 individuals from

the inactivated cohort and two out of seven individuals in the het-

erologous cohort (Figure 7B). Interestingly, almost all of the

nucleoprotein-specific T cell response was preserved, with no

individual exhibiting less than 80% of response against the Om-

icron nucleoprotein (Figure 7B). This is in stark contrast to the

membrane-specific T cell response even though both proteins

have similar number of mutations present in the Omicron VOC

(Table S1).

Combining the T cell response against multiple proteins, most

of the vaccinees still maintained their response to the Omicron

VOC (Figure 7C). Importantly, in vaccinees where the singular

spike-specific T cell response was significantly inhibited, the

combined multi-antigenic T cell response showed better preser-

vation against Omicron (Figure 7C). Similar observations were

made when the amount of secreted IL-2 was analyzed

(Figures 7B and 7C).
(C) Flow cytometry analysis of activation marker expression on CD4 and CD8 T ce

after stimulation with overlapping peptides covering the entire spike protein. Diffe

(****p % 0.0001, ***p % 0.001, **p % 0.01, *p % 0.05).

(D) Flow cytometry dot plots of CD4 and CD8 T cells from representative indivi

corresponding AIM+ frequencies among the total CD4 or CD8 T cells. Related to
DISCUSSION

The virological landscape of the COVID-19 pandemic was radi-

cally modified by the emergence of new SARS-CoV-2 lineages

able to escape the neutralizing ability of antibodies elicited by

vaccines based on the spike protein of the ancestor Wuhan

isolates.33,34 This necessitates a more comprehensive analysis

of vaccine immunogenicity that could not only be based on anti-

body measurements but also requires an evaluation of cellular

immunity.18 T cells do not prevent infection per se, although their

activity can mediate abortive infection at early stages,35 but they

can be extremely important in the control of the viral pathogen-

esis due to their ability to recognize and lyse virus-infected cells

and their association with viral control in acutely infected pa-

tients36 and animal models.37,38 For this reason, we performed

a detailed characterization of the cellular immunity specific for

different SARS-CoV-2 proteins elicited by inactivated virus

(BBIBP-CorV and CoronaVac) and mRNA (BNT162b2) vaccines

in a population of healthy adult individuals.

Using a whole-blood CRA29 that measures the ability of T cells

to secrete cytokines directly in whole blood after encounter with

specific antigens, we observed that the quantity of spike pep-

tide-stimulated T cell cytokines were lower in vaccinees who

received inactivated vaccines compared with those who had

spikemRNA vaccine. However, both vaccine preparations (inac-

tivated and mRNA) induced a Th1 response with similar IFN-g

and IL-2 secretion profile. Both vaccines also elicited a compa-

rable spike immunodominance hierarchy focused more on the

S2 region of spike (Figures 1 and 2). On the other hand, inacti-

vated vaccines did not elicit a response only focused on the

spike protein. Significant quantities of membrane- and nucleo-

protein-specific T cells were also induced after vaccination

that are clearly absent in individuals vaccinated with mRNA

spike-only vaccine (Figure 3). A comparison of the multi-anti-

genic vaccine-induced T cell response calculated by quantifying

the levels of IFN-g and IL-2 elicited by inactivated versus mRNA

vaccine showed that inactivated vaccines not only elicited a

broader T cell immunity but they also induced a quantitatively

comparable T cell response against SARS-CoV-2 (Figure 4).

The importance of eliciting a multi-antigenic T cell response

against different SARS-CoV-2 proteins should not be underesti-

mated since T cell response in individuals who control SARS-

CoV-2 with limited or no symptoms possess T cell responses

against different epitopes present in different structural and

non-structural proteins.36,39–42 In addition, in experimental

SARS-CoV-2 challenge of non-human primates and mice vacci-

nated against nucleoprotein43,44 or envelope and membrane,45

the vaccinated animals had less severe pathology and lower viral

loads. This protective effect was associated with the rapid recall

of antigen-specific T cell responses without robust humoral im-

mune response, showing the protective capacity of T cells spe-

cific for other structural proteins of SARS-CoV-2.43–45 The broad
lls from individuals in the inactivated (n = 6) and mRNA (n = 6) cohort before and

rences were analyzed with paired t test and only significant p values are shown

duals before and after spike peptide stimulation are shown together with the

Figures S1–S3.
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Figure 6. Vaccine-induced T cell responses were not boosted upon the third inactivated vaccine dose

(A) Schematic showing the time points where a third dose of inactivated vaccine was given to individuals in the inactivated (BBIBP-CorV n = 18/30 boosted) and

heterologous (mRNA+CoronaVac n = 7/20 boosted) cohorts. Bloodwas collected�6–7months after the first dose of inactivated vaccines, which corresponds to

1–3months and <1month after the booster dose for individuals in the inactivated cohort and heterologous cohort, respectively. SARS-CoV-2-specific T cells after

the booster dose were quantified as described previously (Figures 1 and 3) through whole-blood CRA after stimulation with SpG, membrane, and nucleoprotein

peptide pools. Individuals who did not received the booster dose were analyzed as controls.

(B) Longitudinal IFN-g and IL-2 concentrations detected through whole-blood CRA after stimulation with SpG peptide pool in individuals before and after

receiving the booster dose. Gray shaded areas denote the positivity cutoff for the measured cytokines.

(C) Graph shows the change in IFN-g and IL-2 concentrations detected through whole-blood CRA after stimulation with SpG, membrane, and nucleoprotein

peptide pools before and after the booster dose (V4-V3 concentrations) in individuals from the inactivated and heterologous cohorts. Differences were

analyzed with Kruskal-Wallis test, and multiple comparisons were adjusted with Dunn’s multiple comparison test. Only significant adjusted p values are shown

(****p % 0.0001, ***p % 0.001, **p % 0.01, *p % 0.05).
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specificity is also potentially beneficial when considering the

effects of amino acid mutations present in the different SARS-

CoV-2 proteins of known VOCs. While the inactivated SARS-

CoV-2 vaccine-induced T cell response was largely preserved

against the Omicron VOC, there were differences in the re-
10 Cell Reports Medicine 3, 100793, November 15, 2022
sponses against different structural proteins (Figure 7). In all vac-

cinees tested, nucleoprotein-specific T cell responses were not

affected by the mutations present in Omicron, while both spike-

and membrane-specific T cell responses were inhibited to

various levels (Figure 7). This is likely explained by the density



Figure 7. Inactivated SARS-CoV-2 vaccine-induced T cell response against the Omicron variant of concern

(A) Schematic showing the concept behind the design of the peptide pools to assess the inactivated SARS-CoV-2 vaccine-induced T cell response against the

spike, membrane, and nucleoprotein from the Omicron VOC. Orange regions refer to amino acid mutations present in the Omicron variant relative to the vaccine-

derived SARS-CoV-2. The respective megapool contains peptides covering the whole wild-type (WT) SARS-CoV-2 protein (spike, membrane, or nucleoprotein).

The respective WT pool contains peptides, with the WT amino acid sequence, covering the regions affected by mutations present in the Omicron variant of the

protein. The respective mutant (MT) pool contains peptides from the WT pool with the amino acid mutations present in the Omicron variant. The equation shows

how the percentage preservation of the vaccine-induced T cell response against the spike, membrane, or nucleoprotein from the Omicron VOC was calculated.

(B) Inactivated SARS-CoV-2 vaccine-induced T cell response of individuals from the inactivated (BBIBP-CorV n = 18, dark blue) and heterologous (mRNA +

CoronaVac n = 7, light blue) cohorts were evaluated by whole-blood CRA using the peptide pools described in (A). The percentage preservation of the vaccine-

induced T cell response against the spike, membrane, and nucleoprotein from theOmicron VOCwere calculated using IFN-g (top) or IL-2 (bottom) concentrations

from whole-blood CRA and are displayed as bars. Bars that enter the green shaded areas refer to a gain-of-function response against the Omicron VOC.

(C) The percentage preservation of the spike (blue) and total inactivated vaccine-induced T cell response (red; spike, membrane, and nucleoprotein) against the

Omicron VOC in vaccinees from both inactivated and heterologous cohorts were calculated using IFN-g (left) or IL-2 (right) concentrations fromwhole-blood CRA

and are displayed as bars.
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of amino acid mutations present in each protein (spike, one mu-

tation in 40 amino acids, 35mutations in thewhole protein; mem-

brane, one in 67, three mutations in the whole protein; nucleo-

protein, one in 80, five mutations in the whole protein)

(Table S1). A protein with a low density of amino acid mutation
is more likely to contain T cell epitopes that are fully conserved

between the vaccine strain and Omicron. Importantly, in vacci-

nees where their spike-specific T cell response was significantly

inhibited by the mutations present in Omicron, their combined

vaccine-induced T cell response (spike, membrane, and
Cell Reports Medicine 3, 100793, November 15, 2022 11
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nucleoprotein) was better preserved against Omicron (Fig-

ure 7C). The presence of multi-protein-specific T cells in individ-

uals vaccinated with inactivated virus can therefore provide

them with a population of memory T cells more likely to tolerate

the frequently found amino acid substitutions in spike that can

partially suppress the spike-specific T cell response elicited by

current spike mRNA vaccines.46–53 While the ability of Omicron

to escape the full repertoire of spike-specific T cells induced

by mRNA vaccines occurs only in a minority of individuals

(10%–15%), immune escape can be substantial, in particular

for spike-specific CD8 T cells.52

However, the potential advantages of the heterogenous spec-

ificity of T cells generated by inactivated SARS-CoV-2 vaccina-

tion needs to be balanced by our observation that inactivated

vaccines do not elicit any CD8 T cell response against any viral

proteins. By performing T cell assays utilizing CD4 and CD8

T cell enrichment methods, we showed that the robust inacti-

vated vaccine-induced T cell response was exclusively medi-

ated by CD4 T cells. In contrast, our data and others11,54–56

showed, using multiple different assays, that individuals vacci-

nated with mRNA and non-replicating adenoviral vectored spike

vaccines are capable of inducing both CD4 and CD8 T cell re-

sponses. Thus, our results are in contrast with previous observa-

tions by other groups3,7,57 that showed the induction of both CD4

and CD8 T cell responses by inactivated SARS-CoV-2 vaccines,

but are, however, in line with historical data of T cell response

induced by other non-SARS-CoV-2-inactivated viral vac-

cines.58,59 The differences observed might be due to different

causes, such as the presence of cross-reactive SARS-CoV-2-

specific CD8 T cells induced by seasonal coronaviruses in a pro-

portion of healthy individuals that can clearly confound the deter-

mination of the real SARS-CoV-2-specific vaccine-induced

T cells.35,60–64 In addition, some of the vaccinated individuals

might not be naive but could have been infected asymptomati-

cally by SARS-CoV-2 and, as such, harbor SARS-CoV-2-spe-

cific CD8 T cells. However, we think that the major factor that

could explain the discrepancy between our data and the ones

published in the SARS-CoV-2 literature lies in the different

method of T cell characterization. Differently than us, other

groups utilized exclusively the AIM assay that characterizes

responsive T cells based on the upregulation of T cell activation

markers after stimulation with large pool of peptides. The AIM

assay utilized by many groups worldwide (including us29,46,65)

is a powerful cellular technique that can define the phenotype

of peptide responsive T cells. However, it is equally well known

that the robust cytokine response of peptide responsive T cells

can also activate other T cells in a bystander fashion without

T cell receptor/epitope engagement.66–68 From our comparative

analysis of results obtained by AIM and by depleting CD4 and

CD8 T cells, it was clear that a robust activation of CD8 T cells

was observed in inactivated vaccine recipients only with the

AIM assay, showing that the results derived from the AIM assay

can be confounded by robust bystander activation at least in

PBMCs activated by large peptide pools. This possibility has

also been discussed by others,69 but this should not be taken

as a proof that the AIM assay is inherently unreliable. One has

only to be aware of its potential limitations and consider the

use of orthogonal assays (i.e., human leukocyte antigen [HLA]-
12 Cell Reports Medicine 3, 100793, November 15, 2022
tetramers staining, intracellular cytokine staining, utilization of

single-peptide stimulation) to confirm the real antigen specificity

of the T cells upregulating AIMs. It will certainly be necessary for

other groups to try to better define such controversies and

confirm or negate our data that, despite their clarity, have been

obtained in a limited number of individuals vaccinated with inac-

tivated vaccines due to the fact that performing a CD4 and CD8

T cell enrichment requires large volumes of blood.

The combined impact of the multi-protein-specific T cell

response and its association with a deficiency of CD8 T cell in-

duction on the protection from disease development is difficult

to measure. In SARS-CoV-2-convalescent rhesus macaques

with sub-protective antibody titers, depletion of CD8 T cells

partially abrogated the protective efficacy of natural immunity

against viral challenge, showing the anti-SARS-CoV-2 effects

mediated directly by CD8 T cells.38 Recent data in vaccinated

macaques have extended the importance of the vaccine-

induced CD8 T cells in SARS-CoV-2 control.37 At the same

time, the induction of CD4 T cells specific for the nucleoprotein

of SARS-CoV in the nasal cavity of mice protected the animal

from lethal disease after infection with different coronaviruses.70

This protective effect was mediated through the secretion of

IFN-g and, importantly, through the subsequent recruitment of

virus-specific CD8 T cells.70 Similarly, memory CD4 T cells

also directly and indirectly mediated protective effects in influ-

enza A virus-infected mice.4 Clinical analysis of the efficacy of

inactivated vaccines in different populations before the emer-

gence of Omicron has shown that inactivated virus vaccines

provided protection against the development of severe COVID-

1921–24 but with lower rates than the one provided bymRNA vac-

cines. On the contrary, recent data from Hong Kong measuring

the efficacy against mild and severe COVID-19 development in

healthy adults infected with Omicron showed similar efficacy of

the two vaccine preparations after three doses.71 Perhaps the

lack of the coordinated activation of CD4 and CD8 T cells

observed in inactivated virus vaccine recipients infected with

Wuhan or Delta strains of SARS-CoV-2 was then compensated

by the proteinmulti-specificity that better tolerates themutations

present in Omicron.

Finally, our work showed that boosting with the third dose of

inactivated SARS-CoV-2 vaccine 3 months after the second

dose did not modify the spike, membrane, or nucleoprotein

T cell response (Figure 5). The magnitudes of the T cell re-

sponses against the three different proteins were even compara-

ble with individuals who completed their primary vaccinations

6 months before and did not receive their booster vaccines

within the study period. Our data are in line with what was

observed in a phase 2 placebo-controlled trial of inactivated

SARS-CoV-2 vaccine: the third dose of inactivated vaccine

2 months after completion of the primary vaccination course

(two doses) only modestly increased the neutralizing antibody

levels.8 It is plausible that the ineffective boosting is due to the

neutralization of the administered inactivated SARS-CoV-2 by

the antibodies generated from the primary vaccination course

leading to a decline in antigen availability to stimulate the

immune system. This hypothesis was supported by the observa-

tion in the same phase 2 clinical trial where the neutralizing anti-

body titers were significantly boosted and were 3- to 4-fold
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higher when the administration of the third vaccine dose was de-

layed until 8 months (instead of 2 months) after completion of the

primary vaccination.8 It was also observed that humoral and

T cell response were both robustly induced when the booster

inactivated SARS-CoV-2 vaccine was given 5 months after the

primary vaccination.72 These results certainly call for the future

evaluation of the immunogenicity of inactivated SARS-CoV-2

vaccine in a setting where interference from existing virus-spe-

cific immune responses can occur.

In conclusion, we present here a detailed functional and quan-

titative evaluation of the T cell response induced by inactivated

SARS-CoV-2 vaccines (BBIBP-CorV and CoronaVac) compared

with an mRNA vaccine (BNT162b2). We show that, in sharp

contrast to the clear inferiority of the humoral immunogenicity,

inactivated vaccines elicited a T cell response of comparable

magnitude and superior breath, relative to the mRNA vaccine,

that persisted for at least 6months without need of further boost-

ing. The ability to recognize different SARS-CoV-2 proteins, in

particular membrane and nucleoprotein, allowed the T cell

response induced by inactivated vaccines to better tolerate the

mutations present in Omicron compared with the spike-focused

mRNA vaccine-induced T cells. However, inactivated vaccines

induced a SARS-CoV-2 T cell response exclusively mediated

byCD4 T cells. Such findings have important clinical implications

and should be evaluated in future large clinical studies with sam-

ple sizes beyond what we have described, which will also help to

clarify the impact of virus-specific CD4 or CD8 T cells in SARS-

CoV-2 pathogenesis.

Limitations of the study
Even though the data presented here have clearly shown the

preferential induction of SARS-CoV-2-specific CD4 T cells by in-

activated SARS-CoV-2 vaccines in our cohort of vaccinees, this

observation would have to be confirmed in future large clinical

studies with sample sizes beyond what we have described.

More importantly, the ability of a multi-protein-specific CD4-

centric T cell response to ameliorate the severity of COVID-19

compared with a single-protein-specific coordinated CD4 and

CD8 T cell response will have to be evaluated to clarify the

impact of virus-specific CD4 or CD8 T cells in SARS-CoV-2

pathogenesis.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study design and protocol for the COVID-19 PROTECT study group were assessed by National Healthcare Group (NHG) Domain

Specific ReviewBoard (DSRB) and approved under study number 2012/00917.Written informed consent was obtained from all study

participants in accordance with the Declaration of Helsinki for Human Research.

3 cohorts of vaccinated healthy individuals were studied (Table 1). Vaccinated individuals were between 22-69 years of age,

healthy (do not report any health issue, they were not hospitalized in the last year and they were not under treatment with immuo-

suppressive drugs) andwith no history of SARS-CoV-2 infection as evaluated by antigen rapid tests and SARS-CoV-2 surrogate virus

neutralization assay (GenScript). The first cohort (Inactivated cohort) are healthy individuals who received two doses of BBIBP

COVID-19 inactivated vaccine (BBIBP-CorV-Sinopharm) given 21 days apart (n = 30). The second cohort (Heterologous cohort)

are healthy individuals who developed adverse events after receiving a single dose of mRNA vaccine (BNT162b2-Pfizer-

BioNTech or mRNA-1273-Moderna) and proceeded to switch to vaccination with two doses of CoronaVac inactivated vaccine

(Sinovac) given 21 days apart (n = 19). A reference cohort (mRNA cohort) of healthy individuals who received two doses of Spike

mRNA vaccine (BNT162b2-Pfizer-BioNTech) were also analysed (n = 76). Blood samples were collected before receiving inactivated

vaccines (Inactivated and Heterologous cohort) or mRNA vaccines (mRNA cohort), 21 days and 2–3 months post-vaccination

(Figure 1A).

Local policy changes recommended the inclusion of a third homologous dose of inactivated SARS-CoV-2 vaccines into the

primary vaccination series 3 months after the administration of the second dose. To assess the effects of this booster dose of

inactivated vaccines, blood samples of individuals from the inactivated and heterologous cohort were also collected 6 months

post-vaccination. A total of 18 individuals in the Inactivated cohort and 7 in the Heterologous cohort were given the booster dose

1–3months and <1month before blood collection respectively. Individuals with a recorded SARS-CoV-2 infection during the booster

dose study period (within 6–7 months of the first inactivated vaccine dose) were excluded from the analysis.

METHOD DETAILS

Peptides
15-mer peptides that overlapped by 10 amino acids spanning the entire protein sequences of Nucleoprotein, Membrane and Spike

protein of SARS-CoV-2 (GISAID: EPI_ISL_410713) were synthesized and pooled into mega-pools. In addition, 55 Spike peptides

covering the immunogenic regions of the SARS-CoV-2 spike protein representing 40.5% of the whole Spike protein (SpG peptide

pool) were also synthesized, pooled and used to stimulate whole blood as described previously.29 To measure the T cell response

against the Omicron variant, two additional peptide pools were designed for each viral structural protein (Membrane, Nucleoprotein

and Spike). The two pools include peptides impacted by the mutations in Omicron (identified using https://outbreak.info), with one

consisting of ancestral-derived peptides and another consisting of Omicron-derived peptides covering the same region. Details of all

the peptides used are found in Table S1 (Mendeley Data: https://doi.org/10.17632/5vhym6h3cy.1).

Whole blood cytokine release assay
The whole blood cytokine release assay was performed as described previously.29 In brief, 320 mL of freshly drawn blood (drawn

within 6 h of venepuncture) were mixed with 80 mL RPMI and stimulated with the indicated SARS-CoV-2 Spike peptide pools

(Table S1) at 2 mg/mL or with DMSO as a control. After 16 h of incubation, the culture supernatant (plasma) was collected and stored

at �30�C. Cytokine concentrations in the plasma were quantified using an ELLA machine with microfluidic multiplex cartridges that

measured IFN-g and IL-2 according to the manufacturer’s protocol (Protein Simple). The levels of cytokines present in the plasma of

DMSO controls were subtracted from the corresponding peptide pool-stimulated samples. The positivity threshold was set at 103

times the lower limit of quantification of each cytokine (IFN-g = 1.7 pg/mL; IL-2 = 5.4 pg/mL) after DMSO background subtraction.

PBMC isolation
Peripheral blood was collected from all individuals in heparin-containing tubes, and peripheral blood mononuclear cells (PBMCs)

from all collected blood samples were isolated by Ficoll-Paque density gradient centrifugation. Isolated PBMCswere either analysed

directly or cryopreserved in liquid nitrogen until required.

Depletion of CD4+ or CD8+ T cells
CD4+ or CD8+ T cells were positively selected from freshly isolated PBMCs with EasySep Positive Selection Kits II (Stemcell Tech-

nologies). After magnetic affinity cell sorting, flow through consisting of CD4-enriched and CD8-enriched PBMCs were collected and

used immediately for IFN-g ELISPOT assay.
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IFN-g ELISPOT assay
The frequency of SARS-CoV-2 specific T cells was quantified as described previously.29 Briefly, ELISPOT plates (Millipore Sigma)

were coated with human IFN-g antibody overnight at 4�C. 250,000 to 400,000 total, CD4-enriched or CD8-enriched PBMCs were

seeded per well and stimulated for 18 h with the indicated peptide pools at 1 mg/mL. The plates were then incubated with a human

biotinylated IFN-g detection antibody, followed by streptavidin–alkaline phosphatase (streptavidin-AP) and developed using the KPL

BCIP/NBT phosphatase substrate (Seracare Life Sciences). To quantify the peptide-specific responses, spots of the unstimulated

wells were subtracted from the peptide-stimulated wells, and the results were expressed as spot-forming cells (SFC) per 106

PBMCs. Results were excluded if negative control wells had more than 30 SFC/106 PBMCs or if positive control wells stimulated

with PMA/ionomycin were negative.

Activation-induced marker (AIM) assay
Cryopreserved PBMCs were thawed and stimulated with 1 mg/mLmega-pool Spike peptides or equivalent amount of DMSO for 24 h

at 37�C. Cells were thenwashed in phosphate buffered saline and stainedwith Zombie NIR Fixable Viability Kit (Biolegend) to exclude

dead cells in the analysis. The cells were next washed in FACS buffer with 2mM EDTA and surface markers were stained with the

surface markers, anti-CD3, anti-CD4, anti-CD8, anti-CD25, anti-CD69, anti-CD134 (OX40) and anti-CD137 (4-1BB), diluted in

FACS buffer for 30 min on ice. After two more washes in FACS buffer, cells were resuspended in PBS prior to acquisition with Beck-

man Coulter CytoFLEX S analyser.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism, version 9 (GraphPad Software). Where applicable, the statistical tests

used and the definition of centre were indicated in the figure legends. Statistical significance was defined as having a p-value of less

than 0.05. In all instances, ‘‘n’’ refers to the number of patients analysed.
Cell Reports Medicine 3, 100793, November 15, 2022 e3
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