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SUMMARY
T cells are a critical component of the response to SARS-CoV-2, but their kinetics after infection and vacci-
nation are insufficiently understood. Using ‘‘spheromer’’ peptide-MHC multimer reagents, we analyzed
healthy subjects receiving two doses of the Pfizer/BioNTech BNT162b2 vaccine. Vaccination resulted in
robust spike-specific T cell responses for the dominant CD4+ (HLA-DRB1*15:01/S191) and CD8+ (HLA-
A*02/S691) T cell epitopes. Antigen-specific CD4+ and CD8+ T cell responses were asynchronous, with the
peak CD4+ T cell responses occurring 1 week post the second vaccination (boost), whereas CD8+ T cells
peaked 2 weeks later. These peripheral T cell responses were elevated compared with COVID-19 patients.
We also found that previous SARS-CoV-2 infection resulted in decreased CD8+ T cell activation and expan-
sion, suggesting that previous infection can influence the T cell response to vaccination.
INTRODUCTION

The COVID-19 pandemic has resulted in the rapid development

of several novel vaccine platforms, including the mRNA-based

Pfizer/BioNTech BNT162b2 vaccine.1,2 The mRNA vaccine for-

mulations show high levels of protection and stimulate robust

innate and adaptive immune responses.3–6 They induce neutral-

izing antibodies, although circulating titers decrease after just

months.5,7 By contrast, analyses of the magnitude and durability

of SARS-CoV-2-specific T cell responses are limited, with most

studies relying on bulk measurements after in vitro peptide stim-

ulation.4,8 Although rapid and useful, these studies underesti-

mate the frequency of epitope-specific T cells6 and may not be

able to identify specific immunodominant epitopes efficiently.

Peptide-major histocompatibility complex (pMHC) multimers

address these limitations and provide a more quantitative and

epitope-specific picture of the T cell response.9–12
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T cell responses play a critical role in controlling disease after

SARS-CoV-2 infection. Breakthrough virus in the nasal swabs

is seen in all convalescent rhesus macaques with waning or sub-

optimal neutralizing antibody titers on rechallenge with SARS-

CoV-2 after CD8+ T cell depletion.13 Recovery from COVID-19

in patients undergoing B cell depleting therapies further high-

lights the importance of T cells in SARS-CoV-2 viral clearance.14

CD8+ T cell responses to conserved coronavirus epitopes corre-

late with mild COVID-19 disease symptoms.15 Rapid expansion

of cross-reactive T cells is also seen in individuals with abortive

SARS-CoV-2 infection, suggesting their protective role.16 Thus,

it is important to understand the kinetics of T cell priming and

how these events compare across SARS-CoV-2 naive vaccinees

versus COVID-19 patients.

In this study, we used the spheromer technology to identify

dominant T cell epitopes after BNT162b2 vaccination. This plat-

form is based on an engineered form of maxiferritin, where 12
5, April 11, 2023 ª 2023 The Authors. Published by Elsevier Inc. 1
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pMHCs carried by each nanoparticle are able to detect �3- to

5-fold more antigen-specific T cells compared with other multi-

mers.15 Here, we designed a panel of forty-nine predicted

epitopes, spanning both spike and non-spike proteins from the

original Wuhan-Hu-1 SARS-CoV-2 strain. We probed a total of

351 blood samples collected from vaccinated volunteers with

time points ranging from pre-vaccination up to 4 months after

the first dose. Overall, BNT162b2 vaccination resulted in poly-

functional CD8+ andCD4+ T cell responses across all volunteers,

likely contributing to its remarkable efficacy. We observed

distinct CD8+ and CD4+ T cell kinetics after mRNA vaccination.

This disparity between the twomajor T cell responses is unusual,

since in other vaccination studies both CD4+ and CD8+ peak in

circulation approximately 1 week after stimulating a recall

response.17–19 This coordination of T cell subsets was also

seen in a Celiac challenge study.20 We speculate that this

may be a unique feature of mRNA vaccines. To assess the differ-

ences in T cell responses elicited by vaccination versus natural

infection, we determined the response in two independent local

patient cohorts.15,21,22 We observed lower frequencies of spike-

specific T cells in circulation after infection comparedwithmRNA

vaccination, especially in the CD8+ T cell compartment with a

skewing of the response hierarchy among the tested epitopes.

We also noticed qualitative differences in the virus-specific

T cells. Vaccination led to the rapid induction of effector T cells

that contracted by day 90, concomitant with an increase in the

frequency of memory T cells. By contrast, only low levels of

virus-specific memory CD8+ T cells could be detected in

COVID-19 patients, even at 5 months post-symptom onset.

We also evaluated the impact of BNT162b2 vaccination on

T cell responses after SARS-CoV-2 infection. Although previous

infection had almost no effect on the CD4+ T cell response

induced on vaccination, we observed a decrease (3.6- to 54.1-

fold at peak) in the frequency of circulating spike-specific

CD8+ T cells, and these had attenuated functionality compared

with naive vaccinees. This suggests that SARS-CoV-2 virus

infection may cause long-term damage to the patients’ immune

system well after viral clearance.

RESULTS

The BNT162b2 vaccine encodes a stabilized spike protein from

SARS-CoV-2 (Wuhan-Hu-1 strain).1 To analyze the T cell

responses, we selected nineteen epitopes across multiple HLA

alleles spanning the entire spike protein of 1,273 amino acids.
Figure 1. Vaccine elicited spike-specific CD8+ T cell responses
(A) The experimental design to evaluate the CD8+ T cell response to BNT162b2 va

[day 0] and second dose [day 21]) in HLA-A*02:01 and HLA-B*40:01 donors. The

(B–F) (B) Fourteen CD8+ T cell epitopes from SARS-CoV-2 spike protein were eva

epitopes in (C) HLA-A*02:01 and (D) HLA-B*40:01 vaccinees. Baseline for each ep

Each donor is represented by a dot. Fold-change in the CD8+ T cell response t

restricted vaccinees.

(G–I) (G) Correlation between spike-specific CD8+ T cell response at day 42 and a

protein and to (I) the dominant epitope (S1016) in HLA-B*40:01 restrictecinees.

(J) Correlation between spike-specific CD8+ T cell response (day 42) and age in

(K and M) Fraction of cytokine producing CD8+ T cells within (K) S691/A*02:01 a

(L and N) Fraction of cells expressing activation-induced markers (AIM) within (L) S

stimulation. Data are presented as mean ± range. The Pearson correlation coeffi

and S2.
In addition to five HLA-A*02:01 epitopes used previously

for characterizing the response in a COVID-19 patient cohort,15

we included two more HLA-A*02:01 epitopes and seven HLA-

B*40:01 epitopes to measure CD8+ T cell responses

(Table S1). For the CD4+ T cell response, we selected five

HLA-DRB1*15:01 epitopes (Table S1). In addition, we analyzed

thirty non-spike epitopes from three different SARS-CoV-2

genes (for CD8+ T cells restricted to HLA-A*02:01—ORF1ab =

12, M = 4, N = 2; and HLA-B*40:01—ORF1ab = 5, N = 1; for CD4+

T cells restricted to HLA-DRB1*15:01—ORF1ab = 2, M = 2, N =

2) in infected individuals (Table S1). Briefly, these peptides

were selected based on a combination of the following criteria:

literature search,6,9–12,15,23–26 bioinformatic analysis,27–29 and

an MHC stabilization assay.15

Previously, we described spheromers, an improved 12 pMHC

T cell staining platform that has superior sensitivity versus

other pMHC multimers.15 We used our SARS-CoV-2 specific

spheromers to characterize the T cell response kinetics in three

independent cohorts: (1) SARS-CoV-2 naive individuals who

received the BNT162b2 vaccine, (2) COVID-19 patients with

SARS-CoV-2 infections, and (3) Individuals who received the

BNT162b2 vaccine after recovery from a SARS-CoV-2 infection.

Blood was collected at the indicated time points. Combinatorial

staining was performed as described previously to probe for

multiple specificities.15,30

We first measured the spike-specific CD8+ T cell response in

SARS-CoV-2 naive vaccinees to estimate the response kinetics

to the vaccine. The samples were collected from individuals on

day 0 (within 12 h of the first dose) and subsequently followed

up to 4 months with blood draws (Figure 1A). PBMCs from

unvaccinated individuals collected at least 1 year before the

pandemic were used to ascertain the baseline frequency of

SARS-CoV-2 epitopes. We tested fourteen epitopes across

HLA-A*02:01 and HLA-B*40:01 alleles spanning the entire

spike sequence (Figures 1B–1D; Table S1). On day 0, SARS-

CoV-2 specific CD8+ T cells were detectable with total HLA-

A*02:01 anti-spike responses ranging between �0.007% and

0.1% (Figure 1C), similar to that observed in pre-pandemic sam-

ples. We observed an extremely rapid mobilization of antigen-

specific CD8+ T cells (Figure 1E). The efficient induction of the

immune response after mRNA vaccination resulted in a 36.2-

fold increase in spike-specific CD8+ T cells after first dose,

consistent with a previous report11 (Figure 1E). The frequency

of total spike-specific CD8+ T cells increased from 0.31% at

baseline to 10.5% before the second dose (Figure 1E). High
ccination. Timeline showing sequential blood draws post vaccination (first dose

number of donors (n), age, and sex are indicated.

luated. The magnitude of CD8+ T cell responses to distinct SARS-CoV-2 spike

itope is shown by a dotted line, determined using pre-pandemic samples (n = 5).

o (E) the spike protein and to (F) the dominant epitope (S691) in HLA-A*02:01

ge in HLA-A*02:01 donors. The CD8+ T cell response dynamics to (H) the spike

HLA-B*40:01 donors.

nd (M) S1016/B*40:01 specific CD8+ T cells at peak after peptide stimulation.

691/A*02:01 and (N) S1016/B*40:01 specific CD8+ T cells at peak after peptide

cient and statistical significance are noted in (G) and (J). See also Figures S1
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frequencies of HLA-A*02:01 spike-specific CD8+ T cells per-

sisted for several weeks after the second dose with the nominal

peak at day 42 (Figure 1E). At day 42, 19.9% CD8+ T cells were

specific for the HLA-A*02:01 epitopes tested. A 5.2-fold contrac-

tion was observed by days 42 and 120, but the frequencies

remained high in comparison versus day 0 (Figure 1E). We also

measured the response to seven distinct HLA-B*40:01 spike

epitopes (Figure 1D) and observed similar kinetics, with a 44.6-

fold increase in the frequency of HLA-B*40:01-restricted spike-

specific CD8+ T cells after the first dose (Figure 1H). The

frequencies went up further following the second dose of vacci-

nation (Figure 1H). However, the magnitude of spike-specific

response to the HLA-B*40:01 epitopes was lower than that

observed for HLA-A*02:01 (Figures 1E and 1H), showing that

some alleles may be much better at stimulating T cell responses

than others. The spike-specific CD8+ T cell response was

inversely correlated with age but did not show an association

with sex (Figures 1G, 1J, S1A, and S1B).

The CD8+ T cell response to different epitopes varied consid-

erably (Figures 1C and 1D). Nevertheless, we observed very

similar kinetics for all the tested epitopes (Figures 1C and 1D).

S691 was the most prominent among the seven HLA-A*02:01

epitopes, with a peak median frequency of 7.5% of the CD8+

T cells (Figures 1C, 1F, S2A, and S2B). The epitope S976, well-

conserved across human coronaviruses (hCoVs), also contrib-

utes prominently to the overall response with a peak median

frequency of 4.6% (Figure 1C). The rest of the HLA-A*02:01

epitopes had lower frequencies at peak, from 0.5% to 2.2% (Fig-

ure 1C). Among the seven HLA-B*40:01 epitopes, S1016was the

most dominant, peaking at 3.1%, whereas other epitopes

ranged from 0.15% to 0.28% (Figures 1D, 1I, and S2B). The

baseline epitope-specific CD8+ T cell response is strongly corre-

lated with the epitope conservation across seasonal hCoVs,

whereas the peak epitope-specific CD8+ T cell frequencies

demonstrated a moderate correlation with epitope conservation

across seasonal hCoVs (Figures S1D and S1E). Our results sug-

gest that mRNA vaccination can induce robust responses to

novel spike epitopes and is not limited to cross-reactive specific-

ities imprinted from past seasonal hCoV exposures.

Next, we evaluated the functional capacity of the antigen-spe-

cific CD8+ T cells following peptide stimulation. PBMC samples

collected at day 42were stimulatedwith peptides corresponding

to the dominant epitopes identified in this study, HLA-A*02:01/

S691 and HLA-B*40:01/S1016. After stimulation, we performed

cytokine profiling by intracellular staining (ICS) of pMHC-

spheromer+ CD8+ T cells (Figures 1K and 1M). Most antigen-

specific cells made IFNg and were also able to produce TNF-a

and IL-2. A minor subset also produced Granzyme B. We also

measured activation-induced markers (AIMs) (Figures 1L and

1N). As shown, the dominant epitopes induced the expression

of multiple activation markers; CD69, CD154, CD137, CD38,

and a marker of proliferation, Ki-67. This durable and stable in-

duction of polyfunctional CD8+ T cells might contribute to the

high efficacy of mRNA vaccines.

We also surveyed the spike-specific CD4+ T cell response af-

ter vaccination (Figures 2A and 2B; Table S1). At day 0, the fre-

quency of epitope-specific CD4+ T cells ranged from 0.05% to

0.07%, which was comparable with the levels in pre-pandemic

samples (Figure 2C). We observed a rapid increase in the
4 Immunity 56, 1–15, April 11, 2023
frequencies of spike-specific CD4+ T cells within a week after

the first dose (Figure 2D). The second dose led to a smaller

increase (2.3-fold) in the overall anti-spike CD4+ T cell response

(Figure 2D). However, in contrast to the CD8+ T cells, a decrease

in the circulating anti-spike CD4+ T cells was observed by day 42

(Figure 2D). This discordance in the kinetics of the major T cell

subsets may relate to the distinct functions they execute. Even

so, spike-specific CD4+ T cells were detectable at higher fre-

quencies in circulation in comparison to day 0, even 3 months

after vaccination (Figure 2D). Among the tested epitopes, the

most dominant responsewas observed against S191, with ame-

dian frequency of 9.7% on day 28 (Figures 2C, 2E, and S2B). The

other epitopes varied between 1.5% and 2.9% (Figure 2C). The

kinetics of CD4+ T cells specific to the dominant epitope, S191,

followed the total spike response (Figure 2E). As with the CD8+

T cells, the CD4+ T cell response was decreased in older individ-

uals but showed no sex association (Figures 2F and S1C). The

total spike-specific and dominant S191 epitope-specific CD4+

T cell response kinetics further correlated with SARS-CoV-2

spike-specific IgG levels (Figure 2G).

We next evaluated the cytokine profile of spike-specific CD4+

T cells after stimulating day 28 PBMCs with the dominant pep-

tide, S191. The pMHC-spheromer+ CD4+ T cells produced

IFNg, TNF-a, IL-2, and Granzyme B, indicating a Th1-skewing

as reported previously31 (Figure 2H). These cells also expressed

multiple activation markers after stimulation, further validating

the functional capacity of vaccine-induced CD4+ T cells

(Figure 2I). In contrast to the CD8+ T cell response, the epitope

conservation across seasonal hCoVs did not correlate with the

baseline or peak CD4+ T cell frequencies, which suggests that

the vaccine-induced responses to novel SARS-CoV-2 epitopes

(Figures S1F and S1G). Taken together, these robust T cell re-

sponses induced by the BNT162N2 mRNA vaccine likely

contribute to its remarkable efficacy.

To study the development of anti-SARS-CoV-2 CD8+ T cell im-

munity mediated by vaccination versus natural infection, we

compared the responses of SARS-CoV-2 naive vaccinees and

COVID-19 patients. The patient samples were grouped by

days since symptom onset and matched with samples from

BNT162b2 vaccinees as indicated (Figure 3A). The patient

cohort was established during the first wave of the pandemic

(June–December 2020) and was most likely infected by the

Wuhan-Hu-1 SARS-CoV-2 strain that matches the vaccine

formulation. To perform an integrated analysis, we compiled 12

features of spike-specific CD8+ T cell response derived from

flow assays (Figure S3A). Overall, BNT162b2 vaccination and

SARS-CoV-2 infection resulted in distinct spike-specific CD8+

T cell profiles indicated by non-overlapping clusters in UMAP

space. We observed divergent spike-specific CD8+ T cell

response after vaccination and infection in terms of the preferred

epitopes (Figure S3B). Although the dominant epitope within

spike protein in vaccinees is S691, themain response after infec-

tion was against S976 and S983, with median peak frequencies

of 0.25% and 0.24%, respectively (Figure S3B). The total spike-

specific CD8+ T cell response in circulation elicited by infection

was lower in magnitude in comparison to vaccination (Fig-

ure S3C). After a single vaccine dose (T1), the spike-specific

CD8+ T cell response in circulation was 40.6-fold higher than nat-

ural infection (Figure S3C). This difference in median frequency
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Figure 2. Vaccine elicited spike-specific CD4+ T cell response

(A) The experimental design to evaluate the epitope-specific CD4+ T cell response to BNT162b2 vaccine in longitudinal samples. The number of donors (n), age

and sex are indicated.

(B–E) (B) Five CD4+ T cell epitopes fromSARS-CoV-2 spike protein were evaluated. Themagnitude of CD4+ T cell responses to SARS-CoV-2 epitopes in (C) HLA-

DRB*15:01 vaccinees. Baseline for each epitope is shown (dotted line), determined using pre-pandemic samples (n = 5). Each donor is represented by a dot.

Fold-change in the CD4+ T cell response to (D) the spike protein and to (E) the dominant epitope (S191).

(F) Correlation between spike-specific CD4+ T cell response (day 28) and age. The Pearson correlation coefficient and statistical significance are given.

(G) Pearson correlation between the kinetics of vaccine elicited spike-specific IgG response, total spike-specific CD4+ T cell response (left) and DRB*15:01/S191

specific CD4+ T cell response (right).

(H) Fraction of cytokine producing cells within S191/DRB*15:01 specific CD4+ T cells (day 28) after peptide stimulation.

(I) Fraction of AIM+ CD4+ T cells within S191/DRB*15:01 specific CD4+ T cells (day 28) after peptide (S191) stimulation. Data are presented as mean ± range. See

also Figures S1 and S2.
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after the second dose of vaccination (T2) ranged from 9.5- to

21.6-fold (Figure S3C). The response to S691 in the COVID-19

patient cohort, the dominant epitope in vaccinated individuals,

was 25.1- to 143.4-fold lower across the sampled time points

(Figure S3D). As for durability, anti-spike CD8+ T cells were

detectable at higher frequencies in circulation in comparison to

COVID-19 patients even during the contraction phase (T3 and

T4) of the immune response (Figures S3C and S3D).

BNT162b2 vaccination induces a T cell response exclusively to
spike peptides since the vaccine encodes only that protein. By

contrast, SARS-CoV-2 infection generates a response against

the whole virus.8 Therefore, to capture that response, we tested

eighteen additional epitopes derived from three different genes

(ORF1ab = 12, M = 4, and N = 2) (Figure 3B). The magnitude of

T cell response to both spike and non-spike epitopes in

COVID-19 patients was comparable (Figures 3C and 3D). At

the nominal peak after vaccination (T2), the CD8+ T cell response

(spike only) in naive vaccinees was 10.6-fold higher than that in
Immunity 56, 1–15, April 11, 2023 5
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Figure 3. BNT162b2 vaccination and SARS-CoV-2 infection induce distinct CD8+ T cell response

(A) The experimental design to compare the epitope-specific CD8+ T cell response to BNT162b2 vaccine and SARS-CoV-2 infection. Samples were matched by

time points for comparison as shown. The number of subjects (n) is indicated.

(B) The twenty-five evaluated CD8+ T cell epitopes mapped onto the SARS-CoV-2 genome.

(C) The magnitude of CD8+ T cell responses to SARS-CoV-2 epitopes in HLA-A*02:01 restricted COVID-19 patients.

(D) The comparison of spike and non-spike-specific CD8+ T cell response in COVID-19 patients.

(E) The comparison of antigen-specific CD8+ T cell response to BNT162b2 vaccine and SARS-CoV-2 infection. Data in (C)–(E) represented as mean ± range.

(F) Fraction of AIM+ CD8+ T cells in day 42 samples after spike peptide mega pool (spike MP), non-spike peptide mega pool (non-spike MP) or DMSO stimulation.

Data presented as mean ± SD.

(G) Total memory CD8+ T cell counts in vaccinees and patients. Data presented as mean ± range.

(H) Antigen-specific memory CD8+ T cell distribution in vaccinees and patients. (CM, central memory; EM, effector memory; EMRA effector memory

T cells expressing CD45RA). Data presented as mean ± range. p values were determined by Mann-Whitney test with Holm-�Sı́dák method. See also Figures S3

and S4.
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COVID-19 patients (spike and non-spike epitopes) (Figure 3E).

We also performed peptide mega pool (MP) stimulation assay

since it enables profiling a much broader landscape of T cell re-

sponses. We did not observe any difference in the response to

spike and non-spike peptide pools among COVID-19 patients

(Figures 3F and S4A). In contrast to pMHC-spheromer staining

(Figures 3F and S4A), we observed a slight but not significant

1.3-fold decrease in the CD8+ T cell response to spike peptide

pool stimulation in COVID-19 patients in comparison to vacci-

nees by AIM assay (Figures 3F and S4A). This discrepancy

between pMHC-spheromer staining and AIM assay could in

part be due to the limitation of the peptide stimulation assay to

capture all relevant T cells due to the relative lack of sensitivity.

We recently observed that Mycobacterium tuberculosis (Mtb)

MP captures only a fraction (33.6%) of the total T cell response

defined by TCR specificity groups identified from the analysis

of 19,044 unique TCRb sequences derived from individuals

with latent Mtb infection using GLIPH2 algorithm.32 To investi-

gate this further, we performed stimulation with the dominant

CD8+ spike peptide (A2/S691) and evaluated the T cell response

using both pMHC-spheromer and AIM markers in 16 vaccine

donors (Figures S4C and S4D). This allowed us to directly

compare pMHC-spheromer+ and AIM+ CD8+ T cell responses.

We found that pMHC spheromers captured most (94.6% ±

9.5%) AIM+ CD8+ T cells ((Figure S4C). By contrast, only a

fraction (18.1% ± 10.1%) of all pMHC-spheromer+ cells were

positive for both CD69 and CD137 (Figure S4C). For the domi-

nant spike peptide, pMHC spheromers detect 9.5-fold more

epitope-specific CD8+ T cells compared with the AIM assay (Fig-

ure S4D). Thus, we speculate that stimulation assays are able to

capture only a fraction of the total responses compared with

pMHC spheromers.

Next, we characterized thememory T cell compartment in these

cohorts. The absolute number of the total memory CD8+ T cells at

early time points (T1 and T2) was similar between the two cohorts

(Figure 3G). The total memory CD8+ T cell counts during late

convalescence in COVID-19 patients were 1.3- and 1.4-fold lower

compared with vaccinated individuals at T3 and T4, respectively

(Figure 3G). We next measured the spike-specific T cell memory

subset distribution (Figure 3H). Antigen-mediated activation of

spike-specific CD8+ T cells after vaccination led to an effector

phenotype (CD45RA+/�CCR7�). The progressive contraction of

effector cells after vaccinationwascoupledwith the establishment

of robust central memory (CD45RA+CCR7�) (Figure 3H). By

contrast, infection resulted in chronic activation of spike-specific

CD8+ T cells, with effector cells (CD45RA�CCR7�) dominating

the early to late convalescent phases (Figure 3H).

Wealsomeasured theeffectofBNT162b2vaccinationorSARS-

CoV-2 infection on CD4+ T cells (Figure 4A). The distinct route of

exposure to viral antigens, which is vaccination or infection, re-

sulted in non-overlapping spike-specific CD4+ T cell clusters,

again suggesting a divergent T cell response (FigureS3E). Howev-

er, we did not observe any shift in the favored spike epitope

between vaccinees and COVID-19 patients, with both cohorts

focusedonS191 (FigureS3F). Themagnitudeofspike-specificpe-

ripheral CD4+ T cells induced by vaccination demonstrated a

higher flux than that in COVID-19 patients (Figure S3G). A single

dose of the vaccine (T1) resulted in similar frequencies of spike-

specific CD4+ T cells as SARS-CoV-2 infection (Figure S3G), but
the second dose of the vaccine resulted in a 3.3-fold higher

response in naive vaccinees versus COVID-19 patients (Fig-

ure S3G). At later time points (T3 and T4), the spike-specific

CD4+ T cells in vaccinees declined to be comparable with

COVID-19 patients (Figure S3G). The response to the dominant

epitope (S191) followed the same kinetics as the total CD4+

T cell response (Figure S3H). We also measured the CD4+ T cell

response to non-spike epitopes (ORF1ab = 2, M = 2, and N = 2)

in COVID-19 patients (Figures 4B and 4C) and found that they

were comparable with that of the spike epitopes (Figure 4D). The

CD4+ T cell response between COVID-19 patients (spike and

non-spike) and naive vaccinees (spike only) was comparable at

all time points except at T4 (Figure 4E). We did not observe any

difference in theCD4+Tcell activationbetweenCOVID-19patients

and naive vaccinees by AIM assay at the nominal peak (T2) after

vaccination (Figure 4F).

However, we saw a marked difference in memory CD4+ T cells

between the two cohorts. Although we saw higher frequencies of

antigen-specific CD4+ T cells in COVID-19 patients during late

convalescence (T4), there was a reduction in the total memory

CD4+ T cells at these time points (T3 and T4) compared with naive

vaccinees (Figure 4G). Analogous to the CD8+ T cell response,

mRNA vaccination resulted in the rapid recruitment of spike-spe-

cific effector CD4+ T cells (CD45RA+/�CCR7�) (Figure 4H).

The contraction of effector cells was concomitant with central

memory (CD45RA+CCR7�) spike-specificCD4+Tcells (Figure4H).
By contrast, natural infection resulted in amore evendistribution of

spike-specific CD4+ T cells across the effector (CD45RA�CCR7�)
andcentralmemory (CD45RA+CCR7�) subsets throughoutconva-
lescence (Figure 4H). Taken together, these results suggest differ-

ences in how CD8+ and CD4+ T cell responses are triggered by

SARS-CoV-2 infection versus BNT162b2 vaccination. Although

wecannot exclude thepossibilityof virus-specificTcell localization

in the lung during the course of infection for the noticeably lower

circulating spike-specific CD8+ T cells,33 this difference could

also be a consequence of the virus’s ability to dampen protective

host immuneresponsesvia the inhibitionofMHC-Iexpression.34–36

We also investigated the effect of mRNA vaccination in sub-

jects who had previously recovered from SARS-CoV-2 infection

(Figures 5A and 5B). Not surprisingly, the major response in

these individuals was to the spike epitopes (Figures 5C and

5D), which were 12.5-fold (at day 42) and 11.3-fold (at day 28)

higher than non-spike epitopes for CD8+ and CD4+ T cells,

respectively (Figures 5E and 5I).

As with SARS-CoV-2 naive individuals, the dominant CD8+

T cell response was against HLA-A*02:01/S691 and HLA-

B*40:01/S1016 (Figure 5C). However, the total peripheral CD8+

T cell response in convalescent individuals after vaccination

was 5.5-fold lower than naive vaccinees after the first dose

(day 21) (Figure 5F). Furthermore, we observedminimal boosting

of the CD8+ T cell response after the second dose of vaccination,

resulting in 7.3-fold lower CD8+ T cell levels in the circulation in

comparison to naive vaccinees at day 42 (Figure 5F). By

contrast, there was no dampening of specific CD4+ T cell

responses between the SARS-CoV-2 naive and pre-exposed in-

dividuals (Figure 5J). We also performed a detailed characteriza-

tion of the spike-specific CD8+ andCD4+ T cell response kinetics

in a subset of these individuals (Figure S5A). We noticed that the

previous infection did not affect the early spike-specific CD8+
Immunity 56, 1–15, April 11, 2023 7
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Figure 4. BNT162b2 vaccination and SARS-CoV-2 infection elicited CD4+ T cell response

(A) The experimental design to compare the epitope-specific CD4+ T cell response with BNT162b2 vaccine and SARS-CoV-2 infection. Samples matched for

comparison as shown. The number of subjects (n) is indicated.

(B) The eleven evaluated CD4+ T cell epitopes are mapped onto the SARS-CoV-2 genome.

(C) The magnitude of CD4+ T cell responses to SARS-CoV-2 epitopes in COVID-19 patients.

(D) The comparison of spike and non-spike-specific CD4+ T cell response in COVID-19 patients.

(E) The comparison of antigen-specific CD4+ T cell response to BNT162b2 vaccine and SARS-CoV-2 infection. Data in (C)–(E) are represented as mean ± range.

(F) Fraction of AIM+ CD4+ T cells in day 28 samples after spike MP, non-spike MP or DMSO stimulation. Data represented as mean ± SD.

(G) Total memory CD4+ T cell counts in vaccinees and patients. Data represented as mean ± range.

(H) Antigen-specific memory CD4+ T cell distribution in vaccinees and patients. Data represented as mean ± range. p values determined by Mann-Whitney test

with Holm-�Sı́dák method. See also Figures S3 and S4.
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T cell response (days 0–7) (Figure S5B). However, attenuation of

the circulating CD8+ response was apparent by day 21. The

boost in the CD8+ T cell response after the second dose was

minimal and could be due to faster response kinetics in conva-
8 Immunity 56, 1–15, April 11, 2023
lescent individuals in comparison to naive vaccinees as previ-

ously reported.37 This could also contribute to the difference in

the total CD8+ T cell response (spike and non-spike) that

was maximum at day 42 (Figure 5F). This difference in the
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Figure 5. Reduced peripheral vaccine-induced CD8+ T cell response in recovered COVID-19 patients

(A) The experimental design to study the CD8+ and CD4+ T cell responses to BNT162b2 vaccine in individuals recovered from previous COVID-19 infection.

Timeline indicating the collection of sequential blood samples from HLA-A*02:01, HLA-B*40:01 (days 21 and 42) and HLA-DRB1*15:01 (days 21 and 28)

recovered vaccinees. The number of donors (n) is indicated.

(B) Thirty-eight CD8+ T and eleven CD4+ T cell epitopes evaluated in this study are mapped onto the SARS-CoV-2 genome. The number of donors (n) is indicated.

(C) The magnitude of CD8+ T cell responses to SARS-CoV-2 epitopes in HLA-A*02:01 (red) and HLA-B*40:01 (yellow) donors.

(D) The magnitude of CD4+ T cell responses to SARS-CoV-2 epitopes in HLA-DRB1*15:01 donors. Data in (C) and (D) are represented as mean ± range.

(E) The comparison of spike and non-spike-specific HLA-A*02:01 (red) and HLA-B*40:01 (yellow) CD8+ T cell responses.

(legend continued on next page)

ll
OPEN ACCESSArticle

Immunity 56, 1–15, April 11, 2023 9

Please cite this article in press as: Gao et al., Spheromers reveal robust T cell responses to the Pfizer/BioNTech vaccine and attenuated peripheral
CD8+ T cell responses post SARS-CoV-2 infection, Immunity (2023), https://doi.org/10.1016/j.immuni.2023.03.005



ll
OPEN ACCESS Article

Please cite this article in press as: Gao et al., Spheromers reveal robust T cell responses to the Pfizer/BioNTech vaccine and attenuated peripheral
CD8+ T cell responses post SARS-CoV-2 infection, Immunity (2023), https://doi.org/10.1016/j.immuni.2023.03.005
spike-specific CD8+ T cell response was no longer significant

3 months after the first vaccination (Figure S5B). This suggests

that BNT162b2 vaccination can partially rescue the lower circu-

lating CD8+ T cell responses observed after SARS-CoV-2 infec-

tion. The decrease in the magnitude of circulating spike-specific

CD8+ T cells after vaccination in recovered COVID-19 patients

was also associated with reduced functionality. PBMCs (day

42) stimulated with spike peptides (S691 or S1016) had a

reduced capacity to produce cytokines such as IFNg, -a, and

IL-2 anddampened cytotoxic potential (GranzymeB) (Figure 5G).

They were also refractory to activation as seen by the lower

expression of multiple activation markers such as CD69,

CD137, CD38, and Ki-67, but not CD154 (Figure 5H). However,

we did not observe any impaired functionality of spike-specific

CD4+ T cell responses after vaccination (Figures 5K, 5L, and

S5C). Overall, our results show that SARS-CoV-2 infection

impairs CD8+ T cell responses to the BTN162b2 vaccine but

not CD4+ T cell responses.

Finally, the emergence of several new SARS-CoV-2 variants

raises the question of immune evasion. A high degree of func-

tional preservation is seen in memory T cell responses against

early SARS-CoV-2 variants by the AIM assay.38 In total, 84%

(CD4+) and 85% (CD8+) of the memory T cell response induced

on vaccination with theWu-1 strain is preserved against the Om-

icron variant (B.1.1.529).38 However, multiple lineages of the

Omicron (B.1.1.529) variant have since emerged that escape

from vaccine or infection-induced neutralizing antibodies.39

Therefore, we analyzed the conservation of predicted spike-

derived T cell epitopes from the Wu-1 strain across the SARS-

CoV-2 variants, including the subvariants BA.4 and BA.5

(Figures 6A–6C). Overall, the T cell epitopes are fairly conserved

across all the analyzed variants, with an average total conserva-

tion score of 90.3% and 90.8% for HLA-A*02:01 and HLA-

B*40:01, respectively (Figures 6A and 6B). The average total

conservation score for HLA-DRB1*15:01 restricted T cell epi-

topes was marginally lower (84.6%) (Figure 6C). The Omicron

subvariant BA.4 and BA.5 had the least conservation of

both CD8+ and CD4+ T cell epitopes compared with the Wu-1

strain (Figures 6A–6C). A total conservation of 88% for both

HLA-A*02:01 andHLA-B*40:01 T cell epitopeswas observed be-

tweenWu-1 andOmicron subvariants BA.4 and BA.5 (Figures 6A

and 6B), as opposed to only 74% for HLA-DRB1*15:01 (Fig-

ure 6C). These results indicate that continued virus evolution

could attenuate T cell responses. However, the epitopes we

tested in this study are fairly conserved across all variants

(Figures 6D–6F). The dominant epitopes, HLA-A*02:01/S691

and HLA-DRB1*15:01/S191, are completely conserved across

all analyzed variants including BA.4 and BA.5 (Figures 6D and

6E). HLA-B*40:01/S1016 is 97.6% conserved across all variants

(Figure 6F). Presently, the BQ and XBB subvariants of SARS-
(F) The comparison of HLA-A*02:01 (red) and HLA-B*40:01 (yellow) CD8+ T cell r

resented as mean ± range.

(G and H) Fraction of (G) cytokine producing and (H) AIM expressing T cells within

peptide stimulation (S691 and S1016, respectively).

(I) The comparison of spike and non-spike-specific CD4+ T cell response in reco

(J) The comparison of antigen-specific CD4+ T cell response to BNT162b2 vacci

(K and L) Fraction of (K) cytokine producing and (L) AIM expressing T cells within S1

values were determined by Mann-Whitney test with Holm-�Sı́dák method. See als
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CoV-2 Omicron are spreading rapidly across the globe, and their

neutralization by sera from vaccinees and infected individuals is

low.40 Even so, the dominant epitopes for HLA-A*02:01/S691,

HLA-B*40:01/S1016, and HLA-DRB1*15:01/S191 as described

here are completely conserved in these variants. In this context,

Poon et al. monitored the viral diversity in individuals after vacci-

nation and observed that T cell responses do not appear to have

a substantial impact on the emergence of these recent viral

variants.41

DISCUSSION

The SARS-CoV-2 pandemic has had an enormous health and

economic impact worldwide, and thus, a detailed investigation

of the mechanisms mediating the high efficacy of the novel

RNA vaccines3–5,8–12 is warranted and should help in the design

of vaccines against other pathogens. Using the spheromer

technology,15 we probed the kinetics and durability of epitope-

specific CD8+ and CD4+ T cell responses after mRNA vaccina-

tion in naive and COVID-19 patients. Spheromers can detect

�3- to 5-fold more specific T cells than tetramers.15 Here, we

analyzed the response to the BNT162b2 vaccine and observed

a rapid induction of CD8+ and CD4+ T cells, with an increase in

the total HLA-A*02:01 spike-specific response as early as day

1 after vaccination. Here, extending previous results with CD8

T cells,11 we surveyed multiple epitopes and also CD4+ T cell

specificities. Previously we found that the frequency of SARS-

CoV-2 specific CD8+ T cells in unexposed individuals correlates

with epitope conservation across seasonal hCoVs.15 We saw a

similar correlation in spike-specific CD8+ T cells and sequence

conservation prior to vaccination here, but by day 42 post

vaccination, there was only a weak correlation with epitope con-

servation. Specifically, the dominant CD8+ T cell response at the

nominal peak (day 42) was against HLA-A*02:01/S691 and HLA-

B*40:01/S1016 with frequencies of 7.5% and 3.1%, respec-

tively. These results suggest that mRNA vaccination can

efficiently induce a response to novel spike epitopes. Antonio

et al. found a high degree of structural convergence of

physico-chemical properties of A2/S691 peptide with the immu-

nodominant influenza virus matrix epitope (A2/M1) despite poor

sequence conservation.42 TCRs that are specific to both

influenza-M1 and SARS-CoV-2 antigens have also been re-

ported.43 This cross-reactivity may explain the higher response

we observed against A2/S691 in comparison to A2/S269.

Regarding the CD4+ T cell response, the dominant HLA-

DRB1*15/S191 epitope constituted 9.7% of all CD4+ T cells at

the nominal peak (day 28). This observation of a higher spike-

specific CD4+ T cell response compared with CD8+ T cells is

consistent with previous studies.3,4 However, in contrast to the

results from peptide pool stimulation,3 with pMHC spheromers,
esponses to BNT162b2 vaccine in naive and recovered vaccinees. Data rep-

S691/A*02:01 and S1016/B*40:01 specific CD8+ T cells (day 42 samples) after

vered vaccinees.

ne in naive and recovered vaccinees.

91/DRB*15:01 specific CD4+ T cells (day 28) after peptide stimulation (S191). p

o Figure S5.



Figure 6. T cell epitope conservation across SARS-CoV-2 variants

The fractional conservation of all predicted spike-derived T cell epitopes from the SARS-CoV-2 reference Wuhan-1 (Wu-1) strain against the indicated SARS-

CoV-2 variant for (A) HLA-A*02:01 (B) HLA-B*40:01 and (C) HLA-DRB1*15:01 are shown. The Pango lineage for each SARS-CoV-2 variant is also mentioned.

The fraction of spike epitopes from Wu-1 strain that are fully conserved in each SARS-CoV-2 variant is listed. The logograms show the conservation of all spike-

derived T cell epitopes tested in this study for (D) HLA-A*02:01, (E) HLA-B*40:01, and (F) HLA-DRB1*15:01. The mutated residues are colored and labeled

accordingly. An amino acid deletion is marked as ‘‘-.’’
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we found that the CD4+ and CD8+ responses did not follow the

same kinetics. The CD4+ T cell kinetics were synchronous with

the spike-specific antibody response, with the peak at day 28

(1 week after the second dose), followed by a contraction. By

contrast, we observed a steady increase in the antigen-specific

CD8+ T cell response all the way up to day 42 (3 weeks after the

second dose). This discordance is unusual compared with other

studies where both CD4+ and CD8+ responses peak in the blood

about 6–8 days after stimulation in amemory response.17–20 This

may be due to the distinct features of the mRNA vaccine plat-

form. This prolonged induction of CD8+ T cells after vaccination

may also relate to the striking increase in IFNg levels observed

after the second dose of BNT162b2 vaccine3,44 as opposed to

an earlier cytokine surge observed with other vaccines. Although

the frequency of spike-specific CD8+ and CD4+ T cells in circu-

lation decreased with time in comparison to the peak levels,

they were still detectable 3–4 months after vaccination, indi-

cating a durable T cell response. An elegant study by Mudd
et al.10 shows the persistence of spike-specific T follicular helper

cells (DP4/S167) in the lymph nodes at a relatively higher fre-

quency in comparison to peripheral circulation at matched

time points. The considerable longitudinal sampling of vaccinees

further allowed us to study the development of T cell memory.

Although we observed differences in the magnitude of response

to distinct spike epitopes, the formation of CD8+ and CD4+ T cell

memory after vaccination was quite similar across different

epitopes. Overall, there was an increase in antigen-specific

effector T cells (CCR7-CD45RA+/�) by day 21 that contracted

to nearly pre-vaccination levels by day 90. Concomitantly, the

spike-specific T cells in circulation after 3–4 months after

vaccination exhibited a central memory phenotype (CCR7+-

CD45RA�). This is important since a stable memory pool could

effectively protect against future SARS-CoV-2 infections by their

rapid recruitment in the immune response.

We also compared T cell responses after vaccination with natu-

ral infection. We found that the circulating antigen-specific CD8+
Immunity 56, 1–15, April 11, 2023 11
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T cell response was much lower in SARS-CoV-2 infection versus

vaccination. Specifically, the nominal peak after vaccination was

10.6-fold higher than that in infected individuals and decreased

to 4.3-fold at 4 months after vaccination for spike-specific re-

sponses. We also observed a skewing in the preferred CD8+

T cell epitopes targeted after infection in comparison to vaccina-

tion, with the maximal spike response against HLA-A*02:01/

S976 with a median frequency of 0.25% at peak. The difference

in preferred spike specificities between the two cohorts is likely

due to the differences in antigen localization, processing, and pre-

sentation after infection versus vaccination. The infection-induced

spike-specific CD4+ T cell response in circulation was marginally

reduced (3.3-fold) at the peak in comparison to vaccination, but

no difference was observed in the total (spike and non-spike)

CD4+ T cell frequencies. This marginal reduction in the spike-spe-

cific peripheral CD4+ T cells could explain the lower antibody titers

observed in individuals experiencing mild symptoms after SARS-

CoV-2 infection in comparison to the post-vaccination antibody ti-

ters observed in SARS-CoV-2 naive vaccinees.45 Themigration of

virus-specific Tcells after infection to the respiratory tract33 or lym-

phopenia after SARS-CoV-2 infection46 can also cause lower

spike-specific T cells in the periphery. We suggest that this may

also be a consequence of the virus’s strategy to escape host de-

fense by specifically inhibiting the MHC-I expression, as reported

recently.34–36 Here, we were only able to analyze peripheral T cell

responses, as is a typical limitation of human studies. A recent

study using pMHC multimers did not observe any difference in

the frequency of SARS-CoV-2-specific CD8+ T cells between in-

fected and vaccinated individuals.9 We speculate that this could

be a combined effect of the different specificities and time points

used, both crucial factors as shown here. We also observed that

spike-specific CD8+ T cells induced after infection exhibited an

effector phenotype even 5 months after symptom onset. This

could be a consequence of viral persistence.47 We suggest that

chronic activation probably leads to reduced virus-specific mem-

oryCD8+Tcells incomparison toBNT162b2vaccination.Thismay

contribute to the increased prevalence of breakthrough SARS-

CoV-2 infection in COVID-19 patients compared with vaccinees

seen in some studies. Eggink et al., observed an increased risk

of Omicron infection in previously infected individuals (odds ratio

[OR]: 4.2; 95% confidence interval [CI]: 3.8–4.7) compared with

naive vaccinated individuals. The OR of Omicron infection among

vaccinated individualswas3.6 (95%CI: 3.4–3.7). This is incontrast

to susceptibility to infection by other SARS-CoV-2 variants.48 In

another study evaluating protection conferred bymRNA vaccines

and previous infection against Omicron in a prison cohort (a high-

risk population), the authors observed higher levels of effective-

ness from vaccination among staff in comparison to previous

infection. However, no difference was observed in the inmates.49

However, it is important to note that these results are contrary to

that observedbyAltarawneh et al.50 They observed a higher effec-

tiveness of previous infection (alone) against symptomatic BA.2

infection in comparison to two doses of BNT162b2mRNAvaccine

(>6 months before infection) in naive individuals.

We also analyzed the impact of previous SARS-CoV-2 infec-

tions on BNT162b2 vaccine-induced T cell responses. Previous

studies found no deficit in neutralizing antibody titers to the

ancestral Wuhan-Hu-1 SARS-CoV-2 strain after vaccination in

pre-exposed individuals.5 Accordingly, we observed no effect
12 Immunity 56, 1–15, April 11, 2023
on the CD4+ T cell response. However, we did observe a major

reduction in both the magnitude and functionality of peak

CD8+ T cell responses in previously infected individuals after

vaccination. This could be a result of the disproportionate effect

of infection on the CD8+ T cell compartment in comparison to

CD4+ T cells, as discussed previously. The deterioration of

CD8+ T cell function is seen in patients with active viral infections

that had been either eliminated, in the case of HCV or greatly

reduced (HIV).51 This dysfunction persists for a year ormore after

the active phase of infection, suggesting lasting damage, despite

the absence or near absence of the relevant virus. In this context,

it may be that these attenuated CD8+ T cell responses contribute

to long COVID, perhaps rendering patients unable to respond

robustly to subsequent infections by SARS-CoV-2 variants or

other pathogens. Another factor that could contribute to the

lower circulating spike-specific T cells in convalescent individ-

uals could be due to the reduced immunogenicity of the mRNA

vaccine resulting from antigen sequestration mediated by infec-

tion-induced antibodies in circulation. Previous studies52,53 have

reported higher levels of T cell responsiveness after spike pep-

tide pool stimulation in vaccinated individuals undergoing treat-

ment with anti-CD20 antibody monotherapy or anti-CD19 CAR T

that result in lower spike-specific antibodies in comparison to

healthy individuals.

Finally, we evaluated the conservation of spike-derived T cell

epitopes evaluated in this study across SARS-CoV-2 variants.

The dominant epitopes identified here are almost completely

conserved, including in the BA.4 and BA.5 subvariants. This can

be critical since a reduction in the neutralizing antibody titer in

comparison to the referenceWu-1 isolate is seenwith theOmicron

subvariants even after the administration of a booster dose (3rd

vaccine dose).39 The neutralizing antibody titer is lower by a factor

of 6.4, 7.0, and 14.1 against BA.1, BA.2, and BA.2.12.1

subvariants, respectively. Furthermore, a 21-fold reduction in the

neutralizing antibody titer is seen against the BA.4 and BA.5.

Considering this continued viral evolution, the identification of

conserved, dominant T cell epitopes as reported here may facili-

tate themuch-needed development of pan-coronavirus vaccines.

In summary, our study elucidates the magnitude, diversity,

and kinetics of specific CD4+ and CD8+ T cell responses after

BNT162b2 vaccination, and the effects of SARS-CoV-2 infection

on these responses. It will be interesting to see whether some of

the characteristics we see here are common features of RNA

vaccines to other pathogens. In addition, the apparent damage

of the CD8+ T cell response by viral infection is cause for concern

andmay leave even vaccinated individuals with a previous infec-

tion at risk for subsequent infections or other health issues.

Limitations of the study
Our studyhas limitations in thatwemeasuredonly peripheral T cell

responses, and differential tissue localization of immune cells after

mRNA vaccination and SARS-CoV-2 infection can contribute to

the differences observed between the cohorts. We speculate

that virus-inducedMHC-I suppression drives the specific attenua-

tion ofCD8+ T cell responses after infection, but other factors such

as differential kinetics and spike antigenicity in pre-exposed

individuals can also affect CD8+ T cell responses in convalescent

individuals. Future studies are warranted to delineate the relative

impact of these factors. Finally, although we used a large panel
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of forty-nine epitopes to characterize the SARS-CoV-2-specific

T cell responses, this is not exhaustive, and other epitopes might

conceivably yield different results.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD14 BioLegend Cat# 367123; RRID:AB_2716228

anti-CD19 BioLegend Cat# 363020; RRID:AB_2564229

anti-CD33 BioLegend Cat# 366609; RRID:AB_2566402

anti-gdTCR BioLegend Cat# 331220; RRID:AB_2564275

anti-CD3 BioLegend Cat# 300406; RRID:AB_314060

anti-CD8 BD Biosciences Cat# 563795; RRID:AB_2722501

anti-CD4 BioLegend Cat# 300553; RRID:AB_2564381

anti-CCR7 BioLegend Cat# 353236; RRID:AB_2563641

anti-CD45RA BioLegend Cat# 304138; RRID:AB_2563815

anti-CD28 BD Biosciences Cat# 555726; RRID:AB_396069

anti-CD49d BD Biosciences Cat# 555501; RRID:AB_2130052

anti-CXCR3 BD Biosciences Cat# 557184; RRID:AB_396595

anti-CXCR5 BD Biosciences Cat# 552032; RRID:AB_394324

anti-IL2 Biolegend Cat# 500332; RRID:AB_2563877

anti-TNFa Creative Diagnostics Cat# CABT-WN1553; RRID:AB_2460295

anti-IFNg BD Biosciences Cat# 340452; RRID:AB_400428

anti-GranZB Biolegend Cat# 372211; RRID:AB_2728378

anti-CD69 Biolegend Cat# 310922; RRID:AB_493775

anti-CD154 Biolegend Cat# 310823; RRID:AB_10933251

anti-CD137 Biolegend Cat# 309833; RRID:AB_2734279

anti-CD38 Thermo Fisher Scientific Cat# 15-0389-41; RRID:AB_1834382

anti-Ki-67 BD Biosciences Cat# 563756; RRID:AB_2732007

Biological samples

PBMC samples from BNT162b2 vaccine donors Stanford Good Clinical Practice IRB 8629

PBMC samples from COVID-19 patient Stanford Occupational Health IRB 55689 and IRB 55619

PBMC samples from COVID-19 recovered

BNT162b2 vaccinated donors

Stanford Good Clinical Practice

and Stanford Occupational Health

IRB 8629, IRB 55689,

and IRB 55619

Chemicals, peptides, and recombinant proteins

Human TruStain FcX BioLegend #422302

Benzonase nuclease Millipore Sigma #71206

MHC-I monomer NIH tetramer facility core HLA-A*02:01 and HLA-B*40:01

MHC-II monomer NIH tetramer facility core HLA-DRB1*15:01

Peptides (synthesized to 95% purity) Elim Biopharm Sequences shown in Table S1

Streptavidin PE-Cyanine7 Conjugate Thermo Fisher Scientific # 25-4317-82

Streptavidin PE Conjugate Thermo Fisher Scientific #12-4317-87

Streptavidin eFluor� 450 Conjugate Thermo Fisher Scientific #48-4317-82

Streptavidin Alexa Fluor� 647 conjugate Thermo Fisher Scientific #S21374

Streptavidin Brilliant Violet 711 conjugate BioLegend #405241

Streptavidin Brilliant Violet 785 conjugate BioLegend #405249

Streptavidin PE/Dazzle 594 conjugate BioLegend #405247

Cytofix/cytoperm buffer BD Biosciences #554714

Perm/wash buffer BD Biosciences #554723

Brefeldin-A solution Thermo Fisher Scientific #00-4506-51

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

anti-FITC microbeads Miltenyi Biotec #130-048-701

Live/dead fixable aqua dead cell stain kit Invitrogen #L34957

Software and algorithms

GraphPad Prism 8 GraphPad software https://www.graphpad.com/

scientificsoftware/prism/

UMAP code package R studio N/A

FlowJo 10 BD https://www.flowjo.com/

IEDB IEDB website http://tools.iedb.org/

SYFPEITHI SYFPEITHI website http://www.syfpeithi.de/

MARIA MARIA Stanford https://maria.stanford.edu/

about.php

Other

RPMI 1640 media Thermo Fisher Scientific #11875085

Fetal Bovine Serum R&D Systems S11150

FACS tube with 70-mm mesh cap ThermoFisher Scientific #08-771-23

30K Amicon tubes Millipore #UFC903024

70mm cell strainer Corning 07-201-431

anti-FITC microbeads Miltenyi Biotec 130-048-701

96-well plates Corning #3916
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mark. M.

Davis (mmdavis@stanford.edu).

Materials availability
Upon specific request and execution of a material transfer agreement (MTA) from School of Medicine, Stanford University to the lead

contact, the peptide-MHC spheromer reagents will be made available.

Data and code availability
The data supporting the findings of this study are available within the published article and summarized in the corresponding tables,

figures, and supplemental materials. Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human blood sample collection
The BNT162b2 vaccine donors were recruited for the study with informed consent. The study was approved by the Stanford Univer-

sity Institutional Review Board (IRB 8629) and was conducted with full compliance of Good Clinical Practice as per the Code of

Federal Regulations. Part of the COVID-19 patient peripheral blood mononuclear cells (PBMCs) sample collection for this study

was done at the Stanford Occupational Health under an IRB approved protocol (Protocol Director, Kari C. Nadeau). We obtained

samples from adults who had a positive test result for the SARS-CoV-2 virus from an analysis of their nasopharyngeal swab spec-

imens obtained at any point from March 2020 - June 2020. Stanford Health Care clinical laboratory developed internal testing capa-

bility with a reverse-transcriptase based polymerase-chain-reaction assay (RT-PCR). All participants consented prior to enrolling in

the study. The other COVID-19 patient samples used were from 109 participants enrolled in a Phase 2, single-blind, randomized

placebo-controlled trial evaluating the efficacy of Peginterferon Lambda-1a in SARS-CoV-2 infected outpatients.21,22 The trial

was registered at ClinicalTrials.gov (NCT04331899) and was performed as an investigator-initiated clinical trial with the FDA (IND

419217). In brief, symptomatic outpatients aged 18–71 who tested positive for reverse transcription-polymerase chain reaction

(RT-PCR) detection of SARS-CoV-2 within 72 h of enrollment were eligible to participate in the study barring any signs of respiratory

distress. Asymptomatic patients were eligible if they had not previously had a positive SARS-CoV-2 test. Full eligibility and exclusion

criteria are provided in the study protocol and have been published.21,22 PBMC samples from healthy donors were obtained from the

Stanford Blood Center according to our IRB approved protocol. All healthy donor samples used in the current study were collected

between April 2018 to Feb 2019 before the SARS-CoV-2 pandemic.
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METHOD DETAILS

Assembly of pMHC-spheromers
A novel multimeric ab T cell staining reagent, spheromer, that we reported recently was used to analyze the epitope-specific CD8+

and CD4+ T cell responses.15 The MHC protein purification and peptide exchange were conducted as previously described.54,55 The

list of peptides used in this study are provided in Table S1. The peptides evaluated in our study were chosen based on a combination

of the following criteria: literature search,6,9–12,15,23–26 bioinformatic analysis, and MHC stabilization assay. A total of 49 peptides

across the entire SARS-CoV-2 genome (SARS-CoV-2/USA/WA-CDC-WA1/2020; Wu-1 strain) were profiled in this study. Briefly,

a preliminary list was curated using a combination of previous studies6,9–12,15,23–26 and predicted binding affinities using the immune

epitope database and analysis resource (IEDB) recommendations (http://tools.iedb.org/).28 Peptides identified from a literature

search were included for further analysis only if they were predicted as ‘‘strong’’ binders using the IEDB recommended allele-specific

affinity cutoff (HLA-A*02:01 – 255nM and HLA-B*40:01 – 639nM). For HLA-DRB1*15:01, peptides were selected based on a

consensus percentile rank of %10%. Next, we cross-validated these ‘hits’ using the SYFPEITHI29 and MARIA27 algorithms.

MARIA is a deep learning-based algorithm that reportedly outperforms existing prediction methods. Furthermore, amino acids at an-

chor positions were given higher weights. We also used anMHC stabilization assay to experimentally validate the binding of peptides

to ectopically expressed MHC molecules in antigen processing (TAP)–deficient T2 cell lines. Accordingly, we built a broad panel of

SARS-CoV-2 peptides (CD8 – spike = 14, non-spike = 24; CD4 – spike = 5, non-spike = 6) representing a wide range of sequence

conservation across seasonal human coronaviruses. This enabled us to compare the epitope-specific response kinetics between

infection and vaccination, and evaluate the contribution of pre-existing, cross-reactive T cells. The Pfizer/BioNTech BNT162b2

vaccine has two proline mutations (K986P and V987P) to stabilize the spike protein. The engineered maxi-ferritin scaffold was

also purified as described previously15 and used spheromer assembly. In brief, the assembly was performed in two steps: 1)

Generation of a semi-saturated SAv-pMHC2 complex, and 2) Conjugation of SAv-pMHC2 to the functionalized maxi-ferritin scaffold.

SAv-pMHC2 was obtained by incubating 1 mM of the pMHC with 0.45 mM of SAv at 25�C for 30 min without agitation. Subsequently,

the spheromer complex was assembled by incubating SAv-pMHC2 with the functionalized scaffold for 1h at room temperature with

mild rotation. The fluorophore-conjugated SAv was sourced from Invitrogen. For the simultaneous detection of multiple SARS-CoV-2

spike epitopes using the spheromer technology, we adapted a combinatorial staining approach developed previously.30 Briefly, each

peptide was assigned a unique fluorophore-barcode that allows the simultaneous detection of 2n-1 specificities in a sample, where n

is the number of distinct fluorophore labels. The relative concentrations for pMHCmonomers associated with each fluorophore label

was experimentally determined.

PBMC staining and flow cytometry
PBMCs were thawed in a water bath set at 37�C and the cells were immediately transferred to warm RPMI media (Thermo Fisher

Scientific) supplemented with 10% FBS (R&D Systems) and 100U/ml of penicillin-streptomycin. After washing, the cells were filtered

using a 70mm cell strainer and rested for 1h at 37�C. T cells were enriched from PBMCs by negative selection using a FITC-conju-

gated antibody cocktail including anti-CD14 (Clone HCD14, BioLegend), anti-CD19 (Clone HIB19, BioLegend), anti-CD33 (Clone

HIM3-4, BioLegend) and anti-gd TCR (Clone 5A6.E9, ThermoFisher Scientific) followed by magnetic bead depletion using anti-

FITC microbeads (Miltenyi Biotec). The enriched T cells were washed and resuspended in FACS buffer for staining. All spheromer

staining was done for 1h after incubating the cells with Human TruStain FcX (BioLegend) for 15 min on ice. The spheromer were

used at a monomeric concentration of�100nM and�500nM for the staining of CD8+ T cells and CD4+ T cells, respectively. The cells

were subsequently stained with anti-CD19 (BV510, clone HIB19), anti-gdTCR (BV510, clone B1), anti-CD33 (BV510, clone HIM3-4),

anti-CD3 (PE/Cyanine7, clone OKT3), anti-CD8 (BUV396, clone RPA-T8, BD Biosciences), anti-CD4 (BV785, clone RPA-T4), anti-

CCR7 (PE/Dazzle 594, clone G043H7), anti-CD45RA (BV711, clone HI100) and an amine-reactive viability stain (Live/dead fixable

aqua dead cell stain kit; Invitrogen) for 30 min on ice, washed, resuspended in FACS buffer and acquired on a BD LSRII flow cytom-

eter. The data was analyzed using FlowJo (v10) software.

Peptide mega pool (MP) and single peptide stimulation
Frozen PBMCs were thawed, counted, and resuspended at a density of 15 million live cells per ml in complete RPMI (RPMI with 10%

FBS (Gibco) and antibiotics). 100 ml of cell suspension containing 1.5 million cells was added to each well of a 96-well round-

bottomed tissue culture plate. The cells were rested overnight at 37 �C in a CO2 incubator. The next morning, each sample was

treated with peptide mega pool (1 mg/ml of each peptide) or single peptide (5 mg/ml) or 0.5% v/v DMSO as negative control in the

presence of 1 mg/ml of anti-CD28 (clone CD28.2, BD Biosciences), anti-CD49d (clone 9F10, BD Biosciences), anti-CXCR3 (clone

1C6, BD Biosciences) and anti-CXCR5 (clone RF8B2, BD Biosciences). Peptides were synthesized to 95% purity (Elim Biopharm).

All wells contained 0.5% v/v DMSO in total volume of 200 ml per well. The samples were incubated at 37 �C in CO2 incubators for 2 h,

and then 10 mg/ml brefeldin-A was added. The cells were further incubated for 6-8 h.

Intracellular cytokine staining (ICS) assay
After peptide stimulation, the cells were washed with PBS containing 5% FCS and stained with amine-reactive viability stain (Live/

dead fixable aqua dead cell stain kit; Invitrogen) for 30 min at 4�C. After washing, pMHC-spheromers were added to screen the

epitope-specific CD8+ and CD4+ T cells. The samples were stained for 30 min at 4�C in 100 ml volume. After spheromer staining,
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the cells were washed, fixed and permeabilized with cytofix/cytoperm buffer (BD Biosciences) for 20 min. The permeabilized cells

were stained with ICS antibodies (anti-IL2 (clone MQ1-17H12, Biolegend), anti-TNFa (clone Mab11, BD Biosciences), anti-IFNg

(clone B27, BD Biosciences) and anti-GranZB (clone QA16A02, Biolegend)) for 20 min at room temperature in 1X perm/wash buffer

(BD Biosciences). Cells were then washed twice with perm/wash buffer and once with staining buffer before acquisition using BD

LSRII flow cytometer. The data was analyzed using FlowJo (v10) software.

Activation induced marker (AIM) assay
After peptide stimulation, the cells were washed with PBS containing 5% FCS and stained with amine-reactive viability stain (Live/

dead fixable aqua dead cell stain kit; Invitrogen) for 30 min at 4�C. After washing, pMHC-spheromers were added to screen the

epitope-specific CD8+ and CD4+ T cells. Meanwhile, the antibody cocktail was added for AIM staining (anti-CD69 (clone FN50,

Biolegend), anti-CD154 (clone 24-31, Biolegend), anti-CD137 (clone 4B4-1, Biolegend), anti-CD38 (clone HIT2, BD Biosciences)

and anti-Ki-67 (clone B56, BD Biosciences)). The cells were stained for 30 min at 4�C in 100ml volume.

Cells were then washed twice with staining buffer before acquisition using BD LSRII flow cytometer. The data was analyzed using

FlowJo (v10) software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8, GraphPad Software, San Diego, California, USA. We performed ameta-

analysis to combine the p-values from individual hypothesis tests to assess the significance of the overall distribution. Data were

considered statistically significant when p < 0.05. Dimensionality reduction analysis were also performed in R. UMAP to visualize

multiparametric flow cytometry data was generated using the ‘‘umap’’ package. The statistical details for each experiment are pro-

vided in the associated figure legends.
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