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SUMMARY
The emergence of SARS-CoV-2 variants with evidence of antibody escape highlight the importance of
addressing whether the total CD4+ and CD8+ T cell recognition is also affected. Here, we compare SARS-
CoV-2-specific CD4+ and CD8+ T cells against the B.1.1.7, B.1.351, P.1, and CAL.20C lineages in COVID-19
convalescents and in recipients of theModerna (mRNA-1273) or Pfizer/BioNTech (BNT162b2) COVID-19 vac-
cines. The total reactivity against SARS-CoV-2 variants is similar in terms of magnitude and frequency of
response, with decreases in the 10%–22% range observed in some assay/VOC combinations. A total of 7%
and 3% of previously identified CD4+ and CD8+ T cell epitopes, respectively, are affected by mutations in
the various VOCs. Thus, the SARS-CoV-2 variants analyzed here do not significantly disrupt the total SARS-
CoV-2 T cell reactivity; however, the decreases observed highlight the importance for active monitoring of
T cell reactivity in the context of SARS-CoV-2 evolution.
INTRODUCTION

The emergenceof several severe acute respiratory syndrome-co-

ronavirus-2 (SARS-CoV-2) variantsof concern (VOC)withmultiple

amino acid replacements has implications for the future control of

the coronavirus disease 2019 (COVID-19) pandemic.1–4 VOCs

include the United Kingdom (UK) variant 501Y.V1 lineage

B.1.1.7,3 the South Africa (SA) variant 501Y.V2 lineage B.1.351,4

theBR (Brazilian) variant 501Y.V3 lineageP.1,5,6 and theCalifornia

(CA) variantCAL.20C lineagesB.1.427–429.7,8 TheB.1.1.7variant

is associated with increased transmissibility,9,10 and similar

epidemiological observations have been reported for the SA

and BR variants.4,5

Themutations of greatest concern are present in the viral spike

(S) protein and include notable mutations in the receptor-binding

domain (RBD), the N-terminal domain (NTD), and the furin cleav-

age site region. Several of the RBD mutations directly affect

angiotensin-converting enzyme 2 (ACE2) receptor-binding affin-

ity, whichmay affect infectivity, viral load, or transmissibility.11–14

Multiple mutations were also noted in regions bound by neutral-

izing antibodies, so it is crucial to address the extent to which
Cell R
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mutations associated with the variants may affect immunity

induced by either SARS-CoV-2 infection or vaccination.

Numerous reports address the effect of variant spike (S) muta-

tions on antibody binding and function.11,14–23 In general, the

impact of B.1.1.7 mutations on neutralizing antibody titers is

moderate.15–18,20,24 In contrast, mutations in B.1.351 and P.1

variants are associated with the more pronounced loss of

neutralizing capacity.15,16,22,23,25 Concerning vaccination re-

sponses, the AstraZeneca ChAdOx1 vaccine has been associ-

ated with a partial loss of neutralizing antibody activity against

B.1.1.715 and a large loss of neutralizing activity against

B.1.351.26 ChAdOx1 maintains efficacy against B.1.1.724,27 but

has a major loss in efficacy against mild COVID-19 with the

B.1.351 variant.26 Current epidemiological evidence is that the

BNT162b2 Pfizer/BioNTech COVID-19 vaccine retains its effi-

cacy against B.1.1.7 in the UK24 and in reports from Israel.28,29

The Novavax COVID-19 vaccine (NVX-CoV2373) has differential

protective immunity against the parental strain, B.1.1.7, and

B.1.351 in clinical trials (96%, 86%, and 60%, respectively),30

whereas the Janssen Ad26.COV2.S 1-dose COVID-19 vaccine

has relatively similar protection for moderate COVID-19 against
eports Medicine 2, 100355, July 20, 2021 ª 2021 The Author(s). 1
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both the ancestral strain and B.1.351 (72% and 64%,

respectively).31,32

Several lines of evidence suggest that CD4+ and CD8+ T cell

responses play important roles in the resolution of SARS-CoV-

2 infection and COVID-19,33 including modulating disease

severity in humans34,35 and reducing viral loads in non-human

primates.36 Furthermore, individuals with agammaglobulinemia

or pharmaceutical depletion of B cells generally experience an

uncomplicated COVID-19 disease course.33,37,38 Robust CD4+

and CD8+ T cell memory is induced after COVID-19,22,39–41

and multiple COVID-19 vaccines elicit CD4+ and CD8+ T cell re-

sponses.26,42–45 It is therefore key to address the potential

impact of mutations associated with SARS-CoV-2 variants on

T cell reactivity; however, few data are available on this topic.46

Here, we take a combined experimental and bioinformatics

approach to address T cell reactivity to SARS-CoV-2 VOCs.

We directly assess T cell responses from individuals recovered

from COVID-19 and T cell responses from recent Moderna

mRNA-1273 or Pfizer/BioNTech BNT162b2 vaccinees for their

capacity to recognize peptides derived from the ancestral refer-

ence sequence and the B.1.1.7, B1.351, P.1, and CAL.20C var-

iants. As a complementary approach, bioinformatics analyses

were used to predict the impact of mutations in the VOCs with

sets of previously reported CD4+ and CD8+ T cell epitopes

derived from the ancestral reference sequence.

RESULTS

Sequence analysis and peptide pool generation
As a first step, wemapped the specificmutations (amino acid re-

placements and deletions) of the main current VOCs, including

B.1.1.7, B1.351, P.1, and CAL.20C, as compared to the SARS-

CoV-2 Wuhan ancestral sequence (NCBI: NC_045512.2) (Table

S1). Then, we synthesized the corresponding peptides associ-

ated with the different variants and generated new peptide pools

(megapools [MPs]) spanning the full genome sequences of the

ancestral Wuhan strain and the respective B.1.1.7, B1.351, P.1,

and CAL.20C variants (Table S2). As described below, the result-

ing peptide pools were assessed for their capacity to be recog-

nized by memory T cell responses derived from natural infection

in convalescents and vaccinees, and responses to the variant

and ancestral genome antigen-specific pools were compared.

Cohorts of COVID-19 convalescent, vaccinees, and
unexposed controls
We selected three donor cohorts to investigate T cell reactivity

against VOCs. Our convalescent donors were adults ranging

from 20 to 67 years of age (median 38); 43% were male and

57% were female (Table 1). SARS-CoV-2 infection in these do-

nors was determined by PCR-based testing during the acute

phase of their infection, if available (46% of the cases), and/or

seropositivity determined by plasma SARS-CoV-2 S protein

RBD immunoglobulin G (IgG) ELISA (Figure S1A). From these do-

nors, peripheral blood mononuclear cell (PBMC) samples were

collected between May and October 2020, a period when none

of the VOCs analyzed were prevalent in the San Diego, Califor-

nia, area, where the donations from convalescent donors were

obtained. The convalescent donor samples reflect the local
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ethnic demographics (81% non-Hispanic white). The peak of

COVID-19 severity was representative of the distribution

observed in the general population, with a prevalence of mild

cases (86% of the cohort analyzed).

From the vaccinated donors, we collected PBMCs after recent

vaccination with the Moderna mRNA-1273 or the Pfizer/Bio-

NTech BNT162b2 vaccines, �14 days following second dose

administration (Table 1). These donors ranged in age from 23

to 67 years (median 47); 31% were male and 69% were female.

All of the vaccinees had RBD IgG titers indicative of vaccination

(Figure S1A).

PBMCs from unexposed donors were collected between May

2014 and March 2018 or in the March–May 2020 period, and

were seronegative for RBD IgG. The unexposed donors ranged

from 21 to 82 years old (median 34); 35% were male and 56%

were female, while 9% were unknown (Table 1).

CD4+ and CD8+ T cell reactivity against ancestral S
We previously described the use of activation-induced marker

(AIM) assays to measure CD4+ and CD8+ T cell responses to

pools of overlapping peptides spanning SARS-CoV-2 anti-

gens.34,39,47,48 Here, we used the same AIM techniques using

OX40+CD137+ and CD69+CD137+ markers for CD4+ and CD8+

T cell reactivity, respectively.

We compared the CD4+ and CD8+ T cell reactivity of the three

cohorts against SARS-CoV-2 S by AIM and FluoroSPOT assays.

The T cell responses to the ancestral S MP were significantly

higher than the DMSO controls in unexposed (p < 0.0001 for

CD4, p = 0.0063 for CD8, and p = 0.0036 for spot-forming cells

[SFCs]/106 PBMCs by the Wilcoxon test), convalescent (p <

0.0001 for CD4, p < 0.0001 for CD8, and p = 0.0008 for SFC/106

PBMCs by the Wilcoxon test), and vaccinated donors (p <

0.0001 for CD4, p < 0.0001 for CD8, and p < 0.0001 for SFC/106

PBMCs by the Wilcoxon test) (Figures S1B–S1D).

When the AIM responses in the different donor cohorts were

compared, we found significantly higher reactivity in COVID-19

convalescents compared to unexposed individuals (CD4: p <

0.0001; CD8: p < 0.0001 by the Mann-Whitney test) (Figures

S1E and S1F), with 93% and 39% of donors positive (responses

above the threshold of positivity as described in Method details)

for CD4+ and CD8+ T cell responses, respectively. These rates of

positivity are similar to what was observed in a previous study

that analyzed responses to peptides spanning the whole

SARS-CoV-2 proteome over a similar range of post-symptom

onset (PSO) days,39 in which 93% and 50% positivity rates

were observed for CD4+ and CD8+ T cells, respectively. Like-

wise, the responses observed in the S MP in vaccinated donors

were significantly higher than in unexposed donors (CD4: p <

0.0001; CD8: p < 0.0001 by Mann-Whitney test), with 100%

and 48% of donors positive for CD4 and CD8 responses,

respectively (Figures S1E and S1F).

With an interferon-g (IFN-g) FluoroSPOT assay, IFN-g T cell re-

sponses were detected in 17%, 50%, and 76% of unexposed,

convalescent, and vaccinated donors, respectively (unexposed

versus convalescent: p = 0.019; unexposed versus vaccinees:

p < 0.0001 by the Mann-Whitney test) (Figure S1G). These donor

T cell responses provided the benchmarks for subsequent

assessment of the impact of VOC mutations.



Table 1. Characteristics of donor cohorts

COVID-19 (n = 28) Vaccinees (n = 29) Unexposed (n = 23)

Age, y 20–67 (median = 38, IQR = 32) 23–67 (median = 47, IQR = 36) 21–82 (median = 34, IQR = 24)

Gender, %

Male 43 (12/28) 31 (9/29) 35 (8/23)

Female 57 (16/28) 69 (20/29) 56 (13/23)

Unknown 0 (0/28) 0 (0/29) 9 (2/23)

Sample collection date May–October 2020 January–March 2021 May 2014–March 2018 (13/23)

March–May 2020 (10/23)

SARS-CoV-2 PCR, % positive 92 (12/13) N/A N/A

not tested 54 (15/28)

S RBD IgG+ (%) 96 (27/28) 100 (29/29) 0 (10/10, collected in 2020)

Peak disease severity, %a

Mild 86 (24/28) N/A N/A

Moderate 14 (4/28)

Severe 0 (0/28)

Critical 0 (0/28)

Race-ethnicity, %

White—not Hispanic or Latino 81 (23/28) 52 (15/29) 43 (10/23)

Hispanic or Latino 4 (1/28) 10 (3/29) 9 (2/23)

Asian 7 (2/28) 38 (11/29) 26 (6/23)

American Indian/Alaska Native 0 (0/28) 0 (0/29) 0 (0/23)

Black or African American 0 (0/28) 0 (0/29) 9 (2/23)

>1 race 4 (1/28) 0 (0/29) 4 (1/23)

Not reported 4 (1/28) 0 (0/29) 9 (2/23)

Days at collection 38–163 (28/28)

(median = 78, IQR = 50)b
13–30 (14/29) Pfizer N/A

12–16 (15/29) Moderna

(median = 14, IQR = 14)c

aAccording to World Health Organization criteria.
bPost-symptom onset.
c2nd dose of vaccine.
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CD4+ and CD8+ T cell reactivity against VOC S protein
We measured the CD4+ and CD8+ T cell responses to S MPs

derived from the ancestral strain and corresponding MPs repre-

senting theB.1.1.7,B1.351,P.1, andCAL.20Cvariants.As shown

in Figures 1A–1C, good CD4+ and CD8+ T cell reactivity was

observed in convalescent donors with peptides spanning the S

protein of the ancestral Wuhan sequence and the corresponding

variant S peptides. Geomean S-specific responses ranged from

0.07 to 0.08 for CD4+ T cells and 0.08 to 0.10 for CD8+ T cells.

No significant difference was observed between the ancestral

and VOC S peptide pools (CD4: B.1.1.7 p = 0.17; B.1.351 p =

0.30; P.1 p = 0.21; CAL.20C p = 0.06 and CD8: B.1.1.7 p = 0.15;

B.1.351 p = 0.25; P.1 p = 0.47; CAL.20C p = 0.17 by Wilcoxon

test) (Figures 1A–1C). These values (here and in subsequent

graphs) are not corrected for multiple comparisons, as a correc-

tionwould decrease the statistical power for detecting significant

differences; therefore, not performing multiple comparison cor-

rections is the more conservative and stringent test.

To further test for potential differences in the recognition of

VOCs by these T cells, we calculated fold change values per in-

dividual donor (Figures S2A and S2B). We then performed a non-

inferiority test on one sample Wilcoxon signed-rank test
compared to the lower bound fold change threshold calculated

based on technical repeats (Table S3). No significant differences

were observed, demonstrating that the decreases observed

were within the range expected from technical repeat variation.

The VOC T cell analyses were extended using FluoroSPOT to

measure the capacity of the various SARS-CoV-2 peptide pools

to elicit functional responses in terms of secretion of IFN-g and

interleukin-5 (IL-5) cytokines (Figures 1D, 1E, and S2C). The re-

sults from the FluoroSPOT assay (Figures 1D and 1E) showed

ex vivo IFN-g reactivity using whole PBMCs, with a geomean

of 45 SFCs/106 PBMCs (range 20–1,578) for the ancestral strain

peptides. This overlaps with the 0–800 SFC range (median 110)

detected in a previous study describing S reactivity in symptom-

atic donors49 and with the 20–110 range for 2–5 months’ symp-

tomatic donors reported in a separate study.50

VOC reactivity was observed for the S MPs in convalescent

donors, with geomean IFN-g SFCs per million PBMCs ranging

from 38 to 45 (Figure 1D). Compared to the ancestral strain, there

were significant decreases of 12%, 6%, and 14% for the B.1.1.7,

B.1.351, and CAL.20C variant pools (B.1.1.7 p = 0.02;

B.1.351 p = 0.03; P.1 p = 0.07, and CAL.20C p < 0.01 by Wil-

coxon test), while no differencewas observed for P.1 (Figure 1D).
Cell Reports Medicine 2, 100355, July 20, 2021 3
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Figure 1. T cell responses of COVID-19 convalescent individuals against ancestral and variant SARS-CoV-2 spike (S)

PBMCs of COVID-19 convalescent individuals (n = 28) were stimulated with the S MPs corresponding to the ancestral reference strain (black) and the B.1.1.7

(gray), B.1.351 (red), P.1 (orange), and CAL.20C (light blue) SARS-CoV-2 variants.

(A) The gating strategy for the AIM assay is illustrated by representative graphs defining S-specific CD4+ or CD8+ T cells by expression of OX40+CD137+ and

CD69+CD137+, respectively. These graphs depict 1 of the COVID-19 convalescent donors from this study tested with the S MPs corresponding to each of the

VOCs tested.

(B) Percentages of AIM+ (OX40+CD137+) CD4+ T cells.

(C) Percentages of AIM+ (CD69+CD137+) CD8+ T cells.

(D) IFN-g spot-forming cells (SFCs) per million PBMCs.

(E) IL-5 SFCs per million PBMCs.

(F and G) The data shown in (B) and (C) are plotted to show the titration of the S MPs (1 mg/mL, 0.1 mg/mL, and 0.01 mg/mL) for CD4+ (F) and CD8+ (G) T cells for

each SARS-CoV-2 variant. The geometric mean of the 0.1 mg/mL condition is listed above each titration.

Paired comparisons of ancestral S MPs versus each of the variants were performed by 1-tailed Wilcoxon test and are indicated by the p values in (B)–(D). In all of

the panels, the bars represent the geometric mean. See also Figures S1, S2, S4, and S5 and Tables S1–S3.
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No significant differences were observed by fold change anal-

ysis, suggesting that the decreases observed were still within

the technical fluctuation range (Figure S2C). No IL-5 reactivity

was observed for any of the pools (Figure 1E).

To further assess the functionality of T cell recognition of these

variants, we considered the variant peptide dose-response

curves of the CD4+ and CD8+ T cells. As shown in Figures 1F

and S2D, peptide concentration sensitivity of CD4+ T cell re-

sponses to the ancestral and four variant pools was similar.

The same pattern was also observed for CD8+ T cell responses

to S (Figures 1G and S2E).
4 Cell Reports Medicine 2, 100355, July 20, 2021
CD4+ and CD8+ T cell total reactivity against VOCs
As shown in Table S1, mutations found in the variants studied

herein were not limited to the S protein, but also occurred in

several additional antigens encoded in the SARS-CoV-2

genome. To address the potential impact of non-S variant muta-

tions on overall proteome-wide CD4+ and CD8+ T cell reactivity,

we tested overlapping peptide MPs spanning the entire prote-

ome of the ancestral Wuhan sequence in comparison with corre-

sponding MPs representing the different variants.

Overall, reactivity to the peptide pools spanning the variant ge-

nomes was found to be similar to that against the ancestral
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Figure 2. T cell responses of COVID-19

convalescent individuals against ancestral

and variant SARS-CoV-2 proteomes

PBMCs of COVID-19 convalescent individuals (n =

28) were stimulated with MPs for the entire viral

proteome corresponding to the ancestral refer-

ence strain (black) and the B.1.1.7 (gray), B.1.351

(red), P.1 (orange), and CAL.20C (light blue) SARS-

CoV-2 variants.

(A) Percentages of AIM+ (OX40+CD137+) CD4+

T cells for the total reactivity.

(B) Percentages of AIM+ (CD69+CD137+) CD8+

T cells for the total reactivity.

(C) Percentages of AIM+ (OX40+CD137+) CD4+

T cells for each MP.

(D) Percentages of AIM+ (CD69+CD137+) CD8+

T cells for each MP.

All of the bars represent the geometric mean. See

also Figure S1, S2, S4, and S5 and Tables S1–S3.
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Wuhan strain (Figures 2 and S2). When the sum total of reactivity

throughout the genome was considered, no decreases in reac-

tivity compared to the ancestral were noted for the variant pools

(Figures 2A–2C, S2F, and S2G).

We previously showed in COVID-19 convalescent subjects

that a set of 10 different antigens (nsp3, nsp4, nsp6, nsp12,

nsp13, S, ORF3a, M, ORF8, and N) account for 83% and 81%

of the total CD4+ and CD8+ T cell response, respectively.51

Here, a similar overall pattern of dominant antigens was

observed (Figures 2C and 2D). It is worth noting that this specific

comparison is for illustration purposes only, as this study is not

powered to rule out differences in individual antigens.

For comparison purposes, unexposed donors were also

tested in the AIM assay, with MPs encompassing the ancestral

and variant strains (Figures S2H–S2M). As expected, some

T cell reactivity against the SARS-CoV-2 MPs was observed in

unexposed donors, possibly due to previous exposure to com-

mon cold coronaviruses47,48,52,53 or to other pathogens or auto-

antigens. The magnitude of the responses was lower than in

COVID-19 convalescents (unexposed versus convalescent:

CD4 p < 0.0001; CD8 p < 0.0001 by theMann-Whitney test, com-

parison not shown in the graphs). Similar to the COVID-19 con-

valescents, no decrease in the geomean of AIM+ CD4+ or

CD8+ T cell responses to the sum of all of the antigens of individ-

ual MPs tested was observed in unexposed donors (Figures

S2H–S2K). These experiments suggest that CD4+ and CD8+

T cells from individuals infected with the ancestral SARS-CoV-

2 strain recognize VOCs with similar efficiency.
Cell Re
CD4+ and CD8+ T cell reactivity
against VOCs by vaccinees
We also studied T cell responses by indi-

viduals who received US Food and Drug

Administration (FDA)-authorized COVID-

19mRNA vaccines.We focused our anal-

ysis on T cell reactivity to the S antigen of

the ancestral strain, which is the basis of

the presently used vaccines.

For both CD4+ and CD8+ T cell reac-
tivity, themagnitude of responses to pools encompassing the se-

quences from the ancestral Wuhan genome and the VOCs

ranged from a geomean of 0.15–0.17 for CD4+ T cells and a geo-

mean of 0.10–0.15 for CD8+ T cells (Figures 3A–3C). Comparison

of the variant pools to the ancestral sequence showed no signif-

icant differences for CD4+ and CD8+ T cell reactivity in the AIM

assay for B.1.1.7 and P.1 (CD4: B.1.1.7 p = 0.41, P.1 p = 0.29;

CD8: B.1.1.7 p = 0.10, P.1 p = 0.09 by Wilcoxon test). Decreases

of 14% and 22%, respectively, were observed with the B.1.351

pools for CD4+ and CD8+ T cells (B.1.351: p < 0.01 for both com-

parisons), and a 10% decrease with the CAL.20C pool for CD8+

T cells (p = 0.04) (Figures 3A–3C). The FluoroSPOT assay (Figures

3D–3FandS3C) showed IFN-g reactivity,with geomeans ranging

from 58 to the 74 SFCs per million PBMCs (Figures 3C and S3C).

Given the number of comparisons made and that the reductions

observedwereon the lowside (andothers showed increases),we

wanted to put these numbers into context by comparing them to

what is expected based on the observed fold changes in repeat

measurements of the same samples on different days for both

AIM and FluoroSPOT assays, and asked whether the observed

decreases were significantly higher (non-inferiority analysis; see

Method details). No significant differences were observed, indi-

cating that the magnitude of decreases for some strains was

within the expected technical assay variability (Figures S3A–

S3C). Minimal IL-5 responses were observed, with geomean

reactivity ranging from 22 to 23 SFCs/106, which is slightly above

the limit of detection (Figure 3E). On a per-donor basis, the IFN-g

response was found to account for >80% of the total response,
ports Medicine 2, 100355, July 20, 2021 5
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Figure 3. T cell responses of COVID-19 vaccinees against ancestral and variant SARS-CoV-2 S

PBMCs of Pfizer/BioNTech BNT162b2 (n = 14, triangles) and Moderna mRNA-1273 COVID-19 vaccinees (n = 15, circles) were stimulated with the S MPs

corresponding to the ancestral reference strain (black) and the B.1.1.7 (gray), B.1.351 (red), P.1 (orange), and CAL.20C (light blue) SARS-CoV-2 variants.

(A) The gating strategy for the AIM assay is illustrated by representative graphs defining S-specific CD4+ or CD8+ T cells by the expression of OX40+CD137+ and

CD69+CD137+, respectively. These graphs depict one of the COVID-19 vaccinated donors from this study tested with the S MPs corresponding to each of the

VOCs tested.

(B) Percentages of AIM+ (OX40+CD137+) CD4+ T cells.

(C) Percentages of AIM+ (CD69+CD137+) CD8+ T cells.

(D) IFN-g SFCs per million PBMCs.

(E) IL-5 SFCs per million PBMCs.

(F) Percentages of IFN-g were calculated from the total IFN-g and IL-5 SFCs per million PBMCs.

(G and H) The data shown in (B) and (C) are also plotted showing the S MPs titration (1, 0.1, and 0.01 mg/mL) for CD4+ (G) and CD8+ (H) T cells with each SARS-

CoV-2 variant. The geometric mean of the 0.1 mg/mL condition is listed above each titration.

Paired comparisons of the ancestral reference strain-based SMP versus each of the variants were performed by one-tailedWilcoxon test and are indicated by the

p values in (B)–(D). In all of the panels, the bars represent the geometric mean. See also Figures S1 and S3–S5 and Tables S1–S3.
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on average (range 84%–89%), irrespective ofwhether the ances-

tral strain or VOCs were considered (Figure 3F).

Similar to the experiments in convalescent donors, we also

examined T cell dose responses in vaccinated donors. As shown

in Figures 3G, 3H, S3D, and S3E, CD4+ and CD8+ T cell dose re-

sponses to the ancestral and VOC S pools were similar.

Phenotypes of CD4+ and CD8+ T cells
We further assessed the quality of AIM+ T cell responses by phe-

notyping S-specific CD4+ and CD8+ AIM+ T cell responses.
6 Cell Reports Medicine 2, 100355, July 20, 2021
Representative gating strategy is shown in Figure S5. Consistent

with previous observations,39,48 AIM+ T cell responses in COVID-

19 convalescent donors above the threshold of positivity

(CD4 >0.016% and CD8 >0.16%, as described in Method

details; Figure S4), irrespective of the variant analyzed, had a

memory phenotype, preferentially enriched for central (Tcm)

and effector memory (Tem) phenotypes for CD4+ T cells

(CD4+Tcm CD45RA+CCR7� and CD4+Tem CD45RA�CCR7�)
(Figure S4A) and Tem phenotypes for CD8+ T cells (CD8+Temra

CD45RA+CCR7�) (Figure S4B). Likewise, AIM+ T cell responses
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Figure 4. SARS-CoV-2 T cell epitope sequences affected by the variants

CD4+ and CD8+ T cell epitopes of the ancestral strain identified in a previous study51 were analyzed as a function of the number and percentage of responses that

are or are not conserved across the B.1.1.7 (gray), B.1.351 (red), P.1 (orange), and CAL.20C (light blue) SARS-CoV-2 variants.

(A–D) The SARS-CoV-2 epitopes for the most immunodominant SARS-CoV-2 proteins in terms of numbers and percentage of response are shown for CD4+ (A

and B) and CD8+ (C and D) T cells.

(E–H) The SARS-CoV-2 epitopes for the S protein only in terms of numbers and percentage of response are shown for CD4+ (E and F) and CD8+ (G and H) T cells.

(I–M) The peptide-binding algorithm data of mutated versus wild-type epitopes are shown for CD8+ (I–L) and for the effect of the mutations on CD8+ T cell

epitopes, in which each instance was categorized as a function of whether the binding capability of the mutated peptide was increased (>2-fold), neutral, or

decreased (<2-fold) (M).

See also Table S4.
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in COVID-19 vaccinees had a memory phenotype regardless of

the origin of the SARS-CoV-2 sequences analyzed, with prefer-

ential enrichment for Tcm and Tem for CD4 (Figure S4C) and

Tem and Temra for CD8 (Figure S4D). This provides additional

evidence that donors primed by the ancestral strain S protein,

by either infection or vaccination, mount a memory T cell

response able to cross-recognize the SARS-CoV-2 VOCs.
Conservation analysis of sets of defined CD4+ and CD8+

T cell epitopes
An analysis of experimentally defined CD4 and CD8 epitopes is

presented in Figure 4 and examines both the number of epitopes

and the experimentally determined magnitude of responses

associated with the epitopes. Specifically, we recently reported

a comprehensive study of epitopes recognized in convalescent
Cell Reports Medicine 2, 100355, July 20, 2021 7
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subjects, leading to the identification of 280 different CD4+ T cell

epitopes.51 Here, we analyzed how many of those epitopes

would be affected by mutations in the different variants. As

shown in Figure 4A, we found that 89.6%, 90%, 94.3%, and

97.1% (average 93%) of the CD4+ T cell epitopes are conserved

in the B.1.1.7, B1.351, P.1, and CAL.20C variants. A similar

pattern is observed when the magnitude of T cell responses

associated with the various epitopes is considered, rather than

the simple number of epitopes. Fully conserved CD4+ T cell epi-

topes can be inferred to account for 84.4%, 88.1%, 95.7%, and

97.8% (average 91.5%) of the recognition of the B.1.1.7,

B.1.351, P.1, and CAL.20C variants, respectively, based on the

ancestral sequence (Figure 4B).

That same study also reported 523 CD8+ T cell epitopes.51 Per-

formingasimilaranalysis, 508 (97.1%)of these523CD8+Tcell epi-

topes are totally conserved within the B.1.1.7 variant, 509 (97.3%)

within the B.1.351 and P.1 variants, and 512 (97.9%) within the

CAL.20C variant (Figure 4C). Similarly, in terms of magnitude of

the CD8+ T cell responses associated with the various epitopes,

fully conserved CD8+ T cell epitopes can be inferred to account

for 98.3%, 98.4%, 97.9%, and 97.8% of the recognition of the

B.1.1.7, B.1.351, P.1, and CAL.20C variants, respectively, based

on the ancestral sequence (Figure 4D, average of 98.1%).

Finally, we analyzed the degree of CD4+ and CD8+ T cell

epitope conservation with an analysis restricted to epitopes in

the S antigen. The number of S-derived epitopes conserved at

100% sequence identity was, on average, 84.5% for the CD4+

T cell epitopes (Figure 4E) and 95.3% for theCD8+ T cell epitopes

(Figure 4G). Similarly, in terms of magnitude of CD4+ T cell re-

sponses to S epitopes, fully conserved CD4+ T cell epitopes

can be inferred to account for 95.5%, 75.3%, 89.8%, and

98.3% of the recognition of B.1.1.7, B.1.351, P.1, and CAL.20C

variants, respectively, with an average of 89.7% (Figure 4F). For

CD8+ T cell responses, fully conserved epitopes can be inferred

to account for 95.2%, 97.6%, 95.4%, and 97.3% of the recogni-

tion of B.1.1.7, B.1.351, P.1, and CAL.20C variants, respectively,

with an average of 96.4% (Figure 4H).

While human leukocyte antigen (HLA) restriction of the class II

epitopes51 could not be unequivocally assigned, the restriction of

the class I epitopes was implicitly inferred based on HLA allele-

specificpredictionsand testing inHLA-matcheddonors. Accord-

ingly, we analyzed the predicted binding affinity for each epitope

and matching variant for the corresponding putative HLA class I

restriction element. The predicted binding affinity for each ances-

tral epitope/matching variant for B.1.1.7, B.1.351, P.1, and

CAL.20C variants is shown in Figures 4I–4L, tabulated in Table

S4, and summarized in Figure 4M. The predicted binding capac-

itywasdeterminedusing theNetMHCpanBA4.1 tool providedby

the Immune Epitope Database’s (IEDB’s) analysis resource.54,55

In thecase of theB.1.1.7, B.1.351, P.1, andCAL.20Cvariants, the

number ofmutations associatedwithbinding capacity decreases

(conservatively defined as a 2-fold reduction) was 4 out of 15, 3

out of 14, 3 out of 14, and 6 out of 11, respectively.

In conclusion, the analyses suggest that the vast majority of

CD4+ and CD8+ T cell epitopes are unaffected by mutations

found in all of the different variants. The correspondingmutations

are also predicted to have minor effects on the total T cell

response, thus providing a molecular basis for the overall impact
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on T cell reactivity by COVID-19 convalescent subjects and re-

cipients of COVID-19 mRNA vaccines.

DISCUSSION

The present study addresses a key knowledge gap pertaining to

the potential of emergent SARS-CoV-2 variants to evade overall

recognition by human immune responses. We focused on T cell

responses elicited by either natural infection or vaccination with

the Pfizer/BioNTech and Moderna COVID-19 mRNA vaccines.

We found similar total CD4+ or CD8+ T cell reactivity against

the four variants investigated herein, B.1.1.7, B.1.351, P.1, and

CAL.20C lineages found initially in the United Kingdom, South

Africa, Brazil, and California, respectively. To assess the overall

total T cell functionalities, the comparison between the original

Wuhan isolate and the variants was performed using different

T cell methodologies, such as the AIM assay (quantifying

T cells with a range of functionalities), and the FluoroSPOT assay

(quantifying cells with specific cytokine-secreting activity). We

also tested whether any of the variant sequences may be asso-

ciated with an altered cytokine polarization.

The data herein provide some positive news in light of justified

concern over the impact of SARS-CoV-2 VOCs on the efforts to

control and eliminate the present pandemic. Multiples of the

VOCs are associated with increased transmissibility, and several

havebeenassociatedwithdecreasedsusceptibility toneutralizing

antibodies from infected or vaccinated individuals. In contrast, the

data presented here suggest that the total T cell responses are not

significantly disrupted by the VOCs.While it is not anticipated that

circulatingmemory T cells would be effective in preventing SARS-

CoV-2 infection, it is plausible that they can contribute in reducing

COVID-19 severity.33,56 Several lines of evidence support this

notion, such as observations that early SARS-CoV-2 T cell re-

sponses are associated with milder COVID-19.34,35 Thus, the

T cell response may contribute to limiting COVID-19 severity

induced by VOCs that partially or largely escape neutralizing anti-

bodies. This is consistentwith T cell-mediated immunity observed

in humans against a different respiratory pathogen, influenza, for

which heterologous immunity against diverse influenza strains is

associated with memory T cells to conserved epitopes.57–59

Our data also provide insights on the predicted impact of the

mutations associated with the variants analyzed on T cell re-

sponses in the context of the T cell epitopes recognized. Prior

reports have identified a large number of T cell epitopes recog-

nized throughout the SARS-CoV-2 proteome, including

S.40,53,60–63 We furthered this point by an analysis of the Tarke

et al. dataset, showing that 93% of CD4+ and 97% of CD8+

T cell epitopes in SARS-CoV-2 are completely conserved in

the variants. Furthermore, we found that even in the epitopes

affected by single mutations, no negative effect on the predicted

HLA-binding capacity in the majority of cases is expected. Over-

all, it is plausible to hypothesize that single amino acid substitu-

tions or deletions across large peptidomes do not significantly

affect a polyclonal memory T cell response. Nevertheless, the

methodology applied in this study is not powered to reveal

whether T cells specific to amino acid sequences that are

changed in variant strains still retain functionality. The apparent

higher conservation of CD8+ T cell epitopes is to be expected
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based on the shorter length of HLA class I binding peptides (usu-

ally 9–10 amino acids) as compared to their class II counterparts

(13–17 amino acids). This effect is counterbalanced by CD8+

T cells being generally less tolerant of amino substitutions as

compared to CD4+ T cells.47,64 Marginal IL-5 production was de-

tected in all of the conditions tested. This is relevant, since it was

reported that single amino acid replacements in an epitope

sequence can lead to a change in the cytokines produced,65,66

and a Th2-like response pattern was initially hypothesized to

be linked to adverse outcomes in SARS-specific responses.67

Overall, we observed that VOC mutations do not significantly

disrupt the total CD4+ and CD8+ T cell responses.

VOCmutationscouldbe reflectiveofadaptation in termsofopti-

mizing replication or binding to ACE2, but also reflective of adap-

tation to escape immune recognition by antibodies.13,14,22,68,69

Higher viral binding to a cellular receptor can be a mechanism of

compensatory viral evolution in the presence of neutralizing anti-

bodies.70 In that respect, while mutations to escape antibody

binding have been well documented for influenza71–73 and

SARS-CoV-2, immune escape at the level of T cell responses in

humanpopulations has not been reported for acute respiratory in-

fections. Because of HLA polymorphism, the epitope repertoire

recognized is likely to be substantially different fromone individual

to the next, greatly decreasing the likelihoodof immuneescapeby

an acute virus. An advantage conferred to the virus by a mutation

in one person would not be linked to an immune response escape

advantage in a non-HLA-matched individual. For SARS-CoV-2,

this property of T cell recognition is further enhanced by the fact

that the T cell responses against SARS-CoV-2 are highly multi-

antigenic andmulti-specific, with tens of different epitopes recog-

nized by CD4+ and CD8+ T cells in a given individual.51,52,60,62

Nevertheless, our data do not rule out that certain individuals

could be strongly affected by the mutations in specific VOCs.

These results here have potential implications for engineering

coronavirus vaccines with broader protective immunity against

VOCs. Clearly, the most straightforward path is to update the

current vaccines to target a variant S, given how highly success-

ful several COVID-19 vaccines have proven to be against the

parental SARS-CoV-2 strain. Our results suggest that a parallel

alternative approach could involve the inclusion of additional an-

tigens and T cell epitopes, perhaps selected on the basis of low

mutational propensity,74 to ensure that neutralizing antibodies

are complemented with T cell responses to minimize COVID-

19 morbidity and mortality.

Limitations of the study
The present study did not assess decreases in antibody reac-

tivity, as several other studies have already investigated thismat-

ter.11,14–20,22,23 Our studies used overlapping peptide pools. As

such, we cannot exclude that some of themutations may involve

alterations in termsof antigenprocessing for either class I or class

II, which would be undetected by using pools of ‘‘preprocessed’’

peptides.Whilewehaveno reason to suspect that substantial dif-

ferences may exist between the epitope specificity of responses

elicitedbydifferent vaccines, our studydid not address this point.

The statistical power of this study does not allow for the sensi-

tivity needed to detect the loss of small populations of T cell clones

that may be affected by variant sequences when sampled in the
presence of themajority of conserved peptides. Alterations inma-

jor histocompatibility complex (MHC) binding do not necessarily

confer changes in T cell receptor (TCR) affinity, as often several

MHC-binding residues can be changed before changing TCR

signaling, so we cannot exclude impaired T cell recognition of

those specific mutated peptides. An additional limitation of

the study in this respect is that one amino acid difference could

influence TCR signal strength and memory T cell reactivation.

However, each epitope can be recognized by multiple TCRs,

and calculating the affinity would require cloning the multiple

TCRs recognizingeachof theepitopesseen inapolyclonal setting.

Our study was designed to test for differences in total T cell

response against the different variants and was not powered or

designed to investigate differences between the mRNA vaccines

or at the single-peptide level. Furthermore, in our study, the se-

quences of the infecting virus were not determined, and therefore

we cannot exclude that some of the donors may have been

exposed to variants. To minimize this issue, the tested samples

from convalescent donors were selected to be infected before

October 2020; thus, it is unlikely that any of the donors would

havebeen infectedby any of the VOCs, as this date precedes their

diffusion to an appreciable degree in the United States in general,

and California in particular. While we could not clearly define the

infecting strain in the COVID-19 convalescent, we showed similar

results in vaccinated subjects in whom the response was induced

by the ancestral S sequence. As also mentioned in the Results

section, the cohorts investigated were predominantly White,

reflective of the patient population available for recruitment.

Finally, we have only investigated whether the total T cell re-

sponses induced by the ancestral reference sequence are able

to cross-recognize variant sequences, as this is relevant to the

present situation. We have not examined whether responses

induced by an infection with a variant sequence will be able to

cross-recognize the ancestral reference sequence present in

the approved vaccines.
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36. Muñoz-Fontela, C., Dowling, W.E., Funnell, S.G.P., Gsell, P.S., Riveros-

Balta, A.X., Albrecht, R.A., Andersen, H., Baric, R.S., Carroll, M.W., Cava-

leri, M., et al. (2020). Animal models for COVID-19. Nature 586, 509–515.

37. Soresina, A., Moratto, D., Chiarini, M., Paolillo, C., Baresi, G., Foca, E.,

Bezzi, M., Baronio, B., Giacomelli, M., and Badolato, R. (2020). Two X-

linked agammaglobulinemia patients develop pneumonia as COVID-19

manifestation but recover. Pediatr. Allergy Immunol. 31, 565–569.

38. Baker, D., Roberts, C.A.K., Pryce, G., Kang, A.S., Marta, M., Reyes, S.,

Schmierer, K., Giovannoni, G., and Amor, S. (2020). COVID-19 vaccine-

readiness for anti-CD20-depleting therapy in autoimmune diseases.

Clin. Exp. Immunol. 202, 149–161.

39. Dan, J.M., Mateus, J., Kato, Y., Hastie, K.M., Yu, E.D., Faliti, C.E., Grifoni,

A., Ramirez, S.I., Haupt, S., Frazier, A., et al. (2021). Immunological mem-

ory to SARS-CoV-2 assessed for up to 8 months after infection. Science

371, eabf4063.

40. Peng, Y., Mentzer, A.J., Liu, G., Yao, X., Yin, Z., Dong, D., Dejnirattisai, W.,

Rostron, T., Supasa, P., Liu, C., et al.; Oxford Immunology Network Covid-

19 Response T cell Consortium; ISARIC4C Investigators (2020). Broad and

strongmemoryCD4+andCD8+Tcells inducedbySARS-CoV-2 inUKconva-

lescent individuals following COVID-19. Nat. Immunol. 21, 1336–1345.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

IEDB Vita et al.76 https://www.iedb.org

IEDB-AR (analysis resource) Reynisson et al.55 http://tools.iedb.org/main

NetMHCpan BA 4.1 Jurtz et al.77 http://tools.iedb.org/mhci/

VIGOR4 Pickett et al.78 https://www.viprbrc.org//brc/home.spg?

decorator=vipr

FlowJo 10 FlowJo, LLC https://www.flowjo.com

GraphPad Prism 8.4 GraphPad https://www.graphpad.com
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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, Dr. Ales-

sandro Sette (alex@lji.org).

Materials availability
Aliquots of synthesized sets of peptides utilized in this study will be made available upon request. There are restrictions to the avail-

ability of the peptide reagents due to cost and limited quantity.

Data and code availability
The published article includes all data generated or analyzed during this study, and summarized in the accompanying tables, figures

and supplemental materials.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Convalescent COVID-19 donors
Convalescent donors were enrolled at either a UC San Diego Health clinic under the approved IRB protocols of the University of Cal-

ifornia, San Diego (UCSD; 200236X), or at the La Jolla Institute (LJI; VD-214). All donors were California residents and samples were

collected fromMay to October 2020, before any of the SARS-CoV-2 variants described herein had been detected in California. These

donors were referred to the study by a health care provider or were self-referred. The CRO BioIVT provided additional cohorts of

COVID-19 convalescent donors who had been confirmed positive for COVID-19 by PCR following the resolution of symptoms.

The total cohort of convalescent donors represented both genders (43% male, 57% female) and ranged from 20 to 67 years of

age (median 38 years). All samples were either PCR positive or seropositive against SARS-CoV-2 by ELISA, as described below. De-

tails of this convalescent COVID-19 cohort are listed in Table 1. All convalescent COVID-19 donors provided informed consent to

participate in the present and future studies at the time of enrollment.

COVID-19 vaccinees
The La Jolla Institute recruited 29 healthy adults who had received the first and second dose of the Pfizer/BioNTech BNT162b2

(n = 14) or Moderna mRNA-1273 COVID-19 vaccines (n = 15). Blood draws took place under IRB approved protocols (LJI; VD-

214) two to four weeks after the second dose of the vaccine was administered. All donors had their SARS-CoV-2 antibody

titers measured by ELISA, as described below. The cohort of vaccinees ranged from 23 to 67 years of age (median 47 years)

and represented both genders (31% male, 69% female). At the time of enrollment in the study, all donors gave informed

consent.

Unexposed donors
PBMCs from 23 healthy unexposed donors were used as controls. Healthy donors were recruited by the La Jolla Institute under IRB

approved protocols (LJI; VD-214) or Carter Blood Care, where according to the blood center’s criteria for eligibility the donors were

also eligible for our study. All healthy donors were collected from May 2014 to March 2018 (n = 13). Additional healthy donors were

recruited fromMarch toMay 2020 by the San Diego Blood Bank (SDBB (n = 10) andwere confirmed seronegative for SARS-CoV-2 by

ELISA. This cohort was 35%male, 56% female, and 9%unknown and ranged from 21 to 82 years of age (median 34). All donors gave

informed consent and permission for their samples to be used for future studies.
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METHOD DETAILS

Isolation of peripheral blood mononuclear cells (PBMCs) and plasma
Collection and processing of blood samples was performed as previously described.39,51 Briefly, whole blood was collected in hep-

arin coated blood bags or in ACD tubes and centrifuged for 15 minutes at 1850 rpm to separate the cellular fraction from the plasma.

The plasma was then removed and stored at �20�C. The cellular fraction next underwent density-gradient sedimentation using Fi-

coll-Paque (Lymphoprep, NycomedPharma, Oslo, Norway) to separate the PBMCs as previously described.64 Isolated PBMCswere

cryopreserved in cell recovery media containing 10% DMSO (GIBCO), supplemented with 90% heat inactivated fetal bovine serum

(FBS; Hyclone Laboratories, Logan UT) and stored in liquid nitrogen until used in the assays.

SARS-CoV-2 RBD ELISA
Serology to SARS-CoV-2 was determined for all donor cohorts as previously described.34 Briefly, 96-well half-area plates (Thermo-

Fisher 3690) were coated with 1 ug/mL SARS-CoV-2 Spike (S) Receptor Binding Domain (RBD) and incubated at 4�C overnight. The

next day, plates were blocked at room temperature for 2 hours with 3% milk in phosphate buffered saline (PBS) containing 0.05%

Tween-20. Heat-inactivated plasma was added to the plates for an additional 90-minute incubation at room temperature followed by

incubation with the conjugated secondary antibody, detection, and subsequent data analysis by reading the plates on Spectramax

Plate Reader at 450 nm using the SoftMax Pro. The limit of detection (LOD) was defined as 1:3. Limit of sensitivity (LOS) for SARS-

CoV-2 infected individuals was established based on uninfected subjects, using plasma from normal healthy donors not exposed to

SARS-CoV-2.

Mutation analysis of SARS-CoV-2 B.1.1.7, B.1.351, P.1 and CAL.20C variants
Genome sequences for the variant viruses were downloaded from GISAID. These sequences were screened to select those without

ambiguous residues and generated from Illumina sequencing technologies using an in-house sequence QC script. The selected

genomic sequences were then translated into protein amino acid sequences using the VIGOR4 tool available on the Virus Pathogen

Resource (ViPR).78 Sequence variations in the variant viruses were derived by comparison with Wuhan-1 (NC_045512.2). One or

more representative sequences were considered for the B.1.1.7 (EPI_ISL_601443), B.1.351 (EPI_ISL_660629; EPI_ISL_736930;

EPI_ISL_736932; EPI_ISL_736944; EPI_ISL_736966; EPI_ISL_736971; EPI_ISL_736973; EPI_ISL_825104; EPI_ISL_825120;

EPI_ISL_825131), P.1 (EPI_ISL_804823), and CAL.20C (EPI_ISL_847619; EPI_ISL_847621; EPI_ISL_847643) variants. A summary

of all the amino acids mutated in the different variants considered in this study with respect to the Wuhan sequence and is available

in Table S1.

SARS-CoV-2 Wuhan and variant peptide synthesis and pooling
Peptides were synthesized that spanned entire SARS-CoV-2 proteins and corresponded to the ancestral Wuhan sequence or the

B.1.1.7, B.1.351, P.1 and CAL.20C SARS-CoV-2 variants. Peptides were 15-mers overlapping by 10 amino acids and were synthe-

sized as crude material (TC Peptide Lab, San Diego, CA). All peptides were individually resuspended in dimethyl sulfoxide (DMSO) at

a concentration of 10–20 mg/mL. Megapools (MP) for each antigen were created by pooling aliquots of these individual peptides,

undergoing another lyophilization, and resuspending in DMSO at 1 mg/mL.

Bioinformatic analysis of T cell epitopes
The binding capacity of SARS-CoV-2 T cell epitopes, and their corresponding variant-derived peptides, for their putative HLA class I

restricting allele(s) was determined utilizing the NetMHCpan BA 4.1 algorithm,55 as implemented by the IEDB’s analysis

resource.54,76 Predicted binding is expressed in terms of IC50 nM. For each epitope-variant pair a ratio of affinities (variant IC50

nM/WT IC50 nM) was determined. Ratios > 2, indicating a 2-fold or greater decrease in affinity due to the mutation, were accordingly

categorized as a decrease in binding capacity, and a ratio < 0.5 as an increase; ratios between 0.5 and 2 were designated as neutral.

Flow cytometry-based AIM assay
Activation induced cell marker (AIM) assay has previously been described in detail elsewhere.39,79,80 In summary, PBMCs were

cultured in the presence of SARS-CoV-2-specific (ancestral or VOC) MPs [1 mg/ml] in 96-well U-bottom plates at a concentration

of 1x106 PBMC per well. As a negative control, an equimolar amount of DMSO was used to stimulate the cells in triplicate wells

and as positive controls phytohemagglutinin (PHA, Roche, 1 mg/ml) and a cytomegalovirus MP (CMV, combining CD4 and CD8

MPs, 1 mg/ml) were also included. After incubation for 20–24 hours at 37�C, 5% CO2, the cells were stained with CD3 BUV805 or

CD3 AF700 (4:100 or 4:100; BD Biosciences Cat# 612895 or Life Technologies Cat# 56-0038-42, respectively), CD4 BV605

(4:100; BD Biosciences Cat# 562658), CD8 BUV496 or BV650 (2:100 or 4:100; BD Biosciences Cat# 612942 or Biolegend Cat#

301042), CD14 V500 (2:100; BD Biosciences Cat# 561391), CD19 V500 (2:100; BD Biosciences Cat# 561121), and Live/Dead

eFluor506 (5:1000; eBioscience Cat# 65-0866-14). Cells were also stained to measure activation with the following markers:

CD137 APC (4:100; Biolegend Cat# 309810), OX40 PE-Cy7 (2:100; Biolegend Cat#350012), and CD69 PE (10:100; BD Biosciences

Cat# 555531). The memory phenotyping was analyzed by staining with CD45RA (1:100; Biolegend Cat# 304130) and CCR7 (2:100;

Biolegend Cat# 353216). All samples were acquired on a ZE5 5-laser or 4-laser cell analyzer (Bio-rad laboratories) and analyzed with
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FlowJo software (Tree Star). In the resulting data generated from the AIM assays, the background was removed from the data by

subtracting the average of the % of AIM+ cells plated in triplicate wells stimulated with DMSO. The Stimulation Index (SI) was calcu-

lated by dividing the%of AIM+ cells after SARS-CoV-2 stimulation with the average%of AIM+ cells in the negative DMSO control. An

SI greater than 2 and a minimum of 0.016% or 0.16% AIM+ CD4+ or CD8+ cells, respectively, after background subtraction was

considered to be a positive response based on the median twofold standard deviation of all negative controls measured in the study

(> 80), as previously reported.39 The gates for AIM+ cells were drawn relative to the negative and positive controls for each donor. A

representative example of the gating strategy is depicted in Figure S5. Specifically, lymphocytes were gated, followed by single cells

determination. T cells were considered to be positive for CD3 and negative for a Dump channel including in the same colors CD14,

CD19 and Live/Dead staining. The CD3+CD4+ and CD3+CD8+ were further gated based on OX40+CD137+ and CD69+CD137+ AIM

markers, respectively. Memory phenotype was gated based on the expression of CD45RA and CCR7markers on the CD3+CD4+ and

CD3+CD8+ T cells and the AIM+ T cells.

FluoroSPOT assay
96-well FluoroSpot plates were coated with anti-cytokine antibodies for IFNg and IL-5 (mAbs 1-D1K and TRFK5, respectively; Mab-

tech, Stockholm, Sweden) at a concentration of 10 mg/mL. PBMCs were stimulated in triplicate at a density of 200x103 cells/well with

S MPs corresponding to each of the SARS-CoV-2 variants analyzed (1 mg/mL), PHA (1 mg/mL), and DMSO (0.1%), as positive and

negative controls respectively. After 20 hours of incubation at 37�C, 5% CO2, cells were discarded and plates were washed before

the addition of cytokine antibodies (mAbs 7-B6-1-BAM and 5A10-WASP; Mabtech, Stockholm, Sweden). After a 2-hour incubation,

plates were washed again with PBS/0.05% Tween20 and incubated for 1 hour with fluorophore-conjugated antibodies (Anti-BAM-

490 and Anti-WASP-640). An AID iSPOT FluoroSpot reader (AIS-diagnostika, Germany) was used to count the fluorescent spots that

resulted from cells secreting IFNg and IL-5. Each peptide MP was considered positive compared to the DMSO negative control

based on the following criteria: 20 or more spot forming cells (SFC) per 106 PBMC after background subtraction, a stimulation index

(S.I.) greater than 2, and a p value < 0.05 by either a Poisson or t test calculated between the triplicates of the MP and the relative

negative control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data and statistical analyses were performed in FlowJo 10 andGraphPad Prism 8.4, unless otherwise stated. Statistical details of the

experiments are provided in the respective figure legends and in each methods section pertaining to the specific technique applied.

Data plotted in logarithmic scales are expressed as geometric mean. Statistical analyses were performed using Wilcoxon matched-

pairs signed rank test for paired comparisons. Multi-hypothesis testing corrections (MHTC) have not been applied in the study by

design. The study is not designed or powered to address differences across different proteins. The primary hypothesis is that no sig-

nificant differences are observed across the different variants, and this is more stringently addressed avoiding to correct for MHTC,

since a difference that is not significant would remain so even after corrections. Therefore, reporting the data without applying MHTC

is amore stringent criterion which is appropriately being applied in this case to avoid false negatives. Details pertaining to significance

are also noted in the respective figure legends.

To determine the expected variability of the AIM assays, we also analyzed 23 donors for which CD4+ and CD8+ T cell responses to

Spike,M andNmegapools were evaluated in up to 4 repeatmeasurements. A total of 208measurementsweremade for these donors

for bothCD4 andCD8, resulting in 69 independent assessments of repeatmeasures (comparing the initial measurement to a repeat in

the same donor) (Table S3). We evaluated the variability in these repeat measures using a corrected log2 fold-change calculated as:

Log2
ðmeasure 1+ LODÞ
ðmeasure 2+ LODÞ

where LOD is the level of detection threshold, which is 0.014% for CD4 and 0.06% for CD8 based on the twofold geometric 95%CI of

all negative controls measured (> 80). The addition of the LOD ensures that variations between measurements close to- or below the

level of detection do not result in inflated fold-change estimates. We evaluated the standard deviation of these corrected log-fold

change values of repeat measurements (at an individual level), and used this value as a threshold for what would constitute a signif-

icant, non-random change at the population level. Similarly, FluoroSPOT assay variability was evaluated by analyzing 38 donors and

a total of 301 measurements considering an LOD of 20 SFC/106 cells. For CD4-AIM assays, that corresponded to a corrected fold-

change of 2.3, for CD8-AIM of 2.4 and for FluoroSPOT of 1.6 as shown in Table S3. Next, we performed a test of non-inferiority for the

observed AIM assay or FluoroSPOT reactivities for any of the variants tested compared to the ancestral strain. A non-inferiority test

determines if the observed values are significantly above what would be considered a biological meaningful reduction in responses,

based on one sample Wilcoxon Signed Rank test compared to the lower bound fold change threshold. The test results in a p value

expressing effectiveness of the comparison and a p value corresponding to the discrepancy. Confidence intervals for discrepancy

are shown in all the graphs where the comparison was considered statistically significant (p < 0.05). The non-inferiority test found that

all CD4 and CD8 responses or IFNg responses to any of the variant peptide pools were significantly above the lower bound threshold.

Therefore, by this approach at the population level, there is no biological meaningful reduction in the T cell response to the variant

pools compared to the ancestral strain. Details pertaining to significance are also noted in the respective figure legends.
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